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Environmental significance

Oxidation of organic films at the mineral—water
interface by aqueous-phase ozone affects aerosol
light scattering

Edward J. Stuckey, (22° Rebecca J. L. Welbourn, 2 °¢ Tobias W. D. Robson, {2
Philipp Gutfreund, {2 ¢ Katherine C. Thompson, &2 Adrian R. Rennie (99
and Martin D. King (& *?

Interfacial organic films on atmospheric aerosol particulates can modify their light scattering properties,
potentially impacting Earth's radiative balance. Here, a proxy for organic films at the aerosol mineral-
water interface is measured using neutron reflectometry, and the results are contextualized in a single
particle light scattering model, N-Mie. Model lipid-bilayers, composed of DPPC (no double bonds),
POPC (1 carbon-carbon double bond), and DOPC (2 carbon-carbon double bonds), were deposited on
a silica—water interface and oxidized with aqueous ozone to simulate the oxidation of organic films on
aqueous mineral aerosol particles. Neutron reflectometry measurements showed that these bilayers
initially formed films approximately 4 nm thick, and oxidation by aqueous ozone led to thickness
reductions proportional to the number of carbon—-carbon double bonds. Post-oxidation thicknesses
were 4 nm (DPPC), 1.6 nm (POPC), and 0.4 nm (DOPC). Light scattering modelling of particulates with
a mineral core and water film revealed that a 1 nm lipid-like organic film at the mineral-water interface
had similar effects on the single scattering albedo (w) asymmetry parameter (g), and forcing efficiency

AF
(—) of an aerosol particulate as at the air—water interface. The Mie modelling also revealed that an
T

increase in the thickness of the organic film at the mineral-water interface of up to 10 nm results in an
increase in forward scattering of light (Ag = 0.025), a decrease in the amount of light scattered (Aw =

AF
—0.016) and an aerosol forcing efficiency (AT =0.009 W m’z). The findings presented here indicate

that organic films with experimentally measured thicknesses at the mineral-water interface can
significantly alter aerosol forcing efficiency.

Atmospheric aerosols influence Earth's climate by scattering and absorbing sunlight, yet the role of organic films at aerosol interfaces remains poorly con-

strained. Understanding how these interfacial layers modify light scattering is essential for accurately representing aerosol-radiation interactions in climate
models. The work presented here combines neutron reflectometry with light-scattering simulations to quantify how ozone oxidation alters the thickness and
optical effects of lipid-like organic films on aqueous mineral surfaces. The results show that film oxidation markedly influence scattering properties and aerosol

forcing efficiency. These findings demonstrate that nanometer scale interfacial organic layers, commonly present on atmospheric particles, can meaningfully

affect radiative forcing, emphasizing the need to include interfacial chemistry in climate-relevant aerosol models.
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aqueous atmospheric aerosol and hydrometeors and have been
shown to have significant atmospheric impacts,'® altering the
light scattering and cloud-water nucleating potential of atmo-
spheric aerosol."**” In prior studies, the authors of the work
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similar light scattering effects on atmospheric aerosol owing to
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water'®'* and mineral-air interface.” However, the importance
of organic thin films at the alternative, but linked, mineral-
water interface of the aerosol remains relatively unknown. A
simplistic representation of atmospheric aerosol with films at
the “air-water” and “mineral-water” interfaces are provided in
Fig. 1. Here, the authors undertake a combination of experi-
mental measurements and single particle Mie scattering
modelling to better understand the atmospheric importance of
organic thin films at the aerosol mineral-water interface.

A significant proportion of atmospheric aerosol is comprised
of mineral material, with mineral dust contributions to global
aerosol emissions reaching an estimated 1000-3000 Mt per
year;"* constituting more than half of the total global aerosol
burden.**® Mineral aerosols can affect the atmosphere by
scattering and absorbing light,"””** by serving as cloud
condensation nuclei,***® and by providing a solid surface for
chemistry in the atmosphere.”**” The atmospheric impact of
mineral aerosol is determined in part by their chemical and
morphological properties,*******° which may vary spatially, and
temporally.®*** The size distribution of these particles is typi-
cally characterized by a multi-modal log-normal distribution by

Organic Film at
Air-Water Interface

Organic Film at
Mineral-Water Interface

“Coated”

“Uncoated”

il

Fig.1 A schematic of mineral aerosol particles encapsulated by water
with an organic film at the mineral-water (top-left) and air—water
(top-right) interfaces, and a schematic representation of the core-
shell model of the aerosol used in the N-Mie program to calculate the
change in single scattering albedo and asymmetry parameter of the
aerosol owing to the presence of the organic film discussed later in
Sections 2.4, 3.3 and 4.2. The grey/light component represents the
mineral core, the blue/dark component represents the water around
the particle, and the orange striped layer represents the organic film.
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particle radius; while the largest number densities are concen-
trated in the sub-micron “accumulation mode” (D, < 1 pm), the
vast majority of the mass density is sequestered within the
coarse mode, often exceeding 10 pm in diameter near source
regions.*® Beyond its physical presence, dust serves as a critical
heterogeneous reaction site for atmospheric chemistry, facili-
tating the uptake and partitioning of trace gases.”” For
laboratory-based kinetic and optical studies, silica (SiO,) is
frequently employed as a robust proxy for natural dust due to its
dominance as a primary mineralogical constituent (averaging
approximately 60% by mass in crustal samples) and its well-
defined surface hydroxyl groups which mimic the reactive
behaviour of authentic desert aerosols.**** Owing to the
substantial amount of mineral aerosol particulates in the
atmosphere, quantifying how they may change over their life-
time is important for refining climate, aerosol, and cloud pro-
cessing models. One way in which a mineral aerosol may
change with time is through the accumulation of organic
material at the interfaces of the host particulate as a thin
film.****® Interfacial organic thin films have been shown to be
susceptible to oxidation.**'-*® The oxidation of interfacial thin
films can alter the optical and hygroscopic properties of the
host aerosol particulate, leading to subsequent effects on the
weather and climate.’*>*74®

One prevalent oxidant in the atmosphere is ozone. Many
molecules in the atmosphere are susceptible to chemical
transformation by ozone through reaction pathways such as the
addition of oxygen to the carbon-carbon double bond of
alkenes** and triple bonds of alkynes,*»** the addition to
aromatic rings,*>*** and the oxidation of nitrogen oxides*»**%”
and sulfides.*** Furthermore, ozone is readily soluble in
water,”®* which allows aqueous-phase reactions to occur in
bulk water.®>** Ozone resides in the atmosphere at approximate
background concentrations of 30-40 ppb in the gas-phase,*
and approximately 30 ppb in the aqueous phase, dissolved in
atmospheric water,* with some spatial and temporal variation
in the atmospheric concentrations of ozone across the Earth.*
Owing to the relatively large concentrations of ozone in the
atmosphere, the numerous reaction pathways, and its aqueous
solubility, ozone is particularly relevant for the study of thin-
film oxidation reactions at atmospheric aerosol interfaces.

Some of the methods of characterizing the chemical and
physical properties of films at aerosol and aerosol proxy inter-
faces include spectrometry,®>"> spectroscopy,”””
chromatography,”®®® surface tensiometry, neutron and X-
ray scattering,'®'***##2 and microscopy.”®® Despite exten-
sive research into the aerosol air-liquid, liquid-liquid, and
solid-air interfaces,31%:11:41:42,48,73,84-86,85,91,92,96-104 [jttle research
has been done on the role of atmospheric organics at the solid-
liquid interface, in part due to the complexity of measuring
“buried” interfaces. Neutron reflectometry is one technique that
enables the observation of buried interfaces'®™°” owing to the
ability for neutrons to penetrate certain materials, and has been
successfully used elsewhere to investigate organics at the solid-
liquid interface and an overview of the recent and historic use of
neutron reflectometry to measure the solid-liquid interface can
be found in the reviews by Welbourn and Clarke'”® and
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Fragneto-Cusani'® respectively. While neutron reflectometry is
well adopted in fields such as biochemistry and soft matter, it
remains a novel measurement technique for atmospheric
sciences. Neutron reflectometry is the chosen measurement
technique for the work presented here owing to its non-
destructive, penetrative surface measurement capabilities,
and, so far as the authors are aware, the work herein is the first
application of neutron reflectometry to consider the atmo-
spheric implications of organic films at the aerosol mineral-
water interface.

For this initial investigation into the atmospheric signifi-
cance of organic thin films at the mineral-water interface,
phosphocholine lipids have been used as an atmospheric
organic film proxy owing to their ability to self assemble into
reproducible organic films at the mineral-water interface.'®
The selected atmospheric proxies for this work are DPPC (1,2-
dipalmitoylphosphatidylcholine), POPC (1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine), and DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine), chosen for their similar molecular
structure and varying number of unsaturated carbon-carbon
double bonds (0, 1, and 2 respectively). The chemical structure
of DPPC, POPC, and DOPC is provided in Fig. 2. The composi-
tional and structural similarities of DPPC, POPC, and DOPC
allow for consideration of the significance of the number of
unsaturated carbon-carbon double bonds in the extent and
duration of organic film oxidation.

Virkkula et al.*® reported that aerosol samples collected in
the Eastern Mediterranean contained three main phospholipid
classes: phosphatidylcholines (present in 73% of samples),
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Fig. 2 Diagrams of the chemical structure of the three lipids used in
this work, 1,2-dipalmitoylphosphatidylcholine (DPPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), and 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC). Diagrams adapted from relevant
chemical diagrams at Sigma-Aldrich.
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followed by phosphatidylglycerols (20%) and phosphatidyleth-
anolamines (7%). Griffen et al."** suggested that dust and soil
aerosols provide effective surfaces for biological material,
including cellular and fungal debris as well as pollen. The lysis
of such biological material has been identified as a potential
source of phosphocholine lipids.">'** Van Acker et al.*** re-
ported the presence of the phosphocholine lipid di-
palmitoylphosphatidylcholine (DPPC) in sea spray aerosol in
Belgium, with median and maximum air concentrations of 7.1
and 33 pg m >, respectively. Decesari et al.'** also provided
tentative evidence for the presence of phosphocholine lipids in
aerosols from the Southern Ocean. More broadly, sea spray
aerosol is recognised as a significant source of organic biolog-
ical material in the atmosphere,"*"*® and that some of this
material will form films at the air-water interface.*®'**

The questions this study aims to answer are threefold: what
are the thicknesses of films formed by cellular (lipid) material,
to what extent are these films removed by exposure to ozone;
and, lastly, what are the light scattering impacts of the presence
and oxidation of the experimentally measured films on atmo-
spheric aerosol?

2 Methods

The work presented here employs neutron reflectometry,
a surface measurement technique, to analyze thin films at the
mineral-water interface as a proxy for similar interfaces in
atmospheric aerosols. The thickness of thin films before,
during, and after oxidation are incorporated into single-particle
Mie scattering models to evaluate the atmospheric significance
of these films over an atmospheric aerosol's physical lifetime.
From the results of the Mie scattering model, the aerosol
forcing efficiency is estimated.

2.1 Neutron reflectometry

Neutron reflectometry is a surface measurement technique that
can derive the thickness, inter-layer roughness, and density of
a sample at an interface by measurement of the intensity of
a beam of specularly reflected neutrons before, I, and after, I,
interacting with a surface, or “sample”. The reflectivity is then
the proportion of the incident beam reflected by the sample, as
demonstrated in eqn (1).

R(Q) = + (1)

The reflectivity is a function of both neutron wavelength, 4,
and angle of incidence, ¢, so the momentum transfer, Q, is used
to combine these dependencies as defined in eqn (2). A plot of
the reflectivity versus momentum transfer is known as the
reflectivity profile.

47t sin(6)
= (2)

The intensity of the scattering interaction of a neutron with
an atom is described by the square of the neutron scattering
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length, b. For larger materials composed of multiple atoms the
average scattering effect per unit volume, known as the scat-
tering length density, p, can be calculated as the sum of the
scattering lengths of all atoms within the material divided by
their collective volume, V, as shown in eqn (3).

N
> bi
i=1

p= .Vn 3)

A comparison of the scattering length densities of an
uncoated surface and a surface with a lipid bilayer on, and the
reflectivities produced by these, is demonstrated in Fig. 3.

The neutron scattering length of a material is isotopically
variable; hence, isotopic substitution can be employed to
modify the neutron contrast, effectively masking or enhancing
information about certain parts of a sample. In this study,
isotopic substitution is utilized to match the neutron scattering
length density of water to that of silicon by mixing H,O and
D,0, thereby isolating information about the lipid bilayer—this
solution is referred to as silicon contrast-matched water
(SiMW).

The reflectivity measurements in the work presented
here'**** were made at the ISIS Neutron and Muon Source, UK,
using the multi-wavelength instrument INTER,”™ with
preliminary measurements performed at the Institut Laue-
Langevin, France. The data were reduced following standard
reduction procedures.’*®'?* The high-flux of INTERY?™*

4 | | |
3 — —
=
‘o
i
x
: 2 b v =
5 \ |
e \
=
& ' 4
8 1+ \ /] —
2
'E 1 1
g \ !
Silicon Silica Head Tail Tail Head CMW
1 | I I
-20 0 20 40 60

Distance from interface /A

View Article Online

Paper

provides a relatively fine time resolution and was used here to
monitor the oxidation of organic thin films at the mineral-water
interface by aqueous ozone. Throughout the measurements
presented here, the neutron footprint was maintained within
the sample area of the solid-liquid cell and a constant dq/q
resolution of 0.03 was controlled using the incident slits. Two
incident angles of 0.7° and 2.3° were used to measure over
a momentum transfer range between 0.01-0.3 A™*,

2.2 Reflectometry data analysis

In order to determine the structure of a film at an interface from
neutron reflectometry data, a model is required owing to
a phenomena known as “the phase problem”.**® Instead of
using the reflectivity directly, a model of the scattering length
density profile (scattering length density as a function of the
distance normal to the interface) is optimized until it most
accurately reproduces a measured reflectivity profile, an
example of this is shown in Fig. 3. Models of neutron reflec-
tometry data typically consist of a series of uniform slabs
between two infinitely thick bulk materials of given values of
scattering length density. Each slab is usually parametrized by
a thickness, scattering length density, and interlayer roughness.
For solid-liquid experiments, the infinite bulk materials are the
liquid subphase and the solid substrate.

The work described here has used the Abelés method™*
through the fitting package Refnx.'" Model scattering length
density profiles were parameterized by a set of five slabs
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Fig. 3 The neutron scattering length density (left) and reflectivity (right) profiles of an uncoated and POPC lipid bilayer coated silica surface. The
best fits shown were produced using the Abelés method in Refnx.*® Common parameters are used to describe the silica layer and bulk
components. The shaded area, the area between the scattering length density profile of the uncoated surface and the surface with a POPC

Bilayer, was used to determine the proportion of material remaining at the interface.
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Fig.4 Asimplified representation of a diagram, ‘slab” model, and simplified scattering length density profile of a mineral-water interface with and

without a lipid bilayer, i.e. “coated” and “uncoated”.

consisting of the native oxide layer on the silicon, and the head
and tail regions of both lipid bilayer leaflets, all between bulk
scattering length densities of silicon and the relevant aqueous
contrast. A schematic diagram of this is shown in Fig. 4. The
scattering length density, thickness, solvation, and interfacial
roughness of the lipid components, as well as the thickness and
roughness of the oxide layer, were variable parameters. The
initial values of the pre-fit parameters were determined from
existing literature for the lipid components,*> and the values of
the scattering length density of the bulk and silica layer were
determined from the NIST Scattering Length Density Calcu-
lator, with the fitting bounds constrained by reasonable phys-
ical limitations. For the measurements of the uncoated
interface and the lipid bilayers before oxidation, contrasts of the
sample with H,0, D,0, and SiMW were combined in a co-fitting
approach, allowing the values of thickness, interlayer rough-
ness, scattering length densities, and solvation to be retained
between the models of each contrast while varying the bulk
aqueous phase scattering length density, thereby improving
confidence in the fit. To fit the data during the ozonolysis
reaction, the scattering length density and thickness of the lipid
components were allowed to vary with all other model param-
eters held at the pre-reaction values. In order to account for the
possibility of complete removal of the film, the lipid thickness
lower bound was set to zero and the lipid scattering length
densities were allowed to vary up to the scattering length density
of the subphase.

2.3 Experimental setup & sample preparation

The lipids DPPC, POPC, and DOPC, obtained from Sigma-
Aldrich, were dissolved in ultrapure (=99.9) chloroform at
a concentration of 1 mg mL ™" and stored in amber glass vials at
—18 °C in the dark until experimental use. A maximum of 90

© 2026 The Author(s). Published by the Royal Society of Chemistry

minutes prior to measurement, 1 mL of the lipid-chloroform
solution was transferred into an amber glass vial, dried gently
under nitrogen, and then combined with ultrapure MilliQ water
(>18 MQ cm) and vigorously shaken until a cloudy appearance
was achieved. The resulting water-lipid suspension was soni-
cated using an ultratip sonicator, employing 10-second pulses
for 2 minutes to produce lipid vesicles suspended in a water
solution (1 mg mL™"). Vesicle formation was evident from the
appearance of a transparent solution with a characteristic faint
blue tinge when held up to a light source.

Single-crystal silicon substrates, oriented along the (001)
plane, were obtained from and polished by Crystech to a root-
mean-square surface roughness of approximately 2 A. The
surface flatness was <5 pm, and the parallelism was maintained
within ~0.05°. The crystals were thoroughly washed with water,
ethanol, and sulfuric acid, then rinsed with water and cleaned
in a UV-Ozone Cleaner for 20 minutes, followed by another rinse
with water to ensure they were hydrophilic. The blocks were
mounted in solid-liquid cells and measured by neutron reflec-
tion under three contrasts: H,O, D,0, and SiMW. Lipids were
subsequently deposited via vesicle fusion, a widely adopted
procedure, where, on contact with the solid interface, the vesi-
cles rupture and self-assemble into bilayers. POPC and DOPC
were injected at room temperature, whereas DPPC was heated
to 50 °C for deposition.™*® The initial state of each bilayer film
was measured under D,0, H,O, and SiMW contrasts. The ozo-
nolysis reaction was carried out by flowing silicon contrast-
matched water containing known concentrations of aqueous
ozone continuously through the cell. All fluid exchanges were
performed at a rate of 0.5 mL min~", regulated with a Jasco
HPLC pump with the de-gasser bypassed.

The aqueous solutions containing dissolved ozone were
prepared by passing gaseous oxygen through a corona discharge

Environ. Sci.. Atmos.
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ozonizer at a rate of 0.005 L min ™" to generate gas-phase ozone
at mixing ratios exceeding 1000 ppm, which was then bubbled
into 200 mL of silicon contrast-matched water whilst stirring.
The concentration of ozone in the water did not increase
beyond 2 hours, plateauing at a concentration of approximately
42 umol dm™3, as determined by UV-vis spectroscopy*®* using
the absorbance at 260 nm and a molar absorption coefficient of
2992 M~' L em~'.** Dilutions of 1: 4 v/v (8.3 umol dm ) and
1:19 (2.1 pumol dm %) were prepared and kept in amber bottles
in the dark at 4 °C, with a single drop of concentrated sulfuric
acid added to each 1 L solution (pH ~1) to prevent decay.'*®
Aqueous ozone solutions were prepared a maximum of 2 hours
before use.

2.4 Mie scattering

Mie scattering is the dominant form of light scattering caused
by aerosols in the atmosphere owing to the similarity of their
size and the wavelength of sunlight,****”*** and is the focus of
a wide range of atmospheric®***”** and astronomical****
research. Despite atmospheric aerosol comprising a variety of
complex particle shapes, it is common to approximate the
aerosol particles to homogeneous spheres. Typically the aerosol
particles are described as one or more concentric spheres with
given refractive indices,"* and an equivalent approach is used
herein.

The atmospheric aerosol considered in the work presented
here consist of three components, a mineral core (silica), sur-
rounded by layers of organic (e.g. lipid-like) material and water,
and hence are considered as a “multi-layered sphere”, as
depicted in Fig. 1. To calculate the optical properties of a multi-
layered sphere, the Mie scattering program N-Mie by Vosh-
chinnikov et al.,*** based on the recursive algorithms by Wu and
Wang,"* is implemented. N-Mie represents multi-layered
spheres as a series of concentric spheres, each with a given
radius/thickness and complex refractive index. N-Mie has been
used extensively elsewhere, including to determine the effect of
thin films on aerosol optical properties.*® The Mie scattering
analysis in this work focuses primarily on changes in film
thickness rather than chemical composition as the refractive
index of the organic material is unlikely to significantly change
from chemical reaction with ozone. As an example, the ozo-
nolysis of oleic acid (real component of the refractive index (RI)
= 1.47), one of the tail components of the unsaturated lipid,
produces products such as nonanoic acid (RI = 1.43) and aze-
laic acid (RI = 1.43))."¢

A single wavelength of light of 500 nm was used in the N-Mie
model to be broadly representative of shortwave wavelengths
within the lower atmosphere. The optical properties of an
atmospheric aerosol were simplified to the single scattering
albedo, w, and the asymmetry parameter (the average of the
cosine of the scattering angle of light by the particle), g. The
value of w ranges from 0 (completely absorbed) to 1 (completely
scattered), and the value of g ranges from —1 (backward scat-
tering) to 1 (forward scattering). The complex refractive indices
of the components of the aerosol model were obtained from
experimentally acquired measurements at 500 nm for silica
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Table 1 Properties of multi-layered aerosol particles, including layer
position and description, thickness range (), modelling step size (Ad),
and complex refractive index (RI). The step size increases with particle
size to maintain computational efficiency while resolving smaller layers
accurately

Layer Description 6/nm Adé/nm RI

Core Silica core 10-1000 10/100 (1.45, 0.00)
Inner shell Organic film 0.1-10 0.1 (1.54, 0.01)
Outer shell Water film 1-100 1 (1.34, 0.00)

(complex refractive index, n = 1.45 + 0.007),"” atmospheric
organics (n = 1.54 + 0.01%),">"** and water (n = 1.34 + 0.007)."*°
The imaginary components of the complex refractive indices for
water and silica were considered negligible. The thickness of
the organic film was varied from 0.1 to 10 nm (0.1 nm steps),
and the water film from 1 to 100 nm (1 nm steps). The values of
w and g for an aerosol particle with a given organic and water
film thickness on a range of mineral core sizes between 10-
1000 nm (10 nm steps between 10-100, 100 nm steps between
100-1000) were calculated. The values of w and g for a “typical”
aerosol particle with a given organic and water film thickness
were determined by producing a weighted average of the values
of w and g for core sizes in a range of 10 to 1000 nm. The values
of w and g for a given organic and water film thickness were
weighted according to a number density distribution of the
urban atmospheric aerosol size distribution given by Jaenicke,*
where the weighting was relative to the radius of the core. A
summary of the N-Mie modelling parameters used herein is
presented in Table 1.

To determine the effect of an organic film on the light scat-
tering properties of an aerosol at the mineral-water (and for
comparison, air-water) interface, the differences in single
scattering albedo Aw and asymmetry parameter Ag were
computed, as described in eqn (4) and (5).

Aw = Weoated — Wuncoated (4)
Ag = Zcoated — &uncoated (5)

The total size of the coated and uncoated aerosol were kept
constant for this comparison, to eliminate any size related
changes to w and g, as shown in Fig. 1.

N-Mie was tested against Bohren & Huffman'® and Mie-
Plot™ to ensure the models were in agreement for single
homogeneous sphere and core-shell calculations of w and g for
the size range and optical properties used in the work presented
here.

2.5 Aerosol forcing efficiency

The mean of the annual, global effect of an aerosol on the top of
atmosphere aerosol forcing, AF can be estimated using a given
value for aerosol single scattering albedo, w, backscattering
efficiency, b, and optical depth (AOD), 7. In the current work, the
values of aerosol single scattering albedo and backscattering
efficiency can be calculated from the Mie scattering calculation,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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allowing the value of aerosol radiative forcing per unit optical
depth (aerosol forcing efficiency) as described elsewhere,'>*'*>
presented in eqn (6), to be calculated.

¥ = DS T(1 — Ac)wﬁ{(l ~R) - (2§5> Ké) - 1} }
(6)

where D is the fractional day length (0.5), S, is the solar constant
(1370 W m™?), T, is the atmospheric transmittance (0.76), A. is
the fractional cloud amount (0.6), and R; is the surface reflec-
tance (0.15), and @ is the average upscatter fraction, which can
be approximated by 8 = 0.0817 + 1.8495b — 2.9682h>. The values
of these parameters are those recommended by Haywood and
Shine.™*

The results calculated using eqn (6) for an aerosol with and
without a thin, interfacial film are used to determine the change
in aerosol forcing efficiency owing to the presence of a thin film

. . . AF
at the aerosol air-water and mineral-water interface (A —)
T

and presented alongside the respective values of Aw and Ag.

3 Results

The results presented here combine neutron reflectometry, Mie
scattering, and aerosol forcing efficiency calculations. The
neutron reflectometry measurements are used to determine the
thickness of thin organic films at the mineral-water interface,
and investigate how these films change with time (see Fig. 3).
The model, N-Mie, is then used to calculate the change in single
scattering albedo and asymmetry parameter owing to the
presence of thin films of experimentally-measured thicknesses
at the air-water versus mineral water interface. Mie scattering
calculations are also made for films of varying thicknesses at the
mineral-water interface. The results from the N-Mie model were
then used to approximate the change in aerosol forcing effi-
ciency owing to the presence of the interfacial organic film.

3.1 Initial characterisation of bilayers

Neutron reflectometry measurements confirmed the presence
of a deposited film at the mineral-water interface in all samples
studied, as evidenced by a noticeable change in the reflectivity
profiles before and after vesicle deposition (see Fig. 3). The
formation of lipid bilayers at the mineral-water interface was
verified by optimizing scattering length density models based
on the structure shown in Fig. 4, which reproduced the
measured reflectivity data. The optimization of the scattering
length density models provided values for the approximate
thickness of the overall bilayer used in the Mie Modelling. Note
that the surface coverage of lipid bilayers can vary between
substrates.

3.2 Exposure of films to ozone

Fig. 5 shows an approximation for the relative proportion of the
DPPC, POPC and DOPC bilayers remaining at the mineral-
water interface as a function of the duration the films were
exposed to 42 pmol per dm® aqueous ozone. The proportion of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The proportion of material remaining at the mineral-water
interface as a function of time exposed to 42 pmol dm~> ozone,
determined directly from the total neutron counts.

material in the POPC and DOPC bilayers decreased over the first
~1000 s, to approximately 40% and 10% of the original film
respectively, at which point no more material was lost for the
rest of the measurement period. The proportion of material in
the DPPC bilayer did not appear to be altered by exposure to 42
pumol dm ™ ozone over ~8000 s.

Fig. 6 presents the scattering length density of the POPC and
DOPC bilayers as a function of time and distance from the
interface, when exposed to aqueous ozone of concentrations of
8.3 and 2.1 umol dm™>, respectively. As regions of the plot
darken with time, this can be interpreted as organic material
being replaced with water, highlighting a reduction in overall
film thickness but some material remains. The decrease in
ozone concentration slowed the rate of loss of material from the
interface from ~1000 s in 42 pmol dm > ozone, to ~5000 s for
POPC in 8.3 pmol dm™, and ~30 000 s for DOPC in 2.1 pmol
dm™>. The use of significantly lower concentrations of ozone
allowed the acquisition of the more detailed structural infor-
mation presented in Fig. 6. The method used in Fig. 6 provides
unprecedented graphic detail regarding what is happening at
the mineral-water interface and allows mechanistic details to
be elucidated.

3.3 Light scattering and aerosol forcing efficiency

Fig. 7 shows the changes in single scattering albedo, asymmetry
parameter and aerosol forcing efficiency of a model mineral
aerosol owing to the presence of a 1 nm thick organic film at the
mineral-water or air-water interface (as shown in Fig. 1) as
a function of the thickness of the water layer, where the water
layer thickness varies between 1-100 nm. For the model particle
with the organic layer at the air-water interface, the value of Aw
varies from —3.5 x 107> to —0.8 x 10>, the values of Ag vary

AF
from 3.8 x 10> to 0.5 x 103, and the values of 4 — vary from
T
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Fig. 6 The scattering length density profiles of POPC and DOPC
bilayers at the mineral-water interface as a function of time when
exposed to continuously flown aqueous ozone (8.3 pmol dm~* for
POPC, 2.1 pmol dm™ for DOPC). The brightness intensity of the plot is
determined by the scattering length density, allowing clear identifi-
cation of different film components and changes over time. Sample
components with a scattering length density equal to the scattering
length density of the solution, ie., 2.065 x 107% A2, are shown in
black, while lighter shading indicates a lower scattering length density.
Thus, a decrease in component brightness is considered representa-
tive of the film decaying away and being replaced with silicon contrast-
matched water. Aqueous solutions of ozone are added when the
exposure time is zero.

0.11 to 0.03 W m ™. For the model particle with the organic film

at the mineral-water interface, the value of Aw vary from —3.4 x

103 to —0.3 x 103, Ag varies from 3.6 x 10 * to —0.6 x 103,
AF

and the values of 4 — vary from 0.11 to 0.01 W m 2.

T

AF
Fig. 8 shows the values of Aw, Ag, and 4— as a function of
T

the organic film thickness for a model particle with an organic
film present at the mineral-water interface. The thicknesses of
the organic film vary between 0.1-10 nm, and the water layer's
thickness is 10 nm. The results in Fig. 8 demonstrate that the
value of w of the model particle decreases and the values of g

AF . . .
and — increase as a function of the thickness of the organic
T

film. The greatest effect on the model particles considered here
was for an organic film at 10 nm, which produced a value of

AF
—0.016 for Aw, 0.025 for Ag, and 0.52 W m > for 4 —.
T

The Mie scattering calculations presented here were per-
formed for light with a wavelength of 500 nm, chosen to be
broadly representative of shortwave solar radiation in the lower
atmosphere. At longer wavelengths, the size parameter of
a given aerosol particle decreases which tends to increase the
ratio of forward scattered light, relative to backward scattered
light, thus increasing the value of the asymmetry parameter, g.
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Fig. 7 Modeled changes in single scattering albedo, asymmetry
parameter, and aerosol forcing efficiency for a model water-coated
silica particle owing to the presence of a 1 nm thick organic film
located at either the mineral-water or air—water interface. The
parameters are shown as a function of water layer thickness, varying
from 1 to 100 nm.

It could be expected that there would be a decrease light
absorption by the particle with wavelength in the visible regime,
increasing the value of the single scattering albedo, w. The
inverse is expected at shorter wavelengths. However, it should
be noted that such suggestions are tendencies only and a Mie
scattering calculation should be performed. Also given the
complex interplay of scattering and absorption effects intro-
duced by a thin interfacial film, the values of Aw and Ag for an
aerosol particle of a given morphology are wavelength-
dependent, and accurate determination would require indi-
vidual calculation at each wavelength of interest.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The calculated change in single scattering albedo, asymmetry
parameter, and aerosol forcing efficiency of a silica particulate coated
in a 10 nm thick water film owing to the presence of an organic film of
0.1-10 nm thickness at the mineral-water interface. The dashed lines
provide a guide to contextualise the results of the experimental
component of this work.

4 Discussion
4.1 Film oxidation

The results depicted in Fig. 6 demonstrate that lipid bilayers at
the mineral-water interface, containing molecules with unsat-
urated carbon-carbon double bonds, are susceptible to oxida-
tion by aqueous ozone which can penetrate the bilayer. After the
lipid bilayers were exposed to aqueous ozone for extended
periods of time (POPC; 42 umol dm* for 6000 s & 8.3 pumol
dm™ for 40 000 s, DOPC; 42 umol dm ™ for 6000 s & 2.1 pmol
dm > 40 000 s) a product film appeared to form that persisted at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the mineral-water interface and resisted further oxidation by
ozone. The proportion of the original organic film removed
from the mineral-water interface due to oxidation by aqueous
ozone depended on the number of unsaturated double bonds in
the film, with higher ozone concentrations increasing the rate
of material loss. The results presented here are consistent with
the results of both experimental observations®****'** and
molecular dynamics simulations.*****®* Thompson et al.**®
studied the oxidation of a phosphocholine lipid, POPC, at the
air-water interface and noted that any reactive intermediate (by
inference here a Criegee intermediate) does not react intermo-
lecularly with another lipid molecule or intra-moleculary with
the other hydrocarbon ‘tail’ of the lipid but that bond scission
occurs with material leaving the interface. The scattering length
density profiles with time in Fig. 6 support equivalent chemistry
occurring at the silica-water interface as shown in the simpli-
fied and stylised chemical mechanisms in Fig. 9 and 10.

4.2 Light scattering and aerosol forcing efficiency

The experimental component of this work measured the
thicknesses of lipid bilayers at the mineral-water interface, the
values of which were used to approximate the thickness of lipid-
like films at the same interface on atmospheric aerosol partic-
ulates. The lipid films measured before and after oxidation
(approximately 4 nm, 1.6 nm, and 0.4 nm based on the
proportion of material remaining after oxidation shown in
Fig. 5), and thus the light-scattering modelling and aerosol-
forcing efficiency calculations based on these values, repre-
sent interfacial films that are considerably thinner than those
investigated in many core-shell studies such as Hu et al
(2021)**° (core is ~12% of the total particle mass), Hu et al
(2023)*** (~2%) and Hartikainen et al. (2025)'%* (0.02-10%).
Comparisons between the results presented here and studies of
core-shell aerosols with substantially thicker films should be
made with caution, as differences in organic film or shell
thickness may limit the direct comparability of these works.
The light scattering effects of thin films on atmospheric
aerosol have previously been modelled using experimental
measurements performed by the authors of this work, including
using complex refractive indexes determined from laser trap-
ping experiments™**® and film thicknesses obtained through X-
ray and neutron reflectometry.'>** These works'*">'*® conclude
that thin, interfacial films at the air-water, and mineral-air,
interface have atmospherically significant effects on the light
scattering of atmospheric aerosol particles. The results pre-
sented here in Fig. 7 demonstrate that organic films of 1 nm
thickness broadly have a similar order of magnitude effect on
the light scattering of an aerosol particle regardless of whether
the film is located at the air-water or mineral-water interface,
over a range of water layer thicknesses of 1-100 nm. Interest-
ingly, as the thickness of the water layer increases, both Aw and

41E follow very similar trends between the model with the
T

organic film at the air-water, and mineral-water interface.
However, there is some variation in the changes to Ag as
a function of water layer thickness.
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Fig.9 A’cartoon’ chemical mechanism for the initial reaction of aqueous ozone with a bilayer of POPC at the air—water interface, demonstrating
the ozonolysis and bond scission of the carbon—carbon double bond to produce two carboxylic acid groups and the loss of nonanoic acid to the
bulk solution based on the chemistry reported in Thompson et al.**® Note the ozonolysis of the double bond is shown producing carboxylic acid
groups but may produce aldehydes, alcohol or peroxy hydroxy groups. The diagram is for the initial reaction and the remaining double bonds in
the film will react removing some material from the interface but leaving a slightly thinner film with less material at the interface as consistent with
Fig. 6.

Broadly, Fig. 8 demonstrates that for a model aerosol particle
with an organic film at the mineral-water interface, both the
light absorbed and the light forward scattered increase as

a function of the organic film thickness. When considering the
experimental observations of the current work with the results
of the modelling shown in Fig. 8 (where the dashed lines

Fig. 10 A ‘cartoon’ chemical mechanism for the initial reaction of aqueous ozone with a bilayer of DOPC at the air—water interface, demon-
strating the ozonolysis and bond scission of the carbon-carbon double bond to produce two carboxylic acid groups and the loss of two
nonanoic acids and remnants of the DOPC lipid to the bulk solution based on the chemistry reported in Thompson et al.**® The diagram is for the
initial reaction and the remaining double bonds in the film will react removing the majority of the lipid material from the interface as consistent
with Fig. 6.

Environ. Sci.: Atmos. © 2026 The Author(s). Published by the Royal Society of Chemistry
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indicate the thicknesses of pristine and oxidised films), it is
evident that the oxidation of lipid-like films containing unsat-
urated carbon-carbon double bonds at the mineral-water
interface would decrease, but not entirely remove, the influence
of the organic film on the optical properties of the aerosol
particle. For example, the results depicted in Fig. 8 indicate that
oxidation of a pristine lipid-like film (approximately 4 nm) by
aqueous ozone (to approximately 0.4 nm) would change the

AF
values of Aw, Ag, and 4 — from —0.08, 0.011, and 0.26 W m >
T

to —0.001, 0.001 and 0.03 W m™ >, respectively.

A similar approach to the current work was taken in Shep-
herd et al.** where the authors estimated the changes to w and g
owing to the oxidation of an organic film at the atmospheric
aerosol air-water and mineral-air interface by gas-phase
hydroxyl radicals, and this oxidation is approximated to be
a halving of the film thickness. Note, that Shepherd et al. uses
a core-shell (two-layer) system of a mineral core and organic
shell, or water core and organic shell. Similarly to the current
work, Shepherd et al. suggest that the oxidation of thin films at
the air-water and solid-air interface of “urban” aerosol would
result in an increase in the w of the aerosol particulate and
a decrease in g. The results in Fig. 9 of Shepherd et al. indicate
the oxidation of a 4 nm thick organic thin film will cause an
increase in w of approximately 0.02 and a decrease in g of 0.01.
Comparatively, in the work presented here, the oxidation of an
organic film of 4 nm thickness is found to cause an increase of
0.004 in w and a decrease of 0.004 in g. Comparison with
Shepherd et al. shows that oxidation of thin organic films
induces similar-magnitude changes in aerosol w and g,
regardless of the film's interface.

The results of the work presented here and in Shepherd et al.
are applicable to particulates with highly scattering, weakly
absorbing cores, however the effect of organic thin films may
have different behaviours on more absorbing cores such as
black carbon. Hu et al.**" demonstrate experimentally that the
development of organic films, with similar absorption to those
used here, on the surface of black carbon cores results in an
increase in the aerosol's w as the film thickness increases. While
Hu et al. use significantly larger shell to core ratios than here,
a comparison of their work and the work presented here
demonstrates the variable effects that organic thin films may
have on different host particulates.

5 Atmospheric implications

It is demonstrated here that the presence of an organic film at
the presence of an organic film at the mineral-water interface of
an atmospheric aerosol particle has significant effects on the
optical properties of the aerosol, and these effects are of
a similar order of magnitude regardless of the interface the film
is present at. As shown in Fig. 7, when the thickness of the water
component of a model aerosol particle changes, such as during

AF
cloud processing, the w and — of each aerosol particle model
T

varies similarly regardless of the interface the organic film is
present at, while changes in g are different. The differences in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ag highlight an interface-specific effect that organic thin films
may have on aerosol optical properties, suggesting that films of
the same thickness can influence the atmospheric impact of
aerosols in similar yet distinct ways depending on the interface
it is present at. Furthermore, the similarities in magnitude of
the values of Ag and Aw in this study and those from Shepherd
et al.** indicate that, similarly to Shepherd's conclusions for
thin films at the air-water interface, organic films at the
mineral-water interface may also affect the top-of-atmosphere
albedo.

The effect of an organic film at the mineral-water interface
has been shown to increase in magnitude as a function of the

organic film thickness, depicted in Fig. 8. The increase in — as
T

a function of organic film thickness shown in Fig. 8 effectively
demonstrates the warming effect on the atmosphere of organic
films at the mineral-water interface of atmospheric particles.
The experimental component of this work has demonstrated
that the oxidation of films containing proxies for atmospheric
organic material would reduce the thickness of these films,
ultimately having a small cooling effect. The experimental
component of the work presented here also validates the find-
ings of the Mie modelling by demonstrating that atmospheri-
cally relevant organic materials can adsorb to the mineral-water
interface, replicating one formation pathway of organic thin
films at the atmospheric aerosol mineral-water interface.
Atmospherically relevant proxy organic films have been shown
to remain at the interface despite a continuous flow of water,
suggesting that films of similar thickness and material may
remain stable at the aerosol mineral-water interface in atmo-
spheric contexts, unless disrupted by photochemical reaction.

The work presented here also shows that organic films
containing unsaturated carbon-carbon double bonds are
partially removed from the mineral-water interface through
oxidation by aqueous ozone. The removal of organic films from
the mineral-water interface reduces the film thickness in
a manner that may influence aerosol optical properties.
However, despite oxidation, some organic material remains at
the interface regardless of the number of carbon-carbon double
bonds in the organic material. The persistence of some material
at the mineral-water interface suggests that aqueous ozone may
not be sufficient for the complete removal of organic films,

. . AF .
allowing these films, and their impacts on w g, and — to persist
T

throughout an aerosol's atmospheric lifetime, depending on
the action of other atmospherically relevant oxidants.

6 Conclusions

Three lipids with varying numbers of carbon-carbon double
bonds, DPPC, POPC, and DOPC, were deposited at the silica-
water interface of a silicon block and all appeared to form films
of approximately 4 nm in thickness.

Exposure of the POPC and DOPC films to aqueous ozone
resulted in the films decaying to approximately 40% and 10% of
their respective pristine films, where the product films appeared
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to resist further oxidation by ozone. The DPPC film did not
appear to change under exposure to aqueous ozone.

The results of the Mie modelling and aerosol forcing effi-
ciency approximation indicated that a film thickness of up to
10 nm could decrease the aerosol particle's single-scattering
albedo (w) by 0.016, increase the asymmetry parameter (g) by

. . . AF
0.025, and increase the aerosol forcing efficiency (—) by
T

0.52 W m™ 2, It was also shown that organic films of the same
thickness have a similar order of magnitude of effects on the
light scattering of aerosol particle regardless of whether the film
is at the air-water or mineral-water interface. Consideration of
the thickness measurements taken using neutron reflectometry
demonstrated that the oxidation of organic films at the
mineral-water interface of an atmospheric aerosol can signifi-
cantly alter the optical effects the film has on the aerosol.

The results presented here demonstrate the ability for
atmospherically relevant organic material to adsorb at the
mineral-water interface, forming thin films that can have
important optical effects on their host aerosol. Thin films at the
mineral-water interface have been shown to be susceptible to
oxidation by ozone, relative to the number of carbon-carbon
double bonds present within the material, and it has been
shown that this oxidation can result in significant changes to
the optical effects of the thin film which may be interpreted as
a minor cooling effect. Owing to the results presented here, it is
evident that organic thin films at the aerosol mineral-water
interface should be considered for implementation into larger
scale aerosol chemistry models in order to further determine
the significance of these thin films in the atmosphere.
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