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ality of sub- to full-monolayer
organic coverage of water aerosols determined by
molecular dynamics simulations†

Aisling C. Stewart, ‡ Martin J. Paterson and Stuart J. Greaves *

The role that organic aqueous aerosols play within the atmosphere is highly dependent on their structures.

This is influenced not only by the components that make up the organic layer of the aerosol, but also on the

way that they pack together, as this affects the accessibility of key functional groups to incoming gaseous

species. This is in turn impacted by the total coverage of organic molecules on the aerosol core. Here we

present the results of a molecular dynamics study into how the surface coverage of three C18 fatty acids,

stearic, oleic and linoleic acid, affects the structure of the resulting aerosol. Surface coverages ranging from

significantly submonolayer to abovemonolayer coverages have been investigated. Acid chains are found to

pack more tightly at higher coverages, and to be directed more along the surface normal. The surfaces are

dominated by CH3 and CH2 groups at all coverages, however, changes in surface presence of HC]CH and

COOH can be used as a marker of when the monolayer coverage has been exceeded. The organic layers

have been grown in a random and stepwise manner designed to mimic natural growth of aerosols in the

atmosphere. Analysis focusses on the accessibility of different groups to an incoming ozone molecule

and thus gives a measure of how the reactivity of aerosols may be affected by the organic surface coverage.
Environmental signicance

Aerosols are key players in atmospheric processes including pollution cycles and radiative forcing. However, there are still many gaps in our understanding of
their reactivities, due to the complexity of their structures. The structure of organic aqueous aerosol depends not only on the components that make up the
organic layer but also on the combined surface coverage of these, as this inuences the nature of their packing. Here we present a molecular dynamics study of
different surface coverages of oleic acid, which is commonly used as an aerosol mimic, and two other C18 fatty acids, on water. The effect of surface coverage on
the structure and functional group accessibility to incoming reactive species is discussed.
Introduction

The signicance of aerosols within the earth's atmosphere
cannot be overstated; their roles include acting as catalysts,
sources of pollution and key players in radiative forcing, to
name a few.1–8 The origins and compositions of aerosols are as
varied as their inuences, with the task of determining their
structures and the exact parts that they will play in atmospheric
cycles one of the most complex problems that modern day
atmospheric chemists face.1,9,10 Aerosols can contain compo-
nents that are natural or anthropogenic and can be formed over
marine or inland environments, with the exact environment of
their formation playing a big role in determining their overall
t University, Edinburgh EH14 4AS, UK.

tion (ESI) available. See DOI:

mistry, College of Science, Swansea
gdom.

the Royal Society of Chemistry
compositions. In addition to this, the make-up of an aerosol
within the atmosphere is dynamic.11–17 When species in the
atmosphere come into contact with an aerosol particle, they
may either condense onto the surface of it or react with groups
present on it, altering the chemical nature of these. Of partic-
ular interest are double bonds present on the surface of aero-
sols, as these are highly reactive towards atmospheric radicals,
such as O3, OH and NO3.6,12,16,18–25 The oxidation of groups on
the surface of aerosols alters their properties, both as partici-
pants in further chemical reactions and as cloud condensation
nuclei (CCN).

A commonly investigated type of aerosol consists of an
aqueous core surrounded by a layer of organic matter.26 This
organic matter can contain a variety of species, including
alcohols, carboxylic acids and aromatic species.27–29 A class of
molecules that have drawn particular attention are fatty acids. A
variety of mono- and dicarboxylic acids of different chain
lengths and degrees of unsaturation have been found within
aerosols.27,28,30,31 One of the most well studied of these is oleic
acid (cis-9-octadecenoic acid), which has oen been used in
Environ. Sci.: Atmos., 2023, 3, 1231–1242 | 1231
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Fig. 1 The structures of the three C18 fatty acids investigated this
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laboratory studies as a mimic for aerosols, both on its own or
with an aqueous core.9,19,20,32–34 The presence of the C]C bond
within oleic acid is of particular interest, as it is highly reactive
towards ozone, and a range of studies have been carried out to
investigate the kinetics and products of this reaction.17–20,35–37

The accessibility of double bonds at the aerosol–atmosphere
interface and therefore the rate of reaction of this with atmo-
spheric radicals is, however, highly dependent on the coverage
and packing of organic molecules on the core. This coverage
and packing can be affected by a number of factors including
the concentrations of species in the atmosphere, humidity,
pressure and factors such as salt concentration and pH of the
aqueous core.38–42 Under different surface coverages, the aerosol
may have different properties, for example in terms of its
reactivity towards incoming species and in CCN activity.43–45 In
order to be able to accurately model the behaviour of aerosols in
different circumstances it is therefore critical to understand
how the coverage of organic molecules at the water interface
inuences the presence of groups at the aerosol–atmosphere
interface and the overall structure of the aerosol.

Field and laboratory studies of aerosols can be compli-
mented by the use of computational methods, in particular
molecular dynamics (MD) studies, which offer the chance to
model systems with large numbers of atoms accurately, but in
a manner that is not computationally prohibitive, as is the case
for more quantum mechanical based treatments. A number of
studies have probed systems with a water core and an organic
outer layer, focusing in particular on the overall structure of
these, and their ability to uptake water vapour and other gases
and to coalesce to form larger particles.36–53 These studies oen
choose to look at a what is believed to be a monolayer of organic
molecules on a water core, and to study the properties of such
idealised aerosols in these saturated states.45,46,52,53 Monolayer
coverage is dened, based on the work by Langmuir,54 as the
point at which there is a layer of insoluble material exactly one
molecule thick adsorbed onto the surface of the liquid or solid
of interest and nomore molecules can be accommodated in this
single layer. However, in practice, it is not always obvious how
many molecules to select when aiming for a monolayer, as this
can depend on assumptions about the positions and packing
densities at the water–organic interface, with studies oen pre-
dening the positions at which the organic molecules are ex-
pected to stick to the water core. An alternative approach has
been to use the same number of organic molecules on different
sizes of water surface to provide different monolayer compres-
sions.25,55 Fatty acids are known to be able to cover a water
surface without ordered packing at low concentrations/
compressions, and will continue to provide ‘monolayer’
coverage as the concentration/compression increases until the
point of monolayer collapse where the organic molecules start
to form a bilayer.38 Because of this variation of what can be
called a monolayer, for this work we dene a full monolayer as:
the point where addition of further molecules to a monolayer
does not result in additional bonding with the water interface,
and thus concentrations above this correspond to the start of
formation of a bilayer.
1232 | Environ. Sci.: Atmos., 2023, 3, 1231–1242
Aerosols in the atmosphere are present with a range of
surface coverages of organic material, depending on their age
and the concentrations of water vapour and other gaseous
species which they could potentially absorb. Some aging
processes involving aerosols can also convert insoluble organic
matter on the surface of an aerosol to species that may either
dissolve within the bulk of the aerosol or be volatile and escape
into the gaseous phase, again potentially changing the surface
coverages of the organic matter. In the case of oleic acid,
previous studies have noted that the ozonolysis of oleic acid on
water produces, amongst other things, volatile nonanal and the
highly soluble dicarboxylic acid, azelaic acid, thus in the
absence of other species there is a net reduction in organic
matter at the interface as the ozonolysis proceeds.32

It is known from the studies of self-assembled monolayers
(SAMs) that the orientation and structure of molecules upon
a substrate can vary signicantly with surface coverage and
molecule length.56–58 A logical extension is to examine whether
this may be the case for aerosol systems, as well as to investigate
how this change in orientation affects the groups that are
present at the aerosol–atmosphere interface. The interface is
known to be highly chemically active and key to CCN processes.
Here we present to our knowledge the rst study into how the
fractional presence of different groups at the surface of an
aerosol changes for different surface coverages and for different
levels of unsaturation of fatty acid covering of an aerosol.

Most MD studies of carboxylic acid-on-water aerosols choose
to focus on spherical water droplets surrounded by a set
number of acid molecules.46–50,53 However, in practice, these
simulated water droplets oen tend to be signicantly smaller
than would be found in the majority of real-world applications,
as the sizes of aerosols can range to multiple mm in diameter,1

which would involve huge computational costs. In contrast, the
studies of SAMs oen employ periodic boundary conditions, in
order to expand a slab of given dimensions innitely in the x
and y directions (parallel to the surface).56,57 This allows for the
mimicking of a much larger system as we discuss in ESI Section
S3.†

In the present work we choose to look at the structures of
different coverages of fatty acids on a water surface. We focus on
samples of three different C18 fatty acids: stearic, oleic and
linoleic acid (see Fig. 1). These are allowed to attach to a water
sample that is innite in the x and y directions, due to periodic
boundary conditions, but which has an area of vacuum above
and below it. The slabs are created by adding acid molecules in
study.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a random location and orientation one at a time to allow the
overlayer to ‘grow’ in as natural a way as possible. For each of
these acid-on-water ‘slabs’, nine different quantities of acid
molecules, leading to nine different water surface coverages, are
used. The resulting structures of these samples are investigated,
to see how the conformations and positionings of the acids
change with increasing surface concentration. This allows us to
investigate how many acid molecules need to be added to
a water sample of these dimensions in order to obtain full
monolayer coverage. We focus in particular on the proportions
of functional groups that would be accessible to an incoming
reactive species at each of these coverages as this provides
a method of investigating the likeliness of reactivity of aerosols
of different coverages to incoming ozone molecules.59–62

Methods

All simulations described in this paper were carried out using
the GROMACS soware package (version 2020.2)63,64 and run on
the Cirrus EPCC cluster at Edinburgh University. The fatty acid
molecules (stearic, oleic and linoleic acid, see Fig. 1) were
described using the OPLS-AA force eld,65–67 with parameters
being obtained via the LigParGen online server.68–70 The water
molecules were simulated using the extended simple point
charge (SPC/E) model71 and constrained using the SETTLE
algorithm.72 The choice of force eld is discussed in our
previous paper.73 The SPC/E water model was selected as it is
known to accurately model surface properties of water, for
example the surface tension, as discussed by Lovrić et al.74

The procedure for generating the aerosol mimic was similar
to that described in our previous work,73 with a few modica-
tions. A box of dimensions 6.5 nm × 6.5 nm × 6.5 nm was lled
with water molecules and equilibrated at 298.15 K before being
expanded in the z direction to a total depth of 50 nm. This led to
areas of vacuum forming above and below the water slab, to
which acid molecules could be added. The total number of
water molecules in each of the samples was 8925. Acid mole-
cules were added one at a time at random locations and with
random orientations within the area of vacuum both above and
below the water slab. Aer the addition of each of the acid
molecules, energy minimisation was carried out, followed by
a short constant volume (NVT) equilibration step (50 ps), before
a further molecule was added, up to a total of 70–150 acid
molecules per interface (corresponding to 1.7–3.6 molecules per
nm2 or 58–28 Å2 per molecule). Energy minimisation was
carried out using the steepest-descent algorithm and was
continued until the total energy of the simulation had
converged. The NVT equilibration step employed the leap-frog
algorithm,75 with a time step of 0.5 fs and a total length of 50
ps. Each sample contained water and a single acid species, and
for each acid nine different quantities of acid were used –

ranging from 70 to 150 molecules per interface in 10 molecule
steps. The same number of acid molecules were added to
the regions above and below the slabs, and a restraining
potential was applied to the samples throughout all energy
minimisation and NVT steps to ensure that there was
no migration of molecules from the upper to the lower faces of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the slab and vice versa. This ensured that the number of mole-
cules on each face of the slab was known exactly. The
restraining potential was a at-bottomed potential, with no
force exerted onmolecules that were within the central 14 nm of
the box (z = 0 ± 7 nm), and a harmonic potential with a force
constant of 10 000 kJ mol−1 nm−2 outside of this. This ensured
that molecules cannot escape from the periodic box and re-
enter it on the other side of the slab, thus giving exact control
over how many acid molecules are present on each side of the
slab, whilst not impacting on the energies of any of the mole-
cules attached to the slab in the centre of the box.

Aer the designated number of acid molecules had been
added to the simulation, a further NVT equilibration step (10
ns) was carried out, followed by a 10 ns production run. Both
were run using a velocity Verlet algorithm76 and a time step of
0.5 fs. All the analysis described in this paper was carried out on
the last 6 ns of these 10 ns production runs. All calculations
were carried out at 298.15 K and employed both 3D periodic
boundary conditions and particle-mesh Ewald long-range elec-
trostatics. Further details about the simulation procedure can
be found in Sections S1 and S2 of the ESI.† The use of periodic
boundary conditions allowed for the slab to be used as a mimic
for larger aerosol particles (>210 nm), as is discussed in the ESI
Section S3.†

Results and discussion

During the simulation process acid molecules were added one
by one to the simulation box and given a short period of time to
equilibrate, before further molecules were added. In addition to
this, both the position and orientation in which the acid
molecules were added to the box were selected at random. Each
of these criteria were chosen to mimic as closely as possible the
growth of an aerosol in real world situations, as opposed to
many previous studies in which all organic molecules were
added simultaneously and/or at pre-determined locations and
orientations.45,46,53,61 This makes prior assumptions about the
way in which the molecules will attach to the aerosol and
potentially biases the simulations towards a particular
conguration.

For each species and number concentration of acid studied,
four separate samples were created, each one starting from
a bare water sample and adding acid molecules at different
random positions. This allowed for an investigation of whether
samples of different starting points each achieved the same
congurations and distributions of functional groups post-
equilibration. The use of a slab of innite dimensions in the x
and y directions is a valid mimic of the surface of an aerosol, as
these are generally large enough that their curvature does not
have a signicant effect on their properties on a molecular level
(see discussion in our previous paper73 and Section S3 of the
ESI†). The temperature used in this study was such that none of
the acid molecules evaporated and fully escaped from the
surface of the slabs over the course of the 10 ns production
runs.

On addition of the acidmolecules to the simulation box, they
rapidly nd the water surface and the carboxylic acid groups
Environ. Sci.: Atmos., 2023, 3, 1231–1242 | 1233
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form hydrogen bonds to the water slab, with this taking place
within the 50 ps equilibration stage that occurs between the
addition of consecutive molecules. Snapshots of the nal
positions of the molecules at the end of some of the production
runs are shown in Fig. 2. This shows a top-down view of the nal
conguration (last frame of the 10 ns production) for the two
extreme coverages for each of the acid samples, presented using
the Visual Molecular Dynamics (VMD) soware.77 The acid
molecules are shown in red and the water molecules in cyan.
The water molecules are only visible for the slabs with lower
numbers of acid molecules, showing that the monolayer is at
least fully formed for each species by the time 150molecules per
interface has been reached. It can also be seen that for the
partially covered slabs the acid molecules tend to clump
together, presumably in order to increase chain–chain interac-
tions between them. An extended version of this gure can be
found in Section S4 of the ESI,† showing top-down VMD images
Fig. 2 Top-down views of selected slabs for two different concen-
trations of each of the acids studied. Acid molecules are shown in red
and water molecules in cyan. These images represent the final frame
of a 10 ns trajectory, carried out at 298.15 K and under constant
volume conditions (see the main text for details). The number of
molecules per interface is given in white above the image.

1234 | Environ. Sci.: Atmos., 2023, 3, 1231–1242
for all coverages for all of the acids studied. Analogous images
colour-coded by functional group can be found in ESI S5.†

Fig. 3 shows side-on views of the upper parts of the same
slabs, this time with the atoms colour-coded based on the
functional groups to which they belong. Extended images of the
full slabs are shown in the ESI (Section S6).† The water core is
shown in white. Within the acid molecules the carboxylic acid
groups are shown in blue, the methyl groups in red, the CH2

groups in green and the HC]CH groups in black. From these
side-on images, the preferential orientation of the chains with
relation to the water core can clearly be seen – there is a marked
excess of carboxylic acid groups close to the water and of methyl
groups extending out into the vacuum. It can also be seen that
for the stearic slabs there is a high degree of ordering of
molecules with respect to each other, with chains almost fully
extended and the angles that each molecule makes to the
surface normal appearing similar between molecules. Such
angles have been observed experimentally using X-ray
Fig. 3 Side-on views of the upper sections of the slabs shown in Fig. 2,
with the functional groups for each acid colour-coded, as per the key
above the slab images. It can be seen that there is a much greater
preference for COOH groups (blue) to be positioned close to the
water molecules (white), with methyl groups (red) on the outermost
parts of the samples. The bottom panels show zoomed in sections of
the oleic acid slabs highlighting the atomic details provided by the all-
atom forcefield.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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diffraction39 and similar effects have been observed in MD
simulations of methylamine on water.78

This ‘tilt angle’ distribution can be quantied using the gmx
gangle function of GROMACS, as in Fig. 4. This gure displays
the angles that long axes of the acid molecules make with the z
axis of the simulation box, which is normal to the plane of the
slab surface. The long axis of the acid molecules is dened by
a vector running from C1 (the carbonyl carbon) to C18 (the
methyl carbon) and the plots show the angles these vectors
make with the z axis, binned into one degree bins. Fig. 4a–c
show the full distributions of the molecules across the entire tilt
angle range for each species studied. The population of each
angular bin in these distributions has been divided by sin(q) to
take into account solid angle effects (discussed in Section S3 of
the ESI† of our previous paper73). The main peaks of these
distributions can be tted with a Gaussian function, in order to
obtain a measure of the most populated angle and the spread of
the angular data. Fig. 4d shows the results of this tting, giving
the peak position of the Gaussian for each coverage. The cor-
responding standard deviations are shown in Section S7 of the
Fig. 4 Distributions of the angles that the C1–C18 vector of the acids stu
acids, as denoted by the number of molecules per interface, taking into ac
the fatty acid that each set of plots represents shown above it for clarity.
runs for four separately grown slabs. The error bars represent one standa
one degree width. Plot (d) shows the peak of the Gaussian fits for each

© 2023 The Author(s). Published by the Royal Society of Chemistry
ESI.† For all the plots, points shown are an average over the
upper and lower interfaces of four slabs of the same number of
acid molecules, with error bars representing one standard error
of the mean. Analysis was only carried out at times >4 ns for
each of the nal production runs, to ensure that each of the
slabs had rst reached its equilibrium geometry. Averaging over
the upper and lower faces was carried out in such a way that it
was only the alignment of the C1–C18 vectors (parallel or
perpendicular to the surface normal) that was taken into
account and not the orientation (COOH group pointing towards
or away from the water core). It was assumed that the over-
whelming majority of the C1–C18 vectors would be directed
with the COOH groups pointing towards the water core as this
allows for maximum hydrogen bonding with the water. The
validity of this assumption is demonstrated in Section S8 of the
ESI.† For oleic and linoleic acid it can be seen that there is
a strong relationship between the number of acid molecules
and the peak of the angle t: the more molecules that are
present the smaller the angle between these molecules and the
surface normal. This implies that when more molecules are
died makes to the surface normal at different surface coverages of the
count solid angle effects. Plots (a–c) are colour-coded by species with
These graphs represent averages over times >4 ns for 10 ns production
rd error of the mean over these four runs. Data was binned into bins of
individual plot. All simulations were carried out at 298.15 K.

Environ. Sci.: Atmos., 2023, 3, 1231–1242 | 1235

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00148a


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/1
0/

20
26

 2
:3

9:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
present, these tend to pack together more tightly, and therefore
there is a greater tendency for them to be alignedmore vertically
with respect to the slab. This allows the maximum number of
hydrogen bonds to form between the acid molecules and the
water sample. Such trends have been previously observed in the
study of SAMs, where it has been noted that a decrease in the
‘tilt’ angle of molecules relative to the surface normal is asso-
ciated with increasing surface coverage.56–58,79 Tighter more
ordered packing at higher densities was also observed by Wadia
et al. in their work on phospholipids on water.25 This pattern
presents very similarly for both linoleic and oleic acids. For
stearic acid, on the other hand, the trend is much less clear,
with the average tilt angle, nearly independent of the number of
molecules in the sample. This could reect the greater exibility
Fig. 5 (Top) Distributions of C1–C18 distances for selected coverages
of each of the acids. Populations are averages over four slabs, and at
times >4 ns into a 10 ns production run. Distances histograms have
bins of 0.05 nm. (Bottom) Plot showing how the most populated bin
varies with surface coverage for each of the acids. All simulations were
carried out at 298.15 K.

1236 | Environ. Sci.: Atmos., 2023, 3, 1231–1242
of the stearic acid chains due to the lack of double bonds;
stearic acid molecules may be able to more easily adopt
a different conformation in order to t further acid molecules
in, instead of needing to tilt the entire molecule in order to
accommodate this. In addition, this greater exibility may allow
stearic acid molecules to pack together more closely in partially
lled monolayers, leading to islands of well-ordered fatty acids,
which may have tilt angles closer to those of a full monolayer.
We note that this island forming behaviour lasts to higher
surface concentrations of stearic acid compared to oleic and
linoleic acids, therefore the range of monolayer forming
concentrations is smaller for stearic acid than the others. This
tendency to take on different conformations in order to allow
for the presence of further acid molecules may also be reected
in different preferences of the chains to be coiled or straight-
ened when there are different numbers of acid molecules
present. This can be investigated by looking at the distance
between the two terminal carbons in a given chain – when the
chain is fully extended this distance will be at its maximum
value and when it is curled up this will be lower. Fig. 5 shows
how the distribution of C1–C18 distances varies with the
number of acid molecules present for each of the samples. As
with the data in Fig. 4 each plot is an average of results from the
upper and lower interfaces of four independent slabs of the
same coverage of acidmolecules, with the analysis being carried
out at times >4 ns within the 10 ns production run. The C1–C18
distances were separated into 0.05 nm bins.

The upper plots in Fig. 5 show comparisons of the distri-
butions of the C1–C18 distances for the lowest and highest
surface coverages of each of the acids studied, with the number
and type of acid molecules per interface given above each plot.
Analogous distributions for all of the intermediate surface
coverages are given in Fig. S11–S13 of the ESI.† The bottom plot
shows how the most populated C1–C18 distance varies with
changing surface coverage for each of the acids. It can be seen
from the plot that there is a slight increase in the C1–C18
distance for each of the acids as the surface coverage of
increases. This suggests that there is a small tendency for
molecules to become slightly straighter at higher surface area
coverages, possibly as a way of packing more molecules into the
slab and thus facilitating more COOH–H2O hydrogen bonding
interactions and more alkene–alkene interactions between
chains. This is in addition to the changes in the tilt angle
demonstrated in Fig. 4, which result from the formation of
a more tightly packed and better orderedmonolayer. The stearic
acid molecules have a larger end-to-end distance at all cover-
ages, as the double bonds in oleic and linoleic acid enforce
a kink in their structures and therefore prevent them from
extending as fully. The fact that linoleic acid has two double
bonds, whereas oleic acid only has one, means that this effect is
slightly enhanced for linoleic acid, although this difference in
average C1–C18 distance can be seen to be much smaller than
that between that of stearic acid and the other two species.

The packing and ordering of organic molecules at the water–
organic interface of an aerosol ultimately determines which
groups will be exposed at the aerosol–air surface. This is of
particular importance to atmospheric chemists as it is this what
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 ASA results giving the fractional surface area coverage of
different functional groups for different coverages of the three fatty
acids, measured using a probe of radius 0.22 nm. Each bar represents
the averaged results from four separate 10 ns production runs, with
error bars representing one standard error of the mean. For each
sample only data from times >4 ns was included.
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ultimately denes which groups will be present at the outer-
most edge of the aerosol, and therefore will be most available to
undergo chemical processes involving incoming gaseous
species. Whilst reactions do not take place exclusively at the
interface, a high number of reactive groups, such as unsatu-
rated moieties, at the surface increases the rate at which the
aerosol can both act as a heterogenous catalysis as well as
undergoing aging itself. This aging then has further implica-
tions for the composition and reactivity of the aerosol, as it can
add a new range of functional groups that may not have been
present in the primary material, or it may cause fragmentation
of molecules, releasing volatile species into the air.

The accessible surface area (ASA) method80 is a well-
established analytical method for determining which groups
are present at the surface of a sample. ASA simulates an
incoming atom or molecule as a probe sphere of a given radius.
This probe approaches the slab from the vacuum side and
samples those atoms that are present at the external side of the
interface. Any atoms whose surface can come into contact with
the probe's surface without the radius of the probe overlapping
any other atoms are considered to be ‘accessible’ to incoming
species of that size. The total surface area over which this is the
case is the accessible surface area, however, this can be broken
down by functional group type, in order to give a measure of the
total surface area coverage of different groups at the interface of
a sample that would be accessible to an incoming species of
a particular size.

The ASA analysis in Fig. 6 also helps us to determine at which
surface coverages water is no longer accessible to incoming
radicals, suggesting that the aqueous core is fully covered by
organic molecules. For oleic and linoleic acid this happens at
relatively low numbers of acid molecules, with the water
accessibility falling to virtually zero when there are 90+ acid
molecules (1.7 molecules per nm2) on each interface. For stearic
acid signicantly higher numbers of organic molecules are
needed for this to be the case, with ∼0.05 water coverage
measured for slabs containing 130 stearic acid molecules (3.1
molecules per nm2). This suggests that the water cores of slabs
containing stearic acid are accessible to incoming species up to
higher number coverages of stearic acid, due to the closer
packing of the stearic acid. This closer packing is a result of the
absence of more rigid –HC]CH– groups and leads to more
ordered, tightly packed islands of acid molecules, with gaps
exposing the water core between them.

It can be seen from Fig. 6 that the ASA coverages are mainly
made up of methyl and CH2 groups for all surface coverages,
with very little COOH accessible at the surface. This is to be
expected, as one would predict acid molecules to bond to the
water core of the aerosol via hydrogen bonding using their
COOH groups, thus leaving the hydrophobic hydrocarbon tails
to point outwards. As the number of acid molecules within the
samples increases, the fraction of the accessible surface that is
made up of CH3 groups increases and that of CH2 decreases
(seen more clearly in the ESI S10†). This is likely due to a closer
packing of the chains, leaving less space for the probe to
penetrate into the region between them, and thus making the
CH2 groups less accessible. This effect is particularly
© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2023, 3, 1231–1242 | 1237
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pronounced for the stearic acid samples, possibly due to the
tighter packing discussed above.

Of particular interest to atmospheric scientists is the acces-
sibility of alkene double bonds to ozone molecules. It can be
seen from Fig. 6 that the overall trend for this is that accessi-
bility of HC]CH groups primarily decreases with increasing
surface coverage. This is again to be expected if one assumes
that the vast majority of acid groups are bonded with the COOH
groups inwards and the CH3 groups outwards and become
increasingly tightly packed as monolayer coverage is
approached. However, it can be seen that for all number
concentrations of oleic and linoleic acid, there are non-
negligible amounts of HC]CH present at the surface, and
even these small quantities will be signicant with respect to
the reactivity of the aerosols. It is therefore important to look at
these results in more detail.

Fig. 7 shows how the accessible surface area coverage of
selected groups varies with the number of acid molecules
present. A more extensive version of this gure, showing all
functional groups, can be found in the ESI S10.† It can be seen
that the changes in the amounts of different groups present
Fig. 7 Variation of surface area coverages of different groups with numbe
in Fig. 6. Each point represents the mean over four separately grown slabs
times >4 ns were included in the analysis. Note the difference in scales f
number of organic molecules and methyl coverage at lower fatty acid co
that for higher numbers of acid molecules the observed methyl coverag

1238 | Environ. Sci.: Atmos., 2023, 3, 1231–1242
does not always vary linearly with the number of acidmolecules,
especially for oleic and linoleic acids. While HC]CH presence
at the surface seems to decrease with increasing coverage
between 80 and 130 molecules, at higher numbers of acid
molecules there appears to be an increase in this coverage. This
is an indicator that full monolayer coverage has been reached,
meaning that further molecules were not able to be packed so
that they can access the water core of the aerosol, thus leaving
HC]CH groups exposed at the surface. Indeed, the slight
increase in COOH groups present at the surface when >120
molecules are addedmay suggest that there are somemolecules
at these concentrations that are not bonded to the water core,
but are present on an overlayer, thus allowing their COOH
groups to be more accessible to incoming molecules.

This is also reected by the changes in methyl coverage with
increasing number of organic molecules present. At number
concentrations of <120 molecules per interface the methyl
coverage is shown to increase in a near-linear fashion with
increasing number of molecules, as demonstrated by the trend
lines on the methyl plots in Fig. 7. This suggests that as mole-
cules pack more closely together it becomes increasingly
rs of fatty acidmolecules per interface, based on the ASA results shown
, with the error bars representing one standard error of the mean. Only
or each of the functional group types. The linear relationship between
verages is shown on the CH3 plots as a black trend line. It can be seen
e deviates from these trend lines.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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difficult for the probe species to sample atoms that are not on
the very outermost ends of the fatty acid chains, and therefore
the ASA results become dominated by the CH3 termini. At 130+
acid molecules per interface the proportion of methyl coverage
starts to fall, presumably as a result of there being free acid
molecules on top of the full monolayer, which would allow other
groups for the probe molecule to interact with. The fact that 130
molecules per interface seems to mark a point at which there is
a change in ASA trend for most groups (see also Fig. S14 of the
ESI†), along with the fact that there is no water visible in the top-
down images of the slabs at this coverage (Fig. S2–S4 of the
ESI†) suggests that at 130 molecules per interface (corre-
sponding to 3.1 molecules per nm2, 32 Å2 per molecule)
monolayer coverage has been reached. This number of mole-
cules corresponding to a monolayer coverage is also supported
by changes in the number of fatty acid–fatty acid and fatty acid–
water hydrogen bonds at increasing surface coverages, as dis-
cussed in Section S11 of the ESI.† The deviation of the methyl
group coverage from the linear trend line is less noticeable for
stearic acid than for the other species, which may be due to the
stearic acid being able to form more tightly packed monolayers
with larger numbers of molecules in them and thus fewer free
acid molecules on top of them. When comparing the results for
oleic and linoleic acid, the trends for all groups seem very
similar, except for the fact that the presence of the additional
HC]CH group in linoleic acid leads to its larger surface
coverage and a corresponding decreased surface coverage of the
CH2 group. This, along with the results from the C1–C18
distance and tilt angle analysis suggests that the additional
HC]CH group in linoleic acid has very little effect on the
packing of the chains and primarily changes what is present at
the surface by statistical effects only.

Conclusions

The growth of aerosols around an aqueous core is a highly
complex and dynamic problem, with the exact nature and
number of different species present at the aqueous–organic
interface dependent on a large number of factors involving both
the molecules that are present in the environment in which it is
formed and the reactions that take place at its surface to age it.
These reactions are in turn affected by the accessibility of
different groups at the aerosol–air interface.

The work here uses molecular dynamics simulations to
investigate how the structure of the organic layer of aqueous
aerosol with radius >210 nm varies as the surface coverage of
organic molecules increases. The chosen aerosol mimics were
slabs of water with stearic, oleic or linoleic acid molecules
added one by one, in order to mimic stepwise aerosol growth.
Changes in the orientations of individual molecules at different
acid coverages were discussed. It is found that at higher acid
concentrations linoleic and oleic acids tend to be orientated
with their chains more aligned to the surface normal, in order
to allow for the better packing of acid molecules into the surface
layer. No strong trend was found for stearic acid, with this
attributed to the more exible nature of the chains allowing for
other methods of efficient packing even at low coverages. There
© 2023 The Author(s). Published by the Royal Society of Chemistry
was also found to be a slight tendency for chains to be more
uncurled at higher surface coverages, for all acid species.

The accessibility of different groups to an incoming species
was then investigated using the accessible surface area analysis
method. It was found that at all surface coverages the surface
largely consisted of CH3 and CH2 groups with only small HC]
CH and COOH presence. The surface area presence of these
HC]CH and COOH groups did, however, vary with the number
of acid molecules present, rst decreasing, as tighter packing
prevented the probe from accessing groups further into the
slab, before increasing as the monolayer coverage was exceeded
(monolayer collapse). Based on these changes, and on visual
inspection of the slabs it was determined that for a periodic slab
with surface dimensions of 6.5 × 6.5 nm full monolayer
coverage is reached on addition of around 130molecules, which
corresponds to coverages of 3.1 molecules per nm2 or 32 Å2 per
molecule. The trends were, however, less clear for stearic acid
than for the other two organic species.

It has been demonstrated that the structure of the organic
layer of model aerosols changes signicantly with surface
coverage, even in the range that could be considered a mono-
layer, as does the accessibility of different groups to an
incoming species. It is this accessibility that denes the reac-
tivity of an aerosol particle towards species present in the
atmosphere, both altering its ability to catalyse atmospheric
reactions and determining its own evolution due to aging
processes. The work here gives a means of directly examining
how surface coverage is linked to functional group presence at
the aerosol–atmospheric interface and therefore gives a unique
insight into how this coverage may affect the reactivity of the
aerosol. A deeper understanding of how the structure of aero-
sols affects their reactivities will inform better modelling of the
formation and evolution of these and thus ultimately lead to
a greater understanding of the roles that they play in key
atmospheric processes.
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36 E. González-Labrada, R. Schmidt and C. E. DeWolf, Kinetic
Analysis of the Ozone Processing of an Unsaturated
Organic Monolayer as a Model of an Aerosol Surface, Phys.
Chem. Chem. Phys., 2007, 9, 5814–5821.

37 P. Ziemann, Aerosol Products, Mechanisms, and Kinetics of
Heterogeneous Reactions of Ozone with Oleic Acid in Pure
and Mixed Particles, Faraday Discuss., 2005, 130, 469–490.

38 S. Seok, T. J. Kim, S. Y. Hwang, Y. D. Kim, D. Vaknin and
D. Kim, Imaging of Collapsed Fatty Acid Films at Air-Water
Interfaces, Langmuir, 2009, 25, 9262–9269.

39 V. M. Kaganer, I. R. Peterson, R. M. Kenn, M. C. Shih,
M. Durbin and P. Dutta, Tilted Phases of Fatty Acid
Monolayers, J. Chem. Phys., 1995, 102, 9412–9422.

40 S. Sam, S. Krem, J. Lee and D. Kim, Recovery of Fatty Acid
Monolayers by Salts Investigated by Sum Frequency
Generation Spectroscopy, J. Phys. Chem. B, 2022, 126, 643–
649.

41 U. K. Krieger, C. Marcollia and J. P. Reid, Exploring the
Complexity of Aerosol Particle Properties and Processes
using Single Particle Techniques, Chem. Soc. Rev., 2012, 41,
6631–6662.

42 B. Ervens, G. Feingold and S. M. Kreidenweis, Inuence of
Water-Soluble Organic Carbon on Cloud Drop Number
Concentration, J. Geophys. Res.: Atmos., 2005, 110, D18211.

43 M. D. King, A. R. Rennie, K. C. Thompson, F. N. Fisher,
C. C. Dong, R. K. Thomas, C. Pfrang and A. V. Hughes,
Oxidation of Oleic Acid at the Air–Water Interface and its
Potential Effects on Cloud Critical Supersaturations, Phys.
Chem. Chem. Phys., 2009, 11, 7699–7707.

44 H.-M. Hung and P. Ariya, Oxidation of Oleic Acid and Oleic
Acid/Sodium Chloride(aq) Mixture Droplets with Ozone:
Changes of Hygroscopicity and Role of Secondary
Reactions, J. Phys. Chem. A, 2007, 111, 620–632.
© 2023 The Author(s). Published by the Royal Society of Chemistry
45 C. Y. Pak, W. Li and Y. L. S. Tse, Free Energy and Dynamics of
Organic-Coated Water Droplet Coalescence, J. Phys. Chem. C,
2020, 124, 8749–8757.

46 X. Ma, P. Chakraborty, B. J. Henz and M. R. Zachariah,
Molecular Dynamic Simulation of Dicarboxylic Acid Coated
Aqueous Aerosol: Structure and Processing of Water Vapor,
Phys. Chem. Chem. Phys., 2011, 13, 9374–9384.

47 X. Li, T. Hede, Y. Tu, C. Leck andH. Ågren, Surface-Active cis-
Pinonic Acid in Atmospheric Droplets: A Molecular
Dynamics Study, J. Phys. Chem. Lett., 2010, 1, 769–773.

48 M. H. H. Pomata, D. Laria, M. S. Skaf and M. D. Elola,
Molecular Dynamics Simulations of AOT-Water/
Formamide Reverse Micelles: Structural and Dynamical
Properties, J. Chem. Phys., 2008, 129, 244503.

49 J. Chowdhary and B. M. Ladanyi, Molecular Simulation
Study of Water Mobility in Aerosol-AOT Reverse Micelles, J.
Phys. Chem. A, 2011, 115, 6306–6316.

50 J. Chowdhary and B. M. Ladanyi, Molecular Dynamics
Simulation of Aerosol-AOT Reverse Micelles, J. Phys. Chem.
B, 2009, 113, 15029–15039.

51 G. Ergin and S. Takahama, Carbon Density is an Indicator of
Mass Accommodation Coefficient of Water on Organic-
Coated Water Surface, J. Phys. Chem. A, 2016, 120, 2885–
2893.

52 S. Takahama and L. M. Russell, A Molecular Dynamics Study
of Water Mass Accommodation on Condensed Phase Water
Coated by Fatty Acid Monolayers, J. Geophys. Res.: Atmos.,
2011, 116, D02203.

53 P. Chakraborty and M. R. Zachariah, On the Structure of
Organic-Coated Water Droplets: From “Net Water
Attractors” to “Oily” Drops, J. Geophys. Res.: Atmos., 2011,
116, D21205.

54 I. Langmuir, The Adsorption of Gases on Plane Surfaces of
Glass, Mica and Platinum, J. Am. Chem. Soc., 1918, 40,
1361–1403.

55 J. Vieceli, O. L. Ma and D. J. Tobias, Uptake and Collision
Dynamics of Gas Phase Ozone at Unsaturated Organic
Interfaces, J. Phys. Chem. A, 2004, 108, 5806–5814.

56 O. M. Roscioni, L. Muccioli, A. Mityashin, J. Cornil and
C. Zannoni, Structural Characterization of Alkylsilane and
Fluoroalkylsilane Self-Assembled Monolayers on SiO2 by
Molecular Dynamics Simulations, J. Phys. Chem. C, 2016,
120, 14652–14662.

57 J. M. Castillo, M. Klos, K. Jacobs, M. Horsch and H. Hasse,
Characterization of Alkylsilane Self-Assembled Monolayers
by Molecular Simulation, Langmuir, 2015, 31, 2630–2638.

58 D. M. Duffy and J. H. Harding, Modeling the Properties of
Self-Assembled Monolayers Terminated by Carboxylic
Acids, Langmuir, 2005, 21, 3850–3857.
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