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Abstract

The dynamic behaviour and structural organization of small domains of fluorinated and hydrogenated
molecules at the surface of water were studied by all-atom molecular dynamics simulations (MD) using
an AA-OPLS based forcefield. The MD simulations of 1H,1H-Perfluoro-1-tetradecanol (F140H);
1H,1H,-Perfluoro-1-octadecanol (F180H); 1-Octadecanol (H180H); 1-tetradecanol (H14O0OH) and
Perfluoroeicosane (F20) at zero surface pressure and 25°C show that both hydrogenated and
fluorinated molecules spontaneously form isolated domains, with the fluorinated aggregates assembling
into highly ordered domains with polygonal periphery, while the hydrogenated monolayers are less
ordered and present circular domains; both results confirmed by atomic force microscopy (AFM)
measurements of previous works. Furthermore, a new tool which calculates the simulated monolayers
diffraction spectra was developed. By direct comparison with the experimental spectra, this tool
validates or invalidates the structural organizations seen in the MD simulations. Detailed results of the
F140H, F180H and F20 unit cells are presented and agree with the experimental ones. The diffraction
spectra produced by the hydrogenated compounds is not compatible with the spectra produced from
grazing incidence x-ray diffraction (GIXD) experiments. As a smaller work, the diffraction spectra of a
previously simulated perfluoroalkylalkane hemimicelle was calculated which produced diffraction peaks
in very good agreement with that obtained through GIXD experiments, fully validating the non-periodic
structure of the hemimicelles and demonstrating that non-periodic (quasi-crystal) structures produce

well defined diffraction peaks.

1. Introduction

Fluorinated surfactants find industrial applications

as adjuvant components in fluoropolymer
manufacture and processing, agqueous foams for
fire extinction, formulations of herbicides, greases
and lubricants, paints, polishes and adhesives M2,
However, their most exciting applications are in
for

biomedical research and development,

instance, as emulsifiers for blood substitute
formulations B! and inverse emulsions for drug
delivery in liquid ventilation context “ or as
components of the walls of microbubbles used for
drug delivery and oxygen transport in blood B, It is

of great importance to develop new models and

understand if the current models can provide a
good understanding of the unusual properties of
these materials. Langmuir monolayers provide an
excellent model for the study of molecular ordering
and molecular structure in two dimensions.
Amphiphilic molecules which contain a hydrophilic
‘head’ group and a hydrophobic ‘tail’ such as
polyfluorinated alcohols, are insoluble in water and
thus, they are known to self-assemble into
Langmuir monolayers at the air-water interfacel®l.
Its polar head group provides the ‘anchoring’ to the
water surface while its apolar tail is protruding into

the air. Long linear perfluoroalkanes which have
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no amphiphilic character have also been reported
to form stable Langmuir monolayers as their
bigger van der Waals forces alone are enough to
stabilize the monolayer. [ Linear fluorinated
carbon chains are also known to exhibit a helical
conformation. The big electrostatic repulsions
between its fluorine atoms does not allow for the
carbon chain to stay in an all-trans conformation
8, instead, the optimized energy configuration for
each C-C-C-C dihedral is with a slight twist angle,
giving the carbon chain a helical or cylindrical
form, something which is not seen for their
hydrogenated analogues. At very high surface
pressures these molecules are known assemble
into a crystalline structure, typically in a two-
dimensional hexagonal arrangement, due to their
intrinsic helicity. Experimentally, the crystalline
structure of condensed monolayers is studied by
grazing incidence x-ray diffraction, where
structural information such as; crystalline inter-
molecular distance, tilt of molecules and overall
deduced the

measurements. Computer simulations act as a link

organization can be from
between microscopic scales and the macroscopic
world of the laboratory, showing a new atomic
view of the system. The recent work put into the
development of hydrogenated and fluorinated
forcefields allows for molecular dynamics
computer simulations of Langmuir monolayers of
fluorinated surfactants and perfluoroalkanes. !

Here, we assess through the use of molecular
dynamics computer simulations, the molecular
structure and general behaviour of fluorinated
films at low surface pressure and highlight the key
differences between fluorinated and hydrogenated
surfactants. We also try to demonstrate the
tendency of the molecules to aggregate and in
which phase state they aggregate in. This is
complemented by developing a diffraction
tool for structural

analysis straightforward

with  the

diffraction spectra which validates the structures

comparisons experimental film’s
displayed in the simulations. As a miscellaneous
work, the diffraction pattern of a previously
simulated perfluoralkylalkane hemimicelle was
calculated in order to validate the non-periodic
guasi-crystalline structural organization.

2. Methods

the

The data was

All  simulations were performed using
GROMACS package

analysed either through Gromacs’

oL,

integrated
programs or the newly developed structure factor
program. The VMD software was used for the
visualization of trajectories. The systems studied
in this work are modelled using an all-atom force
field based on the optimized potentials for liquids
simulations (OPLS-AA) 12, This force-field models
each atom as an interaction site and the potential
energy is written as the sum of contributions due
to bond stretching, bond angle bending, dihedral
angle torsion and non-bonded interactions (van
der Waals plus electrostatic interactions). For non-
bonded interactions of sites in the same molecule,
only sites separated by three or more bonds are
calculated. The interactions from intra-molecular
sites separated by three bonds are multiplied by a
0.5 constant. The non-bonded interaction between
sites of different atom types were computed using
geometrical rules €;; = \[e;€;; and oy; = [o,0);.
The long chain fluorinated alcohols and perfluoro-
n-eicosane were modelled using the parameters
for perfluoroalkanes proposed by Watkins
(perfluoroalkyl moieties) and Jorgensen (alcohol
moieties), 13 while the hydrogenated alcohols
were modelled with the L-OPLS force field for
alkanes 4, with the -CH2OH moieties modelled by
the OPLS-AA. Water was modelled with the three
site spc-e rigid body model. All systems were
simulated at 298.15K, using periodic boundary

conditions in all directions, under NVT ensemble



conditions and using the Berendsen thermostat
with a time constant of 0.5 ps. The equations of
motion were solved using the leap-frog algorithm
with time-steps of 2 fs. To construct the simulation
systems, initial simulation boxes of 10000, 17500
The

geometry of the simulation boxes (9.1x9.1x15 nm,;

and 40000 water molecules were set.

13x13x15 nm and 18.2x18.2x20 respectively) was
chosen with a larger z dimension in order to avoid
interactions with its periodic image in the z
direction and generate a water slab 3.5 nm thick
with two liquid-vapour interfaces. These water
in the NVT

ensemble. The surfactant and F20 molecules

boxes were simulated for 3 ns

were generated individually, and their energy
minimized. Each molecule was then replicated
using packmol 19 to assemble the initial starting
configurations of 100, 200 or 400

molecules aligned in the z direction. Amphiphiles

residue

were assembled with the OH groups pointing into
the water direction. The water boxes were merged
with the vertically aligned molecules and the
simulations were started. The very tight initial
configuration was used to speed up the
equilibration process of the system.

To calculate the diffraction spectra, the atomic
coordinates and atom types from the simulations
data were used as input for the structure factor
equation:
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where Q,, @, and Q, represent the coordinates of
the scattering vector. In this case, an
approximation is made by assuming that all
scattering electrons are at the centre of each

atom. In-plane scans are produced by iterating the

Qxy coordinate (Q, = +/(Qx)*+ (Qx)?) of the
scattering vector while the rod scans are produced

by iterating the Qz coordinate.

3. Results and Discussion
3.1 Molecular Dynamics Simulations

In order to get microscopic insight into the
behaviour and structural organization of F180H,
F140H, H180H, and H140H monolayers, MD
simulations were carried out as described in the
methods section. Monolayers composed of 100,
200 and 400 surfactant molecules were simulated
in order to evaluate the effect of the crystal size on
the

simulations of 100 and 200 molecules presented

the stability of the monolayer. Overall,
no major differences when compared to the 400
molecules aggregates. At the start of the
simulations, both hydrogenated and fluorinated

surfactant molecules spontaneously aggregate

into isolated domains, evidently forming a
condensed phase. During the next two
nanoseconds of simulation, the surfactant

molecules structurally re-organize themselves
until an equilibrium in the aggregate is reached.
Snapshots of the final configuration of the 400
molecules aggregates of F180H, F140H, H180OH
and H140H are shown in figure 1. The fluorinated
molecules clearly form a highly ordered structure
with most molecules standing perpendicular to the
surface of water. After starting the simulation, the
fluorinated domains quickly take the form of a
polygonal shape, with its molecules also packed in
what appears to be a two-dimensional hexagonal
lattice. The F140H presents a hexagonal domain
shape while the shape of the F180H domain is
more polygonal, however the rigidity and inertia of
400 F180OH molecules explains this behaviour
since the simulations with 100 and 200 F180H
molecules exhibited the hexagonal domain shape
(figure 2.). Periodically, a very low number of
molecules on the outer edge of the domain will
spontaneously lie down on the water surface along

the rim of the aggregate.



(d)

Figure 1 — (a-h) Side and top view of the final configuration of the simulated films. (a-b) F180H; (c-d) F140H; (e-f) H180H;
(g-h) H140H.




This occurs more regularly for the F140H than for
the F180H which suggests that the longer chain
provides more aggregate stability and ordering.
The hydrogenated surfactants on the other hand
are clearly less organized and present a more
amorphous structure. The molecules in the centre
of the domain stand vertically and are packed
more orderly, however, as one approaches the rim
the

progressively more tilted and disordered with the

of the aggregate molecules become
molecules at the periphery of the aggregate lying
fully down on the water surface in various
orientations giving the hydrogenated aggregates a
The H140H

monolayer, appears to be quite unstable, as the

circular and smoother shape.

molecules on the outer layer seem to be
extraordinarily disordered, with some even
the

Furthermore, during certain irregular and small

protruding outwards from aggregate.
periods of the simulation, both hydrogenated
surfactants have a small nhumber of molecules
which can be seen leaving the aggregate and
being isolated from the rest of the domain, in a
gaseous phase, just for them to return to the
aggregate later. This phenomenon occurs more
regularly for the H140OH than for the H180OH,
presumably due to the weaker attractive inter-
molecular forces of the shorter chain alcohol
producing a less stable aggregate. These
simulation results further confirm the polygonal
shape and well-defined and sharp height-profile of
the fluorinated surfactants seen experimentally.
Although these domains have a much larger scale,
isolated hexagonal domains can be observed in
Teixeira’'s AFM measurements 16l of transferred
F180H monolayers onto a silicon substrate, and
in AFM measurements of Spin-coated F180H
(figure 3). The circular periphery of the
hydrogenated simulations also agrees with what is
Teixeira’s AFM

seen experimentally on

measurements of mixed monolayers of F180H
and H180H (figure 3). Simulations of F20 were
also carried out in order to evaluate the effect of
the lack of hydrophilic head group on the
organization of the molecules. The 400 molecule
F20 aggregate exhibits very similar behaviour to
the fluorinated alcohols, however, for aggregates
with smaller numbers of molecules, a molecular tilt
angle to the water surface is present on the entire
monolayer, something which is not seen for the
fluorinated alcohol aggregates of smaller size.
Snapshots of F20 and F180H aggregates are
shown in figure 2. It appears that the Van de Waals
forces alone are enough to stabilize the
perfluoroeicosane monolayer, but only after a
minimum number of molecules in the aggregate
has been reached. Otherwise, the minimum
energy configuration for these aggregates is for
the domain to have a molecular tilt, as it
maximizes the interactions with the water surface.
In conclusion, the simulations provide evidence of
the fluorinated films to spontaneously assemble in
a very ordered crystal-like aggregate while the
hydrogenated films exhibit a more amorphous and
disordered structure. Due to their rigidity, the
fluorinated molecules visibly display two possible
orientations: lying flat at the surface of water; or
standing vertically parallel to the other molecules
in the aggregate. As a result, the fluorinated
aggregates display “clear cut” periphery due to
their  higher line tension. Whereas the
conformational freedom and flexibility of the
hydrogenated surfactants allows for a gradual
orientation of the molecules at the periphery of the
aggregate, which makes the domain more circular
and with a less well-defined periphery. The
stability, formation and size of monolayer domains
has been correlated with line tension in other

works 171,



For further conclusions a more quantitative
analysis of the monolayers was made. An
orientational order parameter was calculated by
defining a unit vector for every molecule, which
points from the head group of the molecule to its
terminal carbon (Terminal carbon to terminal
carbon for the F20). The scalar product of every
unit vector pair is summed and averaged for each

frame of the simulation. The order parameter

value ranges from 0 to 1, with 1 representing a

very ordered monolayer with all molecules
pointing in the same direction. The results are
shown in figure 2g. The order parameter confirms
that the films formed by fluorinated chains are
considerably more ordered than those formed by
hydrogenated chains. For both the fluorinated and
hydrogenated chains it can also be seen that the

longer the chain the higher the ordering.

F180H

E?” .., riod
J'%%W@fﬁmf F20

H180H ®

Order Parameter (a.u.)

Simulation Time (ns)

Figure 2 — Side (a) and top (b) view of the 400 molecule F20 aggregate; Side-view of 100 Molecule aggregate of (c) F20 and (d)
F180H; Side-view of 200 molecule aggregate of (e) F20 and (f) F180H; (g) order parameter results for all the simulated films.

Figure 3 — AFM measurements of (a) spin-coated F180H on Si substrate, (b) Langmuir-Blodgett film of pure F180H and (c)
Langmuir-Blodgett film of equimolar mixture of FI80H and H180H.
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3.2 Simulated Diffraction Results

For further validation of the MD results, the
diffraction spectra for the simulated monolayers
was calculated using the structure factor equation
as explained in the methods section. Typical
diffraction spectras are shown in figure 4. For the
fluorinated molecules, the in-plane diffraction
peaks and rod scans corresponding to the miller
indexes (10) and (11) were calculated and greatly
agree with the experimental ones further
confirming the hexagonal lattice of the fluorinated
domains. The simulation unit cell parameters are
presented in table 1, along with the experimental
unit cell taken from the measured diffraction
spectra of previous works.[!8ll7l The simulated unit
cell area is in very good agreement with the
experimental and it’s y angle is very close to the
60° of a perfect hexagonal lattice (-1.6% less than
60°). Even if visually the films might appear to
have a very slight tilt, it is not seen in the diffraction
spectrum, as the out-of-plane scans show maxima
at Qz=0 which agrees with the experimental
The

hydrogenated aggregates on the other hand

spectra. internal  structure of the
appears to disagree with what is experimentally
seen from GIXD (double peak at xc= 15 nm and

xc= 16.24 nm instead of a single peak). This peak

splitting for the hydrogenated alcohols disagrees
with the experiments as the Qxy splitting of the
peaks is observed only for the H180H at lower
This

special

temperatures and higher pressures [201 [21],

result might suggest that some
reparameterization of the forcefields might be
needed for thin-film simulations, as the molecular
interactions in Langmuir monolayers are known to
significantly differ from the molecular interactions
in the bulk 22, however, for a more definite
conclusion boxes with a higher number of H180H
molecules should be simulated in the future. The
average crystalline coherence length of the
simulations was also extracted from the width of
the simulated peaks and compared to an
approximate measurement of the diameter of the
aggregates which is shown in figure 4. The
fluorinated films exhibit molecular ordering on the
entire dimension of the aggregate while the
diffracted coherence length is systematically
smaller than the diameter of the aggregate for both
the H180OH and the H140H, thus the
hydrogenated films do not exhibit ordering on the

entire dimension of the aggregate providing yet

another evidence that the hydrogenated
surfactant aggregates are not completely
crystalline.

Table 1 — Experimental and Simulated Unit Cells for the fluorinated aggregates.

SIMULATED UNIT CELL EXPERIMENTAL UNIT CELL

F180H (25°C) F140H (25°C) F20 (25°C) F180H (18°C) F140H (22°C) F20
a(nm) 0.577 0.578 0.576 0.574 0.576 0.567
b (nm) 0.577 0.578 0.576 0.574 0.576 0.567
y(degrees) 58.9 59.12 59.01 60 60 60 (hip.)
azimuth (degrees) 0 0 0 0 0 0 (hip.)
tilt (degrees) 0 0 0 0 0 0 (hip.)
unit cell area (nm?) | 0.285 0.286 0.284 0.285 0.287 0.278
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Figure 2 — Typical simulated diffraction peak for the (a) fluorinated and (b) hydrogenated aggregates fitted with gaussian curves; Coherence
length and aggregate diameter as a function of number of molecules for the (c) fluorinated and (d) hydrogenated aggregates.

3.3 Diffraction Results - Perfluoroalkylalkane

When unexpected molecular structures have in fact an almost 90° degree tilt at the rim of
arise from MD simulations, there is a debate on the aggregate and that the hydrogenated chains
whether such complex, non-periodic structures are partially submerged giving the hemi-micelles a
could produce a diffraction spectrum compatible non-periodic structure. 231 A definite validation of
with the experimental one. Such is the case forthe these simulation results was obtained by
perfluoroalkylalkane monolayers, where  comparing the experimental GIXD spectrum of the
experimentally they were thought to be formed by  system with that calculated from the simulated
upright molecules in the centre being slightly more  trajectories. The results are presented in figure 5.
tilted towards the rim of the aggregate as shown in In the spectrum obtained from the simulated
figure 5. However, recently in our group, the system one can clearly observe an in-plane peak
F8H16 simulations showed that the hemi-micelles at Qxy = 12.63 nm-1, which corresponds to the

stacking of the fluorinated segments and a second




one at Qxy = 14.77 nm-1 associated with the
diffraction of the hydrogenated blocks. This is in
very good agreement with the experimental

diffraction spectra presented which shows a peak

14.44 nm-1. And thus, the complex and non-
periodic molecular organization proposed by the
MD simulations for the internal structure of the

hemimicelles is fully confirmed by the diffraction

at Qxy = 12.45 nm-1 and a second one at Qxy = results.
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Figure 3 — Diffraction spectra of the (a) simulated hemi-micelle and (b) experimental; (c) New MD results of the hemi-micelle and (d) old

model of the hemi-micelle.

4. Conclusions

In this work, the atomistic MD simulations
performed were able to highlight some key
differences between perfluorinated chains and
hydrogenated chains. Due to their rigidity, the
perfluorinated chains evidently tend to assemble
into very ordered polygonal aggregates
independently of the molecule’s head group
(including the inexistence of a head-group, like the
F20), while the hydrogenated chains, due to their
higher flexibility, formed less ordered aggregates
with a circular-like profile. These results are in

agreement with the morphologies observed by

AFM measurements of the respective Langmuir-
Blodgett films from previous works. Furthermore,
the structure factor program developed was
crucial to validate (or invalidate) the MD simulation
results. The structural organization of the
fluorinated aggregates obtained from MD
simulations agrees with that experimentally found
from GIXD experiments as the experimental and
simulated diffraction peaks coincide. The
simulated H180OH on the other hand exhibits a
type of unit cell in disagreement with the tilted

hexagonal lattice from the experiments,
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suggesting that some future reparameterization of
the force fields might be needed. The molecular
organization of the simulated F8BH16 hemi-micelle
was found to produce a diffraction spectrum

compatible with the experimental one, fully

confirming the simulated structure. The F8H16
micelle diffraction results also demonstrated that
non-periodic and amorphous structures without a
translational unit cell (quasi-crystals), produce
clear diffraction peaks similar to those which are
considered crystals with well-defined unit cells.

Traditionally, the parameterization and
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