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Abstract 21 

The contact angle is a key parameter in describing the morphology of liquid-liquid 22 

phase separated (LLPS) aerosols. However, existing experimental methods are unable 23 

to precisely measure the contact angle at the nanoscale. Here, molecular dynamics (MD) 24 

simulations based on Martini force field and OPLS-UA force field are conducted to 25 

reveal the effects of temperature, water content, inorganic salt (NaCl) content and 26 

surfactant (suberic acid) content on the liquid-liquid contact angle in water-dodecane 27 

LLPS aerosols, and the applicability of classical Young’s equation is analyzed. MD 28 

simulations show that the contact angle is positively correlated with temperature and 29 

water content but is negatively correlated with NaCl content and suberic acid content. 30 

The Martini force field generally results in larger contact angles and stronger influence 31 

of NaCl than the OPLS-UA force field. Interfacial tensions of gas-water and water-32 

dodecane calculated based on the OPLS-UA force field are closer to the experimental 33 

results. At the nanoscale, the contact angle calculated by Young's equation always 34 

deviates significantly from MD simulations, necessitating the inclusion of line tension. 35 

Furthermore, reliable line tensions for different systems have been obtained and fitted 36 

with a quartic polynomial function. 37 

Keywords: Aerosol, liquid-liquid phase separated, contact angle, molecular dynamics 38 

1. Introduction 39 

Atmospheric aerosols have great impact on the Earth’s climate directly by 40 

absorbing, reflecting and scattering solar radiation and indirectly by acting as cloud 41 

condensation and ice nuclei influencing formation of clouds and precipitation (Tang 42 
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and Munkelwitz, 1994; Yu et al., 2006; You et al., 2012). Effects of aerosols on climate 43 

are influenced by the aerosol size, physical state, chemical composition and 44 

morphology (Martin, 2000). Therefore, understanding the interrelation between 45 

chemical composition and aerosol phase is critical to global air quality and climate 46 

models and related future climate projections. 47 

Atmospheric aerosols are found to be composed of several types of inorganic salts 48 

and thousands of organic compounds (Noziere et al., 2014). Liquid-liquid phase 49 

separation (LLPS) has been observed in numerous laboratory-generated and 50 

atmospheric aerosols. In the LLPS aerosols, depending on the solubility of the organic 51 

compound, an aqueous salt-rich phase and a potentially aqueous organic-rich phase are 52 

in contact with each other (Song et al., 2012; Schmedding and Zuend, 2025). There are 53 

two main morphologies of LLPS aerosols: core-shell (total wetting of one phase by the 54 

other) and partial wetting (asymmetric structures, with one phase partially engulfed by 55 

the other) (Qiu and Molinero, 2015; Freedman, 2017). The morphology of LLPS 56 

aerosols has a significant impact on their aging through hygroscopic growth and 57 

heterogeneous chemistry reaction. 58 

Numerous studies have focused on the influencing factors, particle structure, and 59 

inter-phase component distribution of LLPS aerosols. In terms of experimental studies, 60 

the experimental methods for the LLPS of aerosol particles can be divided into substrate 61 

method and single particle suspension method. Instruments used in the substrate 62 

method generally include the optical microscope (Huang et al., 2021; Song et al., 2012), 63 

transmission electron microscopy (TEM) (Veghte et al., 2013) and scanning 64 

transmission X-ray microscopy/near edge X-ray absorption fine structure 65 

(STXM/NEXAFS) (O’brien et al., 2015). In order to reduce the influence of the 66 

substrate on the droplet structure, hydrophobically coated substrates are used. In the 67 
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single particle suspension method, particle is suspended under the action of electric 68 

field force or single beam gradient force optical trap (Ingram et al., 2021; Davies, 2019). 69 

Raman spectroscopy is always coupled to these techniques to present information on 70 

morphology and composition. Based on the above methods, some studies have 71 

investigated the phase structure of various organic-inorganic mixed aerosol particles 72 

under different relative humidities (Zuend et al., 2008), and results shows that the ratio 73 

of O atoms to C atoms (O:C ratio) in organic matter can be used as a key parameter to 74 

determine the occurrence of LLPS and the phase separation relative humidity (SRH). 75 

When mixed with ammonium sulfate, organic compounds with O:C < 0.56 undergo 76 

phase separation, while compounds with O:C ≥ 0.8 lead to homogeneous phase. 77 

Additionally, at 0.56 < O:C < 0.8, whether particles undergo LLPS depends on the type 78 

of organic functional groups. 79 

In terms of theoretical research, LLPS is mainly driven by the non-ideality in the 80 

droplet of solution, and it can occur by nucleation, growth, and spinodal decomposition 81 

(Papon et al., 2006). Based on the thermodynamic equilibrium principle and the 82 

AIOMFAC (Aerosol Inorganic-Organic Mixtures Functional groups Activity 83 

Coefficients), Zuend et al. (2010) proposed the LLE-AIOMFAC to describe the inter 84 

phase component distribution inside the LLPS aerosols. LLE-AIOMFAC model has 85 

been applied in the descriptions of cloud condensation nuclei (CCN) activation and the 86 

unsteady hygroscopic growth process of LLPS aerosols (Ovadnevaite et al., 2017; 87 

Huang et al., 2021; Shiraiwa et al., 2013), which are crucial in large-scale climate 88 

models. Recently, LLE-AIOMFAC model has been improved to predict the LLPS inter 89 

phase component distribution in ultrafine particles by taking into account the size-90 

dependent surface and interfacial tension effects (Schmedding and Zuend, 2025).  91 

The elucidation of the internal structure of LLPS aerosols is important and 92 
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challenging, especially for nanoscopic aerosols. The contact angle between the two 93 

phases can be used to quantify the extent of wetting in the LLPS aerosols. The two 94 

limits are θ = 180° corresponding to nonwetting and θ = 0° to core-shell. In the study 95 

of fluid wetting on a solid surface, the Young’s equation (Young, 1805), which predicts 96 

the contact angle using the interfacial tension of solid-liquid, solid-vapor and liquid-97 

vapor, is the widely accepted wetting model at the macroscale. However, the three-98 

phase line tension should be included in the Young’s equation to calculate the contact 99 

angle in the surface nanodroplet (Jabbarzadeh, 2024). In the LLPS aerosols, Qiu and 100 

Molinero (2015) has demonstrated that for particles of diameter larger than ~100 nm 101 

the contact angle can be calculated by an expression that is identical to Young’s equation, 102 

while for the ultrafine aerosols the contact angle depends also on the line tension 103 

between the two liquids and the vapor. Moreover, molecular dynamics (MD) 104 

simulations of nonane-water droplets were used to validate the thermodynamic 105 

predictions. In order to better predict the morphology of LLPS particles, further 106 

research on the contact angle is necessary. 107 

In this study, MD simulation method is adopted to reveal the effects of temperature, 108 

water content, inorganic salt (NaCl) concentration and surfactant (suberic acid) 109 

concentration on the contact angle in the dodecane-water LLPS aerosols. Dodecane, 110 

which comes from the incomplete combustion or volatilization of fuel is used as a proxy 111 

for insoluble organic substances due to its abundant interfacial tension data in literatures 112 

(Schmidt et al., 1966; Sayed et al., 2019).  113 

2. Computation details 114 

2.1 MD simulations 115 

The simulated objects included binary and ternary droplets. The binary droplets 116 

were consisted of 2000 dodecane molecules and different numbers of water molecules 117 
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(8000, 12000, 16000, 20000, 32000), while the ternary droplets contain 2000 dodecane 118 

molecules, 8000 water molecules and different amounts of NaCl (50, 100, 150, 200, 119 

600, 800). The Martini coarse-grained (CG) force field (Marrink et al., 2007) and the 120 

united-atom force field (OPLS-UA) (Jorgensen et al., 1984) were employed to describe 121 

the interatomic interactions in the simulation systems, respectively. Both force fields 122 

are coarse-grained, which can effectively reduce computational costs and have been 123 

widely applied to quantify microscopic properties, including contact angles and 124 

interfacial tensions (gas-liquid, liquid-liquid) (Qiu and Molinero, 2015; Sergi et al., 125 

2012).The size of the simulation box was 300 Å, and periodic boundary conditions were 126 

adopted. Details of the MD simulations are presented in the Supplement.  127 

2.2 Contact angle 128 

Fig. 1 shows a schematic diagram of LLPS droplets. The liquid-liquid contact 129 

angle (α) in the figure was calculated by  130 

 ( ) ( )
1 2 2 2

w o
c o s r r / 2

w o
d r r

−
= + −  (1) 131 

where rw is the fitted radius of water molecule clusters, ro is the fitted radius of dodecane 132 

molecule clusters, and d is the distance between the two centers of the spheres.  133 

The acquisition of the radius of water molecule clusters and the radius of dodecane 134 

molecule clusters in the droplet were based on the accurate acquisition of the droplet 135 

contour. A coordinate system (r, z) was established with the centroid of the organic 136 

molecule cluster as the origin and d as the z-axis (Do Hong et al., 2009). The simulation 137 

system was divided into multiple cylindrical bins with same height (Δz = 2.5 Å) and 138 

same volume. Boundaries of radial bins are located at /
i

d i A =   with i = 1……，139 
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with a base area per bin of δA = 380 Å2. The density distribution ρ(r, z) of the entire 140 

droplet was obtained by calculating the number density of molecules in each cylindrical 141 

bin. The point with the minimum ρ(r, z) in the gas-liquid droplet was selected as the 142 

gas-liquid interface. The droplet contour was obtained by fitting these interface points 143 

into a circle using the least square method. 144 

 145 

Fig. 1. Schematic diagram of the LLPS droplet  146 

2.3 The interfacial tension 147 

The interfacial tensions of the horizontal gas-liquid (pure water γg-w, pure 148 

dodecane γg-d) and liquid-liquid (water-dodecane γw-d) interfaces can be calculated by 149 

the following formulas:

  

150 

 ( )1

2

2

Z

z z x x y y

L
P P P = − +  (2) 151 

where Pzz, Pxx, and Pyy are the pressure tensors perpendicular to and tangential to the xy 152 

plane, respectively. Lz is the length of the simulation box in the z direction, 153 

perpendicular to the gas-liquid interface formed along the xy plane. Due to the existence 154 

of two interfaces, there is a factor of 1/2. The angle brackets indicate the average value 155 

taken over multiple time points. The simulation systems used to calculate γg-w and γg-d 156 

contain 2000 water molecules and 500 dodecane molecules, respectively, while the 157 
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system used to calculate γw-d contains 500 dodecane molecules and 4000 water 158 

molecules. Each simulation system contains two equivalent alkane/gas, water/gas, and 159 

alkane/water interfaces, all of which are parallel to the xy plane. Additionally, for the 160 

surface tension of SPC/E water, to achieve results more consistent with experiments, 161 

the calculated pure water surface tension was corrected using the tail correction term (γd). 162 

For this purpose, the number density of the liquid along the z-axis was fitted to a 163 

hyperbolic tangent function.  164 

 ( ) ( ) ( )
0

l v l v

1 1
ta n h

2 2

z z
z    



 − 
= + − −  

 

 (3) 165 

where ρl and ρv represent the densities of the liquid and vapor phases, respectively. Then, 166 

the tail correction term (γd) is calculated according to the method of Blokhuis et al. 167 

(1995). 168 
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 (4) 169 

To ensure the reliability of the simulation results, we conducted the simulation 170 

three times for the same system. Additionally, since the contact angle of two nanoscale 171 

droplets was investigated, the influence of curvature on surface tension should be 172 

included. Tolman (1949) proposed the relationship between surface tension and radius 173 

for equimolar dividing surface (Re), which is shown below:  174 

 
( )

g w (d )

g w (d ) 2
1

R e






−

−
 =

+
 (5) 175 

where 
'

g w ( d )


−
represents the surface tension of a droplet with Re, and δ is the Tolman 176 

length. In formula (5), the sign of the Tolman length is positive for a droplet (convex 177 
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interface) and negative for a bubble (concave interface). Therefore, when the radius of 178 

curvature Re is comparable to the Tolman length δ, the surface tension of the droplet 179 

decreases as the droplet size decreases. δ of water is approximately 0.048 nm (Leong 180 

and Wang, 2018). Meanwhile, for short-chain alkanes such as pentane and dodecane, 181 

the recommended δ is 0.035 nm (Rehner et al., 2019). For NaCl droplets, the 182 

recommended δ is 0.1 nm (Bahadur and Russell, 2008). Re is obtained through the 183 

density profile fitting (Equation (3)).  184 

3. Results and discussions 185 

3.1 Contact angle of binary water-dodecane LLPS droplets 186 

For LLPS droplets composed of water and dodecane, we investigated the effects 187 

of temperature and the water content on the binary contact angle. The snapshots of the 188 

equilibrium droplets based on the Martini force field MD simulations are shown in Fig. 189 

2. Results based on the OPLS-UA force field MD simulations present the similar result 190 

and are presented in Fig. S2 (Supplement). 191 

 192 

Fig. 2. Snapshots of water-dodecane droplets under different temperatures and water contents 193 
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(MD simulations with Martini force field）, dodecane and water molecules are represented by red 194 

and blue balls, respectively 195 

As shown in Fig. 2, at the equilibrium state all water-dodecane binary droplets 196 

exhibit the "Russian doll" type LLPS structure, so-called because spherical nonane lens 197 

partially wets a spherical water droplet, and the droplet shape is similar to the popular 198 

children’s toy. This result is consistent with the reported water-nonane binary droplet 199 

equilibrium structure in the literature (Obeidat et al., 2015; Qiu and Molinero, 2015), 200 

and this behavior is primarily due to the immiscibility between water and alkanes. 201 

Under the same temperature condition, as the water content increases, the size of the 202 

water clusters increases, and the liquid-liquid contact angle shows a tendency to 203 

increase. However, the influence of temperature on the liquid-liquid contact angle 204 

cannot be clearly determined from Fig. 2. Based on the qualitative description, we 205 

further studied the mechanisms of temperature and water content on the liquid-liquid 206 

contact angle of the water-dodecane binary droplet, using the contact angle calculation 207 

method described in Section 2.2. Corresponding results are shown in Fig. 3, in which 208 

outcomes based on both the Martini force field and the OPLS-UA force field are 209 

included. 210 

 211 
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 212 

(a)                                     (b) 213 

Fig. 3. Contact angles of water-dodecane droplets under different temperature and water content 214 

conditions. (a) Results of Martini force field, and (b) results of OPLS-UA force field 215 

As shown in Fig. 3(a), when the temperature is constant, the contact angle is 216 

positively correlated with the number of water molecules, which is consistent with the 217 

qualitative results obtained from Fig. 2. In addition, when the content of water 218 

molecules in the droplet is the same, the contact angle shows an increasing trend with 219 

the increase of temperature. This result is consistent with the variation of the contact 220 

angle between nonane and water with temperature in Obeidat et al. (2015). It can be 221 

seen from Fig. 3(b) that the contact angle obtained based on the OPLS-UA force field 222 

is positively correlated with both temperature and water molecule content, which is 223 

consistent with the result based on the Martini force field. The mechanism of 224 

temperature's effect on contact angle will be discussed in the Discussions section 225 

(Section 3.5), taking into account the results of changes in interfacial tension. However, 226 

under the same conditions, the contact angle values obtained based on the OPLS-UA 227 

force field is smaller than those of the Martini force field. 228 

3.2 Contact angle of ternary water-dodecane-NaCl LLPS droplets 229 
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In this section, we investigated the effects of temperature and NaCl concentration 230 

on the liquid-liquid contact angle in ternary LLPS droplets composed of dodecane, 231 

water, and NaCl. It should be noted that NaCl is presented only in the water clusters. 232 

Fig. 4 presents simulation snapshots of water-dodecane-NaCl droplets under different 233 

NaCl contents and temperatures. The results based on both the Martini force field and 234 

the OPLS-UA force field are shown in the figure. 235 

 236 

(a) 237 
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 238 

(b) 239 

Fig. 4. Simulated snapshots of water-dodecane-NaCl droplets under conditions of different NaCl 240 

contents and temperatures ((a) Martini force field, (b) OPLS-UA force field). Dodecane, water, 241 

Na+ and Cl- are represented by red, blue, green and yellow balls, respectively  242 

Based on the Martini force field, Fig. 4(a) shows that at the NaCl concentration of 243 

100 and 200, the water-NaCl clusters and dodecane clusters in ternary droplets under 244 

all four temperature values (240-320 K) present approximately spherical shapes. 245 

However, when the NaCl content increases to 600, there is a noticeable increase in the 246 

degree of aggregation of NaCl at the center of the water molecule clusters, resulting in 247 

an elongated shape with water molecules enveloping the NaCl aggregates. 248 

Consequently, the overall water-NaCl cluster presents an ellipsoidal shape. Compared 249 

to spherical water and dodecane clusters, distance between the mass center of the 250 
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ellipsoidal water cluster and the dodecane cluster exhibit a significantly reduction, 251 

which results in a decrease in the liquid-liquid contact angle according to Equation (1). 252 

When the OPLS-UA force field is employed (Fig. 4(b)), all water-NaCl clusters 253 

exhibit a spherical shape under various NaCl content and temperature conditions. The 254 

discrepancy in cluster structures arising from the two different force fields can be 255 

attributed to the following factors. In the Martini force field, four water molecules are 256 

represented by one bead, so the number of the water bead is one fourth of the OPLS-257 

UA force field, which may thereby reduce the solubility capacity for NaCl. At larger 258 

NaCl concentration, the NaCl aggregate exert a dominant influence on the shape of the 259 

water-NaCl clusters. 260 

In order to quantitatively describe the effect of NaCl concentration and 261 

temperature on the contact angle in ternary dodecane-water-NaCl droplets, Fig. 5 262 

presents the liquid-liquid contact angle as a function of NaCl concentration at different 263 

temperatures using the Martini force field and the OPLS-UA force field. 264 

         265 

(a)                                   (b) 266 

Fig. 5. The liquid-liquid contact angle as a function of NaCl concentration at different 267 

temperatures in ternary water- dodecane-NaCl droplets ((a) the Martini force field, (b) the OPLS-268 
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UA force field) 269 

As shown in Fig. 5(a), when the NaCl content increases from 50 to 200, No 270 

substantial change in the contact angle is generally observed under isothermal 271 

conditions. However, when the NaCl content increases from 200 to 600 and 800, a 272 

notable decrease in the contact angle is observed under the same temperature conditions. 273 

This significant reduction in the contact angle corresponds to the phenomenon observed 274 

in Fig. 4, where the water-NaCl clusters transition from a spherical to an ellipsoidal 275 

shape. Furthermore, at a constant NaCl content, the contact angle in the ternary droplets 276 

increases with rising temperature. When molecular simulations are conducted using the 277 

OPLS-UA force field (Fig. 5(b)), the contact angle generally exhibits a negative 278 

correlation with NaCl content and a positive correlation with temperature, which is 279 

qualitatively consistent with the results based on the Martini force field. The negative 280 

correlation between contact angle and NaCl content will be elaborated in the Discussion 281 

section (Section 3.5), considering the changes in interfacial tensions. However, in 282 

contrast to the results obtained with the Martini force field, no significant decrease in 283 

the contact angle was observed when the NaCl content increased from 200 to 600. 284 

Additionally, under the same NaCl content and temperature conditions, the contact 285 

angle calculated using the Martini force field is approximately 2-20° smaller than that 286 

obtained using the OPLS-UA force field, and the difference is more pronounced at 287 

lower NaCl content. 288 

3.3 Contact angle of ternary water-dodecane-suberic acid LLPS droplets 289 

In this section, effects of temperature and NaCl concentration on the liquid-liquid 290 
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contact angle in ternary LLPS droplets composed of dodecane, water, and suberic acid 291 

(C8H14O4) are investigated. Due to the absence of Martini force field parameters in 292 

suberic acid, only the OPLS-UA force field was employed. Simulation snapshots of 293 

water-dodecane-suberic acid droplets under different suberic acid number (50, 100, 150, 294 

200) and temperature (280 K, 290 K, 300 K, 310 K, 320 K) conditions are shown in 295 

Fig. 6. To present the distribution of suberic acid, water and suberic acid are displayed 296 

separately at the temperature of 280 K. 297 

 298 

Fig. 6. Snapshots of water-dodecane-suberic acid (C8H14O4) droplets under different temperatures 299 

and C8H14O4 contents (MD simulations with OPLS-UA force field）, and water and suberic acid 300 

in the particles are depicted at T = 280 K. Dodecane, water, and suberic acid are represented by 301 

red, blue and purple balls, respectively 302 

As shown in Fig. 6, all water-dodecane-suberic acid ternary droplets exhibit the 303 

"Russian doll" type LLPS structure with two spherical contours, which is similar to the 304 
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binary water-dodecane droplets shown in Fig. 2. Most of the suberic acid molecules 305 

appear at the junction of hydrated dodecane, with a small portion distributed on the 306 

surface of water molecule hemisphere. This phenomenon is consistent with the 307 

molecular dynamics simulation results of malonic acid (-adipic acid)-eicosane-water  308 

droplet (Zhang et al., 2024) and cis-pinonic acid-n-triacontane-water droplet (Karadima 309 

et al., 2019). In Fig. 6, it is difficult to distinguish the effect of temperature on the 310 

contact angle, but the increasing suberic acid significantly increases the degree of 311 

encapsulation of water molecules by dodecane, which indicates an increasing contact 312 

angle. 313 

In order to quantitatively describe the effect of suberic acid concentration and 314 

temperature on the contact angle in ternary dodecane-water-suberic acid droplets, the 315 

liquid-liquid contact angle as a function of temperature at different suberic acid contents 316 

are presented in Fig. 7.  317 

 318 

Fig. 7. The liquid-liquid contact angle as a function of temperature at different suberic acid 319 

contents in ternary water- dodecane-suberic acid droplets 320 
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As shown in Fig. 7, the liquid-liquid contact angle decreases obviously with the 321 

increase of suberic acid content at different temperatures. This phenomenon can be 322 

qualitatively explained by the appearance of suberic acid containing both hydrophilic 323 

and oleophilic groups at the interface between water and dodecane, which enhances the 324 

contact area between water and dodecane. A detailed explanation of the relationship 325 

between suberate concentration and contact angle is presented in the Discussion section 326 

(Section 3.5). Fig. 7 also illustrates that when the content of suberic acid is 50 and 100, 327 

the liquid-liquid contact angle increases with the increase of temperature, which is 328 

consistent with the result of binary dodecane-water system. However, when the number 329 

of suberic acid increase to 150 and 200, the absolute value of the slope of the 330 

relationship between temperature and contact angle decreases obviously, which 331 

demonstrates that the influence of temperature on the contact angle is reduced with the 332 

increase of suberic acid content. 333 

3.4 Comparison with Young’s equation 334 

The Young’s equation used to describe the contact angle of a droplet on a plate 335 

surface is given by  336 

  
s v s l

lv

c o s '
 




−
=                            (6) 337 

where α’, γlv, γsv and γsl are the contact angle, liquid-gas surface tension, solid-gas 338 

surface tension, and solid-liquid surface tension, respectively. However, in the LLPS 339 

droplets, the water (-NaCl) clusters approximately present as complete spheres, and 340 

dodecane adheres to the spherical water (-NaCl) clusters in the shape of spherical lenses, 341 

which wets the spherical water (-NaCl) clusters, partially. Therefore, spherical water (-342 
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NaCl) clusters in LLPS droplets can be regarded as "plates", and the contact angle can 343 

be calculated by:   344 

  
w v w o

o v

c o s
 




−
=                            (7) 345 

where γwv, γov and γwo represent the water-gas, organic-gas, and water-organic surface 346 

tensions, respectively. This definition for the contact angle has been applied to study of 347 

LLPS contact angles (Qiu and Molinero, 2015).  348 

To compare the predictions of Young’s equation results with the MD simulation 349 

results, we quantitively analyzed gas-liquid interfacial tensions (NaCl solution, γg-w(NaCl), 350 

pure dodecane, γg-d) and liquid-liquid interfacial tension (NaCl solution-dodecane, 351 

γw(NaCl)-d) in binary and ternary systems, and the corresponding results are shown in Fig. 352 

8. In Fig. 8, MD simulation results based on the Martini force field and the OPLS-UA 353 

force field are included. Results based on experiments (Schmidt et al., 1966; Sayed et 354 

al., 2019; Seinfeld and Pandis, 2016) and MD simulations (Marrink et al., 2007; Ndao 355 

et al., 2015; Chen and Smith, 2007) in literatures are also included to validate MD 356 

simulations in this study. 357 

 358 

(a)                                (b) 359 
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 360 

(c)                              (d) 361 

 362 

(e) 363 

Fig. 8. Interfacial tensions of gas- NaCl solution/suberic acid solution (γg-w, γg-w(NaCl) , γg-w(suberic 364 

acid)), gas-pure dodecane γg-d, and NaCl solution/suberic acid solution-dodecane, (γw(NaCl)-d, γw(NaCl)-365 

d, γw(suberic acid)-d), based on Martini force field (a, c) and OPLS-UA force field (b, d, e), existing 366 

results from experiments (Schmidt et al., 1966; Sayed et al., 2019; Seinfeld and Pandis, 2016) and 367 

MD simulations (Marrink et al., 2007; Ndao et al., 2015; Chen and Smith, 2007) are presented   368 

For the binary water-dodecane system, it can be found from Fig. 8(a) that at T = 369 

300 K, the gas-water interfacial tension obtained in this paper is 31 mN·m-1, which is 370 

approximately consistent with the simulation results based on the Martini force field in 371 
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the literature (Marrink et al., 2007). For the gas-water interfacial tension, the divergence 372 

between the results of Martini force field MD simulation and the experiment (72.5 373 

mN·m-1) has been reported in previous studies, which is considered as an inherent 374 

limitation of the Martini force field (Marrink et al., 2007). However, for the gas-375 

dodecane interfacial tension, the simulation results in this paper are in good agreement 376 

with previous simulation results based on the Martini force field and experimental 377 

outcomes (Schmidt et al., 1966; Marrink et al., 2007). Furthermore, the interfacial 378 

tension between dodecane and water in this study is approximately consistent with the 379 

existing MD simulation results, and it is approximately 5 mN·m-1 smaller than the 380 

experimental results. Besides, Fig. 8(a) demonstrates that γg-w, γg-d and γw-d obtained 381 

from the Martini force field decrease with the increase of temperature. As shown in Fig. 382 

8(b), γg-w and γw-d obtained based on the OPLS-UA force field are significantly greater 383 

than the results of the Martini force field and are closer to the experimental results 384 

(Ndao et al., 2015; Sayed et al., 2019). Furthermore, γg-w, γg-d and γw-d obtained based 385 

on the OPLS-UA force field also exhibit a negative correlation with the temperature. 386 

For the ternary water-dodecane-NaCl system, Fig. 8(c) and 8(d) show that the γg-387 

w(NaCl) and γw(NaCl)-d values obtained using the Martini force field are smaller than those 388 

based on the OPLS-UA force field. The γg-w(NaCl) values derived from both force fields 389 

are lower than those from the experimental fitting formula. Furthermore, γg-w(NaCl) and 390 

γw(NaCl)-d based on both Martini force field and OPLS-UA force field exhibit a negative 391 

correlation with temperature. In Fig. 8(e), it can be observed that in the ternary water-392 

dodecane-suberic acid system both γg-w(suberic acid) and γw(suberic acid)-d are negatively 393 
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correlated with the temperature, which is consistent with other interfacial tensions in 394 

Fig. 8. 395 

Based on the interfacial tension from MD simulation, Young’s equation (Equation 396 

(7)) can be used to calculate the liquid-liquid contact angle of the LLPS droplets. To 397 

assess the accuracy of the Young’s equation in the prediction of the liquid-liquid contact 398 

angle, Fig. 9 presents the liquid-liquid contact angles of binary dodecane-water droplets 399 

and ternary water-dodecane-NaCl droplets obtained from direct MD simulation (using 400 

both the Martini force field and the OPLS-UA force field) and Young’s equation. 401 

  402 

(a)                             (b) 403 

  404 

(c)                           (d) 405 
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 406 

(e) 407 

Fig. 9. Comparison of the contact angle results based on direct MD simulation (using both the 408 

Martini force field (a, c) and the OPLS-UA force field (b, d, e)) and Young’s equation (Equation 409 

(7)), (a, b) for binary water-dodecane system, (c, d) for ternary water-dodecane-NaCl system and 410 

(e) for ternary water-dodecane-suberic acid system 411 

It can be observed from Fig. 9(a) that in the binary water-dodecane droplets, the 412 

liquid-liquid contact angles obtained from Young’s equation are significantly greater 413 

than those predicted by MD simulations using the Martini force field under various 414 

temperature conditions. Fig. 9(b) shows that there is also a discrepancy between the 415 

liquid-liquid contact angles derived from Young’s equation and the MD simulation 416 

results based on the OPLS-UA force field, while this difference is smaller than that 417 

observed in Fig. 9(a). As shown in Fig. 9(c) and Fig. 9(d), for the ternary water-418 

dodecane-NaCl droplets, the liquid-liquid contact angles obtained from Young’s 419 

equation are notably lower than those predicted by the Martini force field MD 420 

simulations while higher than those predicted by the OPLS-UA force field MD 421 

simulations. For the ternary water-dodecane-suberic acid system (Fig. 9(e)), the liquid-422 

liquid contact angles calculated by Young’s equation are larger than the MD simulation 423 
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results based on the OPLS-UA force field. All droplet diameters in our MD simulations 424 

are less than 20 nm, so it can be inferred that Young's equation deviates significantly 425 

from the simulated contact angles for the nanoscale droplets examined in this study, 426 

which is consistent with previous studies on liquid-solid contact angle and liquid-liquid 427 

contact angle in the nanoscale (Qiu and Molinero, 2015; Jabbarzadeh, 2024). 428 

In the nanoscale, Qiu and Molinero (2015) derived a modified version of the 429 

Young’s equation by introducing linear tension into the calculation of the free energy 430 

of the droplet structure. 431 

 
c o s

c o s 0
s in

w o

w o w v o v

w o

r r

r r


    



− 
− +  + =

 
 （8） 432 

where τ represents the linear tension, indicating the excess energy per unit length of the 433 

three-phase contact line among two liquid phases and the gas phase. This formula has 434 

also been derived in the study of liquid nucleation on curved surfaces (Iwamatsu, 2015). 435 

Qiu and Molinero (2015) calculated the contact angle between nonane and water based 436 

on MD simulations, yielding a line tension range from -20×10⁻¹² N to 5×10⁻¹² N.  437 

Fig. 10 presents the line tension calculated based on Equation (8) and MD 438 

simulations with both Martini force field and the OPLS-UA force field, and results for 439 

water-dodecane system, water-dodecane-NaCl and water-dodecane-suberic acid 440 

systems are included. 441 

As shown in Fig. 10(a) and Fig. 10(b), the line tensions for binary water-dodecane 442 

systems based on the Martini force field vary from -4.56×10⁻¹¹ N to -3.33×10⁻¹¹ N, and 443 

results based on the OPLS-UA force field range from -9.82 × 10⁻12 N to 1.03 ×10⁻12 N. 444 

These results are comparable in magnitude to the reported value of τ = 1.69 ± 0.3×10⁻¹¹ 445 
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N for dodecane on a horizontal surface (Aveyard et al., 1999). For ternary water-446 

dodecane-NaCl systems (Fig. 10(c) and Fig. 10(d)), it can be observed that the line 447 

tensions based on the Martini force field and the OPLS-UA force field are 2.64 × 10-12 448 

N~14.23 × 10⁻12 N, and -25.3 × 10-12 N~2.26 × 10⁻12 N, respectively. For ternary water-449 

dodecane-suberic acid systems, Fig. 10(e) shows that the line tensions based on the 450 

OPLS-UA force field range from -1.72 × 10⁻9 N to -1.8 × 10⁻11 N. Line tensions 451 

presented in Fig. 10 can be fitted into a fourth-order polynomial function of temperature 452 

(equation (9)), and the parameters are listed in Table S8. 453 

 2 3 4
1 2 3 4 5a a T a T a T a T = +  +  +  +   (9) 454 

 455 

(a)                           (b) 456 

 457 

(c)                           (d) 458 
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 459 

(e) 460 

Fig. 10. The line tensions calculated using Equation (8) and MD simulations with both Martini 461 

force field (a, c) and OPLS-UA force field (b, d, e), (a, b) for binary water-dodecane system, (c, d) 462 

for ternary water-dodecane-NaCl systems and (e) for ternary water-dodecane-suberic acid system 463 

 464 

3.5 Discussions 465 

For all LLPS particles studied in this work, the contact angle is positively 466 

correlated with the temperature, which is different from the results for contact angle of 467 

water droplets on a horizontal surface. For hydrophilic horizontal surface, the contact 468 

angle of water droplet has been found to decrease with the increasing temperature (Villa 469 

et al., 2018). It can be explained based on the Young’s equation (Equation (6)), that is, 470 

the increasing temperature leads to a decrease in γlv and γsl, resulting in a decrease in 471 

contact angle. For smooth hydrophobic horizontal surface, as the temperature increases, 472 

no significant change in the contact angle can be observed (Villa et al., 2018; Heydari 473 

et al., 2013). As the temperature increases, the decreasing γlv leads to an increase in the 474 

contact angle because the cosine value of the contact angle is negative. However, the 475 
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increase of γsv - γsl (negative value) results in a decrease in the contact angle, which will 476 

offset the effect of the decreasing γlv. For the superhydrophobic surface, when the 477 

temperature is higher than the dew point, the contact angle is almost unaffected by 478 

temperature changes. It is because that the water droplet sits on a trapped air cushion 479 

(Cassie-Baxter state), which minimizes direct contact and reduces the influence of 480 

surface temperature on interfacial tensions at the contact line. However, when the 481 

temperature drops below the dew point, the contact angle decreases significantly with 482 

the decrease in temperature, which can be explained by that the water vapor 483 

condensation fills the air pockets within the surface microstructure, causing a transition 484 

from the Cassie-Baxter state (air-cushioned) to the Wenzel state (fully wetted) (Marmur, 485 

2003).  486 

The traditional Young’s equation (Equation (6)) can also be adopted to explain the 487 

correlation between temperature and contact angle in LLPS particle obtained by MD 488 

simulations, because they have consistent qualitative results. Therefore, for LLPS 489 

particle, the positive correlation between temperature and contact angle may be because 490 

the decrease in γwv-γov is greater than the decrease in γwo with the increase of temperature. 491 

Results of MD simulation in this study show that the liquid-liquid contact angle of 492 

the water-dodecane-NaCl system decreases with increasing NaCl concentration (Fig. 493 

5), and the contact angle of the water-dodecane-suberic acid system decreases with 494 

increasing sebacic acid concentration (Fig. 7). These can also be explained by Equation 495 

(6). In the water-dodecane-NaCl system, the increase in NaCl concentration results in 496 

an increase in interfacial tension between the gas and the NaCl solution (Seinfeld and 497 
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Pandis, 2016), while the salting-out effect of NaCl will increase the interfacial tension 498 

between the NaCl solution and dodecane (Remesal et al., 2017). The former increases 499 

to a greater extent than the latter, resulting in a decrease in contact angle. In the water-500 

dodecane-suberic acid system, the increase in suberic acid concentration leads to a 501 

decrease in both gas-liquid (suberic acid solution) interfacial tension and liquid (suberic 502 

acid solution)-liquid (dodecane) interfacial tension. However, the decrease in the 503 

former is less pronounced than that in the latter, resulting in a reduction in the liquid-504 

liquid contact angle. 505 

The contact angle in LLPS aerosol particle has a significant impact on the 506 

hygroscopicity and CCN activities in equilibrium state and the condensation and 507 

evaporation rate in the non-equilibrium state. In the Köhler theory (Köhler, 1936), 508 

surface tension is a key parameter in the Kelvin term, and in some literatures the 509 

effective surface tension of the droplet was calculated as the surface-area-weighted 510 

mean of the composition-dependent surface tensions from both phases (Ovadnevaite et 511 

al., 2017; Huang et al., 2021). Including the contact angle between liquid and liquid 512 

phases is able to make the calculation of surface tension more accurate. The heat and 513 

mass accommodation coefficients are key parameters in the theoretical model of heat 514 

and mass transfer at gas-liquid interface (Zhang et al., 2025; Shiraiwa et al., 2010; 515 

Nguyen et al., 2026), but they cannot be measured directly. In many existing studies, 516 

heat and mass accommodation coefficients are always set to 1 or a fixed empirical value, 517 

which may be unreasonable. 518 

If the adsorption coefficient of each liquid phase in the liquid-liquid phase 519 
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separation particles is known, the equivalent accommodation coefficients can be 520 

obtained based on the surface-area-weighted mean which can be calculated by the 521 

contact angle. In addition, the contact angle is able to affect the mass transfer between 522 

two liquid phases by affecting the contact area between two liquid phases. This study 523 

provides ideas for the quantitative description of contact angle, and in the future, the 524 

calculation method of contact angle can be improved through the study of LLPS 525 

particles with various components and sizes. 526 

4 Conclusions 527 

This study employs MD simulations with the Martini and OPLS-UA force fields 528 

to quantify the liquid-liquid contact angle of LLPS water-dodecane aerosols. It aims to 529 

elucidate the effects of temperature, water content, NaCl and suberic acid, and further 530 

assess the applicability of Young’s equation at the nanoscale. Results shows that in 531 

binary water-dodecane LLPS particles the contact angle increases with temperature and 532 

water content. In the ternary water-dodecane-NaCl LLPS particles the contact angle is 533 

negatively correlated with the NaCl concentration but positively correlated with 534 

temperature, and the Martini force field yields larger contact angles and stronger NaCl-535 

induced reduction above 200 ion pairs due to the formation of the ellipsoidal structure. 536 

In the ternary water-dodecane-suberic acid LLPS particles the contact angle is 537 

negatively correlated with the suberic acid content but positively correlated with 538 

temperature, and the effect of temperature on the contact angle decreases with the 539 

increase of the suberic acid content. The OPLS-UA force field yields gas-water and 540 

water-dodecane interfacial tensions in better agreement with experimental data than the 541 
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Martini force field. The contact angle based on the classical Young’s equation deviates 542 

noticeably from nanoscale MD results. This discrepancy can be eliminated by the line 543 

tension correction, and the fitted line tension is well described by a fourth-order 544 

polynomial of temperature. Results agree with Qiu and Molinero (2015) on the 545 

“Russian doll” morphology and nanoscale line tension effects, and with Jabbarzadeh 546 

(2024) on the breakdown of classical Young’s equation at the nanoscale. This work 547 

extends prior studies by quantifying combining effects of NaCl, surfactant and 548 

temperature on the liquid-liquid contact angle and comparing two force fields 549 

systematically. The positive temperature-contact angle relationship differs from 550 

macroscale liquid-solid wetting, highlighting unique behavior in LLPS aerosol systems. 551 

The effects of NaCl and suberic acid on the contact angle is due to their influences on 552 

different interfacial tensions. 553 

The model systems are simplified relative to real atmospheric aerosols containing 554 

multiple organics and salts, and results apply to droplets smaller than 20 nm and cannot 555 

be directly extrapolated to larger sizes. Future work should examine multicomponent 556 

mixtures and broader size ranges. At the atmospheric scale, the liquid–liquid contact 557 

angle governs the morphology, hygroscopic growth and CCN activity of LLPS aerosols. 558 

Incorporating accurate contact angle values improves surface tension calculations in 559 

Köhler theory, and further refines the mass/heat accommodation coefficients as well as 560 

liquid–liquid contact area estimations in heat and mass transfer theory. These findings 561 

advance the thermodynamic representation of LLPS aerosols, supporting more reliable 562 

projections of aerosol–cloud interactions, radiative forcing, and climate change. 563 
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