LANGMUIR

Subscriber access provided by Kaohsiung Medical University

Biological and Environmental Phenomena at the Interface

“V-shape” molecular configuration of wax
esters of jojoba oil in a Langmuir film model
Benjamin Caruso, M. Florencia Martini, Ménica Pickholz, and Maria Angelica Perillo

Langmuir, Just Accepted Manuscript « DOI: 10.1021/acs.langmuir.8b00693 « Publication Date (Web): 31 May 2018
Downloaded from http://pubs.acs.org on June 1, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Page 1 of 31 Langmuir

“V-shape” molecular configuration of wax esters of jojoba oil in a Langmuir film model

Benjamin Caruso', M. Florencia Martini®, Ménica Pickholz® and Maria A. Perillo'*

oNOYTULT D WN =

Universidad Nacional de Cordoba, Facultad de Ciencias Exactas, Fisicas y Naturales.
11 Departamento de Quimica, Catedra de Quimica Biologica. Cordoba, Argentina and CONICET,
Instituto de Investigaciones Biologicas y Tecnologicas (IIByT). Cordoba, Argentina. Av.Velez
14 Sarsfield 1611, 5016 Cordoba, Argentina.

17 ? Universidad de Buenos Aires. Facultad de Farmacia y Bioquimica. Cdtedra de Quimica Medicinal,
Buenos Aires, Argentina and CONICET-Universidad de Buenos Aires. Instituto de la Quimica y
20 Metabolismo del Farmaco (IQUIMEFA). Buenos Aires, Argentina. Junin 956 SS, 1113 Buenos Aires,

Argentina.

26 3 Universidad de Buenos Aires. Facultad de Ciencias Exactas y Naturales. Departamento de Fisica.
27 Buenos Aires, Argentina and CONICET - Universidad de Buenos Aires. Instituto de Fisica de
29 Buenos Aires (IFIBA). Buenos Aires, Argentina. Intendente Giiiraldes 2160, Pabellon 1, Ciudad
30 Universitaria Universidad de Buenos Aires, C1428BFA CABA, Argentina.

35 *Corresponding author

37 e-mail: mperillo@unc.edu.ar

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Langmuir

Abstract

The aim of the present work was to understand the interfacial properties of a complex mixture
of wax esters (WEs) obtained from Jojoba oil (JO). Previously, based on molecular area
measurements, a hairpin structure was proposed as the hypothetical configuration of WEs
allowing their organization as compressible monolayers at the air-water interface. In the
present work we contributed with further experimental evidences by combining surface
pressure (m), surface potential (AV) and PM-IRRAS measurements of JO monolayers and
molecular dynamic simulations (MD) on a modified JO model. WEs, both self-assembled in
Langmuir films. Compression isotherms exhibited a mjip.or at 100A%/molecule mean molecular
area (Ajif-orr) and a collapse point at m.~2.2mN/m and AC~77A2/molecule. The AV profile
reflected two dipolar reorganizations one of them at A>Ajin.ofr due to the release of loosely
bound water molecules and another one at A.<A<Ajis-ofr possibly due to reorientations of a
more tightly bound water population. This was consistent with the maximal SP value that was
calculated according to a model that considered two populations of oriented water and
resulted very close to the experimental value. The orientation of the ester group that was
assumed in that calculation was coherent with the PM-IRRAS behavior of the carbonyl group
with the C=0 oriented towards the water and the C-O oriented parallel to the surface and were
in accordance with their orientational angles (~45° and ~90°, respectively) determined by MD
simulations. Taken together the present results confirm a “V-shape” rather than a hairpin

configuration of WEs at the air-water interface.

Key words: wax esters, jojoba oil, Langmuir films, molecular packing, surface electrostatics,
PM-IRRAS, molecular dynamics.
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Abbreviations: A., Molecular area at collapse of monolayer; A,;;,, Minimal mean molecular area; BP,
Behenyl palmitoleate; DBI, Double bond index; D(¢), angle density distribution ; EDP, Electron
density profile; EE, Eicosanoyl eicosanoate; HLB, Hydrophylic/lipophilic balance; HP, Hexadecyl
palmitate; JO, Wax ester fraction of jojoba oil; K, Compressibility modulus; LCGE, long chain,
glycerol-based esters; Mma, Mean molecular area; O, Triglyceride fraction of olive oil; P(0),
Probability density of vector angles; Pi,(0), Probability of isotropic vector angle distribution; T,
Lateral surface pressure; mc, Lateral surface pressure at the collapse of monolayer; S, Triglyceride
fraction of soybean oil; SA, Stearic acid; Scp, Order parameter of C-D vectors; SS, Stearyl stearate;
Tm, Melting point; TG, Triglyceride; TO, Triolein; TS, Tristearin; W, Triglyceride fraction of walnut
oil; WE, Wax ester; 0, Vector ‘s angle relative to the normal to the interface; v,,.,, Wavenumber of
maximum absorption in PM-IRRAS; AR/R, Normalized signal intensity in PM-IRRAS; AV,, Area
independent electrostatic surface potential, AVpr, Electrostatic surface potential calculated using the
Demchak-Fort model; AV, Maximum electrostatic surface potential that can be achieved in a non-

collapsed monolayer; AV, Electrostatic surface potential.
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Introduction

Many natural waxes are lipid mixtures whose major components are long chain monoester
molecules (called wax esters, WE) consisting on a fatty acid esterified with a long chain
primary alcohol. WE are highly abundant in nature providing energy and carbon storage '~
protection of plants and animals against desiccation or external stresses 3, buoyancy and
others (refs in "*). A widely studied natural wax is found in Simmondsia chinensis seeds. This
wax is commonly known as “jojoba 0il” as, unlike most natural waxes, it is found in a liquid
state at ambient temperature. Such property, together with its extraordinary high thermal and
oxidative stabilities, have made jojoba oil a common component in cosmetics and hair care
products, as well as a feedstock for lubricant and additive applications, as the viscosity index
of jojoba oil is much higher than that of petroleum oil (see ref. in °'°)

Moreover, WE biosynthesis was successfully accomplished in transgenic Arabidopsis seeds

"I This is highly relevant from a technological

expressing jojoba embryo wax synthase
viewpoint since in light of diminishing resources of fossil hydrocarbons, the use of oilseed
crops may contribute for sustainable production of high value chemicals for industry '*.

In order to understand many of the biological functions of WE and design new industrial
formulations that include them, the interfacial properties of their phase-separated structures
should be considered, which implies evaluating their interfacial stability. However, studies on
WE interfacial behavior are scarce and has been for long focused on WEs with saturated
chains (thus in solid state) which tend to aggregate at the interface 1314, Only recently, the
interfacial (air-water) properties of films of meibonian WE has begun to receive attention >
' These studies highlighted the role of the physical state in determining WE monolayer
stability: liquid but not solid WE molecules would be able to spread over an air-water
interface. Previously, we evaluated the ability of the WE fraction of jojoba oil (hereafter

1

termed “JO”) to form monomolecular layers > '7 and associated it with the hypothetical

17
and

configuration acquired by the long alkyl chains at the air-water interface. Thus, we
Paananen et al. ° proposed that, in the solid phase, WEs formed multilayer films where most
molecules exhibited a linear configuration, whereas in the fluid state they adopt a hairpin-like
structure with an amphipathic-driven orientation and spread on interfaces leading to form
compressible monolayers. However, such hypothetic configurations are supported only by

molecular area measurements.
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The low collapse pressure and large minimal mean molecular area observed in WE
monolayers have been interpreted to be a consequence of the low hydrophilic/lipophylic
balance (HLB) due to a polar head group too small compared with the volume occupied by
the bulky long and unsaturated hydrocarbon-chains. Furthermore, the geometry of the
monoester polar group might difficult the orientation of the two hydrocarbon chains parallel
between one another and in the perpendicular direction with respect to the interface ? Teixeira

et al. '8

also pointed out the importance of the low HLB as a destabilizing factor for the
formation of monolayers of the long chain ester stearyl stearate (SS) (see below). However, it
was early in the monolayer literature that the constraints for the formation of stable
monolayers of WE were analyzed. Adam " reported hexadecyl palmitate (HP) films as solid
and with a molecular area of about 41 A. Although the relation between mean molecular area
(Mma) and lateral surface pressure () could not be accurately mapped, they suggested an
ester configuration that implied the alkyl chain to bend completely so as to lie nearly
vertically along-side the acidic chain. Later on, from ©/Mma and AV/Mma isotherms of a
variety of long chain esters, Alexander & Schulmann '* also suggested that in the case of HP,
the ester group could acquire such a configuration that allowed the alkyl and acid chains to be
parallel, with a lateral adhesion that stabilized a “hairpin-like” structure. This resulted on a
condensed film that collapsed at very low lateral pressure (0.4 mN/m), and 40 A*/molecule.
According to these authors, this bending of the alkyl chain resulted on an apparent dipole

moment of the ester group of approximately zero.

In accordance with these findings, from n/Mma isotherms, BAM and AFM analyses on SS,
Teixeira et al. '® concluded that, due to its low hydrophilicity, pure SS did not form a stable
monolayer at the air—water interface. Instead, it organizes into an asymmetric multilayer (or
duplex film) where in a first layer SS adopts a U configuration to orient the polar group
towards the water subphase, while in the upper layers SS adopts a linear configuration in
order to maximize laterally both the polar and hydrophobic interactions. Thus, although these
authors could not observe a stable monolayer, their interpretation implies the possibility of the
ester group to bend and adopt a hairpin configuration. Furthermore, when mixed with stearic
acid (SA) or tristearin (TS) in the monolayer regime, the linear variation of the mean
molecular area (Mma) of these mixtures at constant lateral pressure is compatible with the
additive rule of molecular areas of pure components, i.e. Mma = 20 A%/molecule for SA, 57

A%*/molecule for TS and 38 A*molecule for SS. This strongly supports their hypothesis of
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hairpin-like configuration for SS molecules, laterally anchored by the SA or the TS chains.
Similarly, in the case of the mixtures of JO with triglycerides (TG) °, we observed a negative
deviation of the Mma of the mixtures at all proportions. This fact, together with an increasing
collapse pressure (mc) with increasing TG content, indicated a high interfacial miscibility of
these compounds and the possibility that JO-containing monolayers can remain stable at «
above the mc of pure JO, as it occurs with SS.

Taking into account that JO is a mixture of esters with different hydrocarbon chain lengths,
here, we firstly evaluated the possibility to describe the surface packing properties of JO
monolayers through compositional average parameters. Then, we analyzed the configuration
of JO molecules at the air-water interface by comparing surface potential and IR spectroscopy
(PM-IRRAS) measurements of JO with atemie-seale molecular dynamics simulations of a

representative wax ester.

Materials and methods

Materials

Solvents used were of analytical grade. The WE fraction of jojoba oil (JO) was obtained and
its acyl and alkyl moieties composition were characterized as detailed previously °. According
to GC-mass spectrometry analyses after ester alkaline hydrolysis, JO is 99% composed of
monounsaturated acyl moieties, the saponifiable fraction being more rich in cis-11-eicosenoic
(20:1) acid (72.5%), followed by 18:1 (10.1%) and 22:1 (14.8%). On the other hand, GC-
mass spectrometry analysis of the unsaponifiable fraction arose that JO presents similar
amounts of the fatty alcohols (derived from alkyl moieties) 20:1 (42%) and 22:1 (48%). A 9%
of cis-15-tetracosenol (24:1) is also present. Other acyl and alkyl moieties are present in small
proportions and the overall compositional information was used to calculate a JO mean
molecular mass MMM = 608 °. Similarly and following the rational applied in a previous
study on monolayers composed of complex mixtures of triglycerides from vegetable oils ",
other mean parameters that describe average molecular properties were calculated here to
describe JO. This was an attempt to evaluate how acyl chain composition can determine the
collective behavior of the complex molecular mixture. For example, the Double Bond Index
(DBI) was used to describe the acyl chain unsaturation level and was calculated according to
Eq.1:

(UF.DB)

DBI' =% 100

(1)
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where UF is the mole percent composition of each unsaturated fatty acyl or alkyl chain and
DB is its respective number of double bonds. The value of DBI for JO calculated in the
present work was interpolated in the DBI vs. Mma plot defined for TGs in a previous work '°,
Fig. 1b. This was aimed at testing the hypothesis that DBI can describe the average behavior
of widespread complex mixtures such as TGs and JO, and that WE adopting a hairpin-like
structure when organized in Langmuir films, should exhibit surface properties that correlate

with those of TGs.

Monomolecular layers at the air-water interface

Monomolecular layers were prepared and monitored essentially as described
previously *2***. The equipment used was a Minitrough IT (KSV Instruments Ltd, Finland).
Between 10 and 20 pl of a CHCl3:MeOH (2:1) solution of JO (1 mM) was spread on an
unbuffered aqueous surface (24000 mm?) at room temperature (24°C + 0.5°C). About 5 min.
were allowed for the evaporation of the solvent. Lateral surface pressure () was measured by
the Wilhelmy plate method. Shear may influence isotherm determinations. This phenomenon
was discarded by placing the Wilhelmy plate in two perpendicular directions observing no
effects on the registered isotherms. Before each experiment the trough was rinsed and wiped
with 70 % ethanol and several times with bidistilled water. The absence of surface-active
compounds in the pure solvents and in the subphase solution (bidistilled water) was checked
before each run by reducing the available surface area to less than 10% of its original value
after 5 minutes were allowed for the adsorption of possible impurities that might have been

present in trace amounts.

Surface pressure (m), compressibility modulus (K) and surface potential (AV) vs mean
molecular area (Mma) isotherms
Monolayers were compressed and expanded at two constant rates, 7.5 and 37.5
mm?.min"', which led to identical results. Mma at varying 7 was calculated dividing surface
area by the number of molecules spread on the interface. K was calculated for each isotherm

according to Eq.2:

K = —(Mma)n.( om )T ()

SMma
where Mma;, is the molecular area at T.
The surface potential (AV) of a monolayer is defined as the difference between the

electric potentials, relative to the air phase, of a subphase covered with a monolayer and the
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same “clean” subphase. It arises as a consequence of the dipolar moments of the molecules
forming the monolayer and the water molecules from subphase bound and properly oriented
at the interface. In the case of ionized monolayers, the ionic double layer generated between
the lipid headgroups and the subphase electrolytes also contribute to AV. Here, this factor is
neglected as the monolayer almost lacks ionizable groups in the experimental conditions set,
i..e., free fatty acid content <0.01 mole fraction, pure water subphase and 24 °C.

The vibrating plate technique was used for determining AV, where the potential
difference between two plates of a parallel plate capacitor is measured. By vibrating the plate
at the air phase, a displacement current is generated, which can be offset by applying an
external depolarization voltage until a null potential difference is registered between the
plates. This external potential represents the contact potential and corresponds to AV .

Calculations of the magnitude of dipole moments of the monolayer forming molecules
were calculated according to the Helmholtz model (Eq.3) which considers that a parallel plate

capacitor covers a layer of uniformly distributed dipoles:

AV = —H 3)

Mma.g,.&g
where €, and €, represent the relative dielectric constant and the vacuum permittivity,
respectively, and p, is the apparent dipole moment (i.e. the resultant of the perpendicular
components of all the dipoles oriented at the interface), &, is considered a macroscopic
magnitude, which has led to various interpretations concerning the value it should assume,
including the possibility of being disaggregated in order to represent different environments
for the different contributions to u;, namely, headgroups, oriented water, hydrophobic tails.
Furthermore, there exist models that describe the monolayer as a two- or three-plates
capacitor, e.g. Vogel-Mdbius and Demchak-Fort models, respectively . The AV calculated

according the latter model (AVj_g) is described by Eq.4:

Wpp= —— (2421 22)333 5107300 m @)

Mma gy \ &1 &2 g
where Mma is expressed in m”. The following values where assigned to the constants (taken
from **:

— g =885x10"Fm’

- % = -65 mD, represents the ratio between the vertical component of the dipole moment

1

due to the water molecules orientation induced by the presence of the monolayer (u,) and

the dielectric constant of the media surrounding them (g;),

ACS Paragon Plus Environment
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—  u,=1110 mD, is the normal component of the dipole moment of the hydrophilic group

(ester) localized in a medium of a dielectric constant &,=6 .4

—  uy is the vertical component of the dipole moment due to the hydrocarbon chains (it is
assumed that each terminal methyl group contribute with 330 mD) and &=2.8 is the
dielectric constant at the air-monolayer interface,

To estimate the AV of JO, 2.u3; was applied.

Polarization Modulation Infrared Reflection-Absorption Spectroscopy (PM-IRRAS)
PM-IRRAS was performed with a KSV PMI 550 PM-IRRAS (KSV Instruments Ltd.,
Finland) mounted on a KSV Minitrough and compression isotherms were performed as
described above. Spectra were collected with a resolution of 8 cm ™', at 100 kHz modulating
frequency and a variable delay in the wavelength (A). The incidence angle was 80° and the
maximum retardation wavelength was 1500 cm™' with a gap of 0.55\. These parameters
enabled a high resolution IR spectrum to be recorded within the 1500 and 3000 cm'
wavenumber range in which most signals from the ester and methylene group appeared. A
positive-oriented band indicates a transition moment occurring preferentially in the plane of
the surface, while a negative downward-oriented band reveals an orientation preferentially

perpendicular to the surface 2.

Computational details

We performed atomic-scale molecular dynamics simulations of single-component
lipid monolayers comprised of a WE representative of JO composition (11-cis eicosenoyl 11-
cis-eicosenoate, EE) in aqueous solution for two molecular packing conditions. The simulated
systems consist of a periodically replicated cell, divided into two monolayers with 31 or 25
EE molecules, corresponding to 80 and 100 A%/molecule densities, respectively. The
monolayers are separated by a slab containing 8100 water molecules. The system is
effectively periodic in 3D and no interactions are expected across the z direction (normal to

the interfaces) because of the large vacuum region (18 nm), as depicted in Scheme.]1.
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Scheme. 1. A. Simulation box showing
periodic boundary condition in z and x
axis, B. Zoom effect on monolayers
and water system. Water molecules are
in ice-blue, hydrocarbon chains in silver
and licorice representation, Oxygen
atoms of EE are in red and CPK
representation, double  bounds  of
hydrocarbon tails are in ochre and CPK
representation.

The simulation geometry is similar to that applied previously (*” and refs. therein) and

28-31

has been used in many studies . The size of the simulation cell was kept constant to

accommodate the EE molecules on each interface (fixed area per lipid of 80 A% and 100 A% >
** and Lz=26 nm, to ensure that interactions across the z axis where negligible for each
surface density considered at a fixed amount of water molecules.

The molecular dynamics simulations were performed by GROMACS 4.0 software
package 7. The GROMOS-96 53a6 force field ** was used. Methylene and methyl groups
of lipid molecules were treated as united atom type. Water was modeled using the simple
point charge (SPC) model % The electrostatic interactions were handled with the SPME

version of the Ewald sums ***!

. The settings for the SPME method were a real space cut-off
of 1.5 nm, a grid spacing of 0.24 nm and a cubic interpolation. In all the simulations, the van
der Waals interactions were cut off at 1.5 nm. The simulations were carried out in the NVT
ensemble using the Berendsen thermostat **. The whole system was coupled to a temperature
bath with a reference temperature of 300 K and a relaxation constant of 0.1 ps. No constraints
were used for the bonds. The time step for the integration of the equation of motion was 1 fs.
The nonbonded list was updated every 10 steps.
The simulated systems were built in a tetragonal box, using the Packmol package **.

To release steric clashes we performed a simulation with steepest descent algorithm and
continued by conjugated gradient algorithm. Prior to the production run, a series of six
equilibration steps of 5 ns each were performed upgrading the temperature progressively.

The ground-state geometry of EE was optimized within the density functional theory with use
of the B3LYP functional and 6-31G* basis set*. The partial atomic charges were obtained

through a single point HF/6-31G*using Gaussian *. and the Merz—Singh—Kollman protocol

ACS Paragon Plus Environment 10
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447 The force constants and intermolecular parameters were chosen in analogy to similar

molecules already described by GROMOS.

oNOYTULT D WN =

The system’s dimensions were carefully chosen to ensure an aqueous layer of at least 50 A
between the headgroups of the two opposing monolayers, therefore ensuring negligible
11 interactions between lipid surfaces ***°. MD simulations were carried out up to 100 ns
production run after the equilibration of the system. The images of MD simulations were

14 made with visual molecular dynamics (VMD) %% and Grace (xmgrace) ! software.
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Results and Discussion

Surface pressure (r)-Mean molecular area (Mma) isotherms of JO monolayers

Fig.1a shows n-Mma isotherms corresponding to two compression-expansion cycles

of JO monolayers. Surface pressure grows smoothly upon compression, leading to an abrupt

collapse followed by a plateau. This kind of collapse is characteristic of monolayers in a

liquid-expanded (LE) phase collapsing at the equilibrium spreading pressure 22 This behavior

4 40
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E
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S
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Fig.1. (a) Compression/expansion isotherms of JO (different
color curves) and compressibility modulus (K) of the first
compression. (b) Correlation between degree of
unsaturation (DBI) and surface packing, expressed as
area/hydrocarbon chain (HCA) of natural TGs (O, S and
W), pure TGs (TS and TO) and JO. the straight line results
from linear correlation analysis. R=0.979. K was calculated
from Eq.2.

K (mN/m)\

can be observed for example in pure >
or complex TGs monolayers . The
equilibrium condition is evidenced by
the absence of hysteresis along the
compression-expansion cycles and
contrasts with the non-equilibrium
WE films following compression-
expansion isocycles '® where, instead
of a unique monolayer pressure, a
flattening of the isotherms occurred at
n  values that increased with
successive isocycles, until the film
reached an equilibrium. Here, the
collapse was highly reproducible and
corresponded to a LE phase (K=
30 mN/m). Besides, it occured at a
low lateral pressure (mc=2.2 + 0.1
mN/m) and at a minimal mean
molecular area (Appn) of 77 + 2
A?/molecule, a relatively large value,
considering the chain number (two)
and the small polar group (monoester).

This value differs to the previously

reported Amin of 210 A%/molecule at a temperature (28 °C) higher than the one set here (24

°C). However, the present value is closer to those reported for other WEs at similar

temperatures 1313
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Because JO monolayers collapse at a very low surface pressure, it has been very
difficult to find the spreading and compression conditions under which the isotherms are
reproducible but, unlike other long chain WE films (both saturated and unsaturated),
monolayer compression isotherms could be mapped. How can these different behaviors be
explained? For saturated WE, the model proposed by Teixeira et al. '® have suggested that the
constraint for SS (a saturated WE, both C18:0 chains) to form stable monolayers at the air-
water interface (adopting a hairpin-like structure) results from its low HLB. In this case the
cost of hindering the polar group from being in contact with water is offset by the
maximization of hydrophobic lateral interactions that can take place in an asymmetric bilayer
(multilayer), being this the structure actually monitored in the compression isotherm (see the
Introduction). Recently, WE films (BP, for behenil palmitoleate, i.e., C20:0/C16:1) were
evaluated above and below their bulk melting point "°. In the solid state, micron-scale surface
aggregates were observed. Under isochoric heating BP spread over the surface forming a
monolayer and increasing m up to a plateau of 2.3 mN/m at the BP bulk melting temperature
(Tm). These authors suggested that when forming a monolayer, BP molecules adopt a hairpin
configuration. However, their compression isotherms were performed at the Tm (where liquid
monolayers and solid aggregates would coexist), precluding the existence of BP monolayers
from their lift-off up to their collapse.

In the present work, isotherms of JO monolayers were recorded at a temperature (24
°C) well above the Tm of bulk JO (10 °C). Furthermore, as JO is a complex mixture of WE
with a high proportion of unsaturated chains, the chain packing reached in an asymmetric
bilayer would be less efficient than in SS and BP at maximizing hydrophobic interactions.
Hence, the cost of hindering the polar headgroup from water would be proportionally higher,
allowing the observation of compressible monolayers of JO with ester molecules possibly
adopting only a hairpin-like structure. In order to test the hypothesis of a hairpin-like
configuration, the properties of JO monolayers were contrasted with predictions taken from
TGs monolayers, reasoning as follows. Since TGs molecules adopt a trident configuration at
the interface and its polar head group is small compared to the volume occupied by the
hydrophobic moiety, the properties of its hydrocarbon chains are determinant of its lateral
packing and thus certain average parameters derived from the acyl composition may be
correlated with its surface density. For instance, the degree of unsaturation of the acyl chains,
described by the Double Bond Index (DBlrg), is the parameter that best correlated with the
Mma of TGs monolayers '° obtained from the TG fraction of vegetable oils (olive, O;
soybean, S and walnut, W). We hypothesize that if JO adopts a hairpin-like structure, then its

ACS Paragon Plus Environment 13
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molecular packing should be governed by its chain composition as it occurs with TGs. Then,
we interpolated the DBI-Mma values for JO in the correlation plot of DBI vs. Mma observed
for the TGs O, S and W, whose DBI are: DBI,=0.9054, DBI&—1.5409 and DBIy = 1.7862.
The Anin per hydrocarbon chain of JO is 37.5 A%/chain at 2.2 mN/m, while for the different
TGs analyzed at the same w these values are 35, 39.7 y 46.7 A?/chain for O, S and N,
respectively. In Fig.1b the correlation between DBI and surface packing of TGs is shown,
including the mentioned complex mixtures of TGs (O, S and W) and pure TGs taken from the
literature, tristearin (TS) > and triolein (TO) **. It can be observed that DBI/Mma point values
for JO are highly consistent with the correlation observed in TGs monolayers. Contrary to
what would be expected from the relatively higher average length of JO chains compared with
those of TGs considered in this analysis, Mma is close to the correlation line. Then, according
to this first approach JO chain packing seems consistent with a hairpin-like structure.
Afterwards, we studied molecular properties of JO that should be affected by the polar
head orientation and hydration at the interface. There are numerous studies with respect to the
orientation of glycerol-ester-based lipids and other ester containing lipids, which describe the
orientation of their chemical groups. In this regard, it has been highlighted the importance of
differentiating esters in position 1 and 3 from that at position 2 of the glycerol backbone **. In
this sense, the presence of only one ester group in the molecular structure of JO facilitates the
analysis of the molecular orientation of WEs in the monolayer (if such monolayer is formed).
The experiments that followed attempt to analyze what was the orientation at the interface of
the monoester group of JO, seeking for an interpretation that allowed understanding the

configuration of JO molecules at the interface at its maximal compression.

Surface electrostatics of JO monolayers at the air-water interface.

In Fig.2 n-Mma and AV-Mma experimental compression isotherms of JO monolayers
are superimposed with a calculated p,-Mma isotherm. Upon the monolayer compression,
changes in AV, and consequently in the magnitude of the apparent dipole moment (p,) of JO,
could be sensed before the Wilhelmy plate method could registered an increase in « at the lift-
off area (~100A%/molec).

Within the 200-140 A%/molec range the surface potential behaves erratically. An
example of this is shown in Fig. 2a within the range 140-160 A?/molec .We think that this
kind of fluctuations might be related to the fact that the monolayer is not well structured and

that the air-water interface might not be homogeneously covered with JO molecules. At lower
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molecular areas p; (and AV) increased monotonously from ~100 mD to ~550 mD. This
regime remained until the monolayer reached the lift-off area and acquired molecular
cohesion. At Mma < ~100 A%/molec, both AV-Mma and p; - Mma exhibited new dipolar
reorientations.

There are two chemical groups that may contribute to the observed AV in an ester of this type:
the methyl terminals, which provide p, = 330-350 mD >>>° and the ester bond. By assigning a

dipole moment value

3.0 0.35 - 600 for each component of
25 — Av|r 030 L 500 the ester group and
20 4 ;l 028 - 400 summing them up
= F 020 < ~ . .
£ 15 Z | 300 % vectorially it was
% : - 015 > =
= - 200 i i
= 101 L 010 possible to explain the
05 4 L 005 - 100 apparent dipole
00 - 0.00 -0 moment of a wide
‘ ‘ ‘ ‘ ‘ ‘ variety of long chain
60 80 100 120 140 160 180 200
Mma (A2) monoesters . In the
ester  group, the
Fig.2. Compression isotherms of J showing &, AV and p, as a function of sP2Cc=0 and SP3C-0

Mma. p, was calculated according to Eq. 3. )
bonds (where sp” and

sp’ refers to the hybridizations of C atoms) would make the most significant contribution to
the resultant molecular p with values of 360 mD and 170 mD, respectively *.

In the case of HP, a long chain WE mentioned in the /ntroduction, it was assumed that
the bending of the alkyl chain for adopting a hairpin-like structure of the molecule would
imply an arrangement where the ?2C=0 dipole would be more parallel to the interface than
the SP3C-0 dipole and both in oppossed directions, compensating themselves and resulting on
an almost null apparent dipole moment. Conversely, in the case of JO monolayer the
calculated p; at maximal compression was far from zero. It is worth to note that, for the
experiments with HP, data were obtained through the ionizing electrode method for AV
measurements and monolayers were prepared over a 0.01 M HCI subphase. Furthermore, the
analysis on HP was based on assumptions that neglected the contribution of both the terminal
methyls and the water molecules oriented in the presence of the monolayer. Thus, it is not
surprising that p, values for JO calculated in the present work are not comparable to that of

HP which, in addition, came from the sole AV evidence found on the literature.

ACS Paragon Plus Environment 15



oNOYTULT D WN =

Langmuir

So, we followed up by comparing the surface behavior of JO with well-known models
that make a general description of the behavior of aliphatic compounds. For this, the AV value
was considered. The variation in AV of JO monolayer upon compression (Fig.2) includes an
increase, starting from AV = 0 mV, that precedes the increase in lateral pressure. Oliveira and
Bonardi **, from studies on a variety of aliphatic compounds (acid, alcohol, methyl-ester,
amine) observed a AV increase at a critical area of approximately twice the value of the lift-
off molecular area. This behavior was ascribed to a sharp decrease in the local dielectric
constant at the monolayer-water interface when the monolayer becomes structured. It would
be a consequence of the removal of water molecules from the water-polar headgroup interface
and is consistent with the critical area suggested by other techniques (Brewster Angle
Microscopy, lateral conductance, UV reflection spectroscopy, ellipsometry) (ref. in 2*). In JO
monolayers this increase started on average around 140 A% followed by a decrease of the
AV/Mma slope at a Mma (85-90 A?) lower than the lift-off area. This area range may be
associated to the beginning of the molecular cohesion and the displacing of interfacial water.

At lower Mma, a LE structured monolayer shows a linear dependency of AV with
respect to Mma. Such behavior was observed by Smaby and Brockman in a variety of
aliphatic, mainly in long chain, glycerol-based esters (LCGE) **. This linearity does not imply
proportionality between these variables. Through the analysis of the dependence of AV with
1/Mma of LE monolayers of these compounds, these authors propose the existence of an area-
independent AV (termed AV, ), whose value is between 100 and 150 mV. This AV, is
interpreted as a result of a "pool" of water which is oriented by the presence of the monolayer
but not between the polar headgroups (i.e., it is not removed by the compression of the
monolayer) >*. We performed such analysis for JO monolayers obtaining an average AV, =
125 £30 mV. Hence, JO monolayer would be exerting the same effect that LCGE monolayers
do on water molecules located between bulk water and the polar headgroups, suggesting that
JO molecules are oriented in a manner similar to LCGE (polar headgroup facing water and
hydrocarbon chains towards the air).

The maximal surface potential of the JO monolayer AV, = 300 + 40 mV was reached
at the collapse point (Fig.2). This value was contrasted with the calculated with 3-layer
capacitor Demchak-Fort Vp r model using the parameters listed in the Materials and Methods
section **, adapted to consider the contribution of 2 terminal methyls expected from a
molecular configuration where both chains point toward the air (i.e., u3=660 mD, 330 mD for

each of the terminal CH3). To account for the variability of the Api, (the Mma taken at the
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collapse point), data from 9 different JO monolayers were used for calculations. The resulting
value was Vpr = 170 £ 20 mV. The experimental Al},,, can be considered as the result of
contributions dependent (AVp.r) and independent (AVy) from the molecular density °7. This
yields a result similar to the value determined experimentally:
AVipax = AVp_p + AVy =(170 + 125) mV =295 mV = 300 mV

The fact that AVy and AV, are not mutually correlated, allows discarding the possibility that
the variability in AV}, is due to the variability in AV, and supports the idea that these
contributions are additive properties of the monolayer.

It is noteworthy that the acyl chains esterified on glycerolipids can acquire an
extended (E) or bent or "kinked" (K) configurations when esterified at the sn-2 or at the sn-1
and sn-3 positions, respectively. This implies that the carbonyl C=0O can be more parallel or
perpendicular to the interface leading to p,/e; of 132 £ 50 and 252 + 27 mD for E and K
configurations, respectively °*. As the /e, value assumed here for JO (173 mD) (which
resulted in a good agreement between experimental and predicted AV, is an intermediate
value between those exhibited by E and K configurations in glycerolipids, it is expectable that
the C=0 of JO exhibit an intermediate orientation between both configurations. This was
further evaluated by means of PM-IRRAS on JO monolayers and atomic-scale molecular

dynamics simulations of a WE molecule representative of JO composition.

PM-IRRAS spectra on JO monolayers

PM-IRRAS spectra of JO monolayer are shown in Fig.3a and were recorded at
different compression levels of the monolayer (pointed to by the arrows in Fig.3a, inset). The
variation in the position (Vya), expressed in wavenumber units (cm™), and in the PM-IRRAS
signal intensity of the absorption peak corresponding to the carbonyl (C=0) and methylene
(C=C) groups are depicted as a function of compression (expressed as Mma) in Fig.3b and c,
respectively. Upon monolayer compression, Vg, 0f C=0 (V=g max) increased reaching a

maximum value between 120 and 77 A? (0.5 mN/m) and decreased at smaller areas. This

25, 58-59
o0~

slight shift towards lower v is indicative of a decrease in the hydration of C= upon

compression. The low value of V=g mqx for non-hydrated Jojoba oil (bulk oil) determined by

regular FT-IR spectroscopy ' %

, included in Fig.3b, suggests that JO films do not evidence
non-hydrated C=0. According to AV data, the onset of cohesion of JO molecules would take

place at 120-140 A?. Then, this would explain the differences observed in vp=g mqx between
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non-hydrated bulk JO and the hydrated JO prior to the lift-off. Furthermore, there is no split in
the C=0 peak indicating that there is no coexistence of molecules with carbonyls with

different hydration degrees. Since the values of V=g max are significantly higher than that of

oNOYTULT D WN =

bulk JO, we can discard the

0.010 3
- A2 ey eqe
— Thox possibility that molecules are
0.008 - LR £’ 'f
80 .5 mN/m > . .
——— TR mNm) IR organized in the fully extended
0.006 - —— 75A*(2mN/m) B $ l \L l ) - )
x configuration, in which case the
@ 0.004 - ° )
e carbonyls would be hidden from
0.002 -
the water.
0000 1 The magnitude of the normalized
-0.002 : : : : ; ; . . -
1400 1500 1600 1700 1800 1900 2000 2100 signal intensity (AR/R) of the
-1 . o1
v (em™) C=0 increased within the whole
1748 9 r1.0 .
(b) Mma range analyzed (Fig.3b).
1746 7 N 8 L 08
AR/R gives information about
— 1744 - T e
) E r0.6>g .
€ 1742 - 6 X S the combined effects of surface
- S 04 i : :
> 1740 | e v L5 < densities (&) and reorientations
—— AR/R L . .
17381 O awms x4 0-2 of the absorbing dipoles. In turn,
ul 0joba o1
1736~ ‘ ‘ ‘ 3 - 00 the magnitude of AR/R.3 of the
72 74 76 78 80 120 160 200
Mma (A?%) C=0 dipole (intensity change
6 r 1.0 .
1700 4 © per unit of molecular surface
1698 - r5 o8 density),  which is  only
F/\ > D .
‘g 1696 1 M4 % 106X dependent on dipoles
o * )
S 16947 o o —o r33 [ 04%  orientation, remained constant
1692 1 ¢\ | | . .
oy | 2 0.2 along compression (Fig.3b).
71 —O— ARRS .. .
‘ ‘ 1 - 0.0 Variations in AR/R. towards

72 74 76 120 160 200
Mma (A2)

Fig.3. PM-IRRAS of J monolayers at the air-water interface.
(a) Absorption spectra at different degrees of compression
(indicated with arrows in the insert). (b, c¢) Parameters of the
C=0 and C=C vibrations, respectively. Namely, Vc-o max and
Ve=c, max C=0 peaks wavenumbers; AR/R, PM-IRRAS
normalized signal intensity; AR/R.5, PM-IRRAS normalized
signal intensity weighted by JO molecular surface density (9).
The star (*) correspond to C=0 vibration frequency V.. of
bulk JO in the absence of water; for this point Mma is not
relevant.
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more positive values can be
interpreted as the result of the
C=0 orientating more parallel to
the interface. The opposite, i.e.,
a dipole orientating
perpendicular to the interface,

results in a negative signal.

Moreover, it is considered that,
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at an angle with respect to the normal to the interface 6~39°, the signal is canceled (known as
the vanishing angle) ®'. So, taken together, these results indicated that the orientation of the
C=0 dipole was compatible with 6> 39° invariant with compression.

We assume that JO forms a LE structured monolayer at Mma~120 - 140 A? thus, both

parameters (AR/R and v;,,,) should be analyzed with caution at larger areas. This is evident
in the case of V¢=g max, Which exhibits great fluctuations at larger areas.
The peak at ~1700 cm™, may be assigned to the stretching of C=C bond, which in bulk
(dehydrated) JO occurs between 1620 and 1680 cm™ %2, The present higher values may be
due to a higher polarity in the environment near this dipole (although C=C groups are mostly
present between C9 and C13 atoms in the chains). This peak becomes more evident,
increasing it’s wavenumber value as the monolayer is compressed up to the lift-off, after
which both its position and normalized signal value remain constant, suggesting that at these
densities JO chains adopt an arrangement that is maintained along the compression. This is in
agreement with the onset of cohesion of JO molecules at 120-140 A2 (suggested above from
AV).

Comparing both PM-IRRAS and AV techniques, it could be said that the decrease in
the magnitude of pi, of JO molecules when the monolayer is compressed below 90 A* could
not be explained as a result of reorientation of the carbonyl group towards a more parallel
orientation with respect to the interface. It is worth noting that the disposition of the **CO
bond could not be observed by PM-IRRAS and it should not be ruled out a more vertical
arrangement of it (which would contribute negatively to the dipole moment). On the other
hand, a reorientation of the terminal methyls should also be considered, although it is
expected that the compression of the monolayer increases the probability of finding the acyl

chains, on average, in a vertical orientation, thus contributing to increase the modulus of ;.

In order to get insights on the molecular basis of the monolayers organization we carried out

molecular dynamics simulations.

Molecular Dynamics Simulations

As we have already discussed in the Materials and Methods section, JO is a complex mixture
of different WEs. To carry out the simulations it is need to simplify the system. Hence, we
have chosen one of the main molecular components of JO: the EE. Since monolayers

simulations were run using the NVT ensemble, the area per lipid was tunned varying the
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number of lipids in each monolayer. Two areas per lipid were selected: a) near the lift-off area
range (100 A% and b) preceding the monolayer collapse (80 A?), which are reference points in
the experimental 1-Mma compression isotherm. It is important to point out that the collapse
area for EE could be a little shifted with respect to the corresponding to JO. The last 100 ns of
the simulations production run trajectories were used to evaluate statistical properties of the

systems

Electron density profiles

The interfacial ordering of the system is evaluated here by means of the electron density

60 T T T

—— HoEo) 1 Fig.4: Electron Density Profile of the whole system.
o #) EE monolayer at 80A” (black) and 100 A” (red). Water
40 T 0CO(B0A) i (blue), ester group O = C-0 (---;---). Hydrocarbon

——— 0=C-0 (100 A%

chains (HC) (—;—). The water and lipid heads are

%0 i also shown. Vaccum towards the left side.

EDP (a.u.)

20 -

1 profile (EDP) normal to the monolayer. Fig.4

10 -

‘ I shows overimposed EDPs for both systems

Z (nm) under investigation The electron density is
being plotted against the z coordinate, where z=0 corresponds to the system center located in
the middle of the aqueous phase. The EEs remain in a monolayer structure along the whole
simulations time. We can see from Fig.4 the overall organization of the monolayers: the ester
groups overlap with the water and the EE tails. The tails extend from the water to the vacuum
phases.

In order to describe the orientation of

3 : 3

the lipid dipoles, we plotted in Fig.5 the
organization of the four polar atoms of the
ester groups, separately, at two areas per EE

(80 A? and 100 A?). In Figs.5a it can be

EDP (a.u.)

observed a separation of the Cy,, and

3 3
o Oeter‘ic | (b) i Ocarbonitic (Csp2=0) peaks. On the other hand,
g 2 == Cep3 7 42
: I 8onm? Fig.5. Density profiles of the constituent atoms of
a 1F 100nm? < 1 Cs»=0 and Cg;-O vectors from EE monolayer
with a molecular area=80 A” (red lines) and 100
0 0 A’ (black lines). (a), Ocarponiic and Coy; (b, Copay
-3.0 2.5 2.0 15 and O.rerie- Water is at the right side.

ACS Paragon Plus Environment 20

Page 20 of 31



Page 21 of 31

oNOYTULT D WN =

Langmuir

in Figs.5b, it is shown a coincidence between the maximum of Cyy; and Oeeric (Cyp3-0), at

both areas, indicating that, on average, they are laid parallel to the surface.

3.4.2 Polar head conformation

In order to investigate the orientation of the polar groups within the monolayer, we
have calculated the angles, 6 formed by each of the vectors Cs3-O and Cy,>=0 (going from
the carbons C,; and C,; to the corresponding bonded O atoms) with respect to the bilayer

normal.

In Fig.6, we show the probability density, P(0), for each of the vectors” angles and at
each area per lipid, normalized by the isotropic distribution, Pis,(6)=1/2.sin.0. Integration of
P(0)/P"°(8) over all angles yields unity. The orientation of the Cy,3-O and Cy,,=0 associated
vectors show peaks at ~90° and ~50°, respectively. These values were little affected by the
surface area. The maximum probability was found for 6 ~ 45°-50° for the C,,,=O at both
areas, in agreement with an invariable 8>39° angle interpreted from the PM-IRRAS (positive
signal). Moreover, a constant 0~90° is observed for the Cy,3-O vector. Thus, variation in none

of these vectors would account for the decrease in the global apparent dipole observed

experimentally (Fig.2)
0,020 =
V2N $P2C=0 80 A2
//// \ $P2C=0 100 A?
0,015 - % W —— sPPc-080A2
I \\\ —— 3C.0 100 A?
3 \
2 \
S 0,010
=2
[

0,005

0,000 T T T T T T T T
0 200 40 60 80 100 120 140 160 180

0 (degrees)

Fig.6. Vectors’ angles. Monolayer molecular areas were set at 100
A? (red) and 80A? (black). Solid and dashed lines correspond to the
C,p2=0 and C,,,3-0 vectors, respectively.
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Electrostatic potential across the interface
The electrostatic potential (,, ) across the interface, arising from the non-uniform
distribution of dipoles, can be computed from a trajectory by evaluating the double integral of

the charge density p(z) (Eq.5):

w(z)-p(-0)=- Id ]p(z")dz”/eo (5)

where the position ; = — » is far enough in the water bulk phase so that the field is zero and
p(z) is the time averaged charge. The double integral of the charge density gives the

electrostatic potential. The surface potential, AV, was estimated as the difference of
electrostatic potential at the water phase respect to the air phase.

As discussed in Fig 2, this surface potential due to the presence of the monolayer
varied towards positive values as the Mma decreases. Fig. 7 shows the potential profile, for
both monolayers. We can see a drop in the potential profile as one goes from the water to the
lipid tail region, more pronounced for the more compact monolayer in good agreement with
experimental results. Although these comparisons can be considered only on a
semiquantitative basis, the agreement between them is surprising, even thinking that we are
simulating a simplified model of JO in a small box. On the other hand, if the increase in AV

was due only to a change in the molecular

T T T

< _102; < water : surface density it would be expected a
% 200 1 | proportionality between AV and Mma (if at
£ 00f e ook 1100 A% AV= 610 mV, then at 80 A? AV
z‘, o 1 should be 762 mV) which was not observed
g :ZZ: 1 (610 and 715 mV at 100 and 80 A2
uij 700 | respectively). This lead to consider the

-800 [ l l Airl" - possible contribution of an apparent dipole

0 5 10 15 20 moment reorientation.

z (nm) Since no significant dipole reorientation in the

ester moiety was observed in the simulations
Fig.7. Electrostatic potential. 100 A” (red), 80

A% (black). (Fig.6), the apparent dipole reorientation

derived from the experimental AV (Fig.2)
and suggested by MD simulations (Fig.7) could be related to other factors, e.g. the

hydrocarbon chains reorientation and/or water rearrangements.
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1
2 . .
3 Thus, the next step was to evaluate both alkyl and acyl chains structuring by means of the
g order parameter. It should be recalled that a chain disordering among compression, would
6 lead to a negative contribution to the apparent dipole moment, in contrast with the Adam
7
8 model"”.
9
10
1
12
13
14 Order parameter
15
16 The EE tail order parameter (Scp) is a standard quantity to evaluate the structural order of
1; acyl chains in lipid bilayers and monolayers, which can be obtained from deuterium NMR
19 0.2 measurements. Fig 8 a and b shows the order
20 .
2 01 L parameter for the alkyl and acyl chains,
;g respectively. An overall view shows a quite
L : ()
24 q 00 ®eo000® disorder lipid tails (a low parameter value means
25 .
2% @ 01k Alkyl chain that CH, groups are not parallel to the bilayer
27 normal).
28 -0,2 - . .
29 The order becomes maximal, but with
;? -0,3 opposite signs/orientations, towards C1 mainly
0
32 02 — in the alkyl chain and also around the central
33 .. .
34 r region in both alkyl and acyl chains between C6
01 .
35 and C8 in the former and extends from C4 to
36 i
37 0,0 - C10 in the latter. The Scp near zero in the acyl
[m]
38 » I chain suggests an important bending in this
39 -0,1 - Acyl chain 7 . . .
40 i | chain that precludes its ordering at C1. In both
42 -0,2 . 10082 . chains Scp is higher at the lowest area/lipid. The
43 I | disorder (trans-cis) around C11 decrease among
44 _0‘31111111111111111111
45 0 246 8101214161820 diminishing the area per lipid (Fig.8). This
46 Atom
47 Fig.8. Order parameter of both alkyl (a) and  indicates that both chains are being
48 acyl (b) chains at 80A2 (@) and 100A%(®). , , _
49 progressively orientated towards a more vertical
50 . .. . .
51 disposition as they are compressed. However, Scp values would be more consistent with a
-shape” ” rather than a hairpin configuration as propose am
52 “V-shape” ® rather than a hairp figurat proposed by Adam "
53
54 Moreover, this slight ordering tendency would explain neither the apparent dipole
gg moment drop between 100 and 80 A? observed in Fig.2 nor the slight reorientation of dipoles
57
58
59 23
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suggested by the analyses done in the previous section. This strengthens the possibility that

reorientation of a population of water molecules is taking place as suggested above.

Orientation of water molecules at the interface

In order to shed light on the water contribution to the surface potential, we calculated

the angle () orientation of water dipoles with respect to the bilayer normal from MD

simulations. We considered the water

125

100

75 —

50 —

25 —

molecules up to 10 A from the interface.
Fig. 9 shows the angle distribution, D(¢), in
the range found as being of high frequency.
We found two preferential orientation of

water dipoles for both monolayers. This

would be considered as the presence of two

Fig. 9: Water dipole angle respect to
the bilayer normal at: 80 A? (red) and
100 A? (black).

monolayers.

92 94 96 population of water molecules. In this way,

one of them have a similar average value
(~89°) for both studied cases, but with broader
peak in the case of 80 A’ The other one

presents a difference of 2° between both

Taking into account the analysis of the other components which contribute to surface

potential, we consider that the difference found for water orientation between both areas could

lead a significant effect on the respective surface potential.
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Conclusions

The present results confirm and contribute to understand how JO, a complex mixture
of long chain unsaturated WE, is able to form stable monomolecular layers at the air-water
interface. The monolayer compression isotherms are reproducible and, as opposed to other
WE studied (pure and saturated long chain monoesters), exhibit a typical collapse that leads to
a non-viscous liquid collapsed phase and a collapse pressure (m;) corresponding to its
equilibrium spreading pressure (m.). The Mma of JO was comparable to those of pure
monoesters forming LE monolayers and, when normalized per alkyl chain, correlated with an
average parameter based on the degree of unsaturation of the hydrocarbon chains (DBI)
previously applied to describe the collective behavior of a complex mixtures of TGs. This was
the first indication that the “V-shape” configuration assumption allowed interpreting its
surface behavior successfully.

Surface potential measurements showed that the formation of LE structured
monolayers at low molecular densities is comparable to what was described for aliphatic
compounds. This allowed us identifying a molecular density-independent component of AV
(AVy) , comparable to the calculated for a wide variety of long chain esters (including
glycerol based esters), which was ascribed to a pool of water molecules immobilized at the
monolayer-water interface. Thus, by assuming a “V-shape” configuration, we could properly
reproduce the interfacial electrical properties of WE through a capacitor general model. This
is the first experimental description of the electrostatic behavior of WE monolayers. In the
literature, only theoretic reports of a null AV (based on short and saturated monoesters) can be
found which are not accompanied by the experimental counterpart and were explained to be a
consequence of the C=0 group being parallel to the interface. Partially in agreement with this
interpretation, the increase in the intensity of the C=0 signal (AR/R.§) in our PM-IRRAS
measurements can be explained by a decrease in p,; due to a reorientation of the C=0 towards
a more parallel direction with respect to the interface and is in the same direction of the small
increase in the angle of the Cy,>=0 vector derived from MD simulations but is far from being
parallel to the interface (& ~ 45°). In addition, our data clearly demonstrated not a null but a
positive AV due to the contributions of other molecular groups such us methyl terminals and
of interfacial water (not to Cgy3-O vector whose orientational angle is ~90° according to MD).

In accordance with the predictions from Mma/DBI correlations, MD simulations also

indicate that both hydrocarbon chains orient towards the vaccum space (equivalent to the air
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phase). This required the bending of the alkyl chain as indicated by the Scp negative values
from C2 to C4. The first in silico description of WE at an air-water interface presented here
supports its “V-shape” configuration and did not show a chain disordering during
compression. Upon monolayer compression the reorientation of the headgroup dipoles
derived from MD was slight and in the same direction as that indicated by PM-IRRAS while
the analysis of vc-p in the PM-IRRAS spectra suggested a dehydration of the carbonyl group.
Taken together MD, PM-IRRAS and the AV calculations from the 3-plates capacitor model,
strongly suggest that the decrease in |, upon compression calculated from AV/Mma plots
within the LE structured monolayer regime, cannot be explained mainly by the reorientations
of polar head group dipoles but to the reorientation of an interfacial structured water
molecular population.

The low stability of WE at the air-water interface (very low m;) may be ascribed to the
steric hindrance imposed by the bending of the alkyl chain, which impairs the packing of the
hydrocarbon chains, and to the physicochemical properties of the alkyl esters as a whole (e.g
low HLB). The latter is worsen with the withdrawing of C=0 from the water phase upon
compression, which induces a growing tendency of WE to escape from the interface and leads
to the collapse of the monolayer at low n. So, the HLB for a molecule such as EE (1.5
according to Griffin method), is not enough to predict its stability at the air-water interface
since it may change depending on the molecular conformation acquired.

Finally, it is important to emphasize that JO WE, even at low surface pressures (< 2
mN/m), are able to form monolayers with the molecules in a conformation that is not the
extended but another one with the hydrocarbon chains pointing to the air which we called a
V-shape type. This indicates that they will be able to be part of a film compressed at higher
pressures if mixed with other more stable surfactants. On the other hand, since it is
demonstrated that they do not form multilayers or duplex films, it is expected that they have
the ability to spread over a surface up to its collapse pressure. The important thing is not how
much they will modify the tension of that surface, but the fact that they will be able to coat it
all.
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