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ARTICLE INFO ABSTRACT

Dataset link: 10.5281/zenodo.15202309 Hypothesis: Surfactants, molecules that readily adsorb to liquid interfaces and reduce surface tension, are
paramount to numerous natural and technological processes: from cloud formation and climate modeling to

I];ZWI‘:;‘:S: the stability and reactivity of nanodroplets and nanobubbles. While surfactant adsorption at planar interfaces has
Bublljales been well-studied, their behavior at curved interfaces remains much less understood. Since curvature modifies
Surfactants interfacial thermodynamic properties, we hypothesize that it will also affect surfactant adsorption.

Adsorption Simulations: To test this hypothesis, we perform molecular dynamics simulations of short-chain surfactants at

Molecular dynamics simulation water—vapor interfaces with varying curvature, examining droplets, bubbles, and planar interfaces.
Findings: The outcomes reveal a systematic dependence of adsorption on curvature, which is enhanced at droplet
interfaces and reduced at bubble interfaces, with the effect becoming more pronounced for surfactants with
longer alkyl tails. We attribute this curvature-dependent behavior to two key mechanisms: Laplace pressure and
curvature-dependent surface tension. The breakdown of these contributions allows us to obtain a quantitative
understanding and to predict the influence of curvature on adsorption.

1. Introduction capabilities to orient and self-assemble along this boundary. By reduc-
ing surface tension, surfactants facilitate the stabilization of foams and

The interface where water meets air is known for attracting a variety emulsions in natural, environmental, and industrial processes [1-4].
of small and large molecules. Surfactants, in particular, hold a special The air-water interface is one of the most thoroughly studied in-
place owing to their amphiphilic structure, which gives them unique terfaces and serves as a foundational model for exploring the complex
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Fig. 1. Simulation snapshots representing five principal geometries in our study: (a) spherical droplet, (b) cylindrical droplet, (c) slab, (d) cylindrical bubble, and
(e) spherical bubble. Surfactants (in this case propanol, C3) are shown in a united-atom representation, with alkyl groups in blue, oxygen in red, and hydrogen in
white, while water is represented as a semi-transparent smoothed density isosurface.

behaviors of these molecules, providing key insights into natural phe-
nomena and engineered applications [2,5]. Yet, despite extensive re-
search on surfactants, the behavior of these molecules at curved water
interfaces, such as those found in nanodroplets and nanobubbles, re-
mains a largely underexplored aspect of the field.

The curvature effects are of particular significance for atmospheric
aerosols—the most abundant type of aqueous nanodroplets on the
planet—which play a critical role in Earth’s climate and atmospheric
chemistry. Aerosols contain a substantial organic component, originat-
ing from both natural sources (e.g., vegetation, sea spray) and human ac-
tivities (e.g., urban pollution) [6-8]. Amphiphilic molecules in aerosols
(alcohols, amines, acids, etc.) reduce the surface tension and the nucle-
ation barrier of these particles to form cloud droplets, thereby partici-
pating in climate regulation [9-12]. However, the precise mechanisms
of these processes, particularly the role of surfactants, remain a major
uncertainty in current climate models [13]. A deeper understanding of
how surfactants behave and adsorb within nanodroplets can help refine
climate model predictions.

Moreover, organic molecules on aqueous nanodroplets alter their
chemical reactivity and reaction pathways, which differ from those in
bulk water [14,15]. Certain chemical reactions are accelerated by sev-
eral orders of magnitude at water interfaces [16], predominantly be-
cause of much higher reactant concentrations at these locations. The
discovery of this ‘on-water catalysis’ has spurred extensive research
into its impact on atmospheric, environmental, biological, and prebiotic
chemistries, simultaneously opening new avenues for the development
of green synthetic processes [17].

Conversely, nanobubbles represent scenarios of negative curvatures
relative to droplets. The stability of nanobubbles is a complex and de-
bated topic, crucial in various applications where their presence is either
beneficial or detrimental [18-20]. The role of surfactants on nanobub-
ble dynamics and stability has been widely investigated [18,21]. By
adsorbing to nanobubble interfaces, surfactants can lower surface ten-
sion, hinder gas exchange between the bubble and the liquid, and relax
the pinning of the three-phase contact line at the substrate [21]. No-
tably, nanobubbles can be successfully stabilized by insoluble surfac-
tants, which adsorb at their interface—a principle exploited in stable
nano- and microbubbles used as ultrasound contrast agents [22,23].
Surface nanobubbles can form during photochemical or electrochemi-
cal processes when high concentrations of gases produced at electrodes
lead to their nucleation [18,24]. Surfactants can reduce the nucleation
barrier, thus facilitating the growth of these nanobubbles while simul-
taneously hindering the diffusion of gas molecules into the surrounding
solution [25].

A major challenge in understanding these phenomena is that the
properties of water interfaces in ultrafine droplets and bubbles are not
well understood, largely because of the inherent difficulties of perform-
ing experiments and characterizing surfaces at such small scales [26].
In this realm, molecular modeling offers valuable insights. In the past
decade, several computer simulation studies have focused on the adsorp-
tion of molecules in nanodroplets [27-30], although only a handful of

them recognized that the curvature of the water interface may impact its
affinity to surfactants [28,29]. Simulations [31] and experiments [32]
have indicated that curvature can also influence adsorption onto solid
nanoparticles. Despite its fundamental importance, this phenomenon
has not been thoroughly investigated in a systematic study.

To address this knowledge gap, we conduct a molecular dynamics
(MD) simulation study of the adsorption behavior of a homologous series
of short-chain linear alcohols in water nanodroplets and nanobubbles of
various sizes. This straightforward and insightful model system allows
us to identify the underlying physics of curvature effects, governed by
Laplace pressure and curvature-dependent surface tension. Additionally,
we develop a simple theory, which provides explanation and predictive
insights for longer-chained amphiphilic molecules.

2. Methods
2.1. Simulation model

To investigate how the curvature of water interfaces affects the
adsorption of small nonionic amphiphilic molecules, we developed a
molecular model in different setups for MD simulations. We construct
water droplets and vapor bubbles in spherical and cylindrical morpholo-
gies, as well as a water slab. Snapshots of all five geometries are shown
in Fig. 1.

Notably, the vapor bubbles in our simulations are stabilized by the
negative pressure in the surrounding water phase. The pressure dif-
ference across the water-vapor interface corresponds to the Laplace
pressure, just as in the case of gas bubbles in water at atmospheric pres-
sure. Thus, this setup serves as an effective model for gas bubbles under
atmospheric conditions. Furthermore, the cylindrical morphology for
droplets and bubbles, albeit less realistic, is often used in theoretical
and simulation studies because of practical reasons, including simpli-
fied implementation, ease of analysis, and reduced computational cost.
In our work, the cylindrical morphology provides a means for testing
the broader applicability of the concept of curvature.

In these aqueous systems, we investigate the behavior of surfactants
by considering six linear alcohols with increasing alkyl chain lengths:
methanol (C1), ethanol (C2), propanol (C3), pentanol (C5), octanol (C8),
and dodecanol (C12).

2.2. Simulation details

MD simulations were conducted using the GROMACS 2019 and 2023
packages [33], employing the SPC/E water model [34] and the united-
atom GROMOS force field [35] for surfactants. The structures and topol-
ogy files for surfactants were obtained from the ATB repository [36].
Electrostatic interactions were treated using the particle-mesh Ewald
method [37,38] with a real-space cutoff of 0.9 nm. Lennard-Jones in-
teractions were also truncated at 0.9 nm to ensure consistency with
our previous study [39]. A time step of 2 fs was used for integration.
The system temperature was maintained at 300 K using the velocity-
rescaling thermostat [40] with a time constant of 0.1 ps. Equilibration
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was achieved by allowing the system to evolve for 10 ns under these
conditions prior to data sampling.

The water slab simulations were based on our previous work [39],
where a 5-nm-thick water slab was placed in a rectangular simulation
box measuring 5 nm X 5 nm X 10 nm. Cylindrical droplets were simu-
lated in rectangular boxes with a fixed axial length of 5 nm, and lateral
dimensions varying from 10 to 18 nm, depending on the droplet radius.
Spherical droplets were simulated in cubic boxes with sizes ranging from
12 to 16 nm. In the case of cylindrical bubbles, the axial length was kept
fixed at 5 nm, while lateral dimensions ranged from 8 to 11 nm. Spher-
ical bubbles were simulated in cubic boxes ranging from 9 to 13 nm in
size.

All simulations were performed in the constant-volume (NVT) en-
semble with periodic boundary conditions applied in all three dimen-
sions. The number of water molecules in our simulations ranged from
approximately 2,000 in the smallest droplets to 48,000 in the largest
bubble simulations. The number of surfactant molecules varied depend-
ing on the species. In most cases, it remained below 70 in droplet and
slab simulations, and reached up to 270 in bubble simulations. The sim-
ulation input files are available in an open-access repository (see Data
availability statement).

For each surfactant type and concentration, we typically performed
four independent 100 ns simulations for droplets. For the largest
droplets of each surfactant, only three realizations were conducted,
as the larger number of molecules requires fewer realizations for ade-
quate sampling. However, in the case of pentanol, we combined sixteen
droplet simulations at two different concentrations to ensure reliable
statistics. Simulations of spherical bubbles were limited to three 40 ns
replicas, as the larger surrounding water phase provided sufficient sam-
pling within a shorter timescale. Only a single simulation was sufficient
for octanol and dodecanol, as we sampled only their interfacial struc-
tures.

3. Results and discussion
3.1. Simulations: adsorption

The central descriptor in our analysis is the mean curvature of an
interface, J, defined as

1 1

J=—
R, Ry

(€Y
where R; and R, represent the principal radii of curvature. In par-
ticular, for a spherical droplet with radius R (Fig. 1a), the curvature
is convex and defined as J = 2/R (with R; = R, = R), whereas for
cylindrical droplets (Fig. 1b), the curvature is J = 1/R (with R; =R
and R, — ). As the radius of curvature increases (decreasing J), we
approach the limiting case of a planar (i.e., flat) water—vapor inter-
face, characterized by zero curvature (J = 0), modeled as a water slab
(Fig. 1c). Moving on to bubble geometries, which have concave inter-
faces, the curvature becomes negative, with J = —1/R for cylindrical
(Fig. 1d) and J = —2/R for spherical bubbles (Fig. 1e).

The exchange time of surfactants between the water—vapor interface
and the bulk increases exponentially with alkyl chain length, roughly
tripling with each additional CH, group, as demonstrated in Section S1
in the Supplementary Material. The exchange times range from about
0.4 ns for methanol (C1) to approximately 40 ns for pentanol (C5). For
octanol (C8) and dodecanol (C12), the exchange times are estimated
to reach ~1 ps and ~100 ps, respectively—well beyond the timescales
accessible in unbiased simulations for achieving adequate sampling. C8
and C12 remain largely adsorbed at the interface throughout the simula-
tion. Therefore, our analysis for these two surfactants is limited to their
structural properties at the interface, which we discuss in the next sub-
section. We note that free energy methods, such as umbrella sampling or
thermodynamic integration, could be employed to compute adsorption
free energies for these longer-chain surfactants [27,41,42]. However,
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Fig. 2. (a) Radial density profiles of methanol (solid blue curve; scale on the
left) and water (dashed red curve; arbitrary units) for a cylindrical droplet with
a radius of 3.9 nm. The dash-dotted black line represents an effective water den-
sity profile modeled as a step function, switching from its bulk value to zero at
the position of the Gibbs dividing surface, which defines the effective droplet
radius R. The shaded area between the surfactant density profile and the step
function corresponds to the surface excess I', defined via Eq. (2). (b) Adsorption
isotherms showing surface excess versus bulk propanol concentration for differ-
ent curvatures J. The lines are the fits of Eq. (4).

such an approach lies outside the scope of the present study, which uti-
lizes unbiased simulations.

In Fig. 2a, we show typical radial density profiles for water and sur-
factant, using the case of methanol (C1) in a cylindrical droplet. The
methanol profile shows a uniform bulk value (c;) inside the droplet,
followed by a pronounced peak at the interface, and then decays to vir-
tually zero in the vapor phase outside the droplet.

We quantify the amount of surfactant adsorbed at the interface by the
standard surface excess, I', defined as the surfactant surplus across the
effective water-vapor interface, located at a distance R from the center
of symmetry of the droplet, bubble, or slab. This center corresponds to
a point for spherical geometries, a line for cylindrical ones, and a plane
for slab systems. Specifically, we calculate I" as

(o)

_ ’ "_, " r_ R
F—/c(r)(R> dr P 2)

0

for droplets and

" I\ c rn+I_Rn+1)
T / r ) _ 0(
= lim /C(’)<R> dr n+hHR | 3
0

for bubbles, where r is the distance from the center of symmetry of the
system. Here, the exponent takes values of n = 0 for the slab, n =1 for
the cylindrical, and n = 2 for the spherical morphology. The effective ra-
dius of the water—vapor interface, R, corresponds to the Gibbs dividing
surface, where the surface excess of water is zero.

We focus our analysis to sufficiently low concentrations of surfac-
tants, where their adsorption is linearly proportional to the bulk con-
centration c,, as described by Henry’s law,

=K. @

where K stands for the adsorption coefficient. Examining the low-
concentration regime allows us to isolate and investigate the interac-
tions between the surfactant molecules and the water interface without
the nonlinear complexities introduced at high concentrations, such as
cooperative adsorption and surface saturation. Moreover, low surfac-
tant concentrations are relevant for a wide range of biological and
environmental systems, where amphiphilic molecules often appear as
trace impurities—for example, residual contaminants in water [43,44]
or naturally occurring species in atmospheric aerosols [6].

The adsorption isotherm, describing the relationship between sur-
face excess (I") and bulk concentration (c), is shown in Fig. 2b for
propanol (C3) at four different interface curvatures. The simulation data
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Fig. 3. Adsorption coefficient versus curvature resulting from different geometries (indicated by different symbols) for (a) methanol, (b) ethanol, (¢) propanol, and
(d) pentanol. Each data point is obtained by fitting Eq. (4) to the corresponding adsorption isotherm, as shown in Supplementary Material, Fig. S2. Solid curves are

the fits of Eq. (9), with & and K(0) as fitting parameters.

are fitted to Henry’s law, Eq. (4), confirming the linear regime. Impor-
tantly, these outcomes clearly demonstrate that adsorption at a specific
concentration is influenced by the curvature of the water-vapor inter-
face. The adsorption isotherms for all surfactants are provided in the
Supplementary Material, Fig. S2, confirming that the simulated concen-
trations lie below the threshold where deviations from linearity occur.
These deviations arise from interactions between adsorbed surfactants,
and the crossover concentrations—beyond which nonlinear behavior be-
comes significant—range from approximately 10 M for C1 to 10 mM for
C5 (see Section S2 in the Supplementary Material).

To delve deeper into the observed curvature-dependent adsorption,
we present in Fig. 3 the evaluated adsorption coefficients, K, as a func-
tion of curvature, incorporating data from all five morphologies (shown
in Fig. 1) for surfactants with chain lengths up to C5. The bubble mor-
phologies were simulated only for C2 and C3 to demonstrate the con-
tinued decreasing trend of adsorption with negative curvature values
(J < 0). The adsorption coefficients are predominantly governed by the
hydrophobic effect of the nonpolar alkyl chain, leading to an approxi-
mately exponential increase with its length [45,39].

Importantly, the results for both spherical and cylindrical morpholo-
gies align well when expressed in terms of curvature, indicating that
the mean curvature J, as defined by Eq. (1), serves as a robust and ef-
fective descriptor for this phenomenon. The plots reveal a clear trend:
adsorption coefficients increase with increasing curvature. These find-
ings indicate that convexly curved water—vapor interfaces have a higher
affinity to surfactants compared to planar interfaces, and even more so
than concave interfaces, characterized by negative curvature.

3.2. Simulations: organization of surfactants

The above outcomes prompt the questions of why curvature influ-
ences adsorption, and what are the underlying mechanisms behind this
phenomenon.

It is important to emphasize that in the linear adsorption regime,
interactions between surfactant molecules are negligible. These interac-
tions become relevant only at higher concentrations, where nonlinear
adsorption behavior sets in—an effect that can be understood from the
principles of the virial expansion [39]. Therefore, the dependence on
curvature of the adsorption coefficient K must arise solely from how an
individual surfactant interacts with the water—vapor interface. To be-
gin addressing this question, we examine whether curvature alters the
structural organization of adsorbed surfactants—such as their orienta-
tion and positioning—which could, in turn, influence their adsorption
behavior.

The orientation of surfactants is a commonly considered structural
parameter of adsorbed monolayers [46-48], which has been closely
linked to their adsorption affinity [49-52]. We describe the orienta-
tion by the tilt angle, 0, of the tail vector with respect to the interface
normal, as illustrated in Fig. 4a. The cosine of the tilt against differ-

ent curvatures is plotted in Fig. 4b. As seen, the impact of curvature on
molecular orientation is minor in most cases, with methanol showing a
bit more noticeable effect. Thus, we conclude that the influence of in-
terfacial curvature on molecular orientation is generally negligible for
explaining variations in adsorption with curvature.

It is also insightful to examine how the tilt depends on the chain
length. This relationship is plotted in Fig. 4c for a droplet of a radius of
3.35 nm. We observe a nearly linear dependence, described by

()

where nc denotes the number of carbon atoms in the alkyl chain. The
fit yields cos 6, = 0.79(2) and a = 0.039(4). This result indicates that
shorter surfactants tend to align more perpendicularly to the interface,
while those with longer chains exhibit a progressively greater tilt toward
the interface. This behavior arises from a balance of competing interac-
tions: the hydrophilic hydroxyl group favors immersion in the aqueous
phase, promoting a perpendicular alignment, while the hydrophobic tail
prefers to remain at the interface, thereby promoting a more tilted con-
figuration [53]. Additionally, molecular bending may contribute to the
observed tilt at higher chain lengths, as indicated by the estimated per-
sistence length of approximately 0.77 nm (see Supplementary Material,
Section S3).

The other structural parameter that we analyze is the positioning of
the adsorbed surfactants relative to the water—vapor interface. We define
Ar as the distance between the surfactant density peak and the Gibbs
dividing surface of the water-vapor interface (located at a distance R).
In Fig. 4d, we plot Ar against curvature for all surfactants. A positive
Ar indicates that the surfactant’s center of mass is located in the vapor
phase, while a negative value suggests it resides in the water phase.
From the data, we infer that the position of the surfactants relative to
the interface is generally not strongly influenced by curvature. However,
a slight effect is observed for bubbles and a more pronounced increase
for C5 and C12 at a planar interface. In the vast majority of cases, we find
|Ar| $0.05 nm, indicating that the centers of surfactants remain close
to the Gibbs dividing surface. This suggests that approximately half of
the adsorbed molecule is in contact with water, while the other half
with the vapor phase. In essence, adsorption leads to the dehydration of
roughly one-half of the surfactant molecule.

(cos @) ~cosfy — anc

3.3. Theoretical adsorption model

The analysis above (Fig. 4) has shown that the geometrical arrange-
ment of adsorbed surfactants is not significantly affected by interface
curvature. This implies that the adsorption affinity is affected predomi-
nantly by solvation thermodynamics. The two primary thermodynamic
factors that distinguish curved water-vapor interfaces from planar ones
are curvature-dependent surface tension and Laplace pressure, both of
which will be explored in the following. Here, it is important to note
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Fig. 4. (a) Schematic illustration of surfactant organization in a droplet. The blue area is bulk water, with the black line denoting the water-vapor interface. The
tilt angle 0 is defined between the surfactant axis and the normal of the water-vapor interface. (b) Mean tilt of surfactants at the interface against curvature. (c)
Mean tilt as a function chain length on a spherical droplet of radius R =3.35 nm (J = 0.60 nm™"). The solid line denotes the fit of Eq. (5). (d) Distance between the
surfactant adsorption peak and the effective water-vapor interface (R) for different curvatures; legend as in panel (b).

that while droplet or bubble size—and thus curvature—affects oscilla-
tion modes and capillary waves, these have been shown to have minimal
impact on solvation thermodynamics at the liquid—vapor interface [54].

It has been known since Tolman [55], that the surface tension of a
highly curved liquid interface differs from that of a planar interface. In
the first-order expansion in J, the water—vapor surface tension can be
expressed as

() =yy(1=6rd), (6)

where y, is the surface tension of the planar interface, and 6y is the
Tolman length. Numerous computer simulations have indicated that 6
is on the order of angstroms for water [56-59], thus justifying the first-
order expansion in Eq. (6), since R > |6;| is basically always the case.

Surface tension is a key factor in the free energy of adsorption. When
a molecule adsorbs to a water-vapor interface, it eliminates the area
of the interface equal to its bare cross-sectional area, A. [39]. The free
energy associated with this elimination is —y(J)A,, making it curvature-
dependent.

The other mechanism involves the Laplace pressure across the water—
vapor interface, which can be expressed as Ap = y,J to the first order
in J. When a molecule is partially expelled from the water phase, the
free energy gain equals —ApAV, ., where AV, is the dehydrated (i.e.,
expelled) volume of the molecule. This effect has been recognized in
studies of colloid adsorption at spherical liquid-liquid interfaces, as for
instance, in Pickering emulsions [60,61]. Yet, while well understood at
the colloidal scale, its impact on molecular adsorption remains largely
unexplored.

We now combine these two thermodynamic factors to formulate an
expression for the adsorption free energy, which represents the free
energy change of transferring a surfactant from the bulk phase to the
interface, viz.

AG(J) = AG g — y(J)A, — Ap())AVp,, %)

The aforementioned elimination of the water—vapor interface and the
work performed by the Laplace pressure are described by the second and
third terms, respectively. The first term, which is independent of curva-
ture, is included for completeness and is associated with the molecule’s
dehydration and other effects not captured by the other two terms. How-
ever, since this term is independent of curvature, it is not relevant to our
analysis.

The adsorption coefficient is proportional to the Boltzmann factor
of the adsorption free energy, K « exp(—AG/kgT), where kg is the
Boltzmann constant and T the absolute temperature [39]. A compar-
ison between the coefficients of a curved, K(J), and planar interface,
K(0), yields

AG(0) — AG(J)

kgT ®

K(J)=K(0) exp <

Using the expression for the adsorption free energy, Eq. (7), in combi-
nation with the curvature-dependent surface tension, Eq. (6), leads to
the following exponential dependence of the adsorption coefficient on
curvature

K(J)=K(0)e . 9

Here, we have introduced the modulation radius:

e= 1 Ay, - 100y 10)
T T T ™ T T

which provides the characteristic scale at which curvature begins to con-
siderably influence adsorption.

We begin by validating the theoretical model by fitting the param-
eter £ in Eq. (9) to the simulation data in Fig. 3. The resulting fits are
represented by solid lines. The exponential nature of the relationship is
particularly evident for the C2 and C3 surfactants, owing to a broader
range of curvatures analyzed. The fitted values of the modulation radius,
¢, are presented in Fig. 5, plotted against alkyl chain length. As seen, ¢ is
on the order of a nanometer and increases with chain length, indicating
that surfactants with longer tails are more influenced by curvature.

To further test the robustness of the simulation results, we performed
additional simulations for water—-propanol systems using two alternative
setups. In the first one, we increased the cutoff length to 1.4 nm while
keeping the same SPC/E-GROMOS combination. In the second one, we
employed TIP4P/2005 water [62] together with the CHARMMS36 force
field [63] for propanol, using a cutoff length of 1.2 nm. Details and the
analysis of these simulations are provided in Section S4 of the Supple-
mentary Material. These alternative setups yielded somewhat different
values for the adsorption coefficient, reflecting its exponential sensitiv-
ity to the adsorption free energy. However, the extracted values of the
modulation radius £ from these two test cases—plotted in Fig. 5 along-
side the main results—are in close agreement with those from our pri-
mary simulations. The fact that £ remains considerably more consistent
across different simulation conditions than the adsorption coefficient it-
self is due to its linear dependence on molecular properties, as suggested
by Eq. (10).

In the remainder of our study, we aim to theoretically predict the
modulation radius using Eq. (10) and compare these predictions to the
values obtained from simulations. To do so, we have to determine the
necessary parameters: the surface tension (y,) and Tolman length (6),
associated with the used SPC/E water model, as well as the surfactant-
specific quantities, namely the cross-sectional area (A.) and the dehy-
drated volume (AV,,,).

The two water-related parameters were extracted from three 100 ns
simulations of cylindrical droplets with four different radii, performed
in the absence of surfactants. During these simulations, we sampled the

diagonal components of the pressure tensor (Py,, P,,, P,;) and used
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Fig. 5. Modulation radius as a function of chain length, fitted from MD simula-
tions results (data points) and estimated from Eq. (10) (solid line).

them to define an apparent surface tension, which we introduce as a con-
venient quantity for analyzing curvature effects:

L.L, (Pxx+Pyy B )
zZz

ZR \ "2 an

77 =
The apparent surface tension is related to the actual surface tension of
the planar interface, y,, and the Tolman length, ér, via

P =yo(1=26.T). 12)

Note that the factor of 2 in the second term differs from the correspond-
ing relation in Eq. (6), reflecting the specific definition used here for the
apparent surface tension. The derivation of this expression is provided
in Section S5 of the Supplementary Material.

By combining simulation results from the cylindrical and planar ge-
ometries, we established the relationship between 7 and J, as shown in
Fig. S4 in the Supplementary Material. Fitting Eq. (12) to the simula-
tion data yields a planar surface tension of y; ~ 54.80(2) mN/m, which
is in very good agreement with a previous study that used the same
cutoff and water model [64]. The fit also provides a Tolman length of
6 ~ —0.078(3) nm, which is in reasonable agreement with the previous
study (6 ~ —0.05 nm [64]), given its sensitivity to the fitting procedure
and system size. A negative Tolman length implies that surface tension
increases with decreasing droplet size and decreases with decreasing
bubble size; see Eq. (6).

The sign and magnitude of the Tolman length for water are broadly
consistent with values reported in most previous studies [65-68], al-
though the literature shows considerable variation, including some dis-
agreement on the sign [56,69]. These discrepancies likely stem from
differences in water models, cutoff schemes, system sizes, and analysis
methods, and they represent an ongoing open question in the field. Ad-
ditional simulations using a longer cutoff length for SPC/E water and
using TIP4P/2005 water, presented in Section S5 of the Supplemen-
tary Material, further support the consistency of our results. Although
the value of §; was extracted from cylindrical droplet simulations, it
should be applicable to spherical geometries as well [70], since differ-
ences between spherical and cylindrical geometry would only arise in
higher-order terms of the curvature expansion in Eq. (6).

To determine the surfactant-specific quantities, we opt for a simple
continuum description for surfactants. While AV, could in principle
be calculated using idealized molecular geometries [71,72], we aim for
an even simpler and more pragmatic approach. As concluded from the
data in Fig. 4d, roughly half of the molecule becomes dehydrated upon
adsorption from the bulk phase. We thus estimate the dehydrated vol-
ume as AV, & Upo1/2, where v is the entire volume of the molecule.
This level of approximation is appropriate given the inherent limitations
of continuum-based descriptions at the molecular scale.
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Fig. 6. Simplified model of a surfactant at the water—vapor interface, repre-
sented as a cylinder with hemispherical caps at both ends. Its lateral area is
estimated from the area of the alkyl chain, while the area of the caps corresponds
to the area of the OH group. The cross-sectional area A, can be easily calculated
for the two limiting cases of perpendicular (6 = 0) and parallel (6 = z/2) orien-
tations.

The volume is best described by the partial molecular volume, which
corresponds to the change in the volume of an aqueous system upon in-
sertion of a molecule at constant pressure and temperature, defined as
Umol = (OV /ON), 1. As described in the Supplementary Material, Sec-
tion S6, we evaluate these volumes by simulating different surfactant
concentrations and analyzing the resulting increase in the simulation
box volume. We find that molecular volumes scale very well with chain
length, following the relationship

Umol = Von + Uchz ¢ » 13)

where fitting the data yields vy ~ 0.028 nm3 and vy, ~ 0.025nm3.
These parameters can be interpreted as the contributions of the OH and
CH, groups to the total molecular volume, respectively.

Subsequently, to assess the effective cross-sectional area of surfac-
tants, A, the final parameter needed in Eq. (10), we first calculate the
total molecular surface area of the molecule, A, from which we infer
about A.. The molecular surface area A, is calculated using the stan-
dard method for determining the solvent-accessible surface area [73]
but with a zero probe radius. The use of a zero probe radius is needed be-
cause the eliminated area of the water—vapor interface, A, corresponds
to the bare cross-section of the molecule. The calculated values of A,
are plotted in Fig. S6 (Supplementary Material, Section S7) against the
chain length, n;. Again, a clear linear relationship emerges, described by
Aol = Aoy + Acip e, Where Agy represents the contribution from the
OH group, and Ay, is the contribution from one CH, group in the alkyl
chain. Fitting the data yields Agy ~0.37 nm? and Acy, =~ 0.23 nm?.

To estimate A, from A, we approximate the surfactant as a cylin-
der capped with hemispheres, as illustrated in Fig. 6. We account for
different tilts with the help of two limiting orientations: In the first
one, the surfactant is aligned perpendicular to the interface (6 = 0), and
the cross-sectional area is equivalent to the circular cross-section of the
cylinder or the spherical cap, given by Ay /4. The factor 1/4 stems from
the ratio between a sphere’s area and its cross-section area. In the sec-
ond limit, where the surfactant lies parallel to the interface (6 = z/2),
the cross-sectional area increases by the cylindrical portion, resulting in
Aoy /4 + Acyanc/m, where the factor 1 /7 stems from the ratio between
the cylinder’s lateral area and its cross-section area. For an arbitrary tilt
angle 0, calculating the exact cross-sectional area is mathematically in-
volved. Therefore, we use a practical approach by interpolating between
these two limiting cases, with sin@ serving as the interpolating factor,
leading to

A= Y g+ L Agynesing. 14
4 T
This relation reveals that adsorption depends not only on the number of
carbon atoms, but also on the surfactants’ molecular orientation.
Although a persistence length of 0.77 nm (as estimated in Supple-
mentary Material, section S3) implies that longer surfactant molecules
may bend, this bending does not significantly affect the geometrical pa-
rameters used in Eq. (10). The molecular volume is largely insensitive
to bending, and the cross-sectional area is only weakly affected, since
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Table 1
Parameters extracted from MD simulations.

Parameter Symbol  Value

Surface tension of a planar interface %o 54.80(2) mN/m
Tolman length N —0.078(3) nm
Tilt parameter, Eq. (5) cos 6, 0.79(2)

Tilt parameter, Eq. (5) a 0.039(4)
Molecular volume of OH group, Eq. (13) Uou 0.028 nm’
Molecular volume of CH, group, Eq. (13)  vgy, 0.025nm?
Molecular area of OH group, Eq. (14) Aoy 0.37 nm?
Molecular area of CH, group, Eq. (14) Acua 0.23 nm?

shorter surfactants exhibit minimal bending, while longer chains tend
to lie nearly parallel to the interface (Fig. 4c), reducing the impact of
bending on their projected area.

We now finally use the calculated values for AV, = v;,/2 from
Eq. (13), A, from Eq. (14), and sinf — (1 — (cos 6?)2)'/2 from Eq. (5),
along with the values of 6; and y,, to predict the modulation radius
using Eq. (10). The used parameters are listed in Table 1, and the predic-
tion is shown as a solid line in Fig. 5. The comparison with simulation-
determined values of ¢ is semi-quantitative. Given the underlying ap-
proximations in the continuum model applied to the molecular scale,
this is very good agreement, which effectively demonstrates the mech-
anisms through which curvature influences adsorption.

Our theoretical model also enables predictions of curvature effects
for longer-chain surfactants (beyond C5), the dynamics of which are
not fully captured by our simulations. As seen, the modulation radius &
increases almost linearly with chain length. Slight deviations from lin-
earity occur because of the sin@ factor. Essentially, longer surfactants
are influenced already by weaker curvatures. Surfactants with chain
lengths around 12 are particularly common in technological applica-
tions. For dodecanol (C12), the value of £ reaches approximately 3 nm.
To illustrate the impact of curvature, we consider a case where the ad-
sorption coefficient changes by 10%. Based on Eq. (9), this corresponds
to a droplet or bubble radius of R =2&/1n(1.1) % 60 nm. This length
scale highlights the importance of amphiphilic molecules in aerosols.
Recent studies have shown that ultrafine aerosol particles below 50 nm
in size, which are prevalent in the troposphere, can serve as significant
cloud condensation nuclei, promoting the formation of cloud droplets
under supersaturation conditions [10,11].

It is insightful to decompose the modulation radius in Eq. (10) into
the contributions stemming from the volume (Laplace pressure) and
cross-section area (Tolman length) terms. For longer chains, ne > 1, the
ratio of the area to volume terms is approximately 2|67|Acpa/7VcHo =
0.5. This indicates that both contributions are nearly comparable in size
and that both should be considered in adsorption processes.

3.4. Extended discussion

While alkyl tail length is a key factor influencing adsorption and
surface tension, other molecular features, such as the nature and ori-
entation of the head group [41], also play important roles. In addition,
structural branching in the hydrophobic tail has been shown to signif-
icantly affect interfacial properties [74]. These observations illustrate
the complexity of surfactant behavior at interfaces and suggest further
directions to extend the model to a broader range of molecules.

Although we examined only water—vapor interfaces, the same mech-
anisms should apply to curved liquid-liquid interfaces, such as in oil-in-
water or water-in-oil emulsions [75]. In such systems, the organization
of surfactants might differ due to better solubilization of alkyl tails
in the oil phase [76]. Furthermore, these principles are also partially
applicable to adsorption on nanoparticles [31,32,77,78] or on carbon
nanotubes [79,80], where only the area term is operative. In such cases,
the molecule cannot penetrate the solid, rendering the volume term in
Eq. (10) inoperative.
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Fig. 7. (a) Adsorption isotherms for propanol (C3), shown for planar and spher-
ical interfaces. (b) Mean tilt angle of adsorbed surfactants versus surface excess,
based on the same simulations as in panel (a).

In this work, we have defined the adsorption coefficient relative to
the bulk water phase. However, for volatile molecules, their concen-
tration in the gas phase may serve as a more relevant reference. When
defining the adsorption coefficient relative to the gas phase, the area
term in Eq. (10) remains the same, but the volume term reverses sign.
This implies that, for a given concentration of molecules in the gas
phase, adsorption may be more favorable on planar water interfaces
than on water droplets.

Finally, we emphasize that this study has focused on low surfactant
concentrations, where Henry’s law applies, which allowed us to isolate
and analyze the fundamental interaction mechanisms of surfactants with
the water interface. While many environmental and biological systems
involve low surfactant concentrations, industrial applications such as
emulsification, detergency, and enhanced oil recovery typically operate
at higher concentrations. High concentrations lead to additional nonlin-
ear phenomena, such as cooperative adsorption, surface saturation, and
micelle formation, which warrant further investigation.

To assess the relevance of curvature-dependent adsorption beyond
the linear regime, we examined the behavior at high concentrations.
For this purpose, we conducted simulations of propanol (C3) in spher-
ical droplets and compared the results with those previously obtained
for a planar interface [39]. As shown in Fig. 7a, curvature continues to
influence adsorption isotherms even at higher concentrations. Further-
more, the orientation analysis in Fig. 7b reveals that the mean tilt angle
of surfactants begins to change only at high surface coverages, reflecting
the onset of surfactant—surfactant interactions. These results extend the
relevance of curvature and provide a solid foundation for future work
exploring curvature effects in more complex, high-concentration scenar-
ios.

4. Conclusions

In this study, we have demonstrated that the adsorption isotherms of
amphiphilic molecules at water-vapor interfaces are significantly influ-
enced by the interfacial curvature, primarily rooted in Laplace pressure
and curvature-dependent surface tension. Curvature enhances adsorp-
tion in droplets and reduces it in bubbles, with the effect becoming more
pronounced for surfactants with longer alkyl tails.

Despite its relevance, this phenomenon has remained largely un-
recognized and unquantified, with only limited prior research on the
topic [28,29] and lacking a systematic characterization or predictive
theory. Our approach combines extensive MD simulations with a data
analysis framework that generalizes the Gibbs dividing surface to curved
interfaces, enabling precise calculations of droplet sizes and excess sur-
factant adsorption.

A key limitation in this field is the absence of experimental data on
curvature-dependent adsorption. Future work should focus on experi-
mental validation, either directly or through measurable consequences
of curvature effects, which are manifold. For instance, smaller droplets
exhibit a higher affinity for surfactant adsorption, leading to increased
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surface concentrations—a factor that could play a role in observed size-
dependent surfactant activity in aerosols [7] and in processes of aerosol
formation and stability [10,11]. This effect should not be confused with
the bulk depletion effect, which arises from the larger surface-to-volume
ratio in smaller droplets [12,81]. Conversely, smaller bubbles may ex-
hibit lower contaminant densities than larger ones, potentially affecting
their stability and reactivity. Curvature-dependent adsorption also con-
tributes to the apparent line tension of nanodroplets and nanobubbles
when contaminated with surfactants [43,82]. Moreover, the adsorp-
tion affinity impacts the reaction-limited rate of surfactant exchange
between the interface and the bulk phase [83]. Our results suggest that
this exchange is slower in small droplets and faster in nanobubbles com-
pared to planar interfaces, indicating a curvature-dependent dynamic
equilibrium.

Lastly, while our study has focused on surfactants because of their
well-characterized interfacial behavior, we believe that the principles
uncovered here are broadly applicable to other hydrophobic molecules,
small colloidal particles, and potentially to proteins as well.
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