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ABSTRACT

The wetting behavior of aqueous organic systems is of great importance in several 

environmental and industrial processes such as the formation and growth of atmospheric 

aerosols, crude oil recovery from an oil field, onsite cleaning of natural gas, and clean-up of 

oil spills. In this work, we employed molecular dynamics (MD) simulations to explore the 

temperature dependent wetting behavior of octane and nonane on water in planar interfaces 

as well as in nanodroplets using PYS alkane and SPC/E and TIP4P/2005 water models.

For planar interfaces, we found unusual wetting behavior of octane and nonane on 

SPC/E water, but generally not on TIP4P/2005 water, at lower temperatures, where the 

spreading coefficient decreased and the contact angle increased with increasing tempera

ture. At higher temperatures, these contact angles were found to decrease with increasing 

temperatures as the usual high temperature wetting transition was approached.

For nanodroplets, the contact angle of octane and nonane on both SPC/E and 

TIP4P/2005 water was found to unusually increase with increasing temperature. Configu

rational fluctuations of the nanodroplets were found to be greatly reduced for larger values 

of the potential cut-off radius. Moreover, the contact angles were calculated for different 

ratios of octane and water and found to be nearly independent of the liquid species ratio.

In addition, we also studied the physical properties as well as molecular orientations 

of octane and nonane using PYS, NERD and a modified TraPPE-UA alkane model. Molec

ular orientations were found to be temperature dependent in the liquid-vapor interface, but 

not in the bulk region. At lower temperatures, the mean molecular orientation was more 

perpendicular to the surface on the liquid side of the Gibbs dividing surface and more 

parallel to the surface on the vapor side. These orientational trends were mirrored in the 

freezing of NERD octane and nonane at 195 K and 210 K, respectively, with the oriented 

surface layer freezing first.
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SECTION

1. INTRODUCTION

1.1. OVERVIEW OF WETTING PHYSICS

Alkane-water interfaces are widespread in nature and are commonly found in oil 

fields and in atmospheric aerosols. These interfaces are also important participants in 

numerous industrial processes, such as crude oil recovery process, onsite cleaning of nat

ural gas, and clean-up of oil spills. In atmospheric aerosols, alkanes form droplets with 

water along with other organic molecules, inorganic particles and impurities. These aque

ous organic droplets play vital roles in important environmental processes such as cloud 

condensation, climate change, ozone layer depletion, and acid rain deposition.[1] These 

aerosols can also deteriorate health by causing several respiration related health issues.

One common feature of these planar (bulk) and curved (droplet) interfacial systems 

is the wetting of water by the alkane. Alkane and water form a highly immiscible pair of 

liquids, and two wetting configurations for alkane on water are possible: (a) a perfect wetting 

configuration, in which alkane completely covers the water surface with zero contact angle, 

and (b) a partial wetting configuration, in which alkane partially covers the water surface.

As illustrated in Figure 1.1, in planar interfaces, the former configuration is equiv

alent to complete spreading of alkane over the water surface, and the latter configuration 

corresponds to a lens-like structure of the alkane drop on the slightly deformed water surface 

with a contact angle 6, given by cos 6 = (yW -  Ya -  Yaw)/(2YaYaw).[2] Here, yw and y a 

represent the surface tension of pure water and alkane, respectively and y aw is the interfacial 

tension between them.
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Alkane

W ater

Figure 1.1. Two possible wetting configurations for alkane on water in bulk system: (a) 
perfect wetting (left) and (b) partial wetting (right).

In aqueous organic nanodroplets, the wetting behavior of the liquid species deter

mines the structure. Perfect wetting corresponds to the complete engulfing of the water 

droplet by the alkane and is referred to as a core-shell (CS) structure (left, Figure 1.2), 

whereas partial wetting corresponds to the partial engulfing of a water droplet by alkane 

and the structure is named a Russian-doll (RD) structure (right, Figure 1.2).

Figure 1.2. Two possible structure of aqueous organic nanodroplet: (a) Core-shell (CS) 
structure (left) and (b) Russian-doll (RD) structure (right).

The wetting behavior is characterized by the spreading coefficient S, defined as 

S = y w -  (ya + Jaw) for the alkane on water system.[2, 3] Usually, S is negative, implying 

that y w < (ya + yaw). Thus, the free energy per unit area of the uncovered water surface is 

less than the free energy per unit area of the remaining surfaces (alkane surface + alkane- 

water interface). In such case, alkane partially wets water surface with a finite contact angle 

B. As S increases, the free energy per unit area of the uncovered water surface increases 

in comparision to the remaining surfaces, which increases the spreading tendency of the 

alkane drop. Alkanes perfectly wet water when S = 0.
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Figure 1.3. Temperature dependence of contact angle 6 for: (a) hexane on brine in planar 
interface (left), figure taken from Ref. [11] by permission of APS and (b) nonane on water 
in nanodroplet (right). Markers and line in the left panel represent experimental [9] and 
theoretical [11] results, respectively. MD simulation results are shown in the right panel
[13] by permission of AIP.

A few experiments on the temperature dependence of the spreading coefficient of 

octane and hexane on water in the planar interfaces showed that the S value increases towards 

zero with increasing temperature.[4,5] Consistent with these studies, at higher temperatures, 

several experimental studies have shown the wetting transition of different alkanes on 

aqueous ionic solutions.[6-9] In addition, Rafai et al. also showed a decreasing trend of 

contact angle (6) formed by hexane on brine (2.5 M) with increasing temperature, until 

the system reaches the wetting transition.[9] The decreasing contact angle with increasing 

temperature and the occurrence of the wetting transition at the higher temperatures observed 

in the experiments have also been supported theoretically [10-12] (see Figure 1.3, left).

On the other hand, using molecular dynamics (MD) simulations, Hrahsheh and 

Wilemski [13] showed a wetting behavior of nonane on water in a nanodroplet that is 

contrary to that just described. They found a positive correlation of the contact angle with 

temperature at lower temperatures, where nanodroplet simulations are feasible (see Figure

1.3, right).
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Usually, the positive correlation of contact angle with temperature occurs for a pair of 

partially miscible liquids having a lower consolute temperature.[14, 15] The components of 

these partially miscible liquids become miscible below the consolute temperature. In these 

systems, the wetting transition is also achieved somewhat above the consolute temperature 

as the temperature is lowered. Since alkane and water are highly immisible, no consolute 

temperature exists and the positive correlation of the contact angle with temperature is not 

expected. Thus, the unusual temperature dependent behavior of the contact angle found in 

the nonane-water nanodroplet simulations needs to be explored in order to understand how 

this unusual behavior depends on the molecular models used, as well as to ascertain how 

the structure of the nanodroplet depends on temperature.

In this work, we explored the temperature dependent wetting behavior of octane 

and nonane on water at bulk interfaces as well as in nanodroplets. For this purpose, we 

performed MD simulations for pure liquids (octane, nonane, water) as well as for pairs of 

immiscible liquids (octane-water, nonane-water) for a wide range of temperatures.

1.2. MOLECULAR DYNAMICS

Molecular dynamics (MD) simulation is a numerical approach to generate time 

evolved atomic trajectories by solving the Newtonian equations of motions (EOM) with 

assumed interatomic interactions. These trajectories are then used to extract information 

regarding the properties of the system such as temperature, pressure, density, surface tension, 

etc.

For a system of N particles, the force Fi experienced by particle i located at ri 

interacting with the other N  -  1 particles is derived from the potential energy function V

Fi = -V  iV (71, 72,...., 7N), (1.1)
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that depends on the positions fj of all N  particles. The potential energy function can be 

expressed as the sum of potentials for non-bonded and bonded interaction sites,

V (rl, f2, . . . .  ?N) = Vnon-bonded (fl, f2,...., Tn  ) + Vbonded (fl, f2,...., Tn ). (1.2)

Interactions between bonded sites include bond vibration (2-body interaction), bond angle 

vibration (3-body interaction) and torsional interaction (4-body interaction). Functional 

forms of these interactions will be presented shortly. The non-bonded interactions are the 

intermolecular or intramolecular interactions not covered by the bonded interactions. The 

simplest form of the non-bonded interaction potential assumes only pair-wise interactions 

and is given by
1 N

Vnon-bonded(fl, f2, ...., Tn ) = ^  ^  ^  Vij(fi -  f j ), (1.3)
i j+i

where Vij is the potential energy of interaction between sites i and j  located at Cartesian 

position vectors f  and f j , respectively. The Lennard Jones (LJ) potential VLJ is one of the 

most commonly used non-bonded interaction potentials. It is a function of only the scalar 

separation distance r between sites i and j :

Vlj (r) = 4e
a  \ 12
r

a  \ 6
r ) (1.4)

In Eq. 1.4, e represents the depth of the potential well that defines the strength of the 

interaction and a  is the separation of the interacting sites for which VLJ = 0. Another 

example is the Coulomb potential Vcouiomb

Vcouiomb(r) = ~ T ^ , (1.5)4ne0r  2

used for charged particle interactions. Here, q1 and q2 represent charges separated by a 

distance r , and e0 is the permittivity of free space.
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1.3. INTEGRATION SCHEME

In MD simulations, Newton’s equation of motion (Eq. 1.1) are solved for many 

particle systems. The integration schemes are based on finite difference approaches, for 

which time is discretized. Usually, the discrete timestep (St) is of the order of a femtosecond 

(fs). One of the most commonly used integration scheme is the Verlet algorithm. It consists 

of two Taylor series expansions for rt at times t + St and t -  St as

r  (t + St) = r  (t) + vt (t )st + 2 a  (t )s t2 + O(St3), 

r ( t  -  St) = rt(t) -  vt(t)St + 1 at(t)St2 + O(St3),
(1.6)

where, vt and at are the velocity and acceleration of particle t. Addition yields the expression 

for rt (t + St) as

rt(t + St) = 2rt(t) -  rt(t -  St) + a t(t)St2 + O(St4). (1.7)

The truncation error in the position is of the order of St4. Eq. 1.7 is independent of velocities. 

The velocities can be calculated as

vt(t)
rt(t + St) -  rt(t -  St) 

2 St (1.8)

However, the truncation error for the velocity is of the order of St2. The velocity version 

of the Verlet algorithm, also known as velocity Verlet algorithm,[16] features an improved 

velocity calculation. The velocity Verlet algorithm can be expressed as

vt (t + St/2) = vt (t) + at (t )St /2, 

rt (t + St) = rt (t) + St vt (t + St/2), 

vt (t + St) = vt (t + St/2) + at (t + St )St/2.

(1.9)
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Here, velocities are updated in two steps. First, the velocities are calculated at mid-step 

(t + St/2). Then forces and accelerations are computed at time (t + St) to update velocities 

at time (t + St).

In this work, all MD simulations were performed using the LAMMPS (Large-scale 

Atomic/Molecular Massively Parallel Simulator) package.[17]

1.4. FORCE FIELDS

Alkanes are treated using the so-called united atom approximation, in which the 

hydrogen atoms bonded to each carbon are not treated individually. Rather each methyl 

(CH3) and methylene (CH2) group represents a single effective interaction site. Many 

different alkane models have been developed. These models differ primarily in the numerical 

values chosen for the physical parameters used in the potential energy functions. In this 

work, we use the PYS (Paul, Yoon, Smith),[18-21] NERD (Nath, Escobedo, and de Pablo 

revised) [22, 23] and a modified form of the TraPPE-UA (Transferable Potentials for Phase 

Equilibria - United Atom) [24] alkane models. The m-TraPPE-UA nonane is a slightly 

modified version of TraPPE-UA nonane, in which the originally rigid bonds are allowed 

to vibrate in order to address the incompatibility of the fixed alkane bond lengths with 

the algorithms used in LAMMPS. Such an approach was also used previously, but with 

different bond stretching parameters.[25, 26] All intermolecular site-site interactions and 

intramolecular interactions between sites separated by more than three bonds are treated as 

non-bonded interactions described by a LJ potential.

Bonded interactions include bond stretching, bond angle vibration and torsional 

interactions. A bond stretching potential is used to account for the change in bond length, 

usually harmonically,

Vb = kb(l -  lo)2 . (1.10)
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Figure 1.4. Two types of non-bonded interactions ( ^ )  in united atom (UA) octane.

Figure 1.5. Bonded interactions. From left to right, bond stretching, bond angle vibration 
and torsional interactions.

The equilibrium bond length lo is 1.53 A for PYS and 1.54 A for NERD and m-TraPPE-UA. 

The angle vibrations are governed by the harmonic potential

K, = ka(0 -  0o)2, (1.11)

with the equilibrium angle 9o of 109.526° (PYS) and 114° (NERD, m-TraPPE-UA). The 

torsional potential for the PYS model is described by the function,

3
Vtors = z  cn[ 1 -  cos(n4>)]. (1.12)

n=1
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For the NERD model, we use the torsional potential of the form previously given in Ref. [27] 

but with corrected values of the coefficients, cn .[23] The torsional potential of m-TraPPE-UA 

nonane is identical to that of NERD nonane.

4
Vtors = J  CnCOSn~l ((p). (1.13)

n=l

The values of the force field parameters are listed in paper I (page 21).

For water, several computer model exists and most of these models belong to one 

of the 3, 4, 5, or 6 site models.[28] A negatively charged oxygen atom is bonded with two 

positively charged hydrogen atoms in a 3-site model. The higher site models consist of 

massless point(s) that contain all the negative charges as illustrated in Figure 1.6. Besides 

these, a monoatomic water model has also been developed that assumes water is a single 

interacting site, but is treated with tetrahedral geometry.[29] In addition, several other 

coarse-grained (CG) water models have been proposed.[30] All the multi-site and CG 

models employ classical forcefields.

Figure 1.6. Water models. From left to right, 3-site, 4-site, 5-site and 6-site water models.

An alternative to the classical approach, ab initio molecular dynamics (AIMD) 

simulations of water have also been reported.[31-34] The AIMD is based on the Schrodinger 

equation, and potentially features more physically realistic force fields. However, the 

quantum approach is computationally demanding, and compared to the fully classical 

approach, is limited to smaller numbers of molecules as well as shorter simulation times 

with the available computational resources.
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Table 1.1. Comparision of Tm, Tc and yw for some popular water models with experimental 
results.

Water Tm (K) Tc (K) Yw (mN/m)
Expt. 273.15 647.1 72.0
SPC 191.0 579.0 54.0
SPC/E 213.0 625.3 62.7
TIP3P 146.0 573.7 51.6
TIP4P 229.0 574.0 56.5
TIP4P/2005 249.0 636.3 68.8
TIP5P 271.0 530.6 53.1

The properties are taken from Ref. [28], * T «  298 K.

In this work, we will use only classical force fields for water. A comparision of 

the melting temperature (Tm), critical temperature (Tc) and the surface tension (yw) near 

298 K of several popular classical water models with the experimental results is presented 

in Table 1.1. The TIP4P/2005 water [35] is a more realistic water model that predicts the 

surface tension and the critical temperature more accurately, whereas SPC/E water [36] 

is the most commonly used water model. The SPC/E water is a 3 site model, whereas 

TIP4P/2005 water is a 4 site model water that has negatively charged massless point (M) in 

addition to two hydrogens (H) and an oxygen (O). Both SPC/E and TIP4P/2005 are rigid 

water models, in which the oxygens interact with a LJ potential, and charged sites interact 

with Coulomb potentials. The force field parameter values are found in Ref. [36] and Ref. 

[35] for SPC/E water and TIP4P/2005 water, respectively.

In this work, the PYS model of octane and nonane is used to study the wetting 

behavior of these alkanes on SPC/E and TIP4P/2005 water. The PYS model is known to 

reproduce accurately the properties of melts of n-alkane chains and, in particular the melting 

temperatures of octane and nonane crystals.[37-39] This alkane model has also been used in 

several computational studies of crystallization,[19, 20, 40-43] nucleation,[37, 44] alkane-
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water interfaces,[39] and nanodroplet structure [13, 45-47] in recent years. However, apart 

from a few isolated calculations,[37-39] the thermophysical properties of PYS octane and 

nonane have not been studied systematically before.

1.5. RESULTS OF PAPER I

In Paper I, we perform a systematic and comparative study of coexistence densities, 

vapor pressure, interfacial thickness, and surface tension of the PYS and NERD models 

of octane and nonane for a wide range of temperature. Surface tension values of the pure 

octane and nonane have been calculated over a very wide range of temperatures from the 

supercooled region to near the critical point. In addition to the physical properties, we also 

study the temperature dependence of the mean molecular orientation of octane and nonane 

at the liquid-vapor interface and explore how the observed orientational preferences lead to 

the surface freezing of octane and nonane at lower temperatures.

z(nm)

Figure 1.7. (Left) The angle 0 made by the alkane end-to-end vector with the normal to the 
interface. Pink spheres are CH3 groups, and green spheres are CH2 groups. (Right) Tem
perature dependent mean molecular orientation of PYS nonane, as a function of position.

The molecular orientation is given by the angle 0 of the ene-to-end vector of the 

alkane with respect to the normal to the interface (see Figure 1.7 (left)). The mean molecular 

orientation is found to be temperature dependent at the liquid-vapor interface, although the
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Figure 1.8. (Left) The COM density, end-to-end length (L) and orientational order parameter 
(Sz = (3< cos2 6 >-1)/2) of PYS nonane at 225 K, as a function of position. The orientational 
order parameter Sz = 0 for random orientation, = -1/2 for parallel to the surface orientation, 
= +1 for perpendicular to surface orientation. (Right) Frozen structure of NERD nonane at 
210 K. Two vapor molecules are shown adsorbed to the outer surface.

bulk alkane orientation is not affected by temperature as shown in Figure 1.7 (right). In 

Figure 1.7 (right), zo is the location of a Gibbs dividing surface in the liquid-vapor interface, 

where the density becomes half of the bulk value. At the highest temperature studied, close 

to the critical temperature, no significant difference in the molecular orientation in the bulk 

liquid region and the liquid-vapor interface is observed. As the temperature decreases, 

the average orientation of octane and nonane in the liquid-vapor interface is more parallel 

to the surface near the vapor (low density) region and more perpendicular near the bulk 

liquid (high density) region. These tendencies are enhanced by lowering the temperature. 

The more perpendicular orientation observed near the bulk liquid region at the interface 

corresponds to the region of the highest center of mass (COM) densities, where the alkane 

molecules are also found to be slightly more stretched out as shown in Figure 1.8 (left) 

for PYS nonane at 225 K. This behavior suggests that the molecules have tendencies to 

align in some preferred order even slightly above the equilibrium freezing temperature; 

this aligned state appears to serve as a precursor stage to freezing. For sufficiently low 

temperature, the more perpendicular orientation leads to the surface freezing. In this work,
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we have observed surface freezing of NERD octane and NERD nonane at 195 K and 210 

K, respectively. We have also observed complete freezing of NERD nonane at 200 K: a 

nonane crystal of four layers was formed with some molecules trapped between the layers. 

After raising the temperature to 210 K and removing the trapped molecules, a nicely layered 

structure free of defects was obtained (see Figure 1.8, right).

1.6. RESULTS OF PAPER II

In Paper II, we explore the wetting behavior of PYS octane and PYS nonane on 

SPC/E water, as well as on TIP4P/2005 water for planar interfaces. We compute the 

surface tension of water, alkanes, and the alkane-water interfacial tensions to determine 

the spreading coefficient S and the contact angle 0 of octane and nonane on water defined 

earlier in Section 1.1.
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Figure 1.9. Experimental spreading coefficients S of octane and heptane on water.[4, 5] 
Figure reprinted from Ref. [5] with permission from Elsevier.

The S values of octane and heptane on water determined experimentally [4, 5] 

increase with increasing temperature T (see Figure 1.9). In this work, the behavior of the 

spreading coefficient (S) of the PYS octane and the PYS nonane on TIP4P/2005 water 

is qualitatively consistent with the experimental results except at two lowest temperatures
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Figure 1.10. Spreading coefficient of octane on water (left) and nonane on water (right) 
in planar interface. Circles and diamonds are for SPC/E water and TIP4P/2005 water, 
respectively. Lines are obtained from fits to the simulated interfacial tension values. Asterisk 
and star are calculated using experimental values of the interfacial tensions.

studied in the nonane-water system as shown in Figure 1.10. In contrast for SPC/E water, 

the S value of both PYS octane and PYS nonane shows unusual T dependence behavior at 

lower T , where S initially decreases with increasing T.

The contrasting temperature dependence of S value of octane and nonane on SPC/E 

water is also reflected in the contact angle calculations as seen in Figure 1.11. Starting from 

the lowest temperature studied, the contact angle of octane and nonane on SPC/E water 

is initially found to increase with increasing temperature. This behavior is qualitatively 

in good agreement with the previous nanodroplets simulation results of Hrahsheh and 

Wilemski.[13] On the other hand, such unusual behavior of the contact angle is not observed 

for PYS octane-TIP4P/2005 water, though PYS nonane-TIP4P/2005 water shows some sign 

of such behavior at the two lowest temperatures studied (220 K and 225 K). At the higher 

temperatures, all four alkane-water systems are consistent with the usual decrease of contact 

angle with increasing temperature as each system reaches a transition to perfect wetting at 

a higher temperature.
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Figure 1.11. Contact angle formed by octane on water (left) and nonane on water (right) 
in planar interface. Circles and diamonds are for SPC/E water and TIP4P/2005 water, 
respectively. Lines are obtained from fits to the simulated interfacial tension values. Asterisk 
and star are calculated using experimental values of the interfacial tensions.

1.7. RESULTS OF PAPER III

In Paper III, to explore further the wetting behavior of octane and nonane on water 

and to examine the applicability of planar interface wetting results to nanodroplets, we 

perform molecular dynamics simulations of alkane-water binary nanodroplets. As for the 

planar interface wetting studies, octane and nonane are modeled with the PYS forcefield 

and SPC/E water and TIP4P/2005 water are considered.

First, we study the effect of the Lennard-Jones (LJ) cutoff radius on the wetting 

behavior of the nanodroplet. Pronounced configurational fluctuations of the nanodroplets 

are observed for smaller cutoff radii (1.25 nm). The fluctuations are reduced by increasing 

the LJ cutoff radius. Second, the structure of the nanodroplet is studied for different 

octane/water ratios for a reasonably large value of the LJ cutoff radius (2.5 nm). The contact 

angles are found to depend only weakly on the ratio of the liquid species. Finally, the 

effect of temperature on the structure of the nanodroplets is studied using the 2.5 nm cutoff 

radius. The contact angles formed by alkane on water on all four systems (octane+SPC/E 

water, nonane+SPC/E water, octane+TIP4P/2005 water, nonane+TIP4P/2005 water) are
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Figure 1.12. Contact angle formed by octane on water (left) and nonane on water (right) 
in nanodroplets. Circles and diamonds are for SPC/E water and TIP4P/2005 water, respec
tively.

found to increase with increasing temperature in the lower temperature region, where the 

nanodroplets simulations are feasible as shown in Figure 1.12. These results are consistent 

with the previous nonane-water nanodroplet results of Hrahsheh and Wilemski,[13] but so 

far they fail to illuminate the physical reasons underlying this behavior. Some possibilities 

for future investigation include line tension effects [48] and the inhomogeneous structure 

[49] of nano-sized water droplets.
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ABSTRACT

The PYS model [W. Paul, D. Y. Yoon, and G. D. Smith, J. Chem. Phys. 103, 1702 

(1995)] was originally developed to simulate polymethylene melts. In recent years, it has 

been used for short chain liquid alkanes to study nucleation and crystallization and wetting 

of water nanodroplets. Despite this effort, the temperature-dependent interfacial and two 

phase coexistence properties of PYS octane and nonane have not yet been systematically 

studied. Here we report a comparative study of these properties using molecular dynamics 

simulations of the PYS and NERD [S. K. Nath, F. A. Escobedo, and J. J. de Pablo, J. Chem. 

Phys. 108, 9905 (1998)] alkane models. We studied the interfacial thickness, coexistence 

densities, vapor pressure, surface tension, and the position-dependent average orientation 

of n-octane and n-nonane. The coexistence densities of PYS octane and nonane are in 

close agreement with the NERD model. The surface tension and the vapor pressure of both 

PYS and NERD alkanes are in close agreement with the experimental results. The average 

orientation of the octane and nonane molecules at the liquid-vapor interface is temperature- 

dependent. At lower temperature, molecules on the liquid side of the Gibbs dividing surface
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tend to align more perpendicularly to the interface, whereas the molecules on the vapor side 

tend to orient more parallel to the interface. These tendencies diminish considerably as 

the temperature increases. We found that these orientational trends anticipated the freezing 

behavior observed at the liquid-vapor interface for NERD nonane at 210 K and for NERD 

octane at 195 K.

1. INTRODUCTION

Octane and nonane are saturated hydrocarbons that commonly occur in crude oil 

and natural gas. They are mainly used as components in gasoline, aviation fuel, as well as in 

organic solvents. Experimentally, several properties of these liquid alkanes have been widely 

studied in pure form and in mixtures.[1-5] They have also been the subject of numerous 

theoretical and experimental investigations of phenomena such as adsorption, nucleation, 

and wetting. In nucleation experiments, nonane has been one of the most commonly 

investigated alkanes (see Ref. [6] for an extensive literature survey). The structure of 

nonane-water nanodroplets has been studied theoritically [7-9] and experimentally [10]. A 

few experiments on octane nucleation have also been reported.[11, 12]

Computer simulation is a powerful and increasingly popular tool to study molecular 

interactions. Several computer models of alkanes have been proposed in the literature.[13- 

18] Here, we focus on exploring the physical properties of the PYS model [18-21] of 

octane and nonane. Originally proposed by Paul, Yoon, and Smith [18] and modified 

by Waheed et al.,[19, 20] this force field is known to reproduce accurately the properties 

of melts of n-alkane chains and, in particular, the melting temperatures of octane and 

nonane crystals.[21-23] In recent years, this alkane model has been extensively used in 

several computational studies of crystallization,[19, 20, 24-27] nucleation,[21, 28] alkane- 

water interfaces,[23] and nanodroplet structure.[7, 8, 29, 30] Yi and Rutledge [21] studied 

nucleation and crystallization of octane using the PYS force field. Liang et al. [31] 

performed non-equilibrium molecular dynamics simulations to study thermal resistance at
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the crystal-melt interface of PYS octane. Modak et al. [30] performed molecular dynamics 

simulations of PYS octane nanodroplets to support their experimental findings of surface 

freezing in supercooled n-alkane nanodroplets. Modak et al. [22] also studied the crystal- 

vapor surface free energy of PYS octane. Hrahsheh, Wilemski, and Obeidat also used the 

PYS force field to model nonane in several previous studies of the structure of nonane-water 

nanodroplets.[7, 8 , 29] Recently, Qiu and Molinero [23] used the PYS and OPLS [13] 

alkane models to study freezing of nonane, hexadecane, and eicosane at the alkane-vacuum 

and alkane-water interfaces. In addition, the PYS force field has also recieved considerable 

attention in studying long n-alkane chains.[32]

Despite all this recent work based on the PYS force field, it is surprising that, 

aside from a few reports of isolated calculations,[21-23] there are no published systematic 

studies of the thermophysical properties of PYS alkanes. Notably lacking are studies of the 

temperature dependence of properties such as surface tension, density, and vapor pressure 

that are of particular importance for nucleation, crystalization and wetting phenomena. Until 

ab initio methods become capable of treating large numbers of complicated chain molecules 

such as octane and nonane, we must rely on empirical potential energy surfaces such as 

PYS. Comparision of computer simulated property values with experiments provides one 

important measure of the quality of the potential energy surface. Here we present such 

comparisons for the following properties: coexistence densities, vapor pressure, interfacial 

thickness, and surface tension. To examine the effectiveness of the PYS model, we will 

also present comparisons of these properties with those of the NERD model [15, 33] 

as well as with experimental results. A more limited comparision between PYS and 

a modified version of the TraPPE model [14] (m-TraPPE-UA) is also presented. The 

properties of the NERD alkanes, including octane and nonane, have been previously studied 

to some extent.[15, 17] Besides exploring the temperature dependence of these properties, 

we examine the temperature dependent molecular orientation of octane and nonane at
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the liquid-vapor interface. We show how the orientational preference at low temperature 

is correlated with the initiation of freezing at the surface of the NERD alkanes in the 

supercooled state.

Our second goal is to investigate the role of the interaction potential cut-off distance 

and the integration timestep on computer simulations of molecular properties of these linear 

chain molecules. Computer simulation results are known to be sensitive to these parameters, 

and we want to see if previous results for the cut-off dependence of simple Lennard-Jones 

(LJ) liquids [34-40] agree with our results for linear alkanes.

2. MODELS

In this work, octane and nonane are modeled primarily using two different force- 

fields: PYS and NERD. Some limited results for m-TraPPE-UA nonane are also presented. 

We use the PYS model parameters specified by Yi and Rutledge,[21] and later used by 

Modak et al. [30]. For each model, the methyl and methylene groups of alkane are 

treated in the united atom approximation, with each group representing a single interaction 

site. Non-bonded interactions in both models are described by Lennard-Jones 12-6 (LJ) 

potentials

V (rij) = H
Oij \ 12 _ ( T1
rij) ' rij

( 1)

where rij represents the separation distance of sites i and j  and eij and Tij are the respective 

LJ energy and LJ size parameters. We note that the PYS model is unusual in one respect 

compared to other alkane models in that the nonbonded methyl and methylene interactions 

are identical. This feature presumably derives from the model’s original application to 

polymethylene melts in which methyl concentrations would be extremely small. The unlike 

pair interaction parameters are computed using Lorentz-Berthelot combining rules [41, 42]

Tii + Tjj
eij -  (eiiej j )1/2, Tij - 2

(2 )
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Table 1. Interaction parameters for PYS, NERD and m-TraPPE-UA models.

Interactions Parameters PYS NERD m-TraPPE
Nonbonded
CH3 e (kcal/mol) 0.112094 0.206602 0.194746

^  (A) 4.01 3.91 3.75
CH2 e (kcal/mol) 0.112094 0.090984 0.091411

^  (A) 4.01 3.93 3.95
Bonded

kb (kcal/mol A2) 349 96 96
lo (A) 1.53 1.54 1.54
ka (kcal/mol rad2) 60.0 62.1 62.1
do (deg.) 109.526 114 114
c1 (kcal/mol) 0.7995 2.0070 2.0070
c2 (kcal/mol) -0.4338 -4.0120 -4.0120
c3 (kcal/mol) 
c4 (kcal/mol)

1.6205 0.2710
6.2901

0.2710
6.2901

Bonded interactions include bond stretching, bond angle vibrating, and torsional interac

tions. The harmonic bond stretching potential is given by

V  = kb(l -  lo)2, (3)

where l0 is the equilibrium bond length. The angle vibrations are governed by the harmonic 

potential

V  = ka(6 -  do)2, (4)

where d0 is the equilibrium bond angle. The torsional potential for PYS model is described 

by
3

Vtors = Cn[1 -  COs(n<p)]. (5)
n= 1
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For the NERD model, we use the torsional potential of the form previously given in Ref. 

[17] but with corrected coefficient values.[33, 43]

4
Vtors = ^  CnCOSn~\<p). (6 )

n=1

The force field parameter values are listed in Table 1.

3. SIMULATION DETAILS

In most of our simulations, a slab of 620 octane or 550 nonane molecules was kept 

in the middle of the simulation box with cross-sectional area of 5.5 x 5.5 nm2 such that 

liquid occupied one-third the volume of the simulation cell. The thickness of the slab at the 

desired temperature was determined from a 0.5 ns long constant-NPNAT simulation at 1 

atm, where PN and A represent the normal pressure and the cross-sectional area, respectively. 

Some molecules were added in the vapor region based on preliminary calculations of vapor 

densities to prevent the depletion of the liquid slab at three highest temperatures studied for 

each model and liquid species.

All initial configurations were built using PACKMOL,[44] and Moltemplate [45] 

software and the simulations were carried out using the LAMMPS [46] molecular dynamics 

simulation package. Periodic boundary conditions were applied in all directions. The 

velocity Verlet algorithm [47] was used to solve the equation of motion using a timestep of 

2 fs, unless otherwise noted. After 0.5 ns of constant-NPN AT simulation to determine the 

size of the simulation cell, the system was simulated in a N V T  ensemble for 22 ns of which 

the initial 2  ns is for equilibration, and the remaining 2 0  ns is used for averaging the results. 

In all simulations, the temperature was controlled using the Nose-Hoover [48,49] thermostat 

with a time constant 0.2 ps. For simulations in the NPn AT  ensemble, the pressure was 

controlled using a Nose-Hoover barostat with a time constant of 2.0 ps. Unless otherwise 

stated, the force fields were subjected to a cutoff radius of 1.75 nm.



23

We studied the thermodynamic behavior of octane and nonane for a wide range 

of temperatures. At each temperature, the time-averaged density profiles were fitted to a 

hyperbolic tangent function [50]

p (z) = 2  + Pv) (pi -  p v) tanh z -  zo
(7)

where p i and p v are densities in the bulk liquid and vapor phases, respectively. In Eq. 2, z0 

represents the position of a Gibbs dividing surface, at which the density becomes half of the 

bulk liquid value, and d is an interfacial thickness parameter which is related to the “10-90” 

thickness t as d = t /2.1972.[51] The interfacial tensions were determined by integrating 

the differences of the normal (PN(z)) and tangential (PT(z)) pressure components along the 

direction normal to the interface

1 /*“
Y = 2 dz[PN(z) -  Pt (z)]. (8 )

2

The factor of 1 /2  accounts for the presence of two such interfaces in our simulation cell. 

For our geometry, PN(z) = Pzz(z) and Pt (z) = (Pxx(z) + Pyy(z))/2. The contribution

of the long-range tail correction (LRTC) to the liquid-vapor interfacial tension yt was also 

calculated following the formula given by Chapela et al. [50] and later modified by Blokhuis 

et al..[52, 53]

Yt
v v ( " i f

12n(pi -  Pv)2 ^  Y j 6iJ a i6j ds
i=1 j =1 Jo Jrc

drr 3 (3s3 -  s) coth(rs/d), (9)

where v is the number of interacting sites per molecule, and the sums are over sites on 

different molecules. The pressure tensor is calculated using the virial theorem.[54] The tail 

correction to the pressure for a two-atom type fluid, such as a NERD alkane, is given by

Pt =
-1 6 n

I T T
(£1 (T1 n1 + £2(T2n\ + 2612  ̂ 12 «1 II2 ). (1 0 )
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where n  is the number density of atom type i. For homogeneous system, Eq. 10 is consistent 

with results in Allen and Tildesley,[55] and Lundberg and Edholm.[40]

4. RESULTS

4.1. CUTOFF AND TIMESTEP DEPENDENCE OF SURFACE TENSION

We studied the dependence of the surface tension of PYS nonane on the LJ cutoff 

radius at 295 K and 225 K for different timesteps (1 fs, 2 fs and 5 fs). In Figure 1, the filled 

and the open markers represent the respective surface tension values with and without the 

contribution of the long-range tail corrections (LRTC) The tail correction, y t, to the surface 

tension was computed using Eq. 9 and added to the simulated surface tension value. For 

all the timesteps studied, the tail corrected surface tension values were initially found to 

increase with the cutoff and become nearly constant at higher cutoff values (> 1.75 nm). We 

found that y t varied with the cutoff value and the timestep. The timestep dependence enters 

implicitly through small variations in the bulk densities and in the thickness parameter d. 

For example, at 295 K y t ranged from an 8 % contribution at a cutoff of 2.5 nm up to 46% 

at a 1.0 nm cutoff for a 2 fs timestep, and from 9% to 47% for a 5 fs timestep. For all the 

LJ cutoff values studied, the tail corrected surface tensions for a 5 fs timestep were found 

to be significantly lower (« 6-10%) than those at 1 fs or 2 fs timesteps. On the other hand, 

the surface tensions calculated using 1 fs and 2  fs timesteps were found to be very close 

(differing by < 2%). So, we decided to use a 1.75 nm LJ cutoff and a 2 fs timestep for 

our temperature varying simulations as a compromise between accuracy and computational 

time. Moreover, even for the largest cutoff value studied, a significant contribution of the 

LRTC to the surface tension was observed, which should not be neglected. Our results are 

consistent with those found in previous studies of the dependence of the LRTC on cutoff 

radius.[34-40]
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Figure 1. Surface tensions of PYS nonane for different LJ cutoff radii rc and scaled radii r* at 
295 K (upper figure) and 225 K (lower figure). Squares, triangles, and circles represent the 
surface tensions for 1 fs, 2 fs and 5 fs time steps, respectively. The filled markers represent 
tail corrected surface tensions, and the corresponding open markers are their counterparts 
without tail corrections.

4.2. DENSITY PROFILES AND INTERFACIAL WIDTHS

Spatial profiles of the molecular number density (defined as total sites/9 per unit 

volume) of both PYS and NERD nonane are shown in Figure 2 for temperatures ranging 

from 225 K to 525 K at intervals of 75 K. Points represent number densities calculated 

using a bin size of 0.1 nm, and solid lines are the fitted profiles calculated using Eq. 2. 

For better statistics, the left half of the simulation boxes have been mirrored and merged to 

the right half. In the inset, the density profiles have been shifted so all the Gibbs dividing 

surfaces (z0) lie at 2.5 nm. This method presents better visualization of the widening of the 

liquid-vapor interface with increasing temperature.
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Figure 2. Molecular number density profiles of PYS (upper panel) and NERD (lower panel) 
nonane for different temperatures. Points are calculated using the bin size of 0.1 nm. Lines 
are the fitted profiles, calculated using Eq. 2.

Number density profiles have also been calculated using the center of mass (COM) 

locations of the nonane molecules. In Figure 3, density profiles of PYS nonane obtained 

from both approaches (large points - total site approach, small points - COM approach) 

are shown for 225 K and 375 K temperatures. The molecular density profile of nonane 

contain a peak in the liquid-vapor (l -  v) interfacial region near the melting temperature. 

This feature is more pronounced in the COM representation of the density profile, and it 

decreases and disappears as the temperature increases. The peaks at the lower temperatures 

are due to the tendency of nonane molecules to align with a preferred orientation, which we 

will explore further in Sec. 4.5.
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Figure 4. The “10-90” interfacial thickness of PYS (squares) and NERD (circles) nonane 
for different temperatures.

The density profiles allow us to calculate the vapor-liquid interfacial thickness 

as well as the coexistence curve. The interfacial thickness is an important parameter 

of the vapor-liquid system that provides information regarding the stability limits of the 

system,[56] and it is needed to compute the LRTC using Eq. (10). It increases with 

increasing temperature and tends to diverge near the critical temperature. A comparison 

of the “10-90" interfacial thickness (t) of the nonane-vapor system for both nonane models 

studied is shown in Figure 4. It is inferred from Figure 4 that PYS and NERD models of
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nonane have essentially the same interfacial thickness for T < 400 K. As the temperature 

increases, the vapor-liquid interface of NERD nonane becomes wider than that of the PYS 

model, and the differences become significant for T > 450 K. This behavior implies that the 

NERD nonane reaches its critical temperature at a somewhat lower temperature than does 

PYS nonane. On the other hand, we have found no significant differences in the interfacial 

thickness for the two octane models studied (not shown here).

4.3. VAPOR-LIQUID COEXISTENCE

In Figure 5, vapor-liquid coexistence curves are shown for octane (upper figure) 

and nonane (lower figure). The coexistence densities for PYS octane and NERD octane 

are nearly identical and are consistently inside the NIST [57] values by a small amount. 

It should be noted that earlier Monte-Carlo results [15] showed better agreement with the 

NIST values than these MD results. For nonane, the coexistence densities of both PYS 

and NERD model agree fairly well with the NIST [57] coexistence densities. The vapor 

and liquid densities of NERD nonane agree very well with the PYS nonane values for T < 

400 K, but at higher temperatures the NERD liquid densities are somewhat smaller and the 

vapor densities are a bit larger. Thus, PYS nonane reproduces the coexistence curve and the 

critical point somewhat more accurately than does NERD nonane based on our MD results.

The vapor pressure has also been determined for both PYS and NERD octane and 

nonane models from the pressure tensor calculation. It is compared with available NIST data 

in Figure 6  using a log scale versus the inverse temperature for better visualization. Both the 

PYS and NERD octane models are found to slightly overestimate the NIST values. Their 

differences with the NIST vapor pressure values decrease as the temperature increases. The 

vapor pressure of NERD nonane is generally found to be higher than that of PYS nonane 

(except at 300 K) as well as the NIST vapor pressure values. The PYS model of nonane is 

found to predict the vapor pressure very well at higher temperatures (T > 400 K), but for T 

< 400 K, PYS nonane is also found to overestimate the vapor pressure, although to a lesser
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extent than NERD nonane. We also calculated the vapor pressure from the simulated nonane 

vapor densities using the ideal gas equation pV  = N k T , and found, to no surprise, that at 

higher temperatures (T > 425 K), it deviates considerably from the previous simulated vapor 

pressure values. This is expected as the vapor density increases at the higher temperatures, 

and the intermolecular forces of attraction can not be neglected. So, as is well-known, the 

ideal gas equation cannot be used at higher temperatures to estimate the vapor pressure.

4.4. TEMPERATURE DEPENDENT SURFACE TENSION

We also studied the temperature-dependent surface tension of octane and nonane. 

At each temperature, the surface tension values (y + y t) were determined using Eqs. 3, 9. In 

Figure 7, a comparison of our results with available NIST surface tension data is presented. 

Standard errors in the simulated surface tension values were determined using the block 

average method. They are smaller than the size of the markers (± 0.3 mN/m). Our PYS 

octane surface tension values are in good agreement with a previous study performed at low 

temperatures (205-215K).[58] In comparision to the NIST values, the PYS octane surface 

tension values are slightly larger (3-5%) for T < 450 K, but are lower by 0.5 mN/m (12%) 

and 0.7 mN/m (28%) at 500 K and 525 K temperatures, respectively. On the other hand, 

the PYS nonane surface tension is consistently larger than the NIST values. The difference 

between PYS and NIST surface tension values of nonane range from 0.4 mN/m (550 K) 

to 2.2 mN/m (225 K). Both NERD octane and nonane models are found to overpredict 

somewhat the surface tension for T  < 400 K and underpredict slightly the surface tension 

for T > 450 K.

Previously, the surface tension of PYS nonane had been simulated at 295 K,[23] 

apparently without including the contribution of long-range tail corrections. That result (14 

mN/m for 5 fs timestep and 1.2 nm LJ cutoff) falls on the locus of our surface tension values 

calculated using a 5 fs timestep when LRTC is not applied, as shown by the open circles in 

Figure 1(a). Also, the temperature-dependent surface tension of NERD octane and nonane
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has been reported in Ref. [17]. Those values were generally in good agreement with the 

NIST values, but because of the differences in the torsional potential noted earlier,[43] and 

because the simulation timesteps and LJ cutoffs differ from those used in our work, we do 

not reproduce their results in Figure 7.

4.5. ORIENTATION AND FREEZING

To explore the temperature dependence of the octane and nonane orientation, we 

have calculated the average orientation (6 ) of the octane and nonane molecules for different 

temperatures (see Figure 8 ). Following Qiu and Molinero,[23] we have defined 6  to be the
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angle made by the end-to-end (methyl-to-methyl) vector of an alkane molecule with the 

normal to the liquid nonane surface. This means 0 = 0o when the molecule is perpendicular 

to the surface, and 0 = 90o when the molecule is parallel to the surface. We have also 

calculated the order parameter Sz,[59] defined by Sz = (3 (cos2 0) -  1) /2. Sz = 0 for random 

orientation, -1 /2  when the molecule is parallel to the surface, and +1  when the molecule 

is perpendicular to the surface. Note that our choice of 0 makes our order parameter Sz 

different from that used by previous authors.[17, 59]

We found identical orientational preferences for the PYS and NERD alkane (octane, 

nonane) models, consequently only the results for the PYS model are shown in Figure 8 . 

The molecular orientation is found to be independent of temperature in the bulk liquid 

region, but not at the liquid-vapor (l -  v) interface. At the highest temperature studied, no
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markers, right scale) and end-to-end length L (black dotted line, right scale, where Lmax = 
1 nm) of PYS nonane at 225 K.

orientational difference was observed between the bulk and the l -  v interfacial regions. As 

the temperature decreases, the octane and nonane orientations become more parallel to the 

surface near (zo), the Gibbs dividing surface (GDS) (see Figure 8 ). A bit deeper into the 

bulk liquid side at ~ -0.5 nm from z0, the opposite orientational preference can be seen. 

Here, the molecules tend to be somewhat more perpendicular to the surface. Similar results 

have been reported for PYS nonane at the single temperature, 240 K.[23] This tendency 

grows as T decreases.

To better understand this orientational preference at low temperatures, we have 

plotted Sz, the COM number density profile, and the RMS end-to-end (methyl-to-methyl) 

length, L , of PYS nonane at 225 K (see Figure 9). The Sz results show that nonane is 

randomly oriented in the bulk liquid. As the interfacial zone is approached from the bulk 

liquid, the orientational order of the nonane molecules gradually varies as the l -  v transition 

region is traversed. In Figure 9, the shaded portion shows the region in which the average 

nonane orientation transitions from being more perpendicular to the liquid surface to one 

that is more parallel to it. The more perpendicular orientation to the surface, observed at
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— 0.5 nm from z0, corresponds to the peak in the density profile. The occurrence of a 

similar peak in the COM density profile has been previously reported by Hernandez and 

Dominguez [17] for several models of decane. The peaks in density and Sz also coincide 

with a peak in L, showing that all three measures are highly correlated. This location also 

marks the last point at which the molecular number density is still at its bulk value. The 

behavior of L  shows that, relative to the bulk, the nonane molecules are slightly stretched 

out when they are in the more perpendicular orientation to the surface while they are more 

compactly configured when they are more parallel to the surface in the lower density side 

of the interfacial zone.

The occurrence of the peaks in the COM density, L , and Sz profiles at the same 

location in the interface suggests that the nonane molecules may be forming a layer acting 

as a precursor state for freezing (melting occurs at 219 K for a cutoff radius of 1.2 nm).[23] 

As we saw in Figure 8 this ordering tendency strengthened for PYS nonane when T was 

dropped below the melting temperature. Hernandez and Dominguez [17] have previously 

made a similar suggestion regarding this ordered layer, but they did not observe strongly 

ordered layer formation for the short alkanes (hexane, octane, and decane) that they studied.

To explore this idea further, simulations were performed in the supercooled region 

down to 180 K for 22 ns, but we did not observe surface freezing of PYS nonane. In contrast, 

Modak et al. [30] found that a n-octane nanodroplet with 3840 molecules froze at 190 K 

over the course of several hundred ns long run, although surface freezing occured earlier 

after a few ns. Also, Yi and Rutledge [21] observed crystal growth following homogeneous 

nucleation in the bulk phase PYS n-octane at 170 K.

The situation was dramatically different for NERD octane and nonane at 195 K and 

210 K, respectively for which we observed the rapid formation of ordered surface layers at 

each liquid-vapor interface with different formation rates. To our knowledge, the melting 

temperatures of NERD octane and nonane have not yet been reported, but based on our 

simuation results they are likely somewhat greater than 210 K for NERD nonane and 195
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Figure 10. Time evolution of Sz and orientation angle of NERD nonane at 210 K.

K for NERD octane. The time evolution of the orientation angle 6  and the order parameter 

(Sz) for NERD nonane is shown in Figure 10. The curves represent averages over time 

periods 0 .2  ns long ( 1 0 0  frames) taken at times 1 .0  ns, 1 .6  ns, and 2 .0  ns after starting the 

simulation. They depict the surface freezing process on the right side of the simulation cell. 

The left side froze at a somewhat later time, although progress toward the frozen state is 

also visible in this figure. The two earlier time curves show features similar to those seen 

in Figure 8 and Figure 9 for PYS nonane at 225 K, but the third curve, the heavy dark line 

in each frame, clearly reflects the presence of the frozen surface layer. In this layer, the 

molecules are nearly perpendicular to the surface with an average orientation angle of about 

13.5°, and the order parameter has increased to about 0.87 in the layer. In Figure 11, the 

COM density profiles of PYS and NERD nonane are averaged over a period of 0.2 ns (100 

frames) starting at 2 ns. The NERD density profile shows a sharp peak at the frozen layer 

that is clearly absent in the PYS density profile. The snapshot in Figure 11 shows a frozen 

layer of NERD nonane at the liquid-vapor interface (towards the right).
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time period 2.0-2.2 ns. Snapshot shows the molecular configuration at 2.1 ns.
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Figure 12. COM density profiles of NERD octane at 195 K after surface freezing in both 
liquid-vapor interfaces. Snapshot shows the molecular configuration at 25 ns.

In Figure 12, the COM density profile of NERD octane at 195 K is shown. The 

density profile was averaged over 5 ns after 25 ns of simulation time. The first frozen layer 

formed on one liquid-vapor interface after 6  ns, and the second layer was fully developed at 

about 23.5 ns of simulation time. We did not observe freezing in the interior at 195 K even 

for a 44 ns long run simulation. Also, we did not lower the temperature below 195 K to try 

to completely freeze the system.
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Figure 13. Snapshot of frozen NERD nonane at 210 K. Two vapor molecules are shown 
adsorbed on the outer surface.

,z(nm)

Figure 14. COM density profile of frozen NERD nonane at 200 K.

To obtain a completely frozen NERD nonane crystal, we first lowered the temperature 

of the well equilibrated nonane slab of 648 molecules from 225 K to 210 K. At 210 K, two 

frozen surface layers formed at different times (2 ns and 8 ns). After 20 ns at 210 K, the 

temperature was lowered to 205 K. We did not observe freezing in the interior for 20 ns 

at 205 K. Then the temperature was lowered to 200 K, for which a sign of freezing in the 

interior was observed after 4 ns. After a total of 40 ns at 200 K, two imperfect layers with 

a distribution of a few randomly oriented crystallites were present in the interior. Upon 

warming to 210 K for 20 ns, the interior layers were observed to orient almost perfectly,
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except for one defect with trapped molecules between the layers. After removing the 28 

trapped molecules, a nicely layered structure free of defects was obtained. Figure 13 shows 

a snapshot of the frozen NERD nonane at 210 K with two vapor molecules adsorbed on the 

outer surface at 3 ns after the removal of the defect and the trapped molecules. The cooling 

or heating rates were 10 K/ns. In Figure 14, the COM density profile of the frozen nonane 

(Figure 13) is averaged for 1 ns at 210 K. The peaks in Figure 14 correspond to the centers 

of the frozen layers. The two outer peaks at the left and right liquid-vapor interfaces contain 

155 and 157 nonane molecules, respectively. Each interior peak contains 153 molecules. 

The crystal density is 4.09 nm -3  compared to the liquid density of 3.64 nm -3  at the same 

temperature.

5. SELECTED RESULTS FOR m-TraPPE-UA NONANE

The united atom (UA) TraPPE alkane model was originally developed as a rigid bond 

model.[14] To address the incompatibility of the fixed alkane bond lengths with LAMMPS, 

in this work, the rigid bonds of the TraPPE-UA nonane are modified to vibrate with a force 

constant taken from the NERD model.[15, 33] Such approach was also used previously, but 

with different bond stretching parameters.[60, 61]

The bonded interaction parameters of m-TraPPE-UA nonane are identical to those of 

the NERD model. The nonbonded interaction parameters are those of the original TraPPE 

model.[14] They are listed in Table 1.

The temperature dependence of the density profiles and the average orientation of 

the m-TraPPE-UA nonane is similar to that of PYS and NERD nonane. Here, we present 

the coexistence curve as well as temperature dependent vapor presure and surface tension 

of the m-TraPPE-UA nonane compared to PYS nonane. Moreover, temperature dependent 

molecular orientation of m-TraPPE-UA nonane is also shown.
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Figure 15. Liquid vapor coexistence curve for PYS nonane (squares) and m-TraPPE-UA 
nonane (diamonds). Dashed line shows NIST results, with the critical point represented by 
a star.
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Figure 16. Vapor pressure plotted on log scale versus inverse temperature for PYS nonane 
(squares) and m-TraPPE-UA nonane (diamonds). Dashed line represents NIST results.

In Figure 15, vapor-liquid coexistence curves are shown for both PYS and m- 

TraPPE-UA nonane models. The bulk liquid densities of m-TraPPE-UA nonane are found 

to be slightly (< 3%) higher than that of PYS nonane for T < 400 K. But, the density of 

PYS nonane exceeds that of m-TraPPE-UA for T > 450 K. The densities of m-TraPPE-UA 

nonane agree very well with the NIST [57] densities for T < 400 K. However, at the higher 

temperatures (T > 450 K), the densities of m-TraPPE-UA nonane differ significantly from
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Figure 17. Temperature dependent surface tension plotted for PYS nonane (squares) and 
m-TraPPE-UA nonane (diamonds) and compared with NIST surface tension values (dashed 
line). Circles are the surface tension values for the rigid bond TraPPE-UA model, taken 
from Ref. [56].

the NIST values in both the liquid and vapor regions. On the other hand, the coexistence 

curve of PYS nonane is consistently lower than that given by NIST, but the difference is 

generally small. Thus, PYS nonane reproduces the coexistence curve and the critical point 

somewhat more accurately than does m-TraPPE-UA nonane.

The vapor pressure of m-TraPPE-UA nonane is found to be higher than that of PYS 

nonane as well as the NIST vapor pressure values as shown in Figure 16. In general,as 

seen in Figure 17, the surface tension of m-TraPPE-UA is slightly smaller than that of PYS 

nonane and closer to the NIST values at low temperatures. At higher temperatures, T > 475 

K, the deviation from the PYS and NIST values increases. To gauge the effect of vibrating 

bonds in m-TraPPE-UA nonane on the surface tension, we have also included a few surface 

tension values determined with the original rigid TraPPE-UA nonane.[56] The two models 

produce values that are in very close agreement indicating that the replacement of rigid 

bonds by vibrating bonds has very little effect on the surface tension.

The average molecular orientation of m-TraPPE-UA nonane is shown in Figure 18. 

The behavior is very similar to that found for PYS nonane and NERD nonane.
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Figure 18. Average molecular orientations of m-TraPPE-UA nonane.

6. CONCLUSIONS

In this work, we presented molecular dynamics simulation results of the octane and 

nonane liquid-vapor interface using the PYS and NERD alkane models. Such temperature 

dependent studies of PYS octane and nonane have not been reported before. We have 

reaffirmed that the dependence of the surface tension on the LJ cutoff radius is in agreement 

with previous studies,[34-40] and that, even at large values of the cut-off radius, the LRTC 

to the surface tension is significant and should not be neglected. Similarly, the simulation 

time step is very important in the calculation of the surface tension. At least for PYS 

nonane, satisfactory results were found for a cut-off radius > 1.75 nm and a timestep < 

2 ns. Larger timesteps result in signicantly smaller values. Compared to NERD, PYS 

nonane shows somewhat better agreement with the experimental results above 400 K for 

the liquid-vapor coexistence curve, while for octane, the PYS and NERD models give 

essentially the same results. Both models for octane and nonane predict surface tensions 

close to the experimental values, but the PYS model is more consistent in this regard. 

We have also shown that the molecular orientation is affected by the temperature in the 

liquid-vapor interface. At sufficiently high temperatures, interfacial octane and nonane 

show no significant difference from the bulk orientation. As the temperature is lowered, the
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molecules at the interface tend to be more parallel to the surface near the Gibbs dividing 

surface (z0) and more perpendicular to the surface a little deeper into the l -  v transition 

zone at the location of the highest density, where the molecules were also more elongated as 

well. These tendencies grew more pronounced as the melting temperature was approached. 

These orientational trends anticipated the freezing behavior observed at the liquid-vapor 

interface for NERD nonane at 210 K and for NERD octane at 195 K.
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ABSTRACT

To explore the wetting behavior of alkanes on water at bulk interfaces, molecular 

dynamics simulations have been carried out to determine the temperature dependence of (1) 

the surface tension of alkanes (octane, nonane) and water, and (2 ) the interfacial tensions 

of the alkane-water systems. We used a united-atom PYS alkane model, and SPC/E and 

TIP4P/2005 water models. The Lennard-Jones cross-interaction parameters between unlike 

atoms in the alkane-water interactions were optimized to match the experimentally observed 

spreading coefficient (S). We found generally contrasting wetting behavior for alkanes on 

SPC/E and TIP4P/2005 water models at lower temperatures. Our results show that at lower 

temperatures, in contrast to the conventional expectations, the contact angle formed by either 

PYS alkane on SPC/E water decreases with a decrease in the temperature. On the other 

hand, such unusual wetting behavior has not been observed in the PYS octane - TIP4P/2005 

water system, although there is a hint of such behavior at the lowest two temperatures (2 2 0  

and 225 K) for the PYS nonane and TIP4P/2005 water system. At higher temperatures, 

the contact angle formed by octane and nonane on both water models is found to decrease 

with increasing temperature, as the systems approach the usual high-temperature wetting

transition.
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1. INTRODUCTION

Aqueous organic systems play an important role in many environmental andin- 

dustrial processes, such as the formation and growth of atmospheric aerosols, crude oil 

recovery from an oil-field, on-site cleaning of natural gas, and clean-up of oil spills. One of 

the common features underlying these processes is how well the water surface is wetted by 

the organic compound. When an oil droplet is present on the water surface in the presence 

of vapor, the wetting behavior is determined by the surface free energies, or equivalently the 

interfacial tensions. Usually, the sum of the free energies of the oil surface and the oil-water 

interface exceeds the free energy of the water surface, leading to the partial wetting of water 

by the oil droplet with a finite contact angle. Oil completely wets water when the free energy 

of the water surface exactly balances the sum of free energies of the remaining surfaces. 

Although vapor-liquid surface tension values for pure alkanes (oil) and water are commonly 

available in the literature, to date, experimental information regarding temperature depen

dent oil-water interfacial tensions is quite limited. A few experimental results have been 

reported for alkane-water interfacial tensions. Goebel and Lunkenheimer,[1] and Mitri- 

novic et al. [2 ] reported the interfacial tension of several alkane-water systems at a single 

temperature. Matsubara et al. [3] studied the temperature dependence of the pentane-water 

interfacial tension. Aveyard and Haydon,[4] and Zeppieri et al. [5] studied the temperature 

dependent interfacial tension of several alkane-water systems. Still, the interfacial tension 

values in the latter two studies are consistently lower than those reported in Refs. [1, 2] 

for the identical system and temperature, perhaps due to low levels of surface-active con

taminants. Computationally, several molecular dynamics (MD) studies have focussed on 

the interfacial tensions of oil-water systems.[6-12] Out of these works, only two studies 

reported the temperature dependent behavior.[8 , 9] It is worth noting that the outcomes of 

such studies will depend upon the details of the simulations, such as boundary conditions, 

force field parameters, the cutoff range of the potentials, and simulation timestep, even when 

nominally identical models are used.
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Previously, the temperature dependence of the contact angle and the wetting behavior 

of several alkanes on aqueous ionic solutions has also been studied experimentally [13

16] as well as theoretically [17-19] to some extent. All these studies find a decreasing 

contact angle with increasing temperature until the system undergoes a wetting transition 

at a higher temperature. On the other hand, Hrahsheh and Wilemski [20] found a highly 

unusual increase of contact angle with the rise in temperature in their MD simulations 

of nonane-water nanodroplets. Such a positive correlation between the contact angle and 

the temperature is known to occur only for a pair of partially miscible liquids having a 

lower consolute temperature.[21, 22] Below the consolute temperature, the components of 

these partially miscible liquids become miscible, and the system exhibits a low temperature 

wetting transition somewhat above the consolute temperature.

Alkanes and water have very limited miscibility and no lower consoute temperature, 

so the positive correlation of the contact angle with temperature is not expected. Therefore, 

it is important to explore the unusual behavior of the contact angle found in the nonane-water 

nanodroplets simulations in order to understand further how this unusual behavior depends 

on the molecular models used and, perhaps, on other details of the simulations.

In this work, we use MD simulations to study the temperature dependent wetting 

behavior of octane and nonane on water. We determine the surface tension of alkanes, 

water, and alkane-water interfacial tensions at planar interfaces. The computed interfacial 

tension values are then used to calculate the contact angles formed by the alkanes on 

water. Further, we also explore the effect of the potential cutoff radius on the interfacial 

tensions, and examine the significance for wetting behavior of long-range tail corrections 

to the interfacial tensions. We are unaware of any previous study of temperature dependent 

wetting in alkane-water systems using MD techniques.
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2. SIMULATION DETAILS

To determine the temperature dependent interfacial tensions, the simulation systems 

were typically constructed as follows: (i) an alkane slab containing 620 octane molecules 

or 550 nonane molecules was placed at the middle of a rectangular box of cross-section of 

5.5 x 5.5x nm2 such that liquid occupies one third the volume of the box, (ii) a slab of 990 

water molecules was kept at the middle of 3.1 x 3.1 x 9 nm3 rectangular box, and (iii) a 

slab of 990 water molecules was sandwiched between a pair of identical alkane slabs, each 

containing 105 octane molecules or 100 nonane molecules. The volume of the liquid-liquid 

simulation boxes varies with the temperature. All the dimensions were chosen to satisfy the 

minimum image criterion.

In this work, the alkanes were treated with a united-atom PYS forcefield.[23-26] 

Two water models were studied: SPC/E [27] and TIP4P/2005 [28]. Charged atoms in the 

water molecules interact with Coulomb’s potential. All intermolecular interactions and 

intramolecular interactions separated by four or more bonds within like atoms interact with 

Lennard-Jones (LJ) potential

Vlj = 4e
a  \ 12

r
a  \ 6 

r  )
(1)

where e, a  are LJ energy and size parameters, respectively. The interactions between 

unlike atoms (carbon, oxygen) were also described by the LJ potential with the interaction 

parameters eoc, a oc optimized to fit the experimentally determined spreading coefficient (S) 

of alkane on water near 300 K temperature.

The spreading coefficient [29] is defined as the following difference of the interfacial 

tensions: S = yw- ( y a+yaw), where ya (yw) denote the surface tension of pure alkane (water) 

and yaw represents the alkane-water interfacial tension. Since the computer models of pure 

water and alkanes do not reproduce experimental values of the surface tensions perfectly, 

we found it preferable to match the S values rather than the liquid-liquid interfacial tensions
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Table 1. Comparision of spreading coefficient for alkane on water for different eoc (a oc = 
0.36 nm).

Model 6oc (kJ/mol) T (K) S (mN/m)
octane-water
Expt. 295 -1.5 a, b, c
Expt. 298 -1.0 a,b, d
PYS-SPC/E 0.55 300 -12.1
PYS-SPC/E 0.65 300 -1.2
PYS-TIP4P/2005 0.66 300 -1.9
nonane-water
Expt. 295 -2.7 a,b, c
Expt. 298 -2.9 a, b, d
PYS-SPC/E 0.55 300 -14.9
PYS-SPC/E 0.65 300 -3.7
PYS-SPC/E 0.66 300 -2.7
PYS-TIP4P/2005 0.66 300 -4.8

a y w from Ref. [32], b y a from Ref. [33],c y aw from Ref. [1], d y aw from Ref. [2]

with the hope of balancing the inaccuracies of the three interfacial tensions to achieve 

realistic predictions of wetting. As seen in Table 1, the S values obtained using the usual 

Lorentz-Berthelot (L-B) combining rules [30, 31] for eoc, a oc for the alkane - SPC/E water 

interactions (eoc = 0.55 kJ/mol, <roc = 0.36 nm) in our simulations deviated greatly from 

the the S values determined using experimental interfacial tensions [1,2, 32, 33] near 300 

K. The large discrepancies in the S values determined experimentally and computationally, 

while using L-B combining rules, were reduced by suitably parameterizing eoc, keeping 

a oc = 0.36 nm. Unless otherwise stated, our simulations used eoc = 0.65 kJ/mol and 0.66 

kJ/mol for the alkane-SPC/E water and alkane-TIP4P/2005 water interactions, respectively. 

With these eoc and <roc parameters, the calculated S values at 300 K were found to be in 

better agreement with the experimentally determined S values than those based on the L-B 

combining rules.

All initial configurations were built using PACKMOL [34] and moltemplate [35] 

software. Simulations over a wide range of temperatures were performed with the LAMMPS 

[36] molecular dynamics simulation package. All the simulations were carried out in a
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canonical (N V T )  ensemble for pure liquids and in a constant-NPNAT ensemble at 1 atm. 

for the two-liquid systems, where PN and A represent the normal pressure and the cross

sectional area, respectively. Periodic boundary conditions were applied in all directions. 

The time step was chosen to be 2 fs. The equations of motion were solved using the velocity 

Verlet integrator.[37] After 3 ns of equilibration, the interfacial tensions were determined 

from multiple (3-10) 30-40 ns long runs. To control the temperature, the Nose-Hoover 

[38, 39] thermostat was used with a coupling time constant of 0.2 ps. The pressure was 

controlled using a Nose-Hoover barostat with a coupling time of 2.0 ps where applicable. 

The SHAKE algorithm [40] was used to keep the water molecule rigid. The electrostatic 

interactions were handled using a particle-particle particle-mesh (pppm) solver.[41] The 

intermolecular interactions and the intramolecular interactions separated by four or more 

bonds were handled with LJ potentials. The LJ potential cutoff for our simulations is 

determined from the study of the interfacial tensions for different cutoffs, which we will 

explore in Sec. 3.1.

At each temperature, the time-averaged density profiles were fitted to a hyperbolic 

tangent function [42]

p (z ) = 2 (Pa + Pb ) -  2 (p a -  Pb ) tanh (
Z -  zo (2)

where pA and pB represent the density in the liquid phase and in the vapor phase, far from 

the interface, respectively for a vapor-liquid interface. For a liquid-liquid interface, p(z) 

represents the density profile of liquid A, with pA and pB being its densities in the liquid A 

rich region and in the liquid B rich region, respectively. In Eq. 2, z0 represents the position 

of a Gibbs dividing surface, at which the density becomes half of the bulk value, and d is the 

interfacial thickness parameter which is related to the“10-90" thickness t as d = t/2.1972. 

The interfacial tensions were determined by integrating the difference of the normal (PN(z))
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and tangential (PT(z)) pressure components along the direction normal to the interfaces

1 r  “
Y = 2  dz[PN(z) — Pt (z)], (3)

2 J —TO

where the factor of 1 /2  accounts for the presence of two such interfaces in our simulation 

cell. For our geometry, PN(z) = Pzz(z) and PT(z) = (Pxx(z) + Pyy (z))/2. The contribution 

of long-range tail corrections y t to the interfacial tensions were also calculated following the 

formula given by Chapela et al. [42] and later modified by Blokhius et al. [43]. Following 

Li, et al. [44] and Lundberg and Edholm [45], the tail correction can be compactly expressed 

as

Yt = 3n(A pD/fc)2 gt (rc/d) (4)

where gt is a dimensionless integral that depends on rc/d,

f  ds f
J 0 J 0

gt (fc/d) dxx (3s3 — s) coth(s(rc/ d ) / x ) (5)

and where the dispersion density difference ApD depends on the type of interface. For a 

vapor-liquid interface of molecules with only a single type of interaction site, it is given by

(A pD )2 = 4 6(t 6(p a  — PB )2 (6)

and for a liquid-liquid interface it can be written most generally as

(A PD )2 =  4 (ei (T-f p \ + €2 (r(̂ p 22 — 2 e i2 o f 2p i  p2) (7)
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where eu o i are the LJ parameters for pure liquid i and p i is its bulk density. The latter 

expression differs from those found in Refs [44] and [45] because we explicitly avoid using 

the geometric mean approximation for epsilon and sigma. It is generally valid irrespective 

of the combining rules used for eij  and o ij  . Finally, the contact angles formed by alkane 

on water were calculated using the rigorous thermodynamic formula [29]

cos 6 = YW -  Ta -  Y2
aw

2Ya yaw
(8)

3. RESULTS

In this work, we studied: (i) the effect of LJ cutoff radius on the interfacial tensions, 

(ii) the temperature dependence of the interfacial tensions, and (iii) the temperature de

pendent wetting of PYS alkanes (n-octane and n-nonane) on SPC/E and TIP4P/2005 water 

models.

3.1. EFFECT OF CUTOFF RADIUS ON INTERFACIAL TENSIONS

First, we studied the surface tensions of PYS octane, SPC/E water, and the PYS 

octane-SPC/E water interfacial tension for LJ cutoffs ranging from 1.0 nm to 2.5 nm at 300 

K temperatures. The volume of the simulation boxes and the number of molecules were 

adjusted for higher cutoff values to satisfy the minimum image convention. A typical system 

with 2.5 nm cutoff consisted of 380 octane molecules in a box of dimensions 5.1 x 5.1 x 12.0 

nm3 or 2680 water molecules in 5.1 x 5.1 x 9.0 nm3 box or 550 octane and 2680 water 

molecules in a box of approximate dimensions 5.1 x 5.1 x 8.9 nm3.

In Figure 1, the interfacial tensions are plotted versus the LJ cutoff radius (rc). The 

filled and the open markers represent the respective interfacial tensions with and without 

including the long range tail correction (LRTC) y t. It is inferred from Figure 1, that the 

surface tension (y + yt) of octane initially increases with an increase in rc and become nearly
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Figure 1. Simulated surface tensions of SPC/E water (diamonds), PYS octane (squares) 
and the octane-water interfacial tensions (circles) plotted as a function of LJ cutoff at 300 
K. Filled markers account the long range tail corrections to the interfacial tensions, while 
the open markers do not.

constant for rc > 1.75 nm. A similar cutoff dependence of the PYS nonane surface tension 

is also observed in our simulations. On the other hand, the surface tension of water and the 

octane-water interfacial tension ( y  + y t) are found to be independent of the cutoff radius. 

Hence, we decided to use rc = 1.75 nm for pure alkanes, and rc = 1.5 nm for pure water 

and the alkane-water systems in our simulations at different temperatures as a compromise 

between accuracy and computational time.

The contribution of the LRTC y t should not be neglected in determining the in

terfacial tensions from MD simulations. Even at the highest cutoff value studied, the 

contributions of y t to the total surface tension of octane and water are found to be roughly 

9% and 2%, respectively. The contribution of y t is higher for smaller rc values. It is 

interesting to note that, with the optimized eoc, a oc values for the octane-water interaction 

in our simulations, the uncorrected interfacial tensions are found to be overestimated, and 

the tail correction values are negative. The negative tail correction is due to not using
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geometric mean rule (Berthelot rule) in determining eoc. With the geometric mean rule for 

eoc, yt would be 0.2 mN/m instead of -1.2 mN/m at the 1.5 nm cutoff value. (Of course, y  

would also be quite different.)

3.2. TEMPERATURE DEPENDENCE OF THE INTERFACIAL TENSIONS

We studied the effect of temperature on the surface tension of water, alkane (octane, 

nonane), and on the alkane-water interfacial tension. To evaluate the LRTC, the interfacial 

thickness parameter d must be determined from the simulated density profiles. In Figure 2, 

molecular density profiles for SPC/E water and octane are plotted for 210 K, 350 K, and 

400 K temperatures. Dashed lines and solid lines represent the fitted density profiles of 

water and octane, respectively, calculated using Eq. 2. For better statistics, the left half of 

the simulation box is mirrored and averaged with the right half during the calculation of the 

density profiles. It is noteworthy that the lowest temperature density profile contains the 

apophysis, the high density, compact water surface layer similar to that found by Wang et 

al..[46] Density profiles for the octane-SPC/E water system at temperatures 210 K and 400 

K are shown in Figure 3. Here as well, there is an apophysis in the water density profile at 

210 K and the peak in the alkane profile is an indication of some kind of favorable alignment 

at the interface.

The surface tension of water has been extensively studied both experimentally and 

computationally. Hacker’s experimental data from 1951 show an anomaly in the surface 

tension of water at lower temperatures.[47] The surface tension increases more rapidly 

with decreasing temperature in the supercooled region, where liquid exists below freezing 

temperature, with a possible second inflection point (SIP) on the surface tension curve. 

Based upon these data, Holten, Labetski, van Dongen in 2005 had suggested a fit with a 

SIP at 267.5 K.[48] However, later in 2014, experiments performed by Hruby et al. showed 

the absence of a SIP in the water surface tension data.[49] This result has been supported 

by recent experimental results in 2017, measured down to 250 K.[50] Several water models
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Figure 2. Density profiles (molecular) of SPC/E water (left) and PYS octane (right) plotted 
for different temperatures. Points are the densities calculated using bin size of 0.1 nm. 
Dotted and solid lines represent the profiles fitted using Eq. 2.
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Figure 3. Density profiles (molecular) of SPC/E water and PYS octane in the octane-water 
system at 215 K (diamonds) and at 400 K (circles) temperatures. Points are the densities 
calculated using bin size of 0.1 nm. The fitted profiles for water and octane are represented 
by the dotted and solid lines, respectively.

have been used to study the surface tension of water computationally. MD simulations 

of many common water models and their comparison with previous studies have been 

presented in Ref. [51]. A few simulations, performed at sufficiently low temperatures, have 

shown the presence of the SIP in the SPC/E and TIP4P/2005 water models.[46, 52] Another 

effect of the SIP is to enhance the density of the water at the liquid-vapor interface well 

above the bulk value as shown in Fig. 2 and Fig. 3. SPC/E is the most commonly used water
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Figure 4. Surface tension of SPC/E water (left) and TIP4P/2005 water (right) as a function 
of temperature. Our results (diamonds) are compared with two previous studies.[51, 55] The 
plus signs and the solid lines represent experimental results.[32, 49] In the inset, the dashed 
line is obtained by fitting the surface tension values at higher temperatures T  > 275K.

model, whereas the TIP4P/2005 water model is known to predict the surface tension more 

accurately. Our simulation results for the surface tension of the SPC/E and TIP4P/2005 

water models are in close agreement with the previous studies of these models [46, 51-57] 

as seen in Figure 4. The inset figures show the surface tension for lower temperatures. 

The dashed lines are obtained by fitting the surface tension values at higher temperatures, 

T > 275 K. We see from the insets of Figure 4 and that the surface tension values at 

lower temperatures deviate from the high-temperature fits to the surface tension values. 

The deviation is a maximum at the lowest temperature studied. This behavior supports the 

presence of the SIP in the surface tension of the SPC/E and TIP4P/2005 water models. As 

we will discuss later, the simulated wetting behavior observed at very low temperatures 

seems to be affected by the presence of the SIP. Since our primary goal is to study the 

wetting behavior of alkanes on water, we have not bothered to determine the location of the 

SIP from our results.
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Figure 5. Surface tensions of octane (upper panel) and nonane (lower panel) are plotted as a 
function of temperature. Our PYS model results (squares) are compared with NIST surface 
tension values (solid lines).[33]

In Figure 5, the surface tension of PYS octane and PYS nonane are plotted versus 

temperature and are compared with the respective NIST surface tension values.[33] Plots 

covering wider temperature ranges (210 K - 525 K for octane and 210 K - 550 K for nonane) 

have previously been presented.[58]

The alkane-water interfacial tensions are shown in Figure 6. Circles represent 

simulation results, and the asterisk and star represent experimental alkane - water interfacial 

tensions from Ref. [1] and Ref. [2], respectively. All computed interfacial tensions at 300 K 

are lower than the experimental interfacial tension values, although the TIP4P/2005 results 

are much closer to the experimental values than are the SPC/E results. For the same water 

model, the nonane-water interfacial tension is usually slightly higher than the octane-water 

interfacial tension. The alkane-water interfacial tension is also found to decrease with an 

increase in temperature. The rate of change in interfacial tension with temperature is similar 

in alkane - SPC/E water and alkane - TIP4P/2005 water at higher temperatures. However, 

we have noticed that, at lower temperatures (T < 250 K) the interfacial tension of alkane -
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with TIP4P/2005 water (diamonds) and SPC/E water (circles). Our results are compared 
with experimental octane - water interfacial tensions (asterisk - Ref. [1], star - Ref. [2])

TIP4P/2005 water changes more rapidly than that of alkane - SPC/E water. Moreover, each 

of these curves displays a change of curvature similar to that resulting from the SIP for the 

pure water models.

3.3. TEMPERATURE DEPENDENT WETTING

Based on the simulation results presented in Section 3.2, we have calculated the 

spreading coefficient S for PYS octane and nonane on SPC/E water and TIP4P/2005 water 

and the corresponding contact angles 0 for each of these four systems. The spreading 

coefficients (S) are shown in Figure 7, and the contact angles (0) are shown in Figure 8. The 

circles and diamonds are the results obtained using the simulated interfacial tensions. The 

spreading coefficients, and the contact angles are found to be quiteanother point sensitive 

to the simulated interfacial tension values. To reduce the fluctuations, 0 and S have also 

been calculated using polynomial fits to the simulated interfacial tensions (solid lines). 

Moreover, 0 and S are also calculated based on experimental values of the interfacial 

tensions,[1, 2, 32, 33] and these values are represented by the asterisk and star. We note 

that for both S and 0 the SPC/E model is in better ageement with these results.
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Figure 7. Spreading coefficient (S) of octane on water (left) and nonane on water (right). 
The diamonds are for TIP4P/2005 water, and the circles are for SPC/E water. Lines are 
obtained from fits to the simulated interfacial tension values. The asterisk and star represent 
values calculated using experimental values of the interfacial tensions.

When an alkane perfectly wets water, S = 0 and 6 = 0. S < 0 or 6 > 0 imply 

partial wetting. The behavior of each property, S and 6, is similar at higher temperatures 

for both water models, but dissimilar at lower temperatures. First, let us note that the 

positive S values seen in Figure 7 are artifacts of our simulation methodology. According 

to Rowlinson and Widom,[29] positive S values are unphysical. They occur typically when 

the interfacial tension values are inconsistent. These values should be properly determined 

using liquids that are fully equilibrated with each component, but because the mutual 

solubilities of alkanes and water are so low, these conditions are impossible to satisfy given 

the relatively small system sizes and simulation times that are practical. Beginning at the 

high temperature point, the wetting transition temperature Tw, where S=0 or 6=0, we would 

have perfect wetting at all higher temperatures. As the temperature is reduced from Tw, S is 

seen to grow increasingly more negative and 6 increases, and partial wetting ensues. These 

trends are in qualitative (or semi-quantitative) agreement with experimental results for the 

octane-water system.[59] For octane-TIP4P/2005 water, these trends continue down to the 

lowest temperatures simulated, deep into the supercooled water region for this model, T < 

249 K. For nonane-TIP4P/2005 water, these trends continue down to only 250 K. the two
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Figure 8. The contact angle formed by octane on water (left) and nonane on water (right). 
The diamonds are for TIP4P/2005 water, and the circles are for SPC/E water. Lines are 
obtained from fits to the simulated interfacial tension values. The asterisk and star represent 
values calculated using experimental values of the interfacial tensions.

points calculated at 225 K and 220K show a reversal of these trends. If real, this reversal is 

likely connected to the behavior of the interfacial tensions of water and water-nonane below 

the SIP temperature. This behavior warrants a much more detailed investigation, but it is 

beyond the scope of the present work.

For octane-SPC/E water, below roughly 270 K, the normal trends, just described, are 

reversed: S begins to increase, and 0 begins to decrease, as if the system were approaching 

a low temperature transition to perfect wetting. For nonane-SPC/E water similar trend 

reversals occur, but at higher temperatures: roughly 325 K for S and 375 K for 0.

The presence of the low-temperature wetting transition and the increasing value 

of the contact angle with increasing temperature is highly unusual. To the best of our 

knowledge, such behavior has not yet been reported for a bulk system of two liquids with 

such limited miscibility. The increase of contact angle formed by PYS nonane on SPC/E 

water with an increase in temperature at lower temperatures seen in Figure 8 is consistent 

with the behavior found in a previous study of wetting on nanodroplets.[20] We did not run 

the simulations at low enough temperature to observe a potential low-temperature wetting 

transition in the alkane - SPC/E water systems.
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Table 2. Wetting transition temperatures, Tw from MD simulations and experiments

Alkane Water Model Tw (K)
Octane SPC/E 365
Nonane SPC/E 498-500
Octane TIP4P/2005 395
Nonane TIP4P/2005 506-509
Octane Experiment * 456
Nonane Experiment * 500

by extrapolation. See Figure 9.

Figure 9. Wetting transition temperatures for different n-alkane on water. Calculated values 
from Ref. [17] are in excellent agreement with experiment.

At higher temperatures, both octane and nonane with TIP4P/2005 water show a 

decreasing contact angle with increasing temperature, leading to the occurrence of the 

usual high-temperature wetting transition. We estimated the Tw values of octane-water 

and nonane-water by extrapolating the experimental transition temperatures of shorter 

alkanes[18] versus carbon number (see Figure 9). The estimated Tw values are 456 K 

for octane and 500 K for nonane. These are in fair agreement with our simulated transition 

temperatures of about 395 K for PYS octane-TIP4P/2005 water and 510 K for PYS nonane- 

TIP4P/2005 water. The corresponding Tw values for SPC/E water are 365 K for octane and

498-500 K for nonane.
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Figure 10. Temperature dependence of the contact angle formed by nonane on SPC/E water 
when 6 o c=0.66 kJ/mol. Filled circles represent contact angles calculated using interfacial 
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corrections to the interfacial tensions. Asterisk and star are calculated using experimental 
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Another point to note is that the liquid-liquid (l -  l ) interfacial tensions, and the 

contact angles are found to be quite sensitive to the values of the LJ cross-interaction 

parameters. For PYS nonane - SPC/E water, the l -  l interfacial tension and the contact 

angle are found to be decreased by ~2.5% and ~14% respectively at 300 K by changing eoc 

to 0.66 kJ/mol from 0.65 kJ/mol, while keeping a oc constant. With eoc=0.66 kJ/mol, the 

contact angle formed by nonane on the water is found to match nearly perfectly with that 

calculated using experimental interfacial tension values (see Figure 10).

We have also explored the importance of the tail correction y t on the wetting behav

ior. In Figure 10, the contact angles formed by nonane on SPC/E water are represented by 

open circles when the tail correction y t is not applied in the interfacial tension calculations. 

For T  < 250 K, when y t is excluded from the interfacial tensions, the contact angle is found 

to decrease more rapidly, and can be extrapolated to a wetting transition at somewhat lower 

T (< 210 K). However, the tail-corrected values extrapolate to a wetting transition at lower 

T than was computationally studied.
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4. CONCLUSIONS

Using molecular dynamics simulations, we have studied the surface tension of SPC/E 

and TIP4P/2005 water, PYS alkanes (octane, nonane), and the corresponding alkane-water 

interfacial tensions to explore the temperature dependent wetting behavior of these alkanes 

on water.

As the temperature decreases, the interfacial tension increases. In the supercooled 

region, the surface tensions of the SPC/E and TIP4P/2005 water models are found to 

increase more rapidly with decreasing temperature, thereby showing the presence of the 

SIP in the surface tension curves. We also simulated the temperature dependent behavior of 

the interfacial tensions for PYS alkane (octane, nonane) and SPC/E or TIP4P/2005 water by 

choosing values for the LJ cross-interaction parameters eoc and <roc between unlike atoms 

that would yield experimentally observed spreading coefficients S near 300 K.

We have studied the temperature dependent wetting behavior of PYS alkane (octane, 

nonane) with SPC/E water and TIP4P/2005 water. PYS octane was found to perfectly wet 

water (SPC/E, TIP4P/2005) at higher temperatures (365 K for SPC/E based on either S=0 

or theta = 0 and 390 K (S=0)or 395 K (theta =0) for TIP4P/2005), which is consistent with 

the experimental findings although the transition temperature does not match our estimate 

of 456 K for the experimental value. PYS nonane behaved similarly to octane on both water 

models, yielding appropriately larger wetting transition temperatures. On SPC/E these were 

500 K (S=0 and 0 =0) and on TIP4P/2005, the transition temperatures were 506 K (S=0) 

and 509 K for theta extrapolated to 0.

However, at lower temperatures, contrasting wetting behavior of PYS alkane with 

SPC/E and TIP4P/2005 water models was found. At the lower temperatures, both PYS 

octane and nonane show unusual wetting behavior on SPC/E water, in which the contact 

angle decreases with a decrease in temperature. If carried to sufficiently low temperatures, 

this behavior would lead to the occurence of a low-temperature wetting transitions in each 

system. On the other hand, PYS octane does not show such unusual low-temperature wetting
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behavior with TIP4P/2005 water, but there is a hint of this unusual behavior in the two lowest 

temperature points studied. The wetting behavior depends on how the liquid-vapor (l -  v) 

and the liquid-liquid (l -  l) interfacial tensions change with the temperature. There is a 

change in curvature in the alkane - water interfacial tension curves at lower temperatures for 

both water models, such that the interfacial tension increases more rapidly with decrease in 

temperature below roughly 225 K. Similar increases in the surface tensions of the pure water 

models were also found. Thus, we may conclude that the unusual behavior of the spreading 

coefficient and contact angle at low temperature is a consequence of the competing rates of 

change of the water surface tension and the alkane-water interfacial tension. When y w is 

dominant, S increases and theta decreases; when y aw is dominant, the reverse occurs and 

normal behavior is observed.

The occurence of low temperature perfect wetting of alkanes on water is not justified 

physically, although it may be inferred from the results shown for the octane and nonane - 

SPC/E water simulations. Previously, the unusual positive correlation of the contact angle 

formed by nonane on SPC/E water was also observed in nanodroplet simulations in which 

the geometric mean approach was used to determine the LJ energy parameter between unlike 

atoms. [20] Based on our results, it may be questionable to use the SPC/E water model 

in the study of wetting at lower temperature, close to the melting temperature and in the 

supercooled region. While the idea of a low temperature wetting transition in alkane-water 

systems is intriguing, we are far from convinced that such a transition could occur in a real 

system.
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APPENDIX

In this work, the surface/interfacial tension values are subjected to polynomial fits. 

The fitting parameters are shown in Table A1. The surface tension of water fits to the 4th 

order polynomial as yw = aT4 + bT3 + cT2 + dT + e.
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Figure A1. Surface tension of SPC/E water (left) and TIP4P/2005 water (right). The dotted 
line is the fit to the simulated values (markers).

The surface tension of alkane y a fits to the 2nd order polynomial as ya = cT2 + dT + e.
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Table A1. Fitting parameters for surface/interfacial tension values

System a b c d e
SPC/E water 3.06382*10-9 -4.69769* 10-6 2.49264*10-3 -0.71141 152.6408
TIP4P/2005 water 9.18658*10-9 -1.36805* 10-5 7.29547*10-3 -1.82105 252.6465
Octane 4.07142*10-5 -0.12418 48.4992
Nonane 4.01526*10-5 -0.12097 56.8409
Octane-SPC/E water 1.36796*10-8 -1.74352* 10-5 7.96350*10-3 -1.60969 167.0396
Nonane-SPC/E water 4.82497*10-9 -7.25805* 10-6 3.72964*10-3 -0.85533 118.8931
Octane-TIP4P/2005 water 2.30611*10-8 -3.13672* 10-5 1.55197*10-2 -3.38713 327.5105
Nonane-TIP4P/2005 water 1.74295*10-9 -2.91846* 10-6 1.51383*10-3 -0.37675 90.0333

The alkane-water interfacial tension yaw fits to the 4th order polynomial as yaw = 

aT4 + bT3 + cT2 + dT + e.
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ABSTRACT

Molecular dynamics simulations of alkane-water nanodroplets were performed to 

study the temperature dependent wetting behavior of octane and nonane on water nan

odroplets. The PYS model was used for the alkanes, and both the SPC/E and TIP4P/2005 

models were used for water. We also varied the Lennard-Jones (LJ) cutoff distance and the 

alkane-water ratio at a fixed temperature to determine their effects on the wetting behavior 

of the nanodroplets. Our results show that configurational fluctuations of nanodroplets 

are more pronounced for smaller LJ cutoff values and diminish as the LJ cutoff distance 

increases. The contact angle of the alkanes on water is not affected by varying the alkane- 

water ratio. In contrast to the conventional expectation, the contact angle of the alkanes on 

water, for both water models, is found to increase with increasing temperature for the low 

temperatures (<310K) studied here.

1. INTRODUCTION

The oil-water interfacial system has been an active research area for many decades 

because of its multiple environmental and technological applications. In particular, aqueous 

organic nanodroplets are abundant in the atmospheric aerosols that play a vital role in



74

important environmental processes such as cloud condensation, climate change, ozone 

layer depletion, and acid rain deposition. They also can cause respiration-related health 

issues. It is well known that the structure of the nanodroplets, in addition to their chemical 

composition, affects their growth rates as well as their influence on the climate. The structure 

of the nanodroplet relates to the spatial distribution, or equivalently the wetting behavior, of 

its liquid species. Two possible structures for nanodroplets formed by a pair of immiscible 

liquids are (a) a completely engulfing core-shell (CS) structure (complete wetting of one 

liquid species by another) and (b) a partially engulfing Russian-doll (RD) structure (partial 

wetting with non-zero contact angle).

The first experimental study of the internal structure of an aqueous organic nan

odroplet using small angle neutron scattering (SANS) provided direct evidence for a spheri

cal core-shell structure of the nanodroplet, in which a water core was completely surrounded 

by a butanol shell.[1] Such core-shell structures of aqueous organic nanodroplets have also 

been observed in other experimental work,[2] density functional theory (DFT) calculations 

[3, 4] as well as in molecular dynamics (MD) studies [4-7]. In addition, Hrahsheh and 

Wilemski also observed the nanodroplet’s fluctuating structure with the frequent transition 

between spherical core-shell structures and non-spherical Russian-doll structures.[5]

The existence of the RD structure for nanodroplets comprised of highly immiscible 

liquids is also supported by a small angle X-ray scattering (SAXS) experiment performed 

in a supersonic nozzle,[8] and computer simulation studies [9-11]. Despite these efforts, 

the temperature dependent behavior of nanodroplet structure is still poorly understood.[5, 

9] Temperature is known to affect thermodynamic properties, such as surface tension, 

that strongly influence nanodroplet structure. Using MD simulations of nonane-water 

nanodroplets, Hrahsheh and Wilemski found a positive correlation of the contact angle for 

nonane on water with temperature.[5] This contrasts with the far more common behavior in 

which the contact angle decreases with increasing temperature. Moreover, the contact angle
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found by Hrahsheh and Wilemski at 300 K was far larger than that based on experimental 

surface tensions.[12] These observations highlight the need to further explore and better 

understand this unusual behavior.

Previously, the temperature dependence of the contact angle and the wetting behavior 

of several alkanes on aqueous ionic solutions has been studied experimentally [13-16] as 

well as theoretically [17-19] for planar interfaces. These studies find a decreasing contact 

angle with increasing temperature until the system undergoes a wetting transition to perfect 

wetting at a higher temperature. On the other hand, our recent MD study shows contradictory 

wetting behavior for alkanes on two different molecular models of water, SPC/E [20] and 

TIP4P/2005, [21] at lower temperatures.[12] The contact angle for alkanes on SPC/E water 

decreases with decreasing temperature, which is similar to the earlier nanodroplet simulation 

results.[5] In contrast, on TIP4P/2005 water this unusual wetting behavior was not observed 

for octane whose contact angle increased monotonically as T was decreased. For nonane 

on TIP4P/2005 water the contact angle was essentially flat over a wide range of decreasing 

temperature until the final two temperatures studied, 220 and 225 K, for which the contact 

angle decreased. To further explore this contradictory wetting behavior and to examine the 

applicability of planar interface results to the behavior of nanodroplets, we perform MD 

simulations of alkane-water nanodroplets in this work.

The goals of this work are threefold. First, we will explore the effect of the Lennard- 

Jones (LJ) cutoff radius on the wetting of binary nanodroplets when using molecular 

dynamics (MD) simulations. To our knowledge, such a study has not been performed 

before. Then we will study the wetting behavior of binary nanodroplets for different ratios 

of the liquid species. Finally, we will explore the temperature dependent wetting behavior 

of the alkane (octane, nonane) on SPC/E water, as well as on the more realistic TIP4P/2005

water model.
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2. METHOD

2.1. FORCE FIELDS

In this work, the alkanes were treated with a united-atom PYS forcefield.[12, 22-25] 

Water was modeled with two different forcefields: (a) SPC/E,[20] and (b) TIP4P/2005

[21]. SPC/E is one of the most commonly used water models, whereas TIP4P/2005 water 

is known to predict the surface tension of water more accurately. Unlike in the work of 

Hrahsheh and Wilemski,[5] the Lennard-Jones (LJ) interaction parameters between unlike 

atoms were optimized here to fit the experimentally determined spreading coefficient (S) 

of octane on water near 300 K temperature using planar interfaces. Details are provided in 

our previous work.[12]

2.2. SIMULATION DETAILS

In this work, we studied three different cases: (a) LJ cutoff varying octane-water nan

odroplets simulations at T = 210 K, (b) octane number varying octane-water nanodroplets 

simulations at T = 210 K, and (c) temperature varying alkane-water nanodroplets simula

tions. Accordingly, we used different system sizes. First, to study the LJ cutoff dependent 

wetting and structure of octane-water nanodroplet at T = 210 K, a droplet was constructed 

with 240 octane and 240 water molecules. Second, octane number varying octane-water 

nanodroplets simulations at T = 210 K were performed with 480 water molecules and 60, 

120, 240, or 480 octane molecules. Third, temperature dependent alkane-water nanodroplet 

simulations were performed with 480 alkane molecules and 480 water molecules.

All initial configurations were built using PACKMOL [26] and moltemplate [27] 

software, and simulations were performed with LAMMPS [28] molecular dynamics sim

ulation packages in a canonical ensemble. Periodic boundary conditions were applied in 

all directions. The equations of motion were solved using velocity Verlet integrator [29]
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and 2 fs timestep. Nose-Hoover [30, 31] thermostat with a coupling time constant of 0.2 ps 

was used to control the temperature. SHAKE algorithm [32] was implemented to keep the 

water molecule rigid. The electrostatic interactions were handled using a particle-particle 

particle-mesh (pppm) solver.[33] All short-range intermolecular interactions and the in

tramolecular interactions separated by four or more bonds were handled with LJ potentials. 

Before we chose the LJ potential cutoff for our octane number varying, and temperature 

varying simulations to be 2.5 nm, we performed octane-water nanodroplet simulations for 

several values of the LJ cutoff radius, which we will explore in Sec. 3.1.

In all simulations, the starting configurations of the nanodroplet were core-shell, 

where water was confined to the interior of alkane. All simulations were carried out for 50 

ns, out of which the last 40 ns were used to analyze the results.

3. RESULTS

3.1. EFFECT OF THE LJ CUTOFF RADIUS ON WETTINGE

First, octane-water nanodroplet simulations were performed for several values of the 

LJ cutoff radius (rc), ranging from 1.25 nm to 5 nm, at T  = 210 K. For this study, the nan

odroplets were prepared with 240 octane molecules and 240 water (SPC/E or TIP4P/2005) 

molecules in a cubic simulation box of volume equals 10.4 x 10.4 x 10.4 nm3.

There are two possible configurations of the alkane-water nanodroplets, namely, (a) 

a perfect wetting state in which the water droplet is surrounded by a layer of alkane, and (b) 

a partial wetting state in which an alkane lens is formed on the water droplet with a finite 

contact angle. The structure of the nanodroplets correlates with the distance between the 

center of mass (daw) of alkane and water. Perfect wetting configurations have smaller d aw 

values, whereas the the larger d aw values correspond to the partial wetting configurations.
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Figure 1. Center of mass distance of octane and SPC/E water dow versus simulation time 
for rc= 1.25 nm (upper panel) and 2.50 nm (lower panel). Dashed lines separate the regions 
of partial wetting and perfect wetting configurations.

Here, we observed the fluctuating structure of the nanodoplets with the occurrence of 

both partial and perfect wetting configurations at any rc value. Perfect wetting configurations 

were found to be more common than the partial wetting configurations for the smaller rc 

values (1.25 nm - SPC/E water and 1.25 nm, 1.5 nm - TIP4P/2005 water), while the opposite 

is true for larger rc . This behavior is illustrated in Figure 1, where the center of mass distance 

of octane and SPC/E water (dow) is plotted versus the simulation time for rc= 1.25 nm and 

2.5 nm. Dashed lines separate the regimes of partial wetting and perfect wetting. Below the 

dashed line, the droplets are in perfect wetting configurations. The fluctuations are reduced 

for larger rc . Also, we did not find significant difference in the fluctuating dow curve for 2.5 

nm and 5.0 nm rc values.

Out of 50 ns long runs, we used the trajectories from the last 40 ns to calculate the 

average contact angle formed by octane on water droplets (Figure 2). The contact angles are 

calculated using the Fletcher model [34, 35] as described in the caption of Figure 3 using 

contours similar to those in Figure 4. In Figure 2, the average contact angles are represented 

by diamonds for all configurations, and squares when perfect wetting configurations are
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Figure 2. Average contact angle versus rc for octane-water nanodroplets (upper panel - 
SPC/E water, lower panel - TIP4P/2005 water). Diamonds and squares are calculated using 
all configurations and excluding partial wetting configurations, respectively.

excluded. The differences between these markers (diamonds and squares) are significant 

for smaller rc values, and insignificant for larger values, rc > 2.0 nm. Thus fluctuations 

of the nanodroplet configurations are reduced for higher rc values. Moreover, the contact 

angle is also seen to be sensitive to the choice of rc . It initially increases with an increase 

in rc but becomes nearly constant for rc > 2.0 nm.

The presence of larger fluctuations of the droplets and the occurrence of relatively 

smaller contact angles for smaller rc values suggests that the nanodroplet simulations using 

smaller rc may not produce reliable results. This is because the limited interaction range 

precludes the mutual interaction of most of the molecules in the droplet. Hence, we decided 

to use rc = 2.5 nm, a value of the LJ cutoff radius large enough to allow most of the 

molecules to interact in our remaining simulations with varying octane number and varying 

temperature.
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Figure 3. The contact angle 6c was calculated using the geometry shown in the figure and 
the equation cos 6c = (r2 + R2 -  d 2)/(2 rR ); R  and r are, respectively, the water and alkane 
droplet radii, and d is the distance between the centers.

3.2. VARYING OCTANE/WATER RATIO

Next, we studied the structure of octane-water nanodroplets for different octane/water 

ratios at T  = 210 K. We fixed the number of water molecules to be 480 and varied the number 

of octane molecules. The simulation box size was 15.0 x 15.0 x 15.0 nm3.

z(nm)

Figure 4. contours plot for octane-water nanodoplets for 210 K. The lower panel shows the 
fitted contours.
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0

The contour plots of the octane-SPC/E water nanodroplets at half of the maximum 

densities are shown in Figure 4, upper panel. The solid straight lines represent the axis 

through the centers of mass (COM) of octane and water. This symmetry axis is rotated 

to overlay the octane lens termini. These contours can be subjected to the circular fits as 

shown in Figure 4, lower panel. The water contour consists of two circular arcs having 

different radii of curvature towards the octane (solid curves) and the vapor (dashed curves) 

regions. The radii differ because the pressure drops across the water-octane and water-vapor 

interfaces are different, as governed by the Laplace equation. In Figure 5, the contact angle 

formed by the octane lens for different ratios of octane and water is plotted. These contact 

angles do not differ significantly, implying the weak dependence of contact angle with the 

octane/water ratio.

3.3. TEMPERATURE DEPENDENT WETTING STUDIES

Finally, we studied the temperature dependent wetting behavior of binary alkane- 

water nanodroplets with 480 molecules of each species inside a simulation box of size 15.0 

x 15.0 x 15.0 nm3. The temperature dependence of the contact angle formed by octane on 

water and nonane on water is shown in Figure 6. Squares and circles represent the contact
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Figure 6. Temperature dependence of contact angle formed by octane (left) and nonane 
(right) on SPC/E water (squares) and on TIP4P/2005 water (circles).

angles formed by alkane on SPC/E water and TIP4P/2005 water, respectively. The contact 

angle values are averaged over partial wetting configurations for the last 40 ns simulation 

time after 10 ns of equilibration.

The contact angles formed by octane and nonane on both SPC/E water and TIP4P/2005 

water are found to increase with increasing temperature in the temperature range studied. 

These results resemble the previous nonane-water nanodroplets results.[5]

We note that, in every simulation run, there were a few attempts to form an unstable 

thin layer of alkane surrounding the water droplet. Except at T  = 210 K, these attempts 

to achieve a perfect wetting configuration were very rare in the octane-water nanodroplets 

simulations. In the nonane-water nanodroplets simulations, almost all the configurations 

were partial wetting configurations.

4. CONCLUSIONS

We have performed molecular dynamics simulations of octane-water and nonane- 

water nanodroplets to study the effect of temperature on the structure and wetting behavior 

of the nanodroplets. To get realistic prediction of wetting, we have used optimized Lennard- 

Jones cross-interaction parameters to match the experimentally determined spreading co-
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efficient. We have explored the effect of the potential cutoff radius on the nanodroplets 

simulation and found that configurational fluctuations of the nanodroplets are found to be 

enhanced for smaller value of the cutoff radius. For example, octane-SPC/E water at 210 

K is found to prefer perfect wetting configuration over the partial configuration for 1.25 

nm potential cutoff radius, although the partial wetting configuration is preferred for a 2.5 

nm cutoff radius as seen in Figure 1. For a resonable cutoff radius (2.5 nm), the contact 

angle formed by octane on water was studied for different compositions and was found to 

be only weakly dependent on the ratio of the liquid species. The contact angle formed by 

these liquid alkanes on water models was found to decrease unusually as the temperature is 

lowered. This behavior is consistent with our previous nonane-water nanodroplets results 

obtained using the Lorentz-Berthelot mixing rule for the unlike atom interactions [5] and 

not used in this work.
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SECTION

2. SUMMARY AND CONCLUSIONS

This dissertation comprises manuscripts of three projects carried out using molecular 

dynamics (MD) simulation. First, we studied the thermophysical properties and molecular 

orientations of octane and nonane liquids over a wide temperature range. Next, we explored 

the temperature dependent wetting behavior of octane and nonane on water for planar 

interfaces. Finally, the effect of temperature on the structure and wetting of octane-water 

and nonane-water nanodroplets was explored.

In paper I, the mean molecular orientation of the alkanes was found to be temperature 

dependent at the liquid-vapor interface. At lower temperatures, the average molecular 

orientation at the interface near the bulk liquid region became more perpendicular to 

the surface. This orientational preference anticipates surface freezing at an even lower 

temperature. We observed the surface freezing of the NERD octane at 195 K and NERD 

nonane at 210 K. By lowering the temperature to 200 K, complete freezing of the NERD 

nonane was achieved. However, the freezing of PYS octane and PYS nonane was not 

observed in this work, possibly due to insufficient simulation run time.

In paper II, we reported the first MD-based studies of temperature-dependent wetting 

for liquid-liquid planar interfaces. We studied the wetting behavior of the PYS octane and the 

PYS nonane on both SPC/E water and TIP4P/2005 water. At higher temperatures, all four 

systems behaved qualitatively in accord with experiment. With increasing temperature, the 

spreading coefficient increased, the contact angle decreased, and a high temperature wetting 

transition to a state of perfect wetting was found. However, at lower temperatures, PYS 

octane and nonane showed contradictory wetting behavior on SPC/E and TIP4P/2005 water. 

For SPC/E water, in contrast to the conventional expectations,[4, 5, 9-12] the spreading
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coefficient and the contact angle of octane and nonane on water showed reversed temperature 

dependent behavior: the spreading coefficient decreased and the contact angle increased 

with increasing temperature from the lowest temperatures studied. For TIP4P/2005 water, in 

general, such an unusual temperature dependence of the wetting behavior was not observed, 

except for the two lowest temperatures studied in the nonane system. The unusual low 

temperature wetting behavior observed on the alkane-SPC/E water systems and the two 

low temperature points for nonane-TIP4P/2005 water appears to arise from increases in the 

water surface tension and the alkane-water interfacial tensions associated with the presence 

of a so-called second inflection point (SIP) in the surface tension of certain water models. 

The anomalous low temperature wetting behavior is not justified physically for systems of 

immiscible pairs of liquids. These results suggest that SPC/E, and possibly TIP4P/2005 

water may not be reliable models for wetting studies at low temperatures near the melting 

temperature (213 K) and in the supercooled region.

In paper III, we performed molecular dynamics simulations of octane-water and 

nonane-water nanodroplets to complement our planar interfaces wetting studies. We showed 

that the configurational fluctuations of the nanodroplets are reduced by using larger potential 

cutoff values. For a reasonable cutoff value, the average structure of the octane-water 

nanodroplet was observed to only weakly depend on the liquid species ratio. The contact 

angle 6c formed by the PYS octane and the PYS nonane on both SPC/E and TIP4P/2005 

water was found to increase with increasing temperature. These results agree qualitatively 

with the previous PYS nonane-SPC/E water nanodroplets results.[13] Contrary to planar 

interface results, Qc for SPC/E water was generally larger than for TIP4P/2005 water. In 

this work, the effect of line tension on the structure of the nanodroplet was not explored. 

In the future, the effect of line tension as well as that of nanodroplet inhomogeneity will 

be explored in the hope of explaining the unusual temperature dependent behavior of the 

contact angle.
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