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ABSTRACT: Monolayers of n-eicosanephosphonic acid,
EPA, were studied using a Langmuir balance and a Brewster
angle microscope at different subphase pH values to change
the charge of the polar headgroups (Z,,) from 0 to —2.
Molecular dynamics simulations (MDS) results for 1Z,| = 0, 1,
and 2 were compared with the experimental ones. EPA
monolayers behave as mixtures of mutually miscible species
(CyHu—PO3H,, CyHy—PO;H™, and C20H41_P032_; de-
pending on the subphase pH). The order and compactness of
the monolayers decrease when increasing 1Z,,|, while go from
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strongly interconnected by phosphonic—phosphonic hydrogen bonds (IZ,,| = 0—0.03) through an equilibrium between the total
cohesive energy and the electrostatic repulsion between the charged polar groups (0.03 < 1Z,| < 1.6) to an entirely ionic
monolayer (IZ,,| ~ 2). MDS reveal for |Z,,| = 0 that the chains form spiralled nearly rounded structures induced by the hydrogen-
bonded network. When 1Z, | =~ 1 fingering domains were identified. When Z & 2, the headgroups are more disordered and
distanced, not only in the xy plane but also in the z direction, forming a rough layer and responding to compression with a large
plateau in the isotherm. The monolayers collapse behavior is consistent with the structures and domains founds in the different
ionization states and their consequent in-plane rigidity: there is a transition from a solid-like response at low pH subphases to a
fluid-like response at high pH subphases. The film area in the close-packed state increases relatively slow when the polar
headgroups are able to form hydrogen bonds but increases to near twice that this value when |Z,| & 2. Other nanoscopic
properties of monolayers were also determined by MDS. The computational results confirm the experimental findings and offer a
nanoscopic perspective on the structure and interactions in the phosphonate monolayers.

B INTRODUCTION

Interfaces are ubiquitous in nature, and by mimicking nature it
is possible to take advantage of interface-based systems. In
order to rationally control membrane properties of a certain
system, it is convenient to previously get knowledge of
monolayers and films built with the same molecules. The
solution pH affects many membrane-mediated biological
processes. However, the mechanisms utilized by membranes
of cells and cellular organelles to maintain integrity is still not
well understood, constituting an important biophysical
problem. Zhou and Raphael' characterized the effect of pH
on the electrical and mechanical properties of 1-stearoyl-2-
oleoylphosphatidylcholine, concluding that these properties are
interconnected, supporting the emerging paradigm of the
membrane as an electromechanical structure.
Alkanephosphonic acids charge (Z) can be tuned as 0 (R—
PO,H,), =1 (R—PO;H"), or —2 (R—PO,*") by changing the
medium pH. They are weak acids with some interesting
properties. In the micelles, the Stern layer is connected by
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hydrogen bonds from charge near 0 up to an average charge of
—1>* The phase behavior depends on the charge. Alka-
nephosphonic acids give rise to lamellar liquid crystals when
solid is in contact with water.”* Mono- and disodium
alkanephosphonates produce hexagonal mesophases.

A study on soluble monolayers of alkanephosphonic acids at
the air/water interface” demonstrated their strongly nonideal
behavior and compactness, which is not the common case for
soluble surfactants, suggesting a tight union of the polar
headgroups by hydrogen bonding. These hydrogen bonds also
appear in the polar layer at the hydrocarbon/water interface in
alkanephosphonic acid-stabilized emulsions.” The hydrogen-
bonded structure at the emulsion droplets interface shows
significant changes from a strongly bonded to a less compact
layer formed by —PO;H, and —PO;H™ groups favoring
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inversion from O/W to W/O/W emulsion when the surfactant
has a neutralization degree of about 0.47, i.e., is composed by
about a equimolecular mixture of R—PO;H, and R—PO;H"
species.® Klose et al.* found the formation of hydrogen bonds
in the polar layer of lamellar liquid crystals of n-
alkanephosphonic acids of low molecular weight. Micelles of
n-dodecanephosphonic acid do also have their polar head-
groups connected by hydrogen bridges, maintaining their
structure upon neutralization when the average charge (in
absolute value) is Z,, = 1.7

Molecular dynamics simulations offer a nanoscopic perspec-
tive that combined with experimental analysis provide a
multilevel characterization of nanoaggregates and mono-
layers.”® Many investigations using molecular dynamics
simulations of nanoaggregates spontaneously formed in the
bulk solution® or at the air/water interface'® have been reported
not only for their scientific interest but also for the industrial,
pharmaceutical, and medical'' applications. Duncan and
Larson'? thoroughly compared simulated, obtained both by
coarse-grained and by atomistic models, and experimental
pressure—area isotherms for dipalmitoylphosphatidylcholine
(DPPC) monolayers and explore possible factors influencing
the shape and position of the isotherms and the discrepancies
between simulated and experimental isotherms.

A wide spectrum of dynamical events occur at different time
and length scales in monolayers, from ordering and phase
transitions in two dimensions through surface undulations and
capillary waves to collapse transitions in three dimensions.
Several parameters available from molecular dynamics simu-
lations results, such as order parameters, extension of the
chains, thickness of the monolayer, tilting of surfactant chains,
the relative azimuth between molecules or domains, and their
depth into the subphase, have been defined in order to
characterize in an atomistic resolution Langmuir monolayers,
where surfactant molecules are constrained to lie in a plane.

The surface properties of alkanephosphonic acids, apart from
the pure physical chemistry interest, will help to elucidate the
role of the phosphonate group in many applications, such as
their plausible use in protocells."® Phosphonates are in general
biocompatible and innocuous. They have been used to increase
the chemical interaction between titanium implants and
bones."*

Phosphonic acids are especially promising for surface
modifications of a wide variety of solid surfaces,'> such as
gold, titanium, mica, and various oxides (TiO,, ZrO,, ALO;,
and BaTi0;), due to the their ability to form robust monolayers
without the need to resort to cross-linking and the significance
of the systems composed of these molecules (electrical and
biological sensor applications and corrosion inhibitors). They
also have applications in different branches of industry such as
flotation,"® corrosion inhibition,"” and emulsion formulation,®
among others. Because of their capacity for retaining water,
their thermal stability, and their capacity to form hydrogen-
bonded networks, phosphonic acids have been proposed for the
development of membranes for proton exchange in fuel cells.'®
Since phosphonic acids were found in meteorites such as the
Murchison one," and it is possible to synthesize them in the
conditions of prebiotic Earth,>®*! it has been proposed that
cellular protomembranes may be composed of phosphonates,
possibly mixed with fatty acids.

Among the new applications of self-assembled surfactant
monolayers, we can mention their use as drug delivery e\%ents,22
chemical microreactors for nanofabrications purposes,” mo-

lecular coatings with specific properties, microelectronic,
templates for nanolithography,” and nanoelectromechanical
and microfluidic devices and compounds for organic solar
cells.”

To the best of our knowledge, there are no studies on the
surface behavior of insoluble monolayers of alkanephosphonic
acids and their salts at the air/water interface. However, some
old studies on the related alkylphosphoric acids®® together with
the results on soluble monolayers led us to focus our work on
the insoluble monolayers of alkanephosphonic acids. In view of
the multiple applications in many technology and research
fields, especially in the elucidation of the origins of life (vide
supra), we believe that a thorough knowledge of the behavior
and the control variables of phosphonate monolayers is
essential to move forward into cutting-edge technology and
new research theories.

We have studied the monolayers of n-eicosanephosphonic
acid (CyH4PO;H,) spread on aqueous subphase having
different pH values in order to analyze the effect of changing
the average charge of the polar headgroup from 0 to —2. This
study has been performed both experimentally, with a
Langmuir balance and a Brewster angle microscope, and
theoretically, by means of molecular dynamics simulations
(MDS). Results from both techniques were in strong
agreement.

B EXPERIMENTAL SECTION

Experimental Measurements. The eicosanephosphonic acid
(EPA) was synthesized according to the Kosolapoff procedure.”” It
was dissolved in an ethanol:chloroform mixture 1:4 (v/v) with two
drops of pentanol to favor spreading. The EPA solution with a
concentration of 0.330 mg mL™" was kept in a fridge at ~5 °C in a
sealed vial between measurements.

The subphases were made with ultrapure water, obtained from a
Milli-RO, Milli-Q reverse osmosis system (Millipore) (18 MQ cm™!
resistivity, pH = 6). Teorell and Stenhagen buffers™® were prepared
with different pH values: 1.8, 3.7, 6.3, 8.0, 9.9, and 11.8, having an
ionic strength of about 0.4. These values were chosen in order to cover
the entire range of ionization states of the EPA determined using the
pK,, and pK,, of the acid, which were not measured because of the
very low water solubility of the acid. We used the computed values
pK,; = 5.48 and pK,, = 9.92 (see the Supporting Information for the
details of the calculation of the ionization states). The absolute values
of the average charge per headgroup (Z,,) corresponding to the pH
values used in the present work have been determined using Figure 1
in the Supporting Information and are shown in Table 1. It is worth

Table 1. Absolute Average Values of the Charge of the
Adsorbed Molecules (Z,,)

subphase pH 1.79 3.70 6.35 8.01 9.90 11.81
V4 0.00 0.03 0.73 0.997 1.99 2.00

av

noting that the formation of hydrogen bridges between adjacent
phosphonic acid groups was postulated by Gershfeld and Pak®® as the
reason for the increase in the surface pK, values of n-alkylphosphoric
acids monolayers from that observed in bulk solutions as well as for
the increase of the surface viscosity with time due to the formation of
aggregates.

The monolayers were studied in a Langmuir film balance Nima 601
BAM with a balance trough maximum surface of 500 cm® and a
minimum area of 41 cm” The compression speed was 10 cm® min™" or
1.8 A% molecule™ min™". All measurements were made at room
temperature: 23.0 + 0.5 °C. In order to ensure the complete
evaporation of the solvent, we waited 15 min before starting the
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compression. The surface pressure (II) was measured to an accuracy
of 0.1 mN m™.

Brewster angle microscopy (BAM) images obtained during the
compression process were recorded using a NFT BAM 2000
ellipsometer (Géottingen, Germany) placed on the Nima film balance
whose trough is large enough to mount the microscope directly on it.
The BAM is equipped with a 30 mW laser emitting p-polarized light
with a wavelength of 532 nm which was reflected off at the air/water
interface at the Brewster angle (53.1°). Under such condition, the
reflectivity of the beam was almost zero on the pure water interface.
The reflected beam passed through a focal lens, into an analyzer at a
known angle of incident polarization, and finally to a CCD camera.
The lateral resolution of the microscope was 2 pm, and the shutter
speed used was 1/50 s. The images were digitalized and processed to
optimize image quality (see Supporting Information); those shown
below correspond to 768 X 572 pixels.

The equilibrium spreading pressures I, for the different systems
were determined by measuring the surface tensions with a semi-
automatic Kriiss EasyDyne tensiometer using the platinum Wilhelmy
plate. This pressure is spontaneously generated when EPA crystals are
put in contact with the liquid surface. At any surface pressure higher
than IT, there is a tendency of the molecules to aggregate in crystals.
However, the process is so slow that the monolayers are in metastable
equilibrium and may be worked without collapse.”” Powdered crystals
of EPA were spread on the different subphases and left for 4 days to
allow the attainment of equilibrium before measuring the surface
tension. The surface tensions of the clean subphases were also
measured. To avoid atmospheric contamination, the samples were
maintained in the measuring vessels sheltered by plastic covers. Figure
4 in the Supporting Information shows the plot of the equilibrium
spreading pressure I1, as a function of the subphase pH (or Z,,). I1, is
11.7 mN m™" between pH 4 and 8; then it suddenly raises up to 25 at
pH = 9 and gradually descends to 4.9 at pH = 13.

Molecular Dynamics Simulations. Setup of the Simulation
Boxes. MD simulation studies of the n-eicosanephosphonic acid and
its mono and two-charged salts were performed to investigate the
formation of self-assembled monolayers. Each system was built by
placing the surfactant molecules at random positions and orientations
ina7 X 6 X 6 nm box which was then filled with water molecules and
the necessary amount of counterions in order to electrically neutralize
the charged surfactants. An energy minimization using the steepest
descent method was carried out. The z dimension of the simulation
box was then extended to 24 nm to allow the formation of two air/
water interfaces perpendicular to this axis. Then a 10 ns long MD
simulation at 298 K and constant volume produced two monolayers of
surfactant molecules at the surface of the solution. Afterward, the
system was enlarged by a factor of 4 pasting two inverted copies of
itself adjacent to the original box in the xy plane and an exact replica in
the diagonal, as described in a previous work.'” The resulting systems
consisted in 340 C,,H,—PO;H, molecules and 18724 water
molecules; 340 C,,H,—PO;H™ and 340 H,;0" plus 15944 H,O
molecules; and 480 C,,H,;—PO;*~ plus 960 Hy;O* with 13 184 H,0
molecules, respectively. Taking these boxes as initial configuration,
three sets of 30 ns constant volume MD simulations at 298 K were
performed.

MD Simulation Parameters. All simulations were performed using
the GROMACS package,30 version 4.5.1. The surfactant molecules
were modeled using the GROMOS96(5326)*" force field with the
bonded parameters and partial char§es adapted from Roy et al.'® The
simple point charge (SPC) model®* was utilized for water molecules.
Periodic boundary conditions with rectangular boxes were used. Water
and surfactant molecules were separately coupled to a V-rescale
thermostat with a common period of 0.1 ps. Long-range electrostatic
interactions were calculated using the particle mesh Ewald method
with a real-space cutoff of 1.2 nm, a 0.1S spaced grid, and a fourth-
order B-spline interpolation. The Ewald sum in three dimensions with
a correction term (EW3DC) was used to avoid artifacts due to
interactions between replicas in the z direction. No dispersion
correction was considered for the short-range van der Waals
interactions which were evaluated with a cutoff of 2.8 nm to approach

better the surface tension of the solutions. Random initial velocities
were assigned to the systems from a Maxwell-Boltzmann distribution
at 298 K. The equations of motion were integrated using the leapfrog
method with a time step of 2 fs. Bond lengths and angles in water were
constrained using SETTLE algorithm™ while the LINCS** algorithm
was used to constrain bond lengths within the surfactant molecules.

B RESULTS AND DISCUSSION

For the sake of clarity and ease of comparison, the isotherms
obtained in the pH range studied are all grouped in Figure 1.
Three different behaviors may be identified and are indicated
with different colors.
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Figure 1. Comparison of representative isotherms as a function of the
subphase pH. Red and orange: Z,, < 0.03; light blue, purple, and blue:
0.03 < Z,, < 1.6; black: Z,, = 2.

Monolayers Behavior at Subphase pH Values of 1.8
and 3.7. Representative II (surface pressure)—A (area per
molecule) isotherms of EPA monolayers spread on subphases
with pH 1.8 (Z,, = 0) and pH 3.7 (Z,, = 0.03) are shown in
Figure 5 of the Supporting Information. The contraction
observed in the [I—A isotherms when the subphase pH is raised
from 1.8 to 3.7 (Figure 1), where the little film dissociation
would be expected to expand the monolayer, has been also
observed by Gershfeld and Pak*® in monooctadecyl phosphate
monolayers when the pH was raised from 4.9 to 5.8 and was
interpreted on the basis that the total cohesive energy of the
monolayer, which includes the van der Waals interactions
among the hydrocarbon chains, the hydration effects, and the
interactions among the neighboring headgroups, exceeds the
increase of the repulsion when the acids headgroups are
ionized. This effect is more pronounced at surface pressures
below 30 mN m™', when the headgroups are far apart and the
repulsion between them is very small.

Both isotherms show discontinuities which usually denote
the existence of phase transitions along the compression of the
monolayer. According to the compressional modulus value
limits (see insets in the isotherms in the Supporting
Information), the monolayers would be in the liquid-expanded
state since k' < SO mN m™' (inset of Figure S in the
Supporting Information). This situation is repeated in the other
isotherms. However, the tendency of the EPA molecules to
form phosphonic—phosphonic hydrogen bonds on acidic
subphases causes the formation of numerous small islands of
condensed phase separated from each other by a gas phase, as
observed by BAM (Figure 2a) and confirmed by the MDS (see
below). The visualization by BAM of floating islands of
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Figure 2. (a) BAM image of the monolayer at pH 1.79, I = 2.1 mN m™’, and A = 90 A molecule™, showing a dispersion of small islands of
condensed phase in a gaseous matrix. (b) Upper view of the simulated spiraled island of C,oH,;—PO;H, monolayer (hydrocarbon chains in green; P
in orange; O in red; and H in white). (c) Headgroups disposition with a regular arrangement highlighted. Inset: molecules disposition in the regular

arrangement.

condensed phase in a gas phase of long chain fatty acids on an
acidified subphase at high molecular areas and very low surface
pressures has been reported in the literature.”> Besides, the
point at which the surface pressure first rises has been ascribed
to that at which these domains contact each other.

The formation of islands with compact and rounded
morphology of octadecylphosphonic acid molecules adsorbed
on mica surfaces®® has been attributed to a rearrangement of
the adsorbed molecules and to the existence of a significant
effective line tension between the islands and the “bare” areas,
which in turn are interpreted as completely free of surfactant
molecules or formed by an extremely thin and delicate layer of
adsorbed molecules. In this paper the islands were interpreted
as being in solid state. The isotherm of octadecylphosphonic
acid on water at 22 °C presents two kinks: at 21 and at 18.8 A%/
molecule. Another work also documents the nucleation of
submonolayer islands in the formation process of a self-
assembled monolayer of octadecylphosphonic acid deposited
from solution.”

A visual inspection of the simulated C,,H,,—PO;H,
monolayers reveals the formation of rounded and spiraled
islands as shown in Figure 2b. The headgroup disposition in
this monolayer is shown in Figure 2c, where a cluster of
regularly arranged headgroups is highlighted. The conformation
adopted by the molecules in those clusters is shown in the
inset. The close packing of insoluble monolayers often causes
the formation of structures with long-range two-dimensional
order.*® The condensed phase in which the molecules are tilted
away from the vertical at a consistent angle and toward their
nearest neighbors is denominated L, phase, a two-dimen-
sional liquid-crystalline phase with bond orientational order in
the position of the headgroups that is analogous to the smectic-

I phases of liquid crystals. For fatty acids the phase sequence
along compression34 isG=>G+LE—-LE—->LE+L,—>L,—
LS (vertical condensed phase) — S. As explained by Rosoff;>®
the initial portion of the isotherm of stearic acid on an acidified
subphase has often been erroneously assigned as the disordered
liquid phase, whereas it is actually the L, phase. Analogously,
the low compressional modulus values suggesting a LE
behavior of the EPA monolayer can be misinterpreted on the
basis of the individual molecules interaction while the
interacting units on compression are the islands.

A careful examination of the headgroup atoms disposition in
the simulated monolayers (Figure 2c) allows the detection of
radial strings and clusters of regularly arranged atoms that seem
to be responsible for the formation of the spirals. The
molecules in these clusters adopt a sort of twisted
parallelepiped shape (inset Figure 2c), and the molecules in
the strings are also tilted. The double bonded O and the
hydroxyl groups of each phosphonic group form in the surface
plane a scalene triangle whose sides, computed using literature
data,* are 0.239 nm between the OH groups and 0.251 and
0.255 nm between each of the —OH and the double bonded O.
These dimensions are shown for one of the simulated
molecules in the inset of Figure 6 in the Supporting
Information. This triangle is the base of a pyramid (ie., the
headgroup) where the edges are 0.147 nm for the P=O and
0.154 nm for the P—OH. The angles between each of the P—
OH and the P==0 bonds are 113° and 116°, respectively, while
the angle between both the P—OH bonds is 102°. Figure 6 in
the Supporting Information shows the disposition of the
regularly arranged headgroups with the distances between
phosphorus atoms. The distance between oxygens in a
hydrogen bond is 2.62 A. In Figure 7 in the Supporting
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Figure 3. (a) BAM image of the EPA monolayer spread on subphase of pH = 6.35 (Z,, = 0.73) in the first break in the [T-A isotherm (II = 40 mN
m™' and A = 25 A”> molecule™") showing fingering domains. (b) Upper view of the simulated C,,H,;—PO;H™ monolayer (hydrocarbon chains in
green; P in orange; O in red; and H in white). (c) Headgroups disposition. Notice the formation of lobules.

Information it can be appreciated, in a lateral view of the
C,0H,;—PO;H, monolayer, that there are zones where the
hydrocarbon chains are more erected. According to reflection—
absorption FT-IR measurements,** numerous gauche bonds in
the chains correspond to expanded phases while highly ordered
chains with mostly trans bonds are present in condensed
phases.

Then, the present simulation results agree with the above
experimental findings of small islands floating on an almost free
water surface in monolayers with Z ~ 0 (Figure 2a). The
simulated islands are formed by all the available molecules and
increasing the system dimension would probably lead to bigger
islands. From the BAM image above it can be appreciated that
the islands have micrometer-order size and that the amount of
surfactant is not enough to cover the entire surface as happens
in the simulations. An island of 4 ym of radius has a 50 pm?®
area approximately (S X 10" nm?), and thus it is composed of
about 10° molecules. Therefore, it is impossible to simulate a
complete island, but the experimentally observed islands may
be considered as an extr:épolation of the simulated islands.

In a literature work®® round octadecanephosphonic acid
islands adsorbed on mica increase in size and grow together
with time, and finally only small holes remained in the film
which gradually are filled. This could be considered to be
equivalent to a compression of the EPA monolayer: the islands
are pushed together and eventually fill the entire surface when
the collapse starts. Hydrogen bonds are probably formed
among islands in contact, giving a network extended to the
entire monolayer.

Collapse is broadly defined as the movement of surfactant
molecules from the interface into the bulk, i.e., a two-to-three-
dimensional phase transition under overcompression. Modified

structures are formed in the direction perpendicular to the
water surface. Thus, the compressive stresses eventually relax
adopting some nonflat or out-of-plane geometry by either a
fluid-like response through a nucleation and growth mechanism
or a solid-like response involving large undulations (folding) of
the surfactant layer which has been found to depend on the in-
plane rigidity.*"** There are two main collapse behaviors:
either 7 falls suddenly after a collapse pressure 7. (denominated
“constant area collapse” and observed for fatty acid monolayers
on pure water) or it remains nearly constant after x, (called
“constant pressure collapse” and observed for fatty acid
monolayers at high subphase pH).*’ In the collapse a
metastable thermodynamic equilibrium between the monolayer
and the freshly collapsed material can be presumed.** For EPA
monolayer at pH 1.8 the “freshly” collapsed state seems to arise
at the above-mentioned first break in the isotherm, ie., at
eqy = 34 = 1 mN m™". A great deal of overcompression is
required when a high enough surface pressure is applied in
order to force molecules out of the film when the interactions
within the film are strong, as occurs with EPA at low pH values
due to the phosphonic—phosphonic hydrogen bonding. When
this happens, groups of molecules are squeezed out of the
surface, provoking a sort of folding process of the layer under
compression, which finally breaks off and lies on the remaining
monolayer as collapsed fragments being visible in BAM images
as thick bright strips, as described in Figure 8d in the
Supporting Information. When multilayers are formed during
rapid compression experiments, a further increase in surface
pressure occurs.*’ Indeed, in the collapse region of the EPA
monolayer spread on subphase of pH 1.8 (Figure S in the
Supporting Information) two pseudoplateaus can be observed
35 and 49 mN-m™' (minimums in the ¥~'~II curve, inset of
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Figure 4. (a) BAM image of the EPA monolayer spread on subphase of pH = 11.81 (Z,, = 1.99) showing bubbles of gaseous phase in the LE phase
at I1= 1.4 mN m™' and A = 78.2 A> molecule™. (b) Upper view of the simulated C,oH,;—PO;*” monolayer (hydrocarbon chains in green, P in
orange, O in red). (c) Headgroups disposition: lateral view (upper part); upper view (lower part).

Figure S in the Supporting Information). These pseudoplateaus
could be attributed to the formation of multilayers.
Interestingly, the fact that the area corresponding to the
fracture collapse (at the end of compression) is approximately
one-third of that seen at the first break in the II—A isotherm
(Figure S of the Supporting Information) suggests the
formation of a trilayer along the collapse region, as was
proposed by other authors.***” However, it is worth noting that
isotherms reflect an average behavior of the film, and thus the
areas and pressures are due to a composition of domains with
different layer thickness. Folding occurs for highly rigid
monolayers where stretching and shearing modes are expensive
in comparison to bending modes. Indeed, the capability of
forming extensive hydrogen-bonding networks between
phosphonic acid headgroups as well as with water molecules
at low pH represents an in-plane resistance to shear allowing an
out-of-plane deformation, possibly into multilayers.

When subphase pH is 3.7, the domains group in rows of
uniform brightness on compression, to eventually collapse by a
fracture mechanism at IT ~ 53 mN m™ (Figure 8e—g in
Supporting Information). The 7—A isotherm also shows two
pseudoplateaus in the collapse region, suggesting the formation
of multilayers (minimums in the x'—II plot at 37.5 and 51.2
mN m™" (inset of Figure S in the Supporting Information) and
at the respective area values of 21 and 10 A* molecule™. The
BAM images at the first pseudoplateau show bright patches
corresponding to the formation of a layer on the top of the
monolayer in a similar way as described by Lipp et al.** in the

collapse region of mixed films of palmitic acid and 20 wt % of
human lung surfactant protein.

Monolayers Behavior at Subphase pH Values of 6.3
and 8.0. The EPA monolayers at 6.3 (Z,, ~ 0.7) and 8.0 (Z,,
~ 1) behave differently to those having lower Z,, values (see
Figures 1 and 9 in the Supporting Information). This change is
in agreement with the change in the behavior of emulsions
stabilized with dodecane phosphonic acid evidenced for Z,, >
0.47.'® Both monolayers at the mentioned pH values show a
noticeable area expansion due to the increasing degree of
surface ionization of the polar headgroups. In this situation the
possibility of phosphonic—phosphonic hydrogen bonding is
reduced, and there occur changes in the headgroups hydration,
in phosphonate—water hydrogen bonding, and in the
interaction among the neighboring headgroups (see the MDS
results and discussion below), causing an increased film area.
Again, a similar conclusion was presented in the interpretation
of the behavior of monoalkgrl phosphate monolayers when the
subphase pH was changed.

It can be observed that at surface pressures below 41 mN
m™' both isotherms overlap. They also overlap with the
isotherm of pH 9.9 (Figure 1) at a lower surface pressure (24
mN m™"). This behavior suggests that for Z,, values between
0.7 and 1.0 (pH 6.3—9.9), there is equilibrium between the
total cohesive energy and the electrostatic repulsion. However,
at high surface pressures the monolayer surface behavior is
quite different as evidenced by BAM images. Figure 10 in the
Supporting Information shows the images corresponding to
EPA monolayers at pH = 6.3 (images a, b, and c) and pH = 8.0
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(images ¢, d, and f). In the first case, fingering domains appear
at 1 ~ 40 mN m ' and A =~ 25 A% molecule™?, at the first break
in the II-A isotherm (or the first minimum in the
corresponding k'—II curve) (see Figure 3a). These structures
do not appear when a concentrated buffer is used and have
been observed in the LE—LC coexistence region of different
monolayers.*” Fingering and dendritic domains have been
attributed to a restricted movement of the molecules by either
the molecular structure of the surfactant®® or the presence of
interfacial hydrogen bonding network of the headgroups.>' The
Coulombic repulsion between charged headgroups, the
reduction in hydrogen bonding, and the higher hydration
reduce the line tension favoring the fingering of the domains in
comparison with the higher line tensions that favor circular
domains at lower pH values. Moreover, in a previous work® we
found that the mean lifetime of hydrogen bonds between
phosphonic groups is about 4 orders of magnitude higher than
that of water, which means that these hydrogen bonds are
much stronger than that between water molecules in bulk. This
difference creates the line tension at the border of the islands.

When compression proceeds, the fingering domains come
together discontinuously increasing the surface pressure until
the collapse by fracture at approximately 53 mN m™" and 7.5 A2
molecule™ (inset of Figure 9 in the Supporting Information).
This area is about one-third of the corresponding area at the
beginning of collapse.

The monolayer spread on the subphase with pH 8.0 (Z,, ~
1) behaves differently than the one on the subphase with pH
6.3 (Z,, ~ 0.7). The first break in the [T—A isotherm occurs at a
higher area (approximately 31 A> molecule™) (Figure 9 in the
Supporting Information), followed by a continuous increase of
the surface pressure with film compression, unlike the previous
systems where the increase is discontinuous. Besides, the
collapse occurs via a nucleation and growth process. Indeed,
BAM images obtained along the collapse region (Figure 10d—f
in the Supporting Information) show the initial existence of
small collapsed nuclei, which size increases with compression,
eventually resulting in the appearance of a uniform distribution
of collapsed phase domains across the film.

A visual inspection of the simulation snapshots reveals a
greater disorder in the CyyH,;—PO;H™ monolayer than in the
previous system (see Figures 3b and 11 in the Supporting
Information). The clusters of regularly arranged headgroups are
no longer observed (Figure 3c).

Monolayers Behavior at Subphase pH Values of 9.9
and 11.8. Figure 12 in the Supporting Information shows the
I1—A isotherms of EPA monolayers spread on subphases of pH
9.9 (Z,, = 1.6) and 11.8 (Z,, ~ 2.0). The corresponding x~'—II
curves are also shown in the insets. The high electrostatic
repulsion, particularly when the monolayer is fully ionized (pH
= 11.8), as well as the stronger hydration of the phosphonate
group by ion-dipole interactions between the charged oxygen
and water, may explain the existence of larger molecular area
values at the beginning of the liquid-expanded phase of these
monolayers (>90 A> molecule™) compared to the results
obtained for lower pH subphases (<90 A* molecule™).

When the subphase has pH 9.9, the first break in the II-A
isotherm occurs at 33 A% molecule™ and 41 mN m™), and as
well as in the monolayer with pH 8 subphase, collapse occurs
via a nucleation mechanism.

At pH 11.8 the existence of intermolecular hydrogen bridges
is negligible, and the monolayer behaves as those of common
ionic surfactants. BAM images at the beginning of the

compression were homogeneous with occasionally some two-
dimensional bubbles of gaseous phase (Figure 4a). When the
total area is reduced, the size of these bubbles diminishes,
resulting in a homogeneous LE monolayer (Figure 13a,b in the
Supporting Information). Immediately after the first break in
the II—A isotherm, the whole air—water interface was covered
with small crystalline nuclei (Figure 13c in the Supporting
Information), which become more visible with the monolayer
compression due to the increase of the nucleation density
(Figure 13b in the Supporting Information). In contrast to
monolayers with lower subphase pH values, a large plateau in
the collapse region from 38.5 to 43 mN m™" is observed in the
IT—A isotherm.

Figure 4b shows an upper view of the simulated C, H,,—
PO,;*” monolayer, which is much more disordered than in the
previous systems and the spiral is no longer present. Because of
the lack of hydrogen bonds and the electrostatic repulsion, the
monolayer is more dispersed. Figure 4c shows the headgroups
tendency to keep distanced between them not only in the xy
plane but also in the z direction. This configuration seems to be
the responsible for the large plateau observed in the
experimental monolayer at pH = 11.8 (Z,, ~ 2). Stearic acid
monolayers with more than 98% ionization degree show a
surface-roughening collapse due to monolayer buckling which
grows on a long time scale.”

In a fluid collapse, as occurs in softer and more disordered
phases (as in this case, see the hydrocarbon chains packed
disorderly in Figure 14 in the Supporting Information),
material can randomly leave the surface by flow at some
critical pressure (in—flane stress) since a fluid has a minimal
penalty for shearing.*’

A literature value of the excluded area is 35 + 13 A% in n-
alkanephosphonic acid-soluble monolayers,”> which is close to
the collapse area in all the experimental isotherms.

Comparative Study of EPA Monolayers as a Function
of the lonization State. Figure 5 shows the P—P radial
distribution function (rdf) computed by MDS for the C, H,,—
PO;H,, C,oH,;—PO,;H™, and C,;H,;—PO;*~ monolayers. With
regard to the C,,H,—PO;H, monolayer, there are two
predominant positions for the first phosphorus neighbors, as
seen in Figure 6 in the Supporting Information and in Figure
2c: when the phosphorus are in a sort of hydrogen-bonded
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Figure 5. Phosphorus—phosphorus radial distribution function for the
CyoH,;—PO3H,; the C,yH,;—PO;H™ and the C,,H, —PO,*~
monolayers at A = 55 A (Z,,=0),68 A (Z,,=1),and 31 A (Z,, = 2).
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string, they are at a distance of approximately 4.7 A, and when
they are in parallel strings, the closest distance is ~5.4 A. These
predominant distances correspond to the two first maxima of
the phosphorus—phosphorus radial distribution function in
Figure S. In a previous work we have studied both
experimentally and by MDS disk-like micelles of n-decane-
phosphonic acid (C,oH,,—PO3H,)> where the first peak of the
P—P rdf is also at 4.7 A. In the C,H,,—PO,;H™ monolayer
there are fewer hydrogen bonded groups and there is
electrostatic repulsion between the headgroups; thus, the two
peaks corresponding to the first coordination layer are of
almost the same magnitude and superimposed. This effect is
magnified in the C,yH,;—PO,>~ monolayer, where the first
maximum in the P—P rdf is at ~5.3 A. The electrostatic
repulsion and the dwindling hydrogen bonding are also
manifested by the start of the rdf curves: 3.8 A for Z = 0 and
Z =1 but 43 A for Z = 2. The attenuation of the peaks at
increasing radial distances from the central particle indicates the
decreasing degree of order. This lost of long-range order is
evident in the C,gH,;—PO;>~ monolayer while in the
monolayers retaining the ability to form hydrogen bonds the
order is maintained for longer distances. The relation between
areas below the rdf curves up to 20 A is 37.47:27.79:7.16 for Z
= 0:1:2, quantifying the reduction of compactness of the
monolayer when the absolute value of Z is increased. This is
compatible with the gradual reduction in the attractive
interactions between polar headgroups, evidenced in Figure 1
with the expansion of the II—A isotherm when the charge of
the phosphonate groups is decreased from 0 to —2.

Figure 13 in the Supporting Information shows the mean
number of hydrogen bonds per polar headgroup as a function
of time and ionization, considering a geometric criteria for the
hydrogen bond identification (cutoff: 30° and 3.5 A). The
number of hydrogen bonds per polar headgroup in the
C,0H,,—PO;H, monolayer is about 1, ie., each molecule is
bounded to other two; while in the C,,H,;,—PO;H™ monolayer
is about 0.5, in complete agreement with the reduction of the
first peak of the P—P rdf of the corresponding monolayers
(Figure S).

The film area in the close-packed state of the monolayers
(area A; at the first break in the II—A isotherms) increases
relatively slow when the polar headgroups are able to form
hydrogen bonds but becomes nearly twice that of the
uncharged acid when the phosphonic groups are entirely
ionized (Z,, ~ 2), and the electrostatic repulsion between them
is noticeable. Figure 16 in the Supporting Information shows A,
vs Z,, where the A; values were obtained from the first
minimum in the compressional modulus molecule™, con-
cordant with literature values for similar compounds. Indeed,
for mono-n-octadecylphosphoric acid the limiting area at low
degree of surface ionization was 25.5 A% curves. Between pH
1.8 and 6.3 (Z,, = 0—0.7) the area increases from 22 to 25 A*
molecule™,>* slightly higher than the obtained in this work for
pH 1.8, which seems reasonable since the limiting areas were
obtained by drawing a tangent in the II—A isotherms from the
start of the collapse to zero pressure, while the A; values were
obtained from the K '—A curve at the first minimumy; i.e., both
area values are determined at different surface pressures. The
value of 25 A> molecule™ obtained by us at pH 6.3 is between
that obtained by Gerhsfeld and Pack*® (24.2 A? molecule™ at
pH 5.8) and by He et al.>* (26 A> molecule™ at pH 5.6), both
corresponding to mono-n-octadecylphosphoric acid. The
increase of pH from 6.4 to 8.0 (Z,, = 0.7—1) resulted in a

shift of the isotherms to significantly greater areas, namely twice
that observed in the pH range 1.8—6.3. This is reflected on A,
which rises due to the increasing repulsion among the charged
headgroups and the gradual weakening of the hydrogen-bonded
network of the polar headgroups, mainly occurring in the Z,,
region of 0.7—1.0. Above this region a pseudoplateau is
observed in the A; vs Z,, curve. At pH values higher than 9.9
there is a large expansion in the isotherm (Figure 1), and thus
A; for Z,, = 2 is twice the value for the uncharged film,
indicating that the cohesive energy can no longer counteract
the electrostatic repulsion among charged headgroups.

Hydration of the polar headgroups and the first and second
methylene groups of the hydrocarbon chains for the three
ionization states are interpreted through the rdf of the water
oxygen atoms (O) with respect to the phosphorus (P) atom
and the first (C,) and second (C,) carbon atoms obtained from
MDS results (Figure 17 in the Supporting Information). It can
be observed that the first hydration layer of the phosphorus
atoms does not seem to be much affected by the charge of the
polar headgroup: the position of the first peak is shifted from
0.377 nm (CyoH,,—PO,H,) to 0.384 nm (CyoH,,—PO,H" and
Cy0H,;—PO;*7). The main difference is that the P—O rdf of
C,0H,;—PO,*~ shows two secondary hydration layers extended
up to ~0.65 nm. The separation between the polar headgroups
allows the formation of several layers of water oriented by the
structure of the first coordination shell. The long-range
electrical influence of the group with Z, = 2 contributes to
this structure arrangement. However, as the phosphonate
groups in the CyH,,—PO;H, and C,,H,;—PO;H™ monolayers
strongly interact via hydrogen bonds, they are too close to each
other and have no room for several hydration shells.

The C,—O rdf has the first maximum at 3.4 A in the
CyoH,,—PO;H, monolayer, and it is shifted to ~3.7 A in the
C,0H,;;—PO;H™ and C,,H,;—PO;*" monolayers. It seems that
the C, is less hydrated in the C,,H,;—PO;H™ monolayer than
in the un-ionized one. The ion-dipole interaction between the
charged oxygen and water forms a strong ionic hydration layer
structure that hinders the formation of the hydrophobic
hydration of hydrocarbon groups.

The rough polar layer in the C,,H,—PO;*~ monolayer
allows a high interrelation between successive hydration layers
enhanced by the structuring action of hydrocarbons on water,
as evidenced by the several peaks in the C,—O rdf.

The hydration of the second methylene group in the
C,0H4;—PO;H, and C,,H,;—PO;H™ monolayers is lower than
in the C,oH,;—PO,;*~ monolayer due to the more open
structure of the latter. A visual inspection of the two-charged
surfactant monolayer allows the detection of hydrocarbon
chains bended like hooks with the portion near the headgroups
in contact with the subphase (Figure 14 in the Supporting
Information), very similar to the chain arrangement observed in
soluble surfactants monolayers. These monolayers show
“wetter” portions of the chain; for instance, approximately the
first 3.5 methylene groups of the tetradecyltrimethylammonium
bromide molecules in the monolayer are “wet”.>> The
surfactants in insoluble monolayers interact more weakly with
the aqueous subphase than soluble homologues do. Then they
tend to be less strongly hydrated which reduces the steric
repulsion between adjacent headgroups and enables the
molecules to pack more tightly into the monolayer.*®
Moreover, the formation of strong hydrogen bonds among
the phosphonic groups enhances this tendency. The above
findings are consistent with the previous discussion about A,
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The distribution of the heights of the molecules, computed
as the difference of the z coordinate of the last (C,y) and first
(C,) carbon atoms is presented in Figure 18 in the Supportin%
Information. The length of a liquid eicosane chain is given by’

I (nm) = 0.13nc + 0.1704 = 2.77 nm (1)

Then, on the assumption that the chain is fully extended, the
angle formed by the chain with the plane of the interface (7)
can be computed as sin 7 = height/] (see Figure 6 inset). This

plotted as a function of Z, in Figures 19 and 20 of the
Supporting Information.

The values are averages from several repeated isotherms. The
confidence intervals superimpose, meaning that the differences
in the average values have not statistic significance. The
weighted average values have been computed with the Student ¢
probability distribution and a 90% confidence level, being A_
= 824 + 023 A> molecule™ and IT; = 494 + 12 mN m™},
and are independent of the subphase pH within experimental
errors. The related surfactant di-n-dodecylphosphoric acid has a
collapse pressure of ~50 mN m™', while the isomers having two
chains with 14, 16, and 18 carbon atoms each have a collapse
pressure Il ; ~ 60 mN m~ 13

On the basis of some characteristics of the isotherms (vide
supra), it may be considered that the EPA monolayers are
composed by mixtures of C,,H,;—PO;H, and C,H,,—PO;H™
for Z,, < 1 or by C,gH,;—PO;*>~ and C,,H,,—PO,H™ for 1 <
Z., < 2. For these mixtures the interactions between the
components can be studied considering their miscibility.
Intermolecular interactions between components determine
whether they behave ideally. If two components are ideally
miscible or immiscible, the plot of properties, such as the mean
area per molecule, as a function of mixture composition is a
straight line.** Figure 7 shows the plot of the mean area per
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Figure 6. Distribution of angles between the chains and the surface for
different values of Z_,.

gives for C,,H, —PO;H, a broad distribution of 7 with half-
height width between 40.5° and 60.0° and maximum at 54.3°
(about 35° from the vertical). The distribution for C,oH,;—
PO;H™ is narrower with half-height width between 49.3° and
58.0° and maximum at 54.3°. For C,,H, —PO;’>" the
distribution is broader, with half-height width between 26.8°
and 50.9° and a maximum at 43.3° (Figure 6). These values are
close to the average tilt found by neutron reflectivity for the
chains of hexadecyltrimethylammonium bromide (HTAB) and
for dodecyltrimethylammonium bromide at the air/water
interface.’”>® Of course, these tilt angles are only estimations
since there is a distribution of tilts of the chains and it is not the
same along the chain (Figures 2—4 and Figures 7, 11, and 14 in
the Supporting Information), but in light of the experimental
results of different systems, our results seem quite reasonable.
Lu et al>”*® found in HTAB monolayers that half of the
hydrocarbon tails closer to the polar headgroup is oriented
almost vertical to the surface, while the distal half is more and
more tilted. The same authors also found that the reduction of
the area per molecule leads to a decrease of the inclination of
the chains and vice versa. The bimodal distribution for C,;H,;—
PO;H, may be caused by the different orientations of the
chains in the spiral as discussed when analyzing Figure 2.
Besides, it has been determined that the islands of
octadecylphosphonic acid on mica have a height of 1.8 + 0.2
nm,* and it has been interpreted that this implies that, as the
length of a fully extend molecule is 2.5 nm, either that the
hydrocarbon chain has a 40° tilt angle with respect to the
surface or that the chain is significantly disordered.

Other characteristic parameters of the monolayers are the
area, Ay, and the surface pressure, Il corresponding to the
collapse (either by fracture or by nucleation). They have been
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Figure 7. Measured (symbols) and ideal (straight lines) average
surface areas per molecule at different surface pressures as a function
of the average charge per adsorbed molecule. The curves are eye
guides.

molecule as a function of Z,, for I = 6, 10, 15, 20, and 25 mN
m™". Since there is no linearity at the different surface pressures,
it is evident that the components are miscible and interact
between them. The interaction is attractive because the
measured average area is lower than the ideal one, indicating
a high packing efficiency. When II increases, the difference
between measured and ideal areas decreases as expected since
at higher surface pressures the packing is more compact and the
effect of hydrogen bonds is less important.

Figure 21 in the Supporting Information shows the
deuterium order parameters (Scd) as a function of the carbon
atoms in the chain. As discussed in the Supporting Information,
it may bde concluded that that the packing of the CyH,—
PO,*" monolayer is much looser than the other two. Besides,
although the packing of the headgroups, and hence the first
CH, groups, is tighter in the C,H,;—PO;H, than in the
C,0H,;—PO;H", this situation is inverted in the rest of the
chain, with the C atom density lower for the C,yH,;—PO;H,.
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Figure 8. Density profiles of the R—POH, (left), R—PO;H"~ (center), and R—PO;*~ (right) monolayers.

Figure 8 shows the density profiles of the C,,H,—PO;H,,
C,0H,,—PO;H™, and C, H,;—PO;*~ monolayers obtained with
MDS in agreement with the general features of our
experimental findings. These distributions resemble the
obtained from neutron reflection experiments on surfactant
monolayers such as hexadecyltrimethylammonium bromide
(HTAB) at the air/water interface.®® In the C,oH,—PO;H,
and C,;H,;—PO;H™ monolayers the polar heads are
completely immersed in the subphase, while the tails seem to
be partially immersed. However, in the C,,H, —PO;*~
monolayer the interface is not sharply defined due to the
polar layer roughness. In soluble monolayers such as that of
HTAB, about 25% of the tail is inside the aqueous subphase.>®
However, this is an average value whose interpretation is not
unique, especially because in soluble monolayers the packing is
very loose allowing to a considerable disorder in the monolayer.
This behavior is consistent with the fact that the structure
breaking effect of phosphonate groups increases when Z,
decreases, being the —PO;H, group a strong structure breaker
of water.”” When the water structure is broken, the solubility of
hydrocarbons increases, in concordance with our observations.

It must be taken into account that the plots of the density
distributions are partially determined by the capillary wave
roughness and the average overlap between the distributions of
water, headgroups, and tails is not necessarily the same as the
local overlap.”” The roughness of a layer at the air/water
interface is manifested both in the width of the surfactant
distribution and in the range over which the water distribution
declines from solution to vapor phase. Then, the distribution
profiles of the C,yH,—PO;*~ monolayer in Figure 8 is
compatible with the low wetting of the chains determined in
Figure 17 of the Supporting Information. The surface
roughness of the air/water interface in aqueous HTAB at the
critical micelle concentration was estimated by Lu et al.®® as 9.2
A, which is bigger than the overlap between the tails and the
water distributions (Figure 8). The same authors concluded
that in HTAB monolayers the local surface roughness can
originate a substantial part of the overlapping between the
different components distributions at the air/water interface. It
must also be taken into account that the charge of the fully
ionized phosphonate groups is twice that of the surfactants
commonly studied, such as HTAB, and this increased repulsion
must also cause an effect on the film properties, such as

facilitate the squeezing out of the headgroups; i.e., the tails are
out of the average surface of water.

As expected, the distribution of counterions (H;O" is almost
the same that of the charged polar headgroups. Although in the
three cases the surface tension is very similar, the chain density
for Z,, = 2 is much higher since, due to the dispersion in the z
direction of the headgroups (Figure 4c), the area of the
simulation box in the xy plane is smaller.

B CONCLUSIONS

The whole range of ionization states of n-eicosanephosphonic
monolayers has been studied experimentally, using a Langmuir
balance and a Brewster angle microscope, by varying the
subphase pH, and by MDS. The monolayers behave as mixtures
of the different miscible species (C,oH,—PO;H,, C,oH, —
PO,H", and C,oH,;—PO;*") depending on the subphase pH,
with nonideal attractive interaction of the molecules. When Z,,
~ 0 (pH = 1.8), the monolayer is strongly interconnected by
phosphonic—phosphonic hydrogen bonds what causes the
appearance of rounded and spiraled islands of condensed phase
in a gaseous matrix. MDS show that in such islands the
molecules are tilted away from the vertical and there clusters of
regularly arranged headgroups, in concordance with a L, phase.
When the pH subphase is between 1.8 and 3.7 (0.03 < Z,, <
1.6), there is an equilibrium between the total cohesive energy
and the electrostatic repulsion, causing the superimposition of
the isotherms. Fingering domains have been identified which
are a consequence of the lower line tension and are usually
attributed to a restricted movement of the molecules, in this
case to the hydrogen bonds. However, the clusters of regularly
arranged headgroups are no longer observed in the MDS. The
compressional moduli suggest a LE behavior of the monolayers
in the previous cases, what can be assigned to the interaction of
the islands or the fingering domains, i.e., not interpreted on the
basis of individual molecules. A further increase in Z,, provokes
the destruction of the hydrogen-bonded network of polar
headgroups. For high ionization states, the monolayer buckles
since the molecules are more disordered and distanced, not
only in the xy direction but also in the z direction. Therefore, a
large plateau is observed in the experimental monolayer at pH
= 11.8. The monolayers responses to the compressive stresses
in the collapse region are consistent with the structures and
domains founds in the different ionization states and their
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consequent in-plane rigidity: there is a transition from a solid-
like response at low pH subphases, when the extensive
hydrogen-bonding networks impose an in-plane resistance to
shear favoring the formation to multilayers, to a fluid-like
response at high pH subphases, with material randomly leaving
the surface as reported in surface-roughening collapses in softer
and more disordered phases. A detailed atomistic scope has
been achieved from MDS results. When increasing Z, the
dwindling ability to form hydrogen bonds is manifested in an
evident lost of long-range order and compactness, as evidenced
by radial distribution functions. Thus, the more open structures
at higher ionization states allow a better hydration of the
phosphonic groups and the first part of the hydrocarbon chains.
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