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Abstract

Langmuir monolayers are monomolecular deep films composed of amphiphilic molecules
with are typically confined to a water/air interface in a bi-dimensional structure. Due to the
important applications in many research areas, they have been studied for many years.
Their phase diagrams present several condensed phases, showing untilted or tilted
structures at low values of surface pressure. In this paper, we present a novel density
functional study on tilted phases of different fatty acid Langmuir monolayers. By means of
this study, a further understanding of the physical chemistry properties and the nature of
the formations of tilted monolayers can be achieved. Our calculations reveal that,
regardless of the number of carbon atoms which form the apolar chain, the transversal (or
conventional in the case of untilted phases) unit cell show similar dimensions, ca. 4.9 x 6.8
A, which is in fair agreement with the range of the observed data. The energy variation of
the unit cell as a function of the inclination of the molecules, reveal an abrupt increase in

values larger than 45° and 36 ° for NN- and NNN-tilt, respectively, in fair agreement with the



experimental observation of Ly, (NN) and L’ (NNN) phases of fatty acids. All of the fatty
acids explored (from 10 to 19 carbon atoms) yield similar results. Finally, the energetics and
structural changes of the monolayer along the variation of the area per molecule, obtained
by enlarging in a-, b- or both axes of the untilted unit cell, have been explored. This study
reveals that the untilted phases are energetically more stable at low values of the area per
molecule (high surface concentration), as it is expected. When the area per molecule values
are increasing, tilted phases (along NN or NNN-direction) with b/a ratio typical of
herringbone (HB) or pseudo-herringbone (PHB) structures are found in the lowest energy
configurations, which depend on how the distortion of the untilted unit cell is performed.
For example, HB structures are the most stable when the molecules tilt along the enlarged
axis of the untilted unit cell (a or b), meanwhile unit cell structures characteristic of PHB
configurations occur in the opposite cases and at larger values of the area per molecule (low
surface concentrations). All these predictions are in good agreement with the GIXD
observations of the different phases of the phase diagram of fatty acid Langmuir

monolayers.

1. Introduction

Langmuir monolayers are monomolecular deep films composed of amphiphilic molecules
that are confined to a fluid/fluid interface. Such systems are crucial in many industrial
processes in sectors such as cosmetics [1], food processing [2], and oil extraction and
recovery [3]. Moreover, they are a key ingredient in life processes such as pulmonary
function [4, 5], where the pulmonary surfactant allows for air filling the alveoli. In addition,
they are very interesting systems from a more fundamental point of view because they are
used as model systems of the cell membrane [6, 7] or as ideal systems to test theoretical

predictions for the structural and dynamical properties of two-dimensional systems [8, 9].

Fatty acids are amphiphilic molecules that are formed by a polar “head” (the carboxylic

III

group) and a nonpolar “tail” that is a saturated aliphatic chain. When placed in an interface



between a polar and a nonpolar media, the polar head prefers to stay inside the polar
medium and, reciprocally, the nonpolar tail prefers to remain inside the nonpolar medium.
Hence, the fatty acid chains are confined to the interface. In the most usual case of air/water
interfaces, the polar (hydrophilic) head stays inside the water phase while the nonpolar

(hydrophobic) tail lays inside the air phase.

The structure of the phase diagram of fatty acids Langmuir monolayers has been
investigated mainly through thermodynamic measurements (compression isotherms [10]),
that yield information on the critical values of the macroscopic variables and the order of
the phase transitions, Brewster angle microscopy (BAM) [11], which reveals the
tilted/untilted character of the different thermodynamic phases at the micron scale, and
grazing incidence X-ray diffraction (GIXD) [8], which yields detailed information about the

monolayer lattice structure at the molecular scale.

The general appearance of the phase diagram of a fatty acid Langmuir monolayer is shown
in Fig. 1 (adapted from [8]), where the different phases are indicated and the tilted phases
are labeled according to the tilt orientation as nearest neighbor (NN) or next nearest
neighbor (NNN). Solid lines correspond to first order phase transitions and dashed lines to
second order phase transitions. Highly condensed phases with all chains normal to the
interface (untilted) appear at high interfacial pressures. Below a certain pressure threshold
the molecules find more space and their chains show a tilt angle which depends on several
factors, being the amphiphilic molecule concentration, the monolayer temperature and its
functional group nature the most determinant ones [8]. The pressure threshold for the

tilted phases to appear showing a slight temperature dependence [12].

GIXD studies provide a detailed knowledge of the monolayer structure of the different
thermodynamic phases [13, 14, 15]. In the condensed phases the monolayer structure is an
orthorhombic 2D lattice (determined by the cell parameters “a” and “b”) with two

molecules contained in each cell, one situated in one of the cell vertices and the other



roughly at the center of the cell. Moreover, the tilt orientation always points towards one
of the two directions defined by the unit cell vectors a or b of the monolayer (see Fig. 1)

[13, 14, 15].

The unit cell vectors a and b are the 2D lattice vectors on the surface, where the polar heads
are placed, as shown in figure 2. In the tilted structures, we can also define the so-called
transversal unit cell, in which aL and by vectors are perpendicular to the carbon chain
directions (Fig. 2). In these phases, two key angles, ¢, and ¢,, are defined, which determine
the inclination and orientation of the carbon chains along the monolayer (see Fig. 3 and
definitions of the tilt angles below). As mentioned above, depending on the direction of the
tilt, two different kinds of structures are differentiated: when the tilt is aligned along the
short size of the unit cell, a, they are denoted as NN (Nearest Neighbor) tilted phases, on
the other hand, when the tilt occurs along the large size of the unit cell, b, a NNN (Next

Nearest Neighbor) tilted phase is obtained.

Although the cell structures of the untilted phases are in general well-known [8, 16], both
the atomic structure and the mechanism of formation of the tilted phases are much poorly
understood. In physical terms, the actual tilt angle of the monolayer is typically fixed by the
equilibrium distances of the inter-chain dihydrogen contacts (with H-:-H distances normally
around 2.5 A), which finally conducts to approximately constant values for the transversal
unit cell vectors a1 and by [12, 17]. In Fig. 2 we can observe that the transversal unit cell
vector oriented parallel to the tilt direction, by in this case, is shrunk (b.<b), while ai,

preserves its initial value (aL=a).

Regarding the mutual orientation of the backbone carbon planes (defined as the plane,
which contain all the carbon atoms along the molecule) in the unit cell, the so-called
herringbone structures (with a mutual orientation of 90 degree) are typically obtained for

phases at low temperature, i.e.: CS, S, L,”, L/, and Lan (see Fig. 1).



Concentration

Temperature

Figure 1. Generic phase diagram of fatty acids Langmuir monolayers, indicating the tilt
direction for each phase. Nearest neighbor and next nearest neighbor tilted phases are
indicated with NN and NNN respectively. The unit cell lattice parameters a and b are
represented in red and blue, respectively. The unit cells of hexatic phases are in green.
Figure adapted from ref [8].



Figure 2. Representation of the unit cell (in blue) and transversal unit cell (in pink) with
lattice parameters a and b, ar and b1 respectively. The carbon chain skeletons are
represented in orange, and the polar heads, lying on the water surface, in red. In this case,
the tilt is oriented along the b direction, so ar=a and b_.<b.

The rich phase diagram of the Langmuir monolayers has been determined along the 30 past
years, obtaining at least 4 different tilted phases [8], shown in figure 1. Phase L, can be also
divided into two different phases, L,n and Lag, which occur at low and high temperature
respectively. The low temperature phase, L,”, is tilted along the NN direction, and has a
herringbone ordering. As the monolayer temperature is increased, a phase transition occurs
either to the L,n phase, at lower surface pressures, or to the Ly’ phase, at intermediate
values of the surface pressure. At the L,”-Lon transition the tilt remains in the same
direction, but the dimension of the cell changes abruptly, leading to a first order phase
transition. At higher values of the surface pressure, the monolayer reaches the L,’ phase,
whose tilt orientation points towards the NNN direction. For high temperature values, the
L.g phase appears, which shows hexatic order and is tilted towards the NN direction. At
even higher temperatures and intermediate pressures, the O, phase occurs, which is also

hexatic but tilted in the NNN direction.



Generally speaking, one can summarize the aforementioned experimental information
about the tilt angle by saying that tilt occurs in the NN direction at the lower surface
pressure phases, while it flips to the NNN direction through a first order phase transition at
intermediate values of the surface pressure. However, this is a too simple picture since the
relation between the tilt angle and the surface pressure depends also on, both, the nature
of the polar head and the chain length. For long chains, the transition from a tilted to an
untilted phase appears to occur at a slightly higher surface pressure than for short chains
[18]. This observation could be explained by the fact that the longer the chains the higher
the pressure needed to overcome the larger number of inter-chain interactions occurring

in the tilted phases.

In spite of the abundant experimental information about the tilted phases of fatty acid
Langmuir monolayers, their physics is still poorly understood at the molecular level. In an
interesting series of papers [19, 20, 21] Vysotsky et al. faced the problem of the structure
and characterization of tilted phases using a semi empiric simulation method. Those works
focused on the study of the energetics, structures, and thermodynamic barriers of the tilted
aggregates of amphiphilic molecules with different polar heads for the first time. In spite of
the limitations of the semi-empirical method employed, qualitatively good results were
obtained for the different systems examined. However, in order to obtain a more realistic
description of the structure and energetics of the Langmuir monolayers high level ab initio
calculation need to be developed.

Recently, we have shown [16] that, both, a better description of the weak dihydrogen
interactions that are present in these systems, and a more accurate representation of the
structure of a large monolayer, using periodic conditions, can be obtained by using modern
first principles simulation methods based on density functional theory. In that study, it was
shown that dihydrogen contacts established among alkyl chains play a leading role in the
final structure of the monolayer. In addition, different untilted structures for the high

pressure phases, S and CS, were proposed.



In the present study, we report on a detailed analysis of the energetics and spatial
structures of the tilted phases of different fatty acid Langmuir monolayers at different
surfactant interfacial concentrations. This study aims at reproducing and understanding the
phase diagram of the condensed phases at different surface pressures, i.e., at moderate
and high interfacial concentrations, covering the whole range of concentrations shown in
figure 1. Low surface concentration phases [11] (which are not included in figure 1), where
the coexistence of domains of condensed and expanded liquid phases with different shapes

and sizes may appear, are out of the scope of this investigation.

It is important to highlight that the molecular arrangement of the monolayer is determined
both by the surfactant-surfactant interactions (leaded by the dihydrogen contacts) and the
interactions between the sub-phase and the surfactant (solvation). At low concentration,
the solvation effects of the polar water sub-phase will cause the dispersion of the molecules
of the monolayer all over the surface, decreasing the number of inter-chains interactions
and giving place to a 2D-fluid phase when the surface pressure is low enough. On the
contrary, in 2D-condensed phases inter-chain interactions become significant and
amphiphilic molecules will cover the entire surface generating the tilted or untilted phases
when the surface pressure is high enough. In our calculations, we have kept the
concentration of molecules within an appropriate range, in which inter-chain interactions
dominate to establish dihydrogen contacts. This situation is the opposite to that found for
monolayers formed by nonpolar molecules, which show untilted structures, even at low
surface pressure [22], where solvation effects are negligible and only surfactant-surfactant

interactions are relevant.

Here we report on a study focused on the structure and stability of the tilted phases and
their changes upon variation of the chain length and surface concentration. More
specifically, by means of high level first principles simulations, we have studied the structure

of the monolayers and their tilt angle orientations at different values of area per molecule,



which could be representative of different tilted phases. The paper is organized as follows.
In section 3.1, we explore the dependence of the structure of the untilted cell upon the
length of the carbon chain. In section 3.2, the energetics of the tilted structures at different
concentrations, for a constant inter-chain distance, and with different chain length is
analyzed. Section 3.3 includes the study of the monolayer structure and energetics at
constant concentration, by varying the tilt angle to find the energetically most favorable
structures. The discussion of all these results is incorporated into section 4. Finally the main

conclusions of this work are gathered.

2. Computational Methods

2.1. DFT calculations

In order to understand the role of the different system parameters on the structure and
stability of the tilted phases of fatty acid Langmuir monolayers, we have performed
extensive first principle simulations in the framework of Density Functional Theory (DFT).
Following the procedure of previous studies [16], we have used the vdW-DF-cx functional
[23] to characterize the fatty acid monolayers. This functional, which belongs to the vdW-
DF family, includes van der Waals contributions to the total energy, which are crucial to
adequately simulate the dihydrogen interactions formed between hydrocarbon chains.
These kinds of functionals require much larger computational time than GGA or hybrid
functionals, but it has been demonstrated that the latter ones cannot fairly reproduce van
der Waals interactions because they usually underestimate the dissociation energies [24,
25]. The performance of the vdW-DF-cx functional with the TZ basis set has been previously
tested in alkane dimers systems, obtaining structural parameters and dimerization energies
in fair agreement with those computed by CCSD(T)/MP2 methods with cc-pVDZ or cc-pVTZ
basis sets [16].

In this work, the SIESTA (Spanish Initiative for Electronic Simulations with Thousands of
Atoms) package has been used to perform the DFT calculations, which includes the vdW-

DF-cx functional mentioned above and Gaussian-type Numerical Atomic Orbital (NAO) as



basis sets. The Troullier-Martins norm-conserving pseudopotentials [26], which are
implemented in SIESTA, are selected to simulate the core electrons interactions. As the
dihydrogen contacts lead to intermolecular H---H distances ranging from 2.5-3.0 A (with low
values of interaction energies per contact of around 1 meV), the basis set selected must be
very flexible and large to accurately reproduce the electronic density for this kind of
interactions [27]. Thus, we have employed the TZP (triple zeta with polarization) basis set
implemented in the SIESTA package, which provides a satisfactory flexibility for this kind of
systems [16]. The cutoff radius of the numerical orbitals is fixed to an energy shift of 1 meV
(this quantity measures the difference between the full and the truncated orbital energies),
which yields to a rather extended basis set. The real space grid is fixed to 300 Ry and the
reciprocal space sampling is performed with a grid cutoff of 8 A. The structure optimizations
are achieved with force tolerance parameters of 0.01 eV/A and 0.001 eV/rad.

It is important to clarify that our methodology does not take into account any temperature
or solvation effect in the monolayer simulation, which cannot be fairly simulated with high-

level DFT calculations in this approximation.

2.2. Analysis procedures

In order to determine the tilt magnitude and direction, as well as the conventional and
transversal unit cell vectors, the tilt angles ¢, and ¢, along the x and y directions (parallel
to a and b vectors respectively) are specified. ¢, is defined as the angle between the z-axis
and the projection of the chain direction in the XZ plane, as is shown in figure 3. In an
analogous way, ¢, is defined as the angle between the z-axis and the projection of the chain
direction in the YZ plane (see Fig. 3). Note that typically ¢, and ¢, refer to the inclination
along the NN and NNN directions respectively. Using these two values, the tilt of the carbon
chain, defined as the polar angle t, and the orientation of the tilt, given by the azimuthal

angle 8, can be determined by:
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(1)
t = 90 — arctan(sin(f) - COt(‘{by))

The lengths of the transversal and conventional unit cell vectors are also related by:

la,| = lal - sin(8) cos(qby)
(2)
|by| = |b| - cos(8) cos(¢y)

X

Figure 3. Representation of the tilt angle, t, of the chain direction relative to the interface.
The azimuth of the tilt direction is named as 8, which is the angle between the x-axis and
the projection of the chain direction in the XY plane. The projected angles ¢, and ¢,, are
represented in black, and are defined between the x- and y-axis and the projection of the
chain direction into the XZ and YZ planes respectively. In this figure the central molecule of
the unit cell is not shown for clarity (see Fig.2).

Having this in mind, we have devised three different analysis schemes:

a) Structure and energetics of the untilted phases: Before analyzing the tilted phases,
we study the structure of the unit cell for the untilted phases of fatty acid

monolayers, for different chain lengths ranging from 10 to 20 carbon atoms. To
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b)

c)

optimize the unit cell structure, several relevant parameters identified in our
previous work [16] will be varied in the optimization process. These parameters are:
the cell lengths |a| and |b], the relative position of both molecules r, the azimuthal
orientations of the backbone carbon planes of each of the two molecules of the unit
cell ai,2, and the dihedral angles of the carboxylic groups dcoown (see Fig. 5 and 10 in

ref. [16]).

Analysis of the energetics and structure of the tilted monolayers at constant
transversal unit cell (aL and b.): In this case, a and b are varied, and consequently
the surface concentration is also changed. In principle, there are two ways in which
this analysis could be carried out: i) to displace the molecules along the a and/or b
directions varying the tilt angles ¢, and/or ¢,, appropriately so as to keep aL and b.
constant, and ii) displacing the molecules along the z-axis, in a similar way to that
proposed by Vysotsky et al. [19]. In both cases the inter-chains distances, and thus
aL and by, remain constant, whilst the surface concentration, determined by the
product of a and b lengths, is varied. In this study, the tilt is produced in only one

direction, so the transversal and the conventional unit cell will follow the relation:

% = cos(t) (3)

For simplicity, in this work, we have followed the procedure proposed by Vysotsky
et al. It is important to highlight, that during this procedure the geometry and
orientation of both molecules of the unit cell are fixed to those of the untilted

structure.

Analysis of the energetics and structure of the tilted monolayers at constant surface
concentration (determined by the product of |axb|): In this case, the inclination
angles, ¢, and/or ¢,, are optimized in the minimization process. In an orthorhombic
cell, there are infinite combinations of |a| and |b| values that yield the same

concentration. Hence, we will only analyze three representative cases: two in which
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the unit cell is distorted only along one axis (taking as reference the untilted unit cell
parameters), and another in which both axis are distorted simultaneously in the
same way. As in the previous case, during these calculations the geometry and
orientation of both molecules of the unit cell are fixed to those of the untilted

structure.

3. Results

3.1. Untilted Structures: Chain Length Dependence

The results obtained for the untilted monolayers of the different fatty acids according to
procedure a) are summarized in table 1. Here we have defined AEc as the difference
between the energy of the unit cell (which includes two molecules) in the minimum energy
configuration and that of the two isolated molecules. From the results showed in table 1,
we can see that the structural parameters of the unit cell for all fatty acids are very similar.
Moreover, AEc grows linearly with the chain length for the fatty acids explored in this
study, keeping constant the AEce value per carbon unit in the chain, i.e. AEc.cel, (approx. -

0.26 eV), defined as the ratio between AEc and the number of carbon atoms (see Table 1).

Table 1. Structural parameters and energetics of the untilted fatty acids monolayers for
chain length ranging from 10 to 20 carbon atoms. AEce is the energy difference between
the unit cell and two isolated fatty acid monomers, and AEc.cel = AEce/n, where n is the
number of carbon atoms in the fatty acid chain. Distances are in A, areas in A2, angles in
degrees, and energies in eV.

I:Aa:ltdy b b/a r?::laec':ﬁ; o oL dcoon-1  dcoon-2  AEcen AEc.cen
10 4.90 6.80 1,39 16,6 44,4 135,7 17,9 -18,5 -2,58 -0,258
12 4.90 6.73 1,37 16,5 44,7 135,4 22,8 -22,9 -3,10 -0,258
14 4.95 6.77 1,37 16,8 44,6 135,6 23,2 -22,9 -3,62 -0,259
16 4.88 6.77 1,38 16,5 44,4 135,5 22,3 -22,3 -4,17 -0,260
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18 4.96 6.78 1,37 16,8 44,6  135,2 22,8 -23,2 -4,69 -0,261
20 4.90 6.84 1,40 16,8 44,6  136,8 15,2 -20,6 -5,19 -0,260
Mean 4.92 6.78 1,38 16,7 44,6  135,7 20,7 -21,7 -0,259

The mean values of the unit cell dimensions collected in Table 1 are ca. 4.9 x 6.8 A, which
are in fair agreement with the observed values (approx. 5.0 x 7.5 A measured at 10 °C [8,
17]), being the largest differences for the longer axis b. Our methodology does not take into
account any temperature or solvation effect in the monolayer simulation, and it would be
expected to obtain larger lattice parameters at temperatures ranging from 0 °C to 40 °C or
when a solvation medium is included. In fact, this elongation is expected to be larger for
longer intermolecular distances (and weaker dihydrogen interactions). Consequently, as
larger intermolecular distances are obtained in axis b, the temperature or solvation effect

should be more noticeable in this axis, according to our results.

The energy AEcel grows monotonously with the size of the carbon chains (see Table 1). As
mentioned before, the formation of the monolayer is due to the balance of inter-chain,
polar heads and surfactant-subphase interactions. In the case of different fatty acids, the
solvation effects and polar heads interactions should be similar, but the inter-chain
interactions are larger for longer carbon chains (due to more dihydrogen contacts are
formed), as is shown in table 1. During the transition from tilted to untilted phase (or vice
versa) it is necessary to break and form new interactions. As longer chains have a higher
number of dihydrogen contacts (and stronger inter-chain interactions), it is conceivable that
for longer chains one would need higher surface pressures to overcome these higher
energetic barriers, in agreement with the experimental findings [18]. We will explore this

effect also in the case of the formation of tilted phases in the following sections.

3.2. Tilted Structures: constant transversal unit cell

14



In this section, the energetics of the tilted structures at constant transversal unit cell (aL
and by1) are studied and the concentrations, determined by the product of |axb|, will be

varied.

The experimental observations of the Langmuir monolayers show that the transversal unit
cell area is approximately constant for the different fatty acids studied, ranging from 38-42
A2 [17]. This observation is in good agreement with our calculations (see next section). The
observed arrangements of the molecules (the backbone plane orientations) inside the unit
cells show typically three different configurations, which lead to different b, /a, ratios. For
high temperatures, hexatic phases are observed, following the relation b, = +/3a,, in which
the backbone carbon planes could rotate around their axis. At low temperatures, the
observed unit cell presents a herringbone arrangement (HB), with the backbone planes
forming a 90° angle and with a distinctive ratio b, ~ 1.5a,, or a pseudo herringbone
arrangement (PHB) with backbone planes forming angles of ca. 55-65° and with the lattice

parameter ratio b, =~ 2a, [28].

For this study, we have defined AE:ix as the energy difference between tilted and the
untilted structures (both with the same transversal unit cell), namely, AE:it = Etiited — Euntilted.
AE4: is expected to be larger as the tilt increases because the number of dihydrogen
contacts between chains is reduced. In Figures 4a and 4b, we show the dependence of AE:ii
on the tilt angles ¢, and ¢, (or the area per molecule) for the different fatty acids here
studied. A first observation indicates that AEr is always positive. Hence, the untilted
structure appears to be always the most stable one. This finding is contradictory with the
experimental observations, but it could be explained by the absence of the solvation and

temperature effects in our simulations.

According to the results in Figure 4, (see panel 4c) from an expanded liquid phase and
increasing the surface pressure (so the area per molecule is reduced) at tilt angles around
45° (area per molecule of ca. 24 A?2/molecule), a local minimum of AEq is obtained for
inclinations along x-axis (NN), showing AE values considerable lower than monolayers tilted

along y-axis (from 0.1 to 0.5 eV depending on the direction and orientation of the tilt). This
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result suggests that NN phases should be first formed in the fatty acid monolayers when
the surface pressure is increased (see panel 4c), and in fact, the observed findings show that
Loh (NN) phase appears at a lower surface pressure than Ly’ (NNN) [8, 29], in agreement with

our calculations.
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Figure 4.Energy differences, AE:i: (in eV), between the tilted and untilted structures along
the inclination angles ¢, (a) and ¢,, (b), defined in Fig. 3, for different fatty acid monolayers
with hydrocarbon chain ranging from 10 to 18 carbon atoms. The area per molecule in A2 is
also indicated in the upper scale. A red dashed line is drawn at 0.3 eV just to guide the eye.
Panel ¢ shows a comparison for the case of C18. Colored areas indicate the region in which
NN, NNN or untilted structures are energetically more stable (in blue, red and grey
respectively)
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Moreover, Figure 4 shows that AEq: increases abruptly for inclinations larger than ca. 45°
and 36 ° for ¢, (NN) and ¢, (NNN), respectively. This result could indicate that only
structures with tilt angles lower than these values should be expected to occur in the
monolayer. In fact, the observed maximum values for Lon (NN) and Ly’ (NNN) for different
fatty acids [12] are ca. 35° and 20° respectively, which are included in the low AE range
(lower than 0.3 eV) obtained in our calculations. The discrepancy between experimental
and calculated values of the maximum tilt angle could be explained by simple geometrical
considerations. In the inclination process of the molecules in the unit cell some dihydrogen
contacts are lost, which causes a decrease of the interaction energy among molecules.
However, at a given tilt angle, the number of dihydrogen interactions lost also depends on
the initial separation of the molecules (i.e. a and b values in the unit cell). Due to our
calculated a and b values are shorter than experimental ones, it is reasonable that our
simulations predict larger tilted angles than those measured experimentally to produce a

notable destabilization of the structure.

It is important to clarify that, because of the computational cost, in the calculation of the
curves in Figures 4 only the corresponding tilt angle has been allowed to vary, as it was
described in section 2.2. This means that, once the tilt was imposed, no relaxation of the
structure as e.g. regarding the orientation of the backbones planes was allowed. If such
relaxation would be done the energy barriers appearing in Figures 4 might be somewhat

reduced [16].

The remarkable asymmetry in the curves shown in Fig. 4b for tilts along the y-axis,
compared to that in the x-direction (Fig. 4a) can be understood in terms of the anisotropy
of the molecular arrangement in the unit cell, in which the polar heads point both in the
same orientation along the y-axis, so inclinations along the positive direction of y-axis yield
geometric arrangements significantly different from the corresponding to inclinations along
the negative part of the y-axis. In the x-axis this effect is not observed because each
molecule in the unit cell is pointing in opposite directions along this axis, so inclinations

along both directions of this axis are qualitatively similar.
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3.3. Tilted Structures: constant concentration

In the previous section, we evaluated the energetic of different tilted structures which
preserved the area of their transversal unit cell. In this section, we will study the energetics
and structures of the monolayer at fixed values of concentration (area per molecule),
determined by the modulus of the vector product of the lattice vectors, namely |axb]|. By
means of this study, the structures and tilt angles of the monolayer at a given area per
molecule can be obtained. However, for each concentration, infinite combinations of a and
b values in an orthorhombic cell exist, hence, we have restricted our exploration to three
representative cases, all of them starting from the values obtained for the untilted unit cell
(i.e. 4.9 and 6.8 A): i) elongation only along x-axis, ii) elongation only along y-axis, and iii)
elongation along both axis proportional to their original values in the untilted configuration.
For each one of these distorted unit cells, ¢, and ¢, angles have been varied to find the
minima structures, which is equivalent to tilt the molecules along the NN and NNN
directions, respectively. We remind the reader that due to the high computational cost of
this study, the molecules of the unit cell are fixed to the geometry and orientation of the
untilted structures, so backbone carbon planes of both molecules are constrained to be

mutually oriented at 90°.

In high concentrations, i.e., low values of area per molecule, it is expected that untilted
structures are the most stable, while for low concentrations, different minimum
configurations, with the tilt pointing towards the NN or NNN or both directions, and with
b, /a, ratios corresponding to a HB or PHB arrangement [8], might appear. Hexatic phases,
which would require the inclusion of temperature and solvation effects in the simulation,
cannot be studied by means of our computational method. A Molecular Dynamic or a

Monte Carlo simulation might be more appropriate for this task.

These calculations have been carried out for areas per molecule ranging from 16.7
A2/molecule (which correspond to the untilted HB structure, see Table 1) to 30 A2/molecule.

Because of the computational cost of the calculations, this thorough study, spanning a wide
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range of values of the area per molecule, has been only done for the decanoic acid
(CoH19COOH), and the results are shown in Fig. 5 and 6. However, simulations in some
particular unit cell areas have been also carried out in the case of eicosanoic acid
(C19H39COOH), obtaining analogous results and conclusions than for decanoic acid. Hence,
we believe that the results may be safely presumed to have general validity for the range

of fatty acid previously studied

Figure 5 shows the AEg: contour maps of three different unit cells (distorted in a, b or both
axes, see above), at three different concentrations, upon variation of ¢, and ¢,, angles. As
in Fig. 4, AEq: refers to the energy difference between the tilted and the untilted
configuration for each unit cell simulated. In all panels in Figure 5 the color coding assigns
red and blue colors to the lowest and highest energy differences, respectively. The unit cell
structures of the lowest energy configurations, corresponding to the four different kinds of

tilted structures, from several views, are shown in Figure 6.

For the highest concentrations represented, 17.5 A%/molecule, the values of AEg: are
positive for ¢, and ¢,, # 0 (see panel a in figure 5), which means that the untilted structures
are more likely to be found than the tilted ones. The corresponding untilted structure can

be observed in panels 1A and 1C of Figure 6.

For the lowest concentration represented, 25 A2/molecule, (see panel c in Fig. 5), the
inclination of the molecular chains (both the value of the tilt angle and the orientation)
which yield the energy minimum structures depends on how the unit cell is distorted: along
the x-axis (NN), y-axis (NNN) or both axis (column 1, 2 or 3 in Fig 5 respectively). The
corresponding structures of the minima are shown in rows 2 and 3 of Fig. 6. One would
expect that the tilt orientation of the chains would occur along the elongated axis of the
unit cell, in order to preserve the inter-chain distances and the area per molecule of the
transversal unit cell [8]. In fact, this is the case when the y-axis is elongated (corresponding
to a NNN-tilt), obtaining the most stable structures for azimuth angles pointing to the
distorted y-axis (see panel 2c in Fig. 5 which correspond to the structure shown in row 3 in

Fig. 6).
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Interestingly, in the case of elongations of the unit cell along the x-axis, energy minimum
configurations with inclination along the x-axis are also predicted (as is shown in row 2 in
Fig. 6), as expected, but, in addition, other energy minimum structures with inclinations
along both axes (or even close to only y-axis) are also found (see the color map shown in
panel 1c of Fig. 5). These new local minimum configurations yield transversal unit cell values
of approx. 4.6 x 8.1 A (b, /a, = 1.8), which are similar to tilted phases with PHB transversal
unit cells. In fact, the observed values of PHB structures are ranging in ca. 4.5-4.6 x 8.7-8.8
A [28]. The major difference between experimental data and the results reported here
concerns again the longer axis of the lattice and it could be due again to temperature or

solvation effects (see discussion for untilted structures in section 3.1).

When the elongation of the unit cell is applied in both axis (panel 3c in Fig. 5), the most
stable structures show tilts pointing to the intermediate directions between x- and y-axes,
as we show in row 4 in Fig. 6. However, in this case, because the inclination and distortion
occur both in the same direction, the transversal unit cell shows values typically

corresponding to HB structures (b, /a, = 1.4-1.5) .

For the intermediate concentrations, row b in Fig. 5, the energy minimum structures always
show inclinations values along the distorted axis, when only one is elongated, or along both
axis when the distortion is applied for both directions, so typical b, /a, ratios of HB

structures are found (b, /a, = 1.4-1.5).
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Figure 5. Energy difference, AE:r, (in eV in the color scale) between configurations of a
decanoic acid monolayer at different inclination angles ¢, (horizontal coordinates) and
¢y(vertical coordinate), and the untilted structure, for area per molecule of 17.5 A2 (high
concentration, row a), 22.5 A? (intermediate concentration, row b), and 25 A? (low
concentration, row c). Columns 1, 2 and 3 refer to the elongation of the unit cell imposed
along x-axis, y-axis, or both axes, respectively.
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Figure 6. Representation of the unit cell for minimum configurations of a decanoic acid
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in blue. Side views parallel to the conventional or transversal unit cell plane in panel a and
b respectively. Panel c shows a view from the top and perpendicular to the transversal cell
plane. Red and grey beads represent oxygen and carbon atoms respectively.
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In Figure 7 we plot the dependence of the relevant parameters (b, /a, ratio, energy
differences, tilt and azimuth values in panels a, b, ¢ and d, respectively) for the lowest
energy configuration obtained (always a HB-type structure) in each of the three different
unit cells simulated (distorted in the x-axis, y-axis, and both axes), on the area per molecule
(inverse of the concentration). In this case, energy difference is named AEii-ab and it refers
to the energy differences between the most stable configuration for each value of the area
per molecule and the untitled structure of the optimized unit cell: 4,9 x 6.8 A, which is in
fact the global minimum of the monolayer structure. For some of the distorted cells (panels
1b, 3b, 1c and 3c in Fig. 5) several energy minimum structures, with very similar energy
values, are found due to the symmetry of the system; in such cases only one of these

equivalent minima has been considered in this analysis.
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Figure 7. The influence of the area per molecule (in A2/molecule) on (a) b, /a, ratio, (b)
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configurations of three distorted unit cell (in the x-axis, y-axis, and both axes in blue, red

and black curves respectively). See definition of AEtit-ab in the text. Dashed colored lines in

panel areferto b, /a, ratio values of 2, v/3 and 1.5. Dashed black line in panel c represents
computed data according to eq. 3 and green curve is experimental data from ref. [13].
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Figure 7a shows that all the minimum structures presents similar b, /a, ratios for all the
area per molecules values explored, in good concordance with the experimental findings
[17]. These values are in a range of ca. 1.3-1.5 and they are typical of a HB configuration, as

mentioned before.

It can be observed (see Figure 7b) that the energy of the minimum configurations grows
(the structures are energetically less favorable with respect to the global minimum, i.e., the
untilted structure) upon increasing the area per molecule for the three elongated unit cells
studied, which correspond to elongations along the x-axis (blue trace), y-axis (red trace),
and both axes (black trace), respectively. Interestingly, at the same area per molecule, the
AE+ii-ab vValues corresponding to the three possible distorted unit cell are very similar (the
differences are lower than 0.12 eV, around 4-5 kgT). Here again, we remind that in these
calculations the mutual orientation of the backbone carbon plane is fixed (at 90°) because
of the computational cost. It might well be that allowing for the relaxation of the carbon
backbone plane might reveal energy differences among the three distorted structures. In
any case, the energy differences found are smaller than 5kgT at temperatures around 300

K. Hence, any of these configurations could take place at room temperature.

The dependence of the tilt angle of the minima configuration of the area per molecule of
each distorted unit cell is shown in Figure 7c. At high concentration (low values of area per
molecule), the tilt angle is strictly null for values of the area per molecule lower than 17
A%/molecule. Above that value, the tilt angle changes abruptly from 0° to 30° upon a small
increase of the area per molecule (from 17.5 to 19 A2/molecule). Dashed black trace is the
representation of the tilt angles obtained by eq. (3) keeping constant the transversal unit
cell area to the value obtained at the untilted configuration, 16.6 A2/molecule. Experimental
studies [13] show that the surface pressure undergoes a large increase when the areas per
molecule are in the range of 20-23 A%/molecule, which correspond to the transition
between untilted and tilted phases yielding an increase of the tilt angle from 0° to ca. 33°.
Such experimental data are represented in green trace in Figure 7c for comparison, and
they are in good qualitative agreement with our calculations. Here, the smaller a and b

lengths consistently obtained in our simulations with respect to the experimental ones
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result in smaller areas per molecule (17.5-19 A2) when compared with those experimentally
observed (20-23 A2). Moreover, if we shift the experimental data around 3 A2 to the left,

the qualitative agreement with our prediction is notable.

In Figure 7d we plot the orientation of the tilt corresponding to the energy minimum
structures as a function of the area per molecule for the distorted unit cells in the x-axis, y-
axis, and both axes (in blue, red, and black curves respectively). The tilt orientation in the
conventional plane is given by the azimuth angle, which takes values from 0° to 90°,

corresponding 0° and 90° to orientations along the x-axis and y-axis, respectively.

Figure 7d shows unambiguously that, as we mentioned before, elongations of the unit cell
along y-axis (red curve in Figure 7d) yield always minima configurations with azimuth angles
of 90°, that corresponds to an NNN structure. When the distortion of the unit cell is along
the x-axis (blue curve in Fig. 7d), minima configurations show azimuthal angles lower than
25° and approaching to 0° (NN tilted structure) at large values of the area per molecule (low
surface concentrations). For structures with a unit cell distorted in both axes (black curve in
Figure 7d) azimuth values range from 35 to 55°, confirming that the orientations of the tilt

is neither NN nor NNN.

4, Discussion

Fatty acid monolayer have been analyzed attending to three different aspects.

First, we have studied the effect of the chain length in the untilted phases of the
monolayers. The calculated values of the unit cell dimensions for all the fatty acids studied
(with chain lengths ranging from 10 to 20 carbon atoms) are quite similar, being the mean
value ca. 4.9 x 6.8 A, which is in fair agreement with the range of the experimental values
(approx. 5.0 x 7.5 A, at 10 °C [8]). The discrepancies could be justified by the absence of
thermal or solvation terms in our simulations. In addition, our calculations show a

monotonic increase of the energy values of the unit cell when the carbon chain length is
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augmented, yielding an approximately constant value of -0.26 eV per carbon unit added.
This linear growth of the energy with the number of carbon atoms forming the nonpolar tail
is a direct consequence of the linear increase of the dihydrogen contacts which are

responsible for the interaction between the molecules.

Second, concerning tilted phases, we have explored the dependence of the energy of the
unit cell on the inclination of the molecules (in the x and y axes), keeping constant the
transversal unit cell. This analysis has revealed that AE variations are qualitatively similar
for all the fatty acids studied (independent of chain length), showing an abrupt increase for
inclinations larger than 45° and 36 ° for ¢, (NN) and ¢,, (NNN), respectively. This result is in
qualitative agreement with the experimental observations, which show maximum tilt
values ca. 35° and 20° for the Lon (NN) and the Ly’ (NNN) phases, respectively [12]. The
difference obtained could be due to our calculated a and b cell vectors are shorter than the
experimental ones due to temperature or solvent effects which are not included in our
methodology. In addition, our calculations also predict that NN phases (instead of NNN)
should be the first liquid condensed phase to appear from an expanded liquid phase when

the surface pressure is increased, in agreement with the experimental findings [8, 29].

Third, we have studied the energetics and structures of the monolayer upon variation of
the area per molecule. Such variation was imposed by enlarging the equilibrium untilted
unit cellin x-, y-, and both axes. For low values of area per molecule, i.e. high concentrations
and surface pressure values, the untilted structures are the most energetically favorable
and, hence, the more likely to appear, in coincidence with the experimental observations.
At intermediate or large values of the area per molecule (low surface concentrations),
different structures may appear depending on the type of deformation of the unit cell. In
the case of enlarging along the y-axis, the minima structures correspond to carbon chains
tilted along this axis, i.e. NNN tilted structures, with a , b, /a, ratio pertaining to a
herringbone (HB) configuration, ca. 1.4, features that coincide with those of the L, phase.
In the case of elongation along the x-axis, minimum structures correspond to carbon chains
tilted along this axis, i.e. NN tilted structures, with an b, /a, ratio pertaining to a

herringbone (HB) configuration, ca. 1.3, are also predicted, features that coincide with those
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of the L,” phase. In general, when the distortion of the cell is only along one axis, the
molecules tilt along this axis to preserve the intermolecular chain distances, and b, /a, ratio
typical of the HB structures is obtained. However, in the last case (elongations along the x-
axis), other minimum structures with inclinations along both axes are also found, which
show transversal unit cell values similar to tilted phases with pseudo-herringbone (PHB)

b,/a, ratio 1.7-1.8.

When the elongation of the unit cell is in both axes, structures with inclinations along both

axes and HB b, /a, ratio are obtained.

Our calculations also show that transversal unit cell for the lowest energy configurations
show similar b, /a, ratios in all the different areas per molecule selected in agreement with
the experimental findings [17]. In addition, the tilt angle of the minimum structures,
independently of the way that the untilted unit cell is deformed, changes rapidly from 0° to
30° when the area per molecule is augmented from 17.5 to 19 A2. This fact is in good
gualitative agreement with the experimental observations, where the transition of untilted
to tilted phases occurs at values of the area per molecule in the range of 20-23 A2 [13]. The
differences could again be due to our calculations are not taking into account temperature

or solvation effects.

As summary, we can connect the calculation results to the structures observed in the phase
diagram of the fatty acid monolayers (Figure 1). According to the results reported in Section

3, four different types of monolayer structures may be expected:

i.  Untilted structures at high concentrations with similar a and b values for all the fatty
acids studied.

ii.  Structures which present unit cell distorted along either the x-axis or y-axis with tilt
angles along the corresponding axis: NN-tilt (row 2 in Figure 6), and NNN-tilt (row 3
in Figure 6), respectively. In these two cases, the transversal unit cells obtained show
a HB configuration (b, /a, ratios of ca. 1.3-1.5). These structures could be associated
with the observed L, phase (with NN-tilt) in the case of tilt along the x-axis and the

L,’ phase (with NNN-tilt) for the case of tilt along the y-axis. These kinds of
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configurations yield energy minima for all the values of area per molecule explored,
which might explain the wide range of concentrations in which both structures
appear experimentally (see Figure 1).

iii.  Structures with tilt angles pointing to the y-axis but obtained from unit cell
elongated only along the x-direction (row 4 in Figure 6). These monolayer structures
could be associated with the Loy phase, as they present a PHB configuration of the
transversal unit cell (b,/a, ratios of ca. 1.7-1.8) and NN tilt. Moreover, such
configurations are obtained only for low concentrations, in agreement with the fact
that this phase is only observed at lower surface pressures [8]. In addition, according
to our simulations at low concentration these structures are more likely to be
observed than those associated with the Ly’ phase (with HB parameters), because
they are energetically more favorable. However, this difference is reduced when the
concentration increase, becoming L, structures more stable for intermediate
concentrations, in agreement with the experimental findings that show that the
transition from L; to the Ly’ phase occurs when the concentration is increased [8,
29].

iv.  Structures with tilt pointing to mixed angles between x and y directions (shown in
panel 4 of Figure 6) and unit cell distorted in both axes. However, we are not aware
that these kinds of configurations have been observed yet. This can be due to the
fact that when an intermediate distortion of the unit cell is produced, the different
minima obtained (distorted in x-, y-, or both axes) are all connected by low energy
barriers (lower than 0.1 eV, see figure 5 column 3). Consequently, the intermediate
tilt structures could be considered as transition configurations that could evolve to
tilted arrangements along x- or y- axis. When this evolution occur, the unit cell could
instantly be distorted, recovering the configuration of x- or y-tilted phases, in which
the energy barriers for a configuration transition are considerably higher (especially

in the case of y-tilted structures), see Fig. 5 columns 1 and 2.

As a final remark, it has been mentioned along this manuscript that temperature and

solvation effects could be the main responsible of the discrepancies between our calculated
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and the observed parameters, as for example: the b, /a, ratio, surface concentrations or
maximum inclinations angles of the tilted phases. In this context, we had carried out some
test calculations to explore the nature of the dihydrogen interactions in fatty acid dimers.
Preliminary results showed that the dihydrogen contacts stablished between hydrocarbon
chains of the fatty acids are reinforced by the electron density of the polar heads, compared
to the alike dihydrogen contacts established among hydrocarbon chain dimers (without
polar head). This effect is stronger in the dihydrogen contacts which occur next to the polar
head. This result is in agreement with the fact that larger unit cells are found for
hydrocarbon chain structures. On the other hand, it is well known that when the aqueous
medium is included in the calculations, the electron density of the polar head is shared with
the water molecules [30]. This fact could cause that the dihydrogen contacts among
hydrocarbon chain were weakened and consequently the a and specially the b axis (which
present weaker interaction contacts and a higher intermolecular distance) of the unit cell
were enlarger with respect to calculations which do not included the solvation effect.
Indeed, larger a and especially b distances than our predicted values are experimentally
observed. In addition, a thermal expansion of the dimensions of the unit cell is reasonably
to occur when the temperature increase. Consequently, although more studies should
confirm these hypotheses, it is reasonable to guest that temperature and solvation effect
could increase the b, /a, ratio obtained by our calculations which in fact would provoke an
increasing of the area per molecule and a decreasing of the maximum inclinations angles of

the tilted phases.

5. Conclusions

We have performed a DFT study on the energetics and structures of the tilted phases of

fatty acid Langmuir monolayers and their changes upon variation of the chain length, tilt
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(both the angle and the azimuthal orientation), and area per molecule. The DFT method
selected (in brief, a van der Waals vdW-DFT-cx functional with a large and flexible basis set)
was recently proved to give good results in similar systems [16]. As far as we know, this is
the first time that high level DFT methodology has been employed to simulate tilted phases

of these systems.

Three different studies have been carried out. First, the effect of the chain length in the
untilted phases of the monolayers has been analyzed, revealing that the unit cell
dimensions for all the fatty acids studied (with chain lengths ranging from 10 to 20 carbon
atoms) are quite similar. Second, we have explored the dependence of the energy of the
unit cell on the inclination of the molecules (in the x and y axes), varying the surface
concentration and keeping constant the transversal unit cell. This analysis has revealed that
AE variations are qualitatively similar for all the fatty acids studied (independent of chain
length), showing an abrupt increase for inclinations larger than 45° (24 A%2/molecule) and
36° (21 A%/molecule) for ¢, (NN) and ¢y (NNN), respectively, in qualitative agreement with
the experimental findings. Third, we have studied the energetics and structures of the
monolayer upon variation of the area per molecule. Such variation was imposed by
enlarging the equilibrium untilted unit cell in x-, y-, and both axes. In this study, NN- NNN-
(or even intermediate) tilted structures are obtained, which can be related with the

different observed monolayer phases, Lon, Ly’ and Ly"”.
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