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The wetting characteristics of fluids play a crucial role in various fields of interface and surface science. 
Contact angle serves as a fundamental indicator of wetting behavior. However, accurate quantification 
of wetting phenomena even at the macroscale often poses challenges, particularly due to the 
hysteresis between receding and advancing contact angles. The complexity increases further at the 
nanoscale, where the significant volume of the interphase region causes ambiguity in defining the 
“dividing surface.” In this study, we use molecular dynamics simulations to investigate the wetting 
dynamics of a “cylindrical nanodroplet” and an argon nanofilm. Through analysis of microscopic 
density distribution maps and tension tensor distributions within the Gibbs framework, we identified 
equimolar and tension surfaces at both liquid-gas and liquid-solid interfaces. Our results show over 
10% discrepancies between equilibrium contact angles calculated for equimolar surfaces and those 
based on tension surfaces in the case of the cylindrical nanodroplet. We observed a clear dependence of 
wetting contact angles on the cross-sectional radius of cylindrical droplets with a straight three-phase 
contact line. As the radius decreases, the differences between contact angles at equimolar and tension 
surfaces increase, while for larger droplets, these differences diminish and become negligible.
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Wetting phenomena stand out as one of the most captivating aspects in various scientific and industrial domains. 
Despite a rich exploration history, the spreading of a liquid over a solid surface still requires investigation 
through interdisciplinary approaches, particularly due to its multiscale nature1. Understanding wetting 
phenomena has been a gradual process marked by several well-known milestones and breakthroughs2. Among 
the most significant milestones in understanding wetting phenomena are Young’s equation, which describes the 
equilibrium of forces at the contact line; the influence of surface morphology as captured by the Cassie-Baxter 
and Wenzel models; and the phenomenon of contact angle hysteresis3, which reflects the difference between 
advancing and receding contact angles. As we examine to the tiniest scales, we begin to see the emergence of 
complex phenomena, with the effects of size-dependent surface tension and line tension becoming increasingly 
important4–6.

In this context, several open questions remain. For instance, until now, a consensus concerning the magnitude 
and sign of the “Tolman length”, a parameter describing the size dependence of surface tension, has yet to be 
reached even for the simplest case of a spherical droplet7. There are several fundamental works8,9and well-known 
monographs10,11arguing that the surface tension should decrease with the reduction of the droplet radius. 
However, an opposite viewpoint can also be found in both earlier12,13and more recent works14–21. Additionally, 
as demonstrated in21 the surface tension of water for droplets increases as their size decreases, whereas for 
bubbles, the surface tension decreases with a reduction in bubble size. Droplets and bubbles exhibit different 
rates of change in surface tension.

In the work22Gurkov and Kralchevsky pointed out that for interfaces with low surface tension (for example, 
micro-emulsions), the thermodynamic surface of tension could be located far away from the transitional zone 
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of division between the adjacent phases. They also noted that in this case, it would be more appropriate to 
use different dividing surfaces, distinct from the surface of tension. When considering the boundaries of three 
phases, this may necessitate revising the concept of the “Wetting Contact Angle” (WCA). Indeed, the WCA is 
one of the key characteristics of wetting phenomenon2. Usually23–25, the WCA is determined at each point along 
the three-phase contact line, where the WCA is represented as a dihedral angle formed by the intersection of two 
tangent planes at the interfaces of two adjacent phases (liquid-solid and liquid-gas) With macroscopic objects, 
the thickness of interphase regions is negligibly small in comparison with its characteristic linear dimensions, 
such as the radius of curvature of the dividing surface. Therefore, within the resolution of measuring instruments, 
the position of the dividing surface of macroscopic systems is uniquely defined. Thus, it can be assumed that the 
dividing surface is completely matching with the interphase region. As a consequence, the determination of the 
dividing surface position of the macroscopic physical bodies does not cause significant difficulties and mainly 
is a technical task23.

However, in real physical systems, the properties of adjacent homogeneous thermodynamic phases do 
not change abruptly, but gradually, i.e., the density and components of the pressure tensor change smoothly 
within a transition region that always has some finite thickness and volume26,27. At the same time, the 
characteristic dimensions of nanoscale objects can be comparable to the transition region thickness. This gives 
rise to fundamental difficulties in attempting to uniquely determine the position of the dividing surface as 
a mathematical surface of zero thickness. Therefore, it is essential to consider the context when defining the 
dividing surface in nanoscale systems, distinguishing it from the transition region between adjacent phases of 
the thermodynamic system.

In the literature, several methods have been proposed to define the position of dividing surfaces at the liquid-
gas and liquid-solid interfaces. These methods can sometimes produce ambiguous results. For example, in 
computer simulation studies, the iso-density surface is often used as the dividing surface between phases in one-
component systems. The density is calculated using various approaches. For instance, a study28 selected several 
iso-density lines, approximated by circles, and assumed that the wetting angle is the average angle between 
different iso-surfaces. In the work by Weijs et al.29, they assumed that line tension does not affect the shape of a 
sessile droplet’s upper part. This shape resembles a cylindrical segment with uniform density. They concluded 
that the contact angle should match Young’s macroscopic equation. This condition applies when the surface 
density equals half the bulk density of the liquid phase. Other researchers, such as Hong-Kai and Hai-Ping30, 
propose that the dividing surface is located where the density is half of the liquid-phase density. Ingebretsen and 
Toxvaerd31 determine the dividing surface position by fitting the density profile with empirical formulas using 
the densities of liquid and gas phases. To determine the WCA, they use the difference in the position of the Gibbs 
dividing surfaces, focusing on the two layers closest to the solid surface.

Another issue is the strong oscillations in the density of sessile droplets at the surface of solid substrates. 
These oscillations cause distortions in the iso-density surfaces, deviating from the ideal cylindrical or spherical 
shapes. To minimize the impact of these oscillations, most authors exclude parts of the droplet with strong 
density fluctuations from their analyses. Instead, they focus on the sections with more stable densities. The 
approximation is typically limited to the substrate, but the WCA can also be measured at different heights above 
the substrate. For example, in32, the authors measure the WCA directly at the substrate’s surface. In another study, 
the WCA is calculated at a distance corresponding to half the characteristic interaction distance from the top 
row of substrate atoms31. Yamaguchi et al.33 also determine the WCA at the boundary of the solid substrate and 
the first adsorption layer, where the density of the droplet’s liquid sharply increases from a zero. This corresponds 
to the nearest boundary the liquid molecules can reach during thermal motion.

Indeed, the use of Gibbs dividing-surface method is much simpler because there is no need to specify the 
microscopic behavior of the density profiles and the local values of the pressure tensor components in the 
interphase region26. To determine the equilibrium WCA, the position of the equimolar dividing surface and 
the surface of tension are defined using Gibbs approach. This is an extension of the thermodynamic method 
of the Gibbs dividing surfaces, where the use of surface of tension ensures the full mechanical equivalence 
between the reference and real systems (see works of Kralchevsky34,35). Since the thermodynamic equilibrium 
of heterogeneous systems, apart from thermal and chemical equilibria, also implies mechanical equilibrium, it 
is appropriate to use the surface of tension for calculating WCA. Therefore, it is proposed that the contact angle 
should be understood as a dihedral angle at the three-phase line of tension between surfaces that are tangential 
to the respective surfaces of tension.

Methodology for calculating the position of dividing surfaces
Calculating the position of the surface of tension often more efficient when using a combined approach involving 
the Tolman length, δ. This length is defined as the difference between the positions of the equimolar dividing 
surface (radius Re) and the surface of tension:

	 δ = Re − R � (1) 

The approach we propose here involves indirectly calculating the position of the surface of tension by utilizing 
the micromechanical approach36. Specifically, we define it as the position of the equimolar surface adjusted by 
the Tolman length δ:

	 R = Re − δ � (2) 

In the case of a free surface of tension21, determining the Tolman length δ is relatively straightforward. 
However, for a sessile droplet, this calculation becomes significantly more complex. Nevertheless, it has been 
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established37–39that the Tolman length weakly depends on the curvature of the surface of tension, allowing its 
determination for a flat surface of a thin film at the liquid-gas boundary of the same substance and temperature, 
particularly given the significant temperature dependence of the Tolman length21. For the model systems studied 
here, a key feature of the equimolar surface is that its position, within the systematic error of MD calculations, 
closely aligns with the contour where the density equals half of the volumetric density of the liquid phase. 
Consequently, the position of the equimolar surface can be accurately determined if one of its main sections is 
known to have the shape of a circular arc.

For an arbitrarily curved dividing surface, the Gibbs adsorption is calculated using this formula40:

	
Γ =

λ β∫
λ α

(
n (λ ) − nα β

) (
1 + λ J + λ 2K

)
dλ , � (3)

 

where J = c1 + c2  and K = c1c2are the Euler and Gaussian curvatures respectively, λ α  and λ β  are such 
that n ( λ α ) = nα  and n

(
λ β

)
= nβ , and the function nα β =

{
nα , λ < 0; nβ , λ > 0

}
.

In the case of weakly curved surfaces, that is, those whose thickness is significantly less than the radius of 
curvature of the dividing surface ( λ β − λ α ≪ R) when substituting variables in the integral of expression 
(3):

	 R + λ = z; R + λ α = Zα ; R + λ β = Zβ , � (4) 

the same expression is obtained as for calculating adsorption in the case of a flat dividing surface of a single-
component two-phase system:

	
Γ (Z) =

Z∫
Zα

(n (z) − nα ) dz +
Zβ∫
Z

(
n (z) − nβ

)
dz, � (5)

 

where Γ ( Z ) is the adsorption calculated for the dividing surface at the point with coordinate Z , n (z) is the 
substance concentration of the real system at the point with coordinate z, nα  is the equilibrium concentration 
of the liquid phase of the reference system, nβ  is the equilibrium concentration of its vapor phase, Zα  is the 
coordinate corresponding to the point in space where the concentration becomes equal to the bulk concentration 
of the liquid phase n (Zα ) = nα , and Zβ  is the space coordinate where the concentration is equal to the bulk 
concentration of the vapor phase, n (Zβ ) = nβ .

The position of the equimolar dividing surface Ze is determined from the condition of zero adsorption 
Γ (Z) on the left side of equation (5), that is, by setting Γ (Ze) = 0. By rearranging the terms on its right side, 

and integration by parts, the following convenient expression is obtained:

	
Ze = 1

nβ −nα

Zβ∫
Zα

z ∂ n(z)
∂ z

dz, � (6)
 

To determine the location of the curved surface of tension Zs, it is customary to use expressions for the 
thermodynamic surface tension and shear energy:

	
γ = − 1

2

λ β∫
λ α

ÎS : P̂
S

χ dλ ; ζ = − 1
2

λ β∫
λ α

q̂ : P̂
S

χ dλ , � (7)
 

Similar mechanical quantities are found using the formulas:

	
σ = − 1

2

λ β∫
λ α

L̂ : P̂
S

dλ ; η = − 1
2

λ β∫
λ α

(
q̂ · L̂

)
: P̂

S
dλ , � (8)

 

where the auxiliary coefficients χ  and L̂, whose meaning is detailed in the works41,42, are defined by the 
following expressions: χ = (1 − λ H)2 − λ 2D2, L̂ = (1 − 2λ H) ÎS + λ b̂. The values H  and D
represent the mean and differential curvatures, respectively, and are defined in terms of the principal curvatures 
c1 and c2: H = (c1 + c2) /2, D = (c1 − c2) /2. These parameters describe the shape and curvature of the 
phase interface. For the surface of tension, the tensors ÎS  and b̂ are mutually orthogonal but do not form a 
complete set of basis tensors. The curvature tensor b̂ can be expressed as a linear combination of these tensors, 
and it is decomposed into its trace H ÎS  and deviator Dq̂, as shown in the equation: b̂ = H ÎS + Dq̂. Thus, 
determining the position of the surface of tension requires accounting for these curvatures, ensuring accurate 
modeling of the mechanical and thermodynamic properties in the interfacial region between phases.

In the case of flat phase-dividing surfaces, the expressions for micromechanical determination of surface 
tension coincide for thermodynamic (7) and mechanical (8) surface tensions coincide, and with the substitution 
of variables (4) and considering the approximation λ β − λ α ≪ R, they can be transformed into Bakker’s 
formula43, which is usually used to calculate the surface tension γ α β  at the flat boundaries between adjacent 
phases:
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γ α β =

Zβ∫
Zα

(PN − PT ) dz, � (9)
 

where PN = PN (z) and PT = PT (z) are the normal and tangential components of the pressure tensor in 
the real system, respectively. The condition for the equality of the momentum of force acting on an elementary 
cross-section that normally intersects the interphase region in the real system and the momentum of force acting 
on a similar cross-section in the reference system:

	
γ α β Zs =

Zβ∫
Zα

(PN − PT ) zdz. � (10)
 

Considering expressions (9) and (10), Zs is determined by the formula:

	
Zs =

Zβ∫
Zα

(PN − PT ) zdz/
Zβ∫
Zα

(PN − PT ) dz. � (11)
 

Similar to expression (1), the difference between Ze and Zs is the Tolman length δ:

	 δ = Ze − Zs. � (12) 

MD calculations of argon nanofilms and nanodroplets
To investigate the wetting characteristics and the size dependence of the contact angle, we modeled nanodroplets 
of various sizes placed on an ideal solid substrate in equilibrium with the vapor of the same liquid as the droplet. 
To eliminate the influence of the curved three-phase contact line, we selected droplets in the shape of cylindrical 
segments, which also simplified the procedure for calculating density profiles and pressure tensor components. 
To better understand the behavior of the substance in the interfacial region without edge effects, we also modeled 
a nanofilm that wets the same substrate as the droplet and is in equilibrium with its saturated vapor.

To avoid the necessity of making additional assumptions regarding combining rules44, such as Berthelot-
Lorentz rules concerning the interaction of atoms of different types in molecular dynamics calculations, we 
employed a single-component system of argon atoms45. This choice allowed us to set the simulation temperature 
to the triple point of argon (83.8058 K), where solid, liquid, and vapor phases coexist, thus accurately representing 
the equilibrium conditions of the system. This choice was crucial for studying the contact angle of wetting.

For multicomponent systems where interactions between different types of atoms or molecules must be 
considered, traditional combining rules, such as the Berthelot-Lorentz rules, may introduce certain inaccuracies, 
especially at the nanoscale. However, as demonstrated in our previous work46, it is possible to apply an alternative 
method for adjusting the potential parameters for interactions between the fluid and the solid substrate. This 
approach allows for accurate adjustment of interaction parameters based on macroscopic wetting measurements, 
which provides an adequate representation of interfacial properties without the need for additional assumptions 
regarding combining rules. This method can be successfully used for more complex multicomponent systems, 
such as water or other fluids.

The MD simulations were performed using the LAMMPS (Large-scale Atomic/Molecular Massively Parallel 
Simulator) package47. The argon fluid was modeled in mechanical and chemical equilibrium with its saturated 
vapor, with the equilibrium maintained by an external inhomogeneous force field that simulated the substrate 
(see further in the text Eq. (13) and (S1) see Supplementary Material, Section A.). Given that we used a 
canonical ensemble (NVT), the pressure was not directly controlled but instead emerged naturally from the 
system’s equilibration process. The Gibbs canonical ensemble was selected for molecular dynamics modeling 
as it simplifies the MD calculations of the profiles of density and pressure-tensor components by maintaining 
constant volume and temperature throughout the simulation.

To ensure the accuracy of these simulations, particular attention was given to modeling the substrate, as 
it plays a critical role in the interaction dynamics of the nanodroplets and nanofilms with their surrounding 
environment.

Modeling of the substrate
To accelerate the MD simulations, the substrate was modeled using the time-averaged force field that it would 
generate in space at the triple-point temperature, as described by the potential in Eq. (S1) (see Supplementary 
Material, Section A. for details32,48,49). At this temperature, the numerical density of solid argon was assumed to 
be approximately 0.021357 Å−3.

Due to specific technical requirements of the MD simulations, the potential well depth was set at two lattice 
periods from the bottom wall of the simulation box. The resulting potential is illustrated in Fig. 1 (a):

	
Φ (z) = 2

3 π nσ 3ϵ

(
2

15
σ 9

(z−(2a0−(2/5)1/6)σ )9 − σ 3

(z−(2a0−(2/5)1/6)σ )3

)
� (13)

 

where n =
√

2a−3
0 , and a0, the crystal lattice period for argon, was estimated as 5.25 Å, σ = 3.405 Å. The 

parameter ϵ  was used to control the degree of wettability of the substrate, its values were chosen to be 80%, 
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Fig. 1.  To facilitate analysis, we plot the wall potential Φ(z) (Eq. (13)) (a), with energy expressed in kcal/
mol, a specific unit of measurement used for the simulation (thermochemical kilocalories, i.e., 1 cal∘= 4.184 J). 
This means that the corresponding energy in kilocalories must be divided by Avogadro’s constant. (b) The 
distribution of numerical density values n(z) along the z-direction, averaged over the x- and y-directions 
during 5 ns of the simulation. (c) The average hydrostatic pressure ⟨P(z)⟩ of the vapor-liquid system. The 
rectangular areas highlighted in (c) are further detailed in Figs. S4 and S5 (see Supplementary Material, Section 
C. Modeling of the argon nanofilm for details). (d) Schematic representation of the argon nanofilm atoms’ 
position in the thermalized configuration after reaching equilibrium at a temperature of 83.8058 K.
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100%, and 120% of 1.032 meV to simulate varying degrees of surface interaction. For a detailed mathematical 
derivation of the potential field, refer to the supplementary material (see Section A. Modeling of the substrate).

Modeling of the argon nanofilm
This subsection presents the results of the MD simulations of the wetting phenomenon by an argon nanofilm 
on a virtual solid substrate, represented by a wall potential (13) that mimics the interactions at the solid-liquid 
interface.

Simulation setup
For the simulation of the nanofilm, a simulation box with dimensions of 78.75 × 78.75 × 262.5 Å3 and with 
periodic boundary conditions in two directions tangent to the film surface (x, y) and boundary conditions 
corresponding to mirror reflection in the z-direction was considered. In the initial configuration, argon atoms 
were created at the nodes of a face-centered cubic lattice, which had a period of 5.25 Å, and filled part of the 
space of the simulation box with dimensions 73.5 × 73.5 × 52.5 Å3. As a result, the model vapor-liquid system 
comprised 17,241 argon atoms (see Fig. 1.).

The interaction of argon atoms was modeled using the Lennard-Jones potential with the following parameters: 
σ = 3.405  and ϵ = 1.032 meV. Therefore, all the computer simulation results presented in this study, 
involving MD modeling of argon vapor-liquid systems, were conducted with a cut-off radius of the interparticle 
potential equal to 10σ. The justification for selecting this cut-off radius is provided in the supplementary material 
(see in Supplementary Material, Section B. Choice of the cut-off radius for the interparticle potential (see Ono 
and Kondo11and De Groot & Mazur50).

To reach equilibrium, the system was heated from 1  K to the triple point temperature during 1 ns and 
thermalized for 6 ns. The resulting thermalized configuration allowed us to proceed with the analysis of the 
wetting behavior of the argon nanofilm under equilibrium conditions.

The numerical integration of Newton’s equations in the MD simulations was performed using the velocity 
Verlet al.gorithm with a time step of 1 fs. For the argon nanofilm, two-dimensional maps of numerical density 
distribution, components of the mechanical stress tensor, and Voronoi diagrams51 were averaged over values 
generated every 100 steps during 1 ns, with the total simulation time lasting 10 ns.

Calculation of the surface tension and Tolman length
To determine the Tolman length (12) in the case of a flat interface, the positions of the equimolar dividing 
surface and the surface of tension are first calculated using expressions (6) and (11) respectively. The positions 
of the equimolar surface and the surface of tension were determined using formulas (6) and (11), respectively. 
The equimolar surface position was calculated based on the density distribution along the normal to the 
interface, as demonstrated in the density profiles shown in Figures S2 and S3 (see Supplementary Material, 
Section C. Modeling of the argon nanofilm for details). The position of the surface of tension was calculated 
using the distribution of the pressure tensor components in the interfacial region, as presented in Figures S4 and 
S5). (see Supplementary Material, Section C.).

The calculated values of the equimolar surface position ( Ze) and the surface of tension ( Zs), along with 
the corresponding Tolman length (δ), are presented in Table S1. The results indicate that for the liquid-solid 
interface, the Tolman length is 5.5 ± 0.3 Å, whereas for the liquid-gas interface, it is 7.0 ± 0.5 Å. These values 
highlight the varying behavior of the surface tension correction across different interfaces.

Surface tension for the flat interfaces was calculated using Bakker’s formula (9), which integrates the 
difference between the normal and tangential components of the pressure tensor across the interfacial region. 
The calculated surface tension values for the flat interfaces were found to be γls = 15.6 ± 0.2 mJ/m² for the liquid-
solid interface and γlg = 13.7 ± 0.2  mJ/m² for the liquid-gas interface. These results indicate that the surface 
tension is slightly higher at the liquid-solid interface compared to the liquid-gas interface.

For a comprehensive understanding of the simulation results, including the positions of equimolar and 
tension surfaces, as well as the calculated surface tension values, readers are referred to the supplementary 
material, which includes detailed graphs and tables (see Figs S2 – S9 and Table S1, in Supplementary Material, 
Section C. for details).

Modeling sessile droplets on surfaces of different wettability
The argon nanodroplets were modeled using the same potential (Eq. (13)) that was employed to simulate the 
substrate in the case of the nanofilm. Therefore, the temperature at the triple point of argon (83.8058 К) was 
selected, and the Gibbs canonical ensemble (NVT) was used. In cases where nanodroplets are modeled on a 
substrate composed of atoms of a different type, the methodology for adjusting the potential well depth of the 
interaction potential between the droplet molecules/atoms and the substrate can be applied as proposed in the 
works by Burian et al.46,52. The “cylindrical droplet” stabilization was achieved by establishing periodic boundary 
conditions (in the simulation box), i.e., through its infinite periodic extension along the cylinder axis.

Conducted simulations repetitions of cylindrical droplets of argon equals six for different sizes made of 2535, 
5415, 10,935, 20,535, 36,015, 45,375 atoms, and even seven for the smallest configuration (1 215 atoms). In each 
case, in the initial configuration state, argon atoms were created (in the crystalline state) in part of the simulation 
box with dimensions of 6 × 6 × 15, 9 × 9 × 15, 13 × 13 × 15, 18 × 18 × 15, 24 × 24 × 15, and 27 × 27 × 15, respectively 
(defined in the parameters of the crystal lattice a0). Schematic representations of thermalized configurations of 
two of them (the smallest and the largest) are shown in Fig. 2.

After the thermalization of each vapor-liquid systems, the calculation of two-dimensional maps of numerical 
density, Voronoi diagrams, and stress tensor components were performed every 1 ns by averaging 1000 similar 
values generated at every 100th calculation step. The total time of such averaging for some simulations lasted 
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for 13 ns. Each of the six nanodroplets was modeled on three substrates of different degrees of wettability. The 
degree of wettability was modeled by changing the depth of the potential well in the “potential model” (13)
. Two-dimensional maps of those calculated quantities were constructed similarly to the case of the argon 
nanofilm. Figure 3 show maps of numerical density and the average pressure values for the smallest and largest 
nanodroplets from each series of calculations.

Calculation of contact angles for sessile argon nanodroplets
To simplify calculations, we assume that the equimolar surface and the surface of tension are equidistant and 
coaxial surfaces in the region where the density oscillations caused by the substrate field do not exceed the 
value of density fluctuation over the entire cross-section considered (see side inserts on the left in each graph of 
Fig. 3). For this part of the nanodroplet, the position of the equimolar surface was determined by approximating 
it with a circular arc, along which the values of the number density fall within the range [0.009; 0.011] Å−3. It 
approximately corresponds to half liquid phase density. The radius of the nanodroplet surface is calculated by 
adding to the radius of the equimolar surface the value Tolman’s δ. The interfaces of the fluid-solid contact are 
flat, so their position is easily determined by Eqs (6) and (11), and the magnitude of the Tolman length for the 
respective dividing boundary is calculated according to expression (12).

Using Eq. (6) and (11) one can calculate the positions of the flat equimolar dividing surface and the surface 
of tension, just as demonstrated in the previous section for the argon nanofilm. Fig. S6 (see Supplementary 
Material, Section C.) shows the arithmetic area under the curve at the solid substrate-liquid dividing boundary, 
giving the value of the respective component of the surface tension tensor, just as in the case of the liquid-gas 
boundary. Using the obtained values of the positions of the dividing surfaces by formula (12), the value of the 
Tolman length δ = 7.0 ± 1.8 Å was calculated. The positive value of the value δ, the Tolman length, means that 
the surface of tension is at a distance of 7 Å from the equimolar dividing surface in the direction of the fluid, 
which is consistent with known literature results. For all three series of MD calculations, it was established that 
the surface of tension at the liquid-substrate boundary is closer to the liquid phase by approximately 5.5 ± 0.7 Å, 
than the corresponding equimolar surface.

For the cylindrical nanodroplet, analyzing the narrow region near the axial section perpendicular to the 
base of the droplet (see examples in Fig. 4), similar calculations were made as for the nanofilm. The value of 
the Tolman length within the margin of error is the same as the one obtained for the liquid-gas interface of the 
nanofilm.

As seen in Fig. 5, the WCA calculated as dihedral angles between the equimolar surfaces at the liquid-gas and 
liquid-solid boundaries and the respective surfaces of tension, for the droplet of the smallest radius (11.8 ± 0.4 
Å) in the second series of simulations, turn out to be different, namely, equal to 79.5о ± 2.7о and 100.2о±2.1о 
respectively (for droplets of all sizes see Figs. 6 and 7 and Figs S10, S11 in supplementary material).

The over 10% discrepancies between the contact angles determined for the equimolar surface and the surface 
of tension reflect fundamental differences between these two approaches. The equimolar surface defines the 
geometric phase boundary where the number of particles on both sides is equal, making it useful for describing 
the spatial characteristics and shape of the droplet. In contrast, the surface of tension is a thermodynamically 
defined boundary that ensures the equilibrium of interfacial forces, making it more relevant for analyzing 
interfacial energy interactions and mechanical equilibrium in the system.

These discrepancies indicate that both approaches capture different physical aspects of wetting. For studies 
focusing on droplet shape and geometry, the equimolar surface is preferable. However, for analyzing wetting 
in the context of thermodynamic equilibrium between phases, the surface of tension provides a more accurate 
representation. Both methods are valuable, depending on the research objectives.

Fig. 2.  Schematic representation of thermalized configuration (right and left in the upper part of the figure) of 
the cylindrical argon droplet for two different sizes and with different numbers of atoms.
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The fluctuation character of the distribution of contact angle values (see Fig. S11 in supplementary material), 
calculated every 1 ns for each droplet in all series of MD simulations, provides a justified basis for averaging 
such values among all droplets across all series of calculations (refer to Fig. S10 and Fig. S11 in supplementary 
material Section D. Analysis of random fluctuations in contact angle during simulation).

Considering that the thickness of the interfacial region remains nearly constant with the change in the 
curvature of the interface, the difference in contact angles measured between the stretching surfaces and 
equimolar dividing surfaces increases with the decrease in the cross-section of the nanodroplet. In each case, 
for the contact angles determined between the equimolar surfaces and even more so for the contact angles 
determined between the tension surfaces, these contact angles are dependent on the cylindrical droplet is cross-
sectional size (see Figs. 6, 7 and 8).

Fig. 3.  Maps of averaged distributions of numerical density (left) and pressure (right) along the axis of 
cylindrical argon droplets. Panels (a), (b), and (c) depict the smallest droplet in the series (2535 atoms), 
while panels (d), (e), and (f) illustrate the largest droplet (45375 atoms). The left side insets in each panel 
show the variation of numerical density along the Z-axis (height) of the droplet, indicating how the density 
distribution changes from the base to the top of the droplet. The right side insets display the corresponding 
pressure profiles, showing the variation of pressure across the Z-axis, which helps in understanding the stress 
distribution within the droplet. Panels (a, d), (b, e), and (c, f) correspond to potential well depths of 80%, 
100%, and 120% of 1.032 meV, respectively, representing the corresponding levels of substrate wettability.
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Within the Gibbs-Tolman method, it is known that the size dependence of the surface tension of a spherical 
droplet or a bubble is described by the Tolman approximation8,9, and for the case of cylindrical phase boundaries, 
the size dependence of the surface tension is described by a modified expression given in the work21

	 γ lg (R) = γ lg
∞

1+δ /R
, � (14) 

where γ lg (R) is the surface tension for a droplet with radius R, γ lg
∞  is the surface tension for a flat surface, 

and the Tolman length δ. Using Young’s equation for the macroscopic contact angle (θ) at the three-phase 
boundary (liquid, solid, and gas):

	 γ lgcos (θ ) = γ sg − γ sl, � (15) 

Fig. 5.  Schematically shown are the positions of the equimolar surfaces, constructed using the Gibbs method 
(left) in the reference system and the corresponding surfaces of tension (right) in the case of the smallest 
nanodroplet in the second series of calculations (1215 atoms). The distances between the respective dividing 
surfaces and the angles between them are indicated.

 

Fig. 4.  MD calculation results of the difference between the normal and tangential components of the pressure 
tensor, in the x and y directions, tangent to the narrow part of the surface of the smallest (a and b) and largest 
droplets (c and d), respectively.
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where γ sg  is the surface tension between the solid and gas, γ sl is the surface tension between the solid 
and liquid, and γ lg  is the surface tension between the liquid and gas. Considering the modified Tolman 
approximation (14), Young’s equation can be modified for nanoscale droplets by accounting for the size-
dependent surface tension

	 cos (θ ) = cos (θ Young) (1 + δ /R) , � (16) 

where θ Young is the macroscopic contact angle. This expression shows that the contact angle at the nanoscale 
depends on the Tolman length δ and the radius R of the droplet. Using this equation as an approximation 

Fig. 7.  The values of the cosine of the contact angle for sessile nanodroplets with different radii of the 
equimolar surface. The angles are calculated between the equimolar surfaces.

 

Fig. 6.  The values of the cosine of the contact angle for sessile nanodroplets with different radii of the surface 
of tension. The angles are calculated between the surfaces of tension.
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model, the contact angle for nanodroplets of various sizes can be estimated. The derived expression is used 
to approximate the results presented in the graphs (see Fig.  8). This allows the assessment of the impact of 
nanoscale effects on the contact angle and the consistency of the results with theoretical predictions.

However, the values of the Tolman length obtained as a fitting parameter for this model based on simulation 
data do not match the values of the Tolman length calculated as the distance from the equimolar surface to the 
surface of tension in the case of a flat interface. This discrepancy indicates that a model accounting solely for the 
size dependence of surface tension needs to be revised to accurately describe the obtained data.

It is obvious that additional effects, not solely related to the size dependence of surface tension, need to be 
considered. For instance, the presence of other surface phenomena, such as line tension or the influence of 
molecular structure at the phase boundary, could be a potential cause of these discrepancies.

Conclusions.
In nanoscale multiphase systems, the ambiguity in defining the location of an interface is related to the 

interfacial layer (interphase transition region), which has a thickness on the order of the characteristic linear 
dimensions of the system itself. Such difficulty is often the reason to explain the uncertainty in determining 
wetting contact angles which are key parameters for understanding wetting phenomena. This study highlights 
the importance of selecting an appropriate dividing surface at the nanoscale for accurately describing the wetting 
behavior. The Gibbs dividing surface method provides a mechanically equivalent representation to the natural 
physical system and allows accurate determination of the contact angle as the dihedral angle at the three-phase 
line of tension between the tangents to the respective tension surfaces.

The positions of the Gibbs surfaces were determined using MD simulations of cylindrical argon nanodroplets 
and nanofilms. The Tolman length, determined at the triple point temperature of argon, was approximately 8 
Å, corresponding to about a quarter of the surface tension radius for the nanodroplets. This study also allowed 
the calculation of contact angles, defined both between the equimolar surfaces and between the tension surfaces 
for the cylindrical nanodroplet, which were 88.9 ± 0.3° and 101.3 ± 0.2°, respectively. These results contribute to 
a better understanding of wetting dynamics at the nanoscale and illustrate the complex aspects associated with 
interpreting contact angles in such small systems.

Considering droplets of different sizes, a dependence of the wetting contact angles, both between equimolar 
surfaces and tension surfaces, on the cross-section radius of the cylindrical droplet with a straight three-phase 
contact line was found. However, the nature of the size dependence of the contact angle cannot be solely related to 
the size dependence of surface tension within the Tolman approximation. This dependence may be caused by the 
presence of line tension or adsorption. It was established that the differences in the contact angle values between 
equimolar surfaces and tension surfaces increase with decreasing cross-sectional radius of the nanodroplet and 
become negligible for macroscopic sizes.

Fig. 8.  Dependence of the cosine of the contact angle cos(θ) on the droplet radius R with approximations 
(16) for different Tolman length values δ. Green points: cosine values of contact angles versus the radius of 

the surface of tension. Blue points: cosine values of contact angles versus the radius of the equimolar dividing 
surface. (a) Red curve: approximation according to the model with δ = 41 ± 4 Å. Blue curve: approximation 
according to the model with δ = −17 ± 2 Å. The value of cos(θYoung) for both curves is 0.108 ± 0.005. (b) Red 
curve: approximation according to the model with δ = −24.8 ± 0.8 Å. Blue curve: approximation according to 
the model with δ = 2.2 ± 1.7 Å. The value of cos(θYoung) is − 0.162 ± 0.006 for the red curve and − 0.162 ± 0.007 
for the blue curve. (c) Red curve: approximation according to the model with δ = −6.9 ± 0.5 Å. Blue curve: 
approximation according to the model with δ = −0.4 ± 0.7 Å. The value of cos(θYoung) for both curves is 
− 0.399 ± 0.007.
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From an experimental perspective, the observed differences between contact angles measured for equimolar 
surfaces and surfaces of tension may depend on the measurement technique. For instance, scanning electron 
microscopy (SEM), which generates density maps, would capture the wetting angle based on the equimolar 
surface, reflecting the droplet’s geometric properties. In contrast, atomic force microscopy (AFM), which 
probes interfacial forces, would measure wetting characteristics based on the surface of tension, focusing on 
the thermodynamic equilibrium of the system. This distinction highlights the importance of considering the 
features of the experimental approach when interpreting wetting phenomena at the nanoscale.

Data availability
All data generated from the molecular dynamics simulations and analyzed during this study will be available 
upon reasonable request to the primary corresponding author, Burian Sergii (burian_sergii@knu.ua).
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