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Abstract

Aqueous heterogeneous fluids with interfaces are ubiquitous and play an important role
in many natural and industrial processes. In this work, two types of these systems:
water/oil liquid–liquid and bubbly water liquid–vapor systems are investigated using
molecular simulations.

First, Monte Carlo simulations are performed to predict the interfacial tension
(IFT) for water/n-dodecane, water/toluene, and water/(50 wt% n-dodecane + 50 wt%
toluene) mixtures at elevated temperatures and pressures. Simulations for the binary
mixtures are performed in the N1N2pNAT ensemble and those for the ternary mixtures
are performed in the N1µ2µ3pNAT ensemble. In order to control the bulk composition
of the organic phase for ternary mixture simulations, separate reservoirs for toluene
and n-dodecane molecules were utilized. Identity switch moves are applied to facilitate
the sampling of the spatial distributions of the organic molecules. Calculations of the
IFT for water/n-decane and water/benzene mixtures were used to benchmark the force
fields and to develop mixing rules. With the modified Lennard-Jones cross-interaction
parameters, the simulated IFTs agree well with the experimental data.

For the bubbly water systems, molecular dynamics simulations in the canonical en-
semble were performed to probe a variety of thermophysical properties of both homo-
geneously stretched and bubbly water systems using both the coarse-grained single-site
mW and atomistic TIP4P/2005 water model. Following two simulation protocols start-
ing either from a homogeneous configuration or from a heterogeneous configuration with
a single spherical cavity, spinodal cavitation and bubble collapse points were located sep-
arately. This behavior of a fluid in a box of fixed volume is analogous to the hysteresis
observed for adsorption–desorption isotherms of a subcritical fluid in a mesoporous ad-
sorbent. In terms of thermophysical properties, both water models give qualitatively
consistent result, with a common step change observed as liquid ruptures and cavitation
occurs. For the heterogeneous (bubbly) phase, the Young-Laplace relation is found to
hold well.

In addition to equilibrium properties, molecular dynamic simulations for the collapse
of a bubble in both neat water and water/nitrogen mixture are performed, with the
largest system reaching half a micron in linear dimension using the mW water model.
A significant system size dependence is observed. Supersonic wall speeds preceding the
initial bubble collapse and extreme local heating at the center of the collapsing bubble are
only observed for large bubbles. In contrast to previous equilibrium studies, two water
models predict qualitatively different collapse behaviors, which could be explained with
the help of Rayleigh-Plesset equation. The presence of nitrogen gas inside the bubble
leads to less violent collapse and stronger oscillations in bubble size after initial collapse.
The nitrogen molecules are found to be highly compressed to a liquid-like density near
the initial collapse point due to the slow dissolution of nitrogen into surrounding liquid.
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Chapter 1

Introduction

Aqueous heterogeneous fluids with interfaces are ubiquitous and play an important

role in many natural and industrial processes. For example, in enhanced oil recovery,

surfactant flooding is an important technique to reduce the interfacial tension (IFT) of

water/oil systems and shift the wettability of the reservoir towards more water-wet so

that residual oil is mobilized [1, 2]. However, a reservoir’s ambient conditions depend

on its depth and can be characterized by high temperatures and pressures [3], and

experimental data of water/oil IFT, especially at elevated temperatures and pressures,

are highly scattered. This can be illustrated by the large spread among experimental

data obtained by different research groups for the IFT of the water/n-decane mixture

(see Figure 1.1). The difference between two data points at essentially the same state

point is found to be as large as 6 dyn/cm. The experimental data also show significant

differences in the pressure dependence of the IFT. In this case, molecular simulations

may serve as an alternative to experimental measurement. Thus the goal of the first part

of this work is to predict the IFT of binary and ternary water/oil mixtures at elevated

temperatures and pressures using Monte Carlo simulations with advanced sampling

techniques. The interested reader is referred to Chapter 2 for a detailed description of

this work.

In contrast to the previously mentioned water/oil liquid–liquid systems, bubbly wa-

ter systems are composed of a liquid water phase and a vapor or gas phase. Here, the

term “vapor” refers to a phase that condenses to a liquid phase upon the increase of

pressure at constant temperature (i.e., just water vapor), whereas a gas phase contains

noncondensable species at this temperature (e.g., nitrogen or oxygen). Consider a sur-

1
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Figure 1.1: Experimental IFT data for the water/n-decane mixture grouped by tem-
perature ranges. The black and green circles, red squares, blue diamonds, magenta up
triangles, cyan left triangles, and orange and purple down triangles denote data reported
by Wiegand and Franck [4], Cai et al. [5], Zeppieri et al. [6], Jennings [7], Michaels and
Hauser [8], and Georgiadis et al. [9], respectively.

face ship or submerged vessel moving through a turbulent ocean environment, near the

rotating propeller blades where the fluid is being stretched, cavitation occurs, and a

large number of bubbles are formed (see Figure 1.2). Subsequent bubble collapse can

potentially generate strong shock waves and high local temperatures that can affect

propulsive efficiency, cause damage to the blades (see Figure 1.2), and influence wake

signature [10, 11]. Despite the technological importance, understanding and predicting

multi-phase cavitating flows remains a great challenge, as it involves various physi-

cal phenomena with a large span in both spatial and temporal scales. For example,

molecular-scale (nanometer and picosecond) information is required to understand the

collapse of a bubble, while periodic shedding of large clouds of bubbles from a hydrofoil

can only be simulated at macroscopic scale (micron to millimeter) [12]. Due to this

considerable complexity, this bubbly water project, with Professor Krishnan Mahesh

from the Aerospace Engineering Department as the PI, involves collaborative efforts

from multiple experimental and computational research groups. While all other compu-

tational groups are tackling macroscopic phenomena with computational fluid dynamics

(CFD) simulations, molecular simulations are utilized in this work to study bubbly water

systems.

First, molecular simulations are performed to calculate various thermophysical prop-

erties, such as pressure, energy, heat capacity, viscosity, and self-diffusion coefficient for

bubbly water systems. To obtain a full picture of the thermodynamic behavior of such

2



Figure 1.2: Top: cavitating propeller model [13]; Bottom: cavitation damage evident
on the propeller of a watercraft [13].

systems, homogeneously stretched systems are also included. Results obtained from

molecular simulations can be reduced to provide necessary input parameters for CFD

simulations (e.g. the correlation between system viscosity and bubble volume fraction),

which are mostly empirical due to lack of experimental data at thermodynamically

metastable or unstable conditions for bulk systems. The interested reader is referred to

Chapter 3 for a detailed description of this work.

In addition to equilibrium properties, molecular dynamics simulations are performed

to probe bubble collapse dynamics, especially the local extreme conditions, such as

temperature and pressure, reached for the bubble interior and surface near the collapse

point. This topic is of interest for two reasons. First, experimental measurements of

temperature and pressure inside the bubble during collapse are mostly indirect due to

technical difficulties, and even the most expensive high-speed cameras cannot capture

dynamics at gigahertz and submicron resolution [10, 14]. Second, CFD simulations are

not able to resolve the dynamics near the end of bubble collapse, as the underlying

continuum assumptions break down when the bubble size gets sufficiently small. The

interested reader is referred to Chapter 4 for a detailed description of this work.
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Chapter 2

A Monte Carlo simulation study

of the interfacial tension for

water/oil mixtures at elevated

temperatures and pressuresa

2.1 Introduction

This work is carried out to address the 9th Industrial Fluid Property Simulation Chal-

lenge (IFPSC) [15]. The challenge for 2016 was to predict the interfacial tension

(IFT) for water/n-dodecane, water/toluene, and water/(50 wt% n-dodecane + 50 wt%

toluene) mixtures at a pressure of 1.83 MPa and four temperatures (383.15, 403.15,

423.15, and 443.15 K). Although water/oil IFTs are crucial for many industrial pro-

cesses such as enhanced oil recovery [16] and control of detergency [17], experimental

measurements of them, especially at elevated temperatures and pressures, remain a chal-

lenge [18]. This can be illustrated by the large spread among experimental data obtained

by different research groups for the IFT of the water/n-decane mixture (see Figure 1.1).

aThis chapter is adapted from the publication where I am the first author: Chen, J. L.; Xue, B.;
Harwood, D. B.; Chen, Q. P.; Peters, C. J.; Siepmann, J. I. A Monte Carlo simulation study of the
interfacial tension for water/oil mixtures at elevated temperatures and pressures: Water/n-dodecane,
water/toluene, and water/(n-dodecane + toluene). Fluid Ph. Equilibria 2018, 476, 16–24. My contri-
bution includes implementation of the modified Janec̆ek long-range correction, running the simulations
for IFT calculations for binary mixtures, and writing up the manuscript. Dr. Bai Xue was responsible
for running the simulations for kij parameterization and IFT calculations for ternary mixtures. Dr. Qile
Paul Chen was responsible for designing the impurity molecules for the identity switch move.

4



The difference between two data points at essentially the same state point is found to

be as large as 6 dyn/cm. The experimental data also show significant differences in the

pressure dependence of the IFT.

Molecular simulations may offer a tool to quantitatively predict the IFT of water/oil

mixtures at elevated temperatures and pressures. Furthermore, they can also provide

molecular-level insight into interfacial enrichment and orientational order. Previous

simulation studies for water/oil interfacial systems were mostly concerned with short-

chain alkanes and were carried out either at low temperatures or at low pressures [19–

23]. Therefore, the 9th IFPSC stimulates an effort to investigate water/oil interfacial

systems at both elevated temperatures and pressures. In this work, the accuracy of the

combination of the TraPPE force fields for aliphatic and aromatic hydrocarbons with the

TIP4P/2005 water model is assessed based on available experimental data for the IFT

of water/n-decane and water/benzene mixtures. Then modifications of the energetic

Lennard-Jones (LJ) cross-interaction parameters are introduced and the modified force

fields are applied to predict the IFT for water/n-dodecane, water/toluene, and water/(50

wt% n-dodecane + 50 wt% toluene) mixtures at elevated temperatures and pressures.

2.2 Simulation methods

2.2.1 Force fields

The LJ 12–6 and Coulomb potentials are used to describe the intermolecular interac-

tions of water, n-alkanes, benzene, and toluene, and also the nonbonded intramolecular

interactions for the flexible alkane chains:

uij(rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
qiqj

4πε0rij
(2.1)

where rij , εij , σij , qi, qj , and ε0 are the distance between interaction sites i and j, the

LJ well depth, the LJ diameter, the partial charges on interaction sites i and j, and the

permittivity of vacuum, respectively. The modified Lorentz–Berthelot (LB) combining

rules [24] are used to determine the LJ parameters for unlike interactions:

εij = kij
√
εiiεjj σij =

σii + σjj
2

(2.2)

5



where kij is a parameter used to scale the unlike well depth to mimic departures from the

Berthelot rule; kij = 1.0 corresponds to the standard Berthelot combining rule. In all

simulations, water is represented by the rigid four-site TIP4P/2005 model [25] because,

in addition to overall excellent performance for neat water, this model also yields very

accurate predictions for the liquid–vapor surface tension of neat water [26]. n-Decane

and n-dodecane are represented by ten- and twelve-site semi-flexible united-atom models

with the interaction parameters taken from the TraPPE–UA force field [27] that is also

known to yield accurate predictions for the surface tension [28]. Benzene and toluene

are represented by rigid twelve-site models with the interaction parameters for carbon

and explicit hydrogen atoms being part of the aromatic ring taken from the TraPPE–EH

force field [29] and parameters for the united-atom methyl group of toluene taken from

the TraPPE–UA force field [27]. The partial charges of toluene are chosen following the

convention used for other substituted aromatic compounds [30]. The surface tensions of

toluene obtained from simulations using this force field are in a fairly good agreement

with experimental data (Table SA1 and Figure SA1). The Supporting Information

(Tables SA2 and SA3) provides a detailed description of all force field parameters and

the charge parameterization procedure.

2.2.2 Calculation method used for the interfacial tension

The IFT, γKB, is calculated based on the Kirkwood and Buff definition [31, 32]. The

simulations are performed in an elongated (along the z-direction) box with periodic

boundary conditions in all three directions that contains two liquid phases and two

planar interfaces perpendicular to the z-direction. In this case, γKB can be determined

as follows:

γKB =
1

2
〈PN − PT〉Lz (2.3)

where Lz is the length of the periodic simulation box in the z-direction, PN and PT

are the normal and tangential components, respectively, of the pressure tensor, and the

factor of 1/2 accounts for the presence of two interfaces in the periodic box.

6



2.2.3 Long-range corrections for Lennard-Jones interactions

The Janec̆ek long-range correction [33] is utilized for the LJ part of the energy and

pressure calculations, whereas the Ewald summation is used for the Coulomb part (see

below). The simulation box is divided into a fixed number, Ns, of thin slabs along the

z-direction. In the current work, Ns is set to 400 yielding a slab width of ∆z = Lz/400

that fluctuates in proportion to Lz in the N1N2pNAT and N1µ2µ3pNAT ensembles.

The total long-range correction to the potential energy is calculated by summing the

contributions from all individual slabs:

ULRC =
1

2

Ns∑
n=1

uLRC(zn) (2.4)

where zn denotes the position of the center of each slab. The contribution from each

slab is calculated from

uLRC(zn) =

tLJ∑
i=1

tLJ∑
j=1

ρi(zn)Vs

Ns∑
m=1

ρj(zm) wij(|zm − zn|)∆z (2.5)

where tLJ is the number of types of LJ interaction sites, ρi(zn) and ρj(zn) are the

number densities for interaction sites of a specific type in slab n located at zn, and Vs is

the volume of each slab. In the present work, the density profiles are evaluated on the

fly during each Monte Carlo trial move (i.e., accounting for minor differences in ρ(zn)

between trial and old configurations).

The function wij(|zm − zn|) is computed via the following equation by assuming

a uniform distribution of interaction sites in the slab beyond the spherical potential

truncation at Rc:

wij(ζ) =


4πεij(σij)

2
[

1
5 (σij/Rc)

10 − 1
2 (σij/Rc)

4
]

ζ ≤ Rc

4πεij(σij)
2
[

1
5 (σij/ζ)10 − 1

2 (σij/ζ)4
]

ζ > Rc

(2.6)

The long-range correction for the IFT is obtained here through calculating the long-

range correction for different components of the pressure tensor in an analogous manner.

Details can be found in Ref. [33].
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2.2.4 Simulation details

For all simulations in this work, a spherical potential truncation at Rc = 16 Å is utilized

for the intermolecular LJ interactions. The Ewald summation method [34] is utilized to

calculate the Coulomb interactions with a screening parameter of κ = 3.2/Rc and an

upper bound of the reciprocal space summation at Kmax,i = int(κLi) + 1, where i can

be x, y, or z and Li is the length of the corresponding box dimension. An additional

hard-sphere potential with σHS = 1.2 Å is used to avoid unphysical configurations of

two water molecules where a hydrogen site with partial positive charge belonging to one

molecule would nearly coincide with the negatively charged M site of another molecule.

All simulations are carried out using the Monte Carlo for Complex Chemical Systems–

Minnesota (MCCCS–MN, version 16.1) code developed in house. In order to sample

the classical phase space, the following types of moves are performed: center-of-mass

translations [35] for all types of molecules, rotations around the center of mass [36] for

all types of molecules, conformational changes via the dual cut-off, coupled-decoupled

configurational-bias Monte Carlo (DCCD-CBMC) algorithm [37–39] only for alkane

molecules, and volume changes with an external reservoir [40]. For simulations of the

ternary mixture, particle transfers are performed using DCCD-CBMC with multiple

trial sites for the insertion of the first bead [38–41]. During the equilibration period,

the maximum displacements are adjusted to yield an acceptance ratio of about 40% for

translational, rotational and volume moves. The probabilities of each type of move are

distributed to approximately reflect the number of degrees of freedom of each type to

be sampled. Details about the distribution of move probabilities are provided in Tables

SA3 and SA4.

Simulations for the parametrization of kij. Water/n-decane and water/benzene

IFT simulations with the normal and modified LB combining rules are run to assess the

accuracy of the force fields. The simulations are carried out in the isobaric-isothermal

ensemble with fixed interfacial area (NWNOpNAT , where the subscripts W and O denote

water and organic compounds). These simulations are initialized using the following

procedure. First, simulations in the canonical (NV T ) ensemble are performed to obtain

stable liquid configurations for unary systems consisting of 1500 water, 150 n-decane, or

290 benzene molecules using the same box size of 32× 32× 50 Å3 for all three systems.

Then the water box is appended to the n-decane (or benzene) box along the z-direction.
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After the water and n-decane (or benzene) boxes are combined, the system is briefly

equilibrated in the canonical (NWNOV T ) ensemble to remove energetically unfavorable

configurations. Thereafter, the simulations are switched to the NWNOpNAT ensemble

and only the z-dimension of the simulation box is allowed to fluctuate. The binary

systems are further equilibrated in the NWNOpNAT ensemble for at least 50,000 Monte

Carlo cycles (MCCs), where one MCC consisting of N randomly chosen MC moves,

where N = NW + NO is the total number of molecules in the system. For the kij

parameters used for the challenge entry, statistics are gathered from 8 independent

simulations, each consisting of at least 100,000 MCCs for production. After submission

of the challenge entry, the lengths of the production periods are extended to ensure

that the uncertainty of each data point is reduced to be less than 2.1 dyn/cm, and

additional low-temperature, low-pressure state points were investigated to find improved

kij parameters.

Simulations for binary mixtures. Simulations for water/n-dodecane and wa-

ter/toluene mixtures are performed in the NWNOpNAT ensemble at T = 383.15, 403.15,

423.15, 443.15 K and pN = 1.83 MPa. These systems contain 1500 water molecules and

either 120 n-dodecane or 260 toluene molecules. The cross-sectional area of the simula-

tion box is 1024 Å2 with Lx = Ly = 32 Å. The simulations are set-up using the procedure

outlined above for the water/n-decane and water/benzene mixtures. Statistics for the

IFT prediction are gathered from 16 independent simulations, each consisting of at least

140,000 MCCs for the production periods. The predictions using this simulation pro-

tocol are denoted in the following sections as O1. After the submission of the IFPSC

entry, simulations with the same kij parameters are all elongated to 200,000 MCCs for

the production period. The predictions using this simulation protocol are denoted in the

following sections as O2. Furthermore, 16 independent simulations with the improved

kij parameters are also carried out using 200,000 MCCs for the production periods. The

predictions using this simulation protocol are denoted in the following as I2.

Simulations for ternary mixtures. Simulations for the water/(50 wt% n-dodecane

+ 50 wt% toluene) mixture are carried out in the NWµDµTpNAT ensemble, where the

subscripts D and T denote n-dodecane and toluene, respectively. Figure 2.1 illustrates

the simulation set-up. In order to control the organic-phase composition, the simu-

lations with the MCCCS–MN software utilize a 3-box NWNDNT(pNA)pDpTT osmotic
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Figure 2.1: System set-up for simulations of the ternary systems

Gibbs ensemble set-up [42, 43]. The elongated liquid box that contains the two in-

terfaces is initialized following the same procedure as for the binary simulations, but

replacing the neat organic phase with a 50 wt% n-dodecane + 50 wt% toluene mix-

ture. Only the z-dimension of the liquid box is allowed to fluctuate with pN = 1.83

MPa. In order to facilitate sampling of the spatial distribution of the n-dodecane and

toluene molecules in the organic-phase region, identity switch moves with the DCCD-

CBMC algorithm [44–47] are performed utilizing two types of intermediate impurities:

3-methyl-pentane and n-octane; only one molecule of each impurity type is introduced

into the liquid-phase box and these molecules are not allowed to transfer into another

box.

The other two boxes are separate “ideal-gas” reservoirs for n-dodecane and toluene

molecules, respectively, and these molecules are allowed to transfer between the liquid-

phase box and their corresponding reservoirs to equilibriate their chemical potentials.

The reasons for using reservoirs with explicit molecules but all intermolecular inter-

actions switched-off are three-fold. First, the dual cut-off CBMC formalism reduces

computational demands for particle transfer and conformational moves, but does not

allow for the calculation of chemical potentials via the Rosenbluth weights [38]. Second,

the calculation of Gibbs free energies of transfer is more precise and less prone to finite-
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Figure 2.2: System set-up for simulations to determine the ideal gas pressure used in
the ternary simulations

size effects than the calculation of excess chemical potentials [48]. Third, the volume of

the liquid-phase box is allowed to fluctuate in response to the normal pressure, whereas

the standard grand canonical ensemble requires a fixed volume.

The external pressures, pD and pT, of the separate n-dodecane and toluene ideal-gas

reservoirs are set to be equal to those corresponding to the number densities of ideal-gas

reservoirs that are in contact with a 50/50 wt% toluene and n-dodecane bulk (i.e., no

interfaces) liquid mixture at p = 1.83 MPa and a specific temperature. Isotropic volume

moves are used to maintain the pressure of these ideal-gas reservoirs.

The pressures pD and pT are determined by the following procedure. First, sev-

eral sets of 3-box NDNTpliqVDVTT Gibbs ensemble simulations are carried out using

a cubic liquid-phase box and two separate ideal gas reservoirs both with fixed volume

for n-dodecane and toluene molecules, respectively. Simulations are performed at four

temperatures using multiple different n-dodecane/toluene overall numbers of molecules

in the system: 159/241, 150/250, 146/254, and 140/260 (correspodning to weight ra-

tios 54.9/45.1, 52.6/47.4, 51.5/48.5, and 49.9/50.1 wt%, respectively). The simulation

set-up is illustrated in Figure 2.2. All molecules are initially placed in the liquid-phase

box, and isotropic volume moves are performed on this box in contact with an external
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pressure reservoir at p = 1.83 MPa. n-Dodecane and toluene molecules are allowed to

transfer between the liquid-phase box and their corresponding ideal-gas reservoirs (see

Figure SA3 for simulation set-up). In order to improve the statistics, the sizes of the

vapor boxes are adjusted throughout the equilibration period, so that they contain on

average approximately 20 molecules. Statistics are gathered from 8 independent simu-

lations, each consisting of 100,000 MCCs for the production period. Fig. 2.3 (numerical

data are provided in Table SA6) shows the the calculated average number densities of

toluene and n-dodecane molecules in their corresponding ideal-gas boxes as function of

the average mole fraction in the liquid phase at all four pressure-temperature conditions.

The ideal-gas number densities of toluene and n-dodecane molecules that correspond to

a 50/50 wt% (xtoluene = 0.649) in the liquid-phase box are determined through linear

interpolation, and then converted into pressures using the ideal gas law (numerical data

can be found in Table SA7).

As for the binary mixtures, predictions for the ternary mixture are based on 16

independent simulations, and these are performed using the protocols O1, O2, and I2.

With the set-up used here for the ternary mixture, one concern is that the global free

energy minimum would be a state with most of the organic molecules in their ideal-gas

reservoirs and a single aqueous phase in the elongated box (i.e., the free energy cost

for the two interfaces would be removed). To this end, we monitor the number of n-

dodecane and toluene molecules in the liquid-phase box. Of course, the fluctuations in

the numbers of the two types of organic molecules are coupled through the volume of the

organic region (plus an offset due to interfacial enrichment). For the current simulations

the number of n-dodecane molecules is found to range from 31 to 77 and those for toluene

from 91 to 179 with the extrema observed at the highest temperature. Thus, the current

trajectories would not have been affected by hard lower boundaries of 30 n-dodecane

and 90 toluene molecules. In addition, we performed another set of simulations at

T = 423.15 K with the improved set of kij parameters during which volumes moves are

not used for the liquid box, i,e., an NWNDNTVliqpDpTT Gibbs ensemble. In this case,

the external pressure is maintained through the transfers of n-dodecane and toluene

molecules with chemical potentials that combine to a bulk liquid-phase pressure of 1.83

MPa. Since the free energy cost for the water/vapor surface is larger than that for

the water/organic interface and the volume of the aqueous region is constrained by the

12



0.038

0.040

0.042

ρ to
l [1

/n
m

3 ]

0.026

0.027

0.028

0.029

ρ to
l [1

/n
m

3 ]

0.017

0.018

0.019

ρ to
l [1

/n
m

3 ]

0.61 0.62 0.63 0.64 0.65 0.66 0.67
xtoluene

0.011

0.012

ρ to
l [1

/n
m

3 ]

0.330.340.350.360.370.380.39
xdodecane

0.0020

0.0022

0.0024

ρ C
12

 [1
/n

m
3 ]

0.0012

0.0013

0.0014

0.0015

ρ C
12

 [1
/n

m
3 ]

0.0006

0.0007

0.0008

ρ C
12

 [1
/n

m
3 ]

0.0003

0.0004

ρ C
12

 [1
/n

m
3 ]

423.15 K

443.15 K

403.15 K

383.15 K

Figure 2.3: Ideal-gas number densities of toluene (blue up triangles) and n-dodecane (red
down triangles) reflecting the corresponding chemical potentials as function of toluene
mole fraction in the liquid phase at T = 383.15, 403.15, 423.15 and 443.15 K, and
p = 1.83 MPa. Dashed lines show linear fits of the data and the dotted-lines indicate
the ideal gas number densities for a 50/50 wt% (xtoluene = 0.649) mixture.

number of water molecules, the remainder of the elongated box will always be occupied

by a liquid region of the organic components. The IFT values obtained with fluctuating

and fixed volume for the liquid-phase box are found to be statistically indistinguishable,

thereby confirming that the approach using a fluctuating volume is valid as long as

the fluctuations are constrained either through a hard boundary or through a sufficient

nucleation free energy barrier.
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Figure 2.4: Determination of kij parameters. The left column shows the IFT data for the
water/n-decane (top) and the water/benzene (bottom) mixtures versus kij at different
state points that are used for the kij parameterization of the IFPSC entry. The right
column shows IFT data obtained from longer simulations and also at additional state
points that are used for the subsequent improved kij parameterization. Horizontal lines
and shaded areas indicate specific values and ranges of experimental data [4–9].

2.3 Results and discussion

2.3.1 Parametrization of kij

IFT data assessing the accuracy of the IFT predictions with the TraPPE–UA/EH//TIP4P/2005

combination of force fields are shown in Fig. 2.4 (numerical data are provided in Ta-

bles SA7 to SA10). Using the standard LB combining rule (kij = 1.0), it is found

that the IFT for the water/n-decane mixture is slightly underestimated at T = 323 K

and p = 1 bar compared to the experimental data reported by Zeppieri et al. [6], but

overestimated by about 10% at elevated temperatures and pressures compared to the

experimental data reported by Wiegand and Franck [4]. In contrast, the IFT for the

water/benzene mixture is overestimated by factors of 1.6 and 2.1 at p = 20.0 MPa

and T = 373 and 449 K, respectively, compared to the experimental data reported by

Jennings [7]. Considering that the molecular models used here yield fairly accurate

liquid–vapor surface tensions, the large overestimation of the water/benzene IFT can

be attributed to the use of non-polarizable force fields that apparently do not capture
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Table 2.1: kij values used for the IFT predictions

O/CHx O/(C or H)
alkane toluene aromatic ring

IFPSC entry 1.03 1.03 1.25
Improved values 1.01 1.10 1.19

the significant polarization of the π-electrons (and weak charge transfer due to hydrogen

bond formation) in the highly polarizable aromatic ring. In contrast, the alkane is less

polarizable and also does not act as an electron donor for the formation of hydrogen

bonds.

One approach to implicitly account for induced polarization effects is to modify the

Berthelot combining rule for unlike interactions, and a few studies have already tried to

increase the scaling parameter kij to improve water/alkane mutual solubilities [49–53].

Therefore, additional simulations for the water/n-decane mixture are run exploring kij =

1.05 and 1.10 for the cross interaction between the O atom in water (only the oxygen site

carries a LJ interaction in the TIP4P/2005 water model) and the −CH3 and −CH2−

groups in n-decane. Similarly, simulations for the water/benzene mixture are run using

kij = 1.20, 1.25, and 1.30 for the interactions between the oxygen site in water and the

aromatic interaction sites at carbon and hydrogen nuclei in the TraPPE–EH benzene

model. The IFT data for both water/n-decane and water/benzene mixtures indicate a

weak temperature dependence with larger deviations from the standard Berthelot rule

at higher temperatures (and pressures). Nevertheless, the state-point independent kij

values for our IFPSC entry are determined by averaging the values corresponding to the

intersections of the selected experimental data (three and two state points for water/n-

decane and water/benzene, respectively) and linear fits to the kij-dependent calculated

IFT data. Furthermore, the same kij value is used for the −CH3 group of toluene as for

the n-alkanes. The selected kij values are summarized in Table 2.1.

After the submission of the IFPSC entry, some changes are made to the determina-

tion of kij parameters to improve the accuracy of the predictions. First, to reflect the

presumably higher accuracy of experimental data at near-ambient conditions, additional

state points are incorporated for both water/n-decane and water/benzene mixtures, so

that two low-temperature/low-pressure state points and two high-temperature/high-

pressure state points are used for each mixture. Second, longer production periods
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and additional kij values were used to improve the precision of the kij parameterization.

Third, multiple experimental values at the selected state points are used for the determi-

nation of the intersection points. In order to account for the differences in the number

of experimental data sources among the chosen state points, the improved kij values

are obtained as follows: An unweighted average of the intersection points for multiple

experimental values at a given state point is calculated. Then, a weighted average is

calculated from these state-point specific kij values with the weights proportional to the

square root of the number of experimental data available at that state point. Fourth,

since the −CH3 group in toluene replaces a hydrogen site in benzene, the corresponding

kij is taken to be the average between O–CHx (aliphatic) and O–C (aromatic). Another

choice would have been to fit different kij values for the carbon and hydrogen sites of

benzene with, maybe, the latter using the same kij value as for the alkanes. When fit-

ting the kij value for O–CHx (aliphatic), one may only use the experimental data from

Georgiadis et al [9] as it is considered to be more accurate. However, this will yield a kij

value of 1.00. Considering the current uncertainties in IFT values, this 0.01 difference

in kij value would have a negligible effect on the results.

2.3.2 Prediction of IFT for binary and ternary mixtures

The IFT predictions from the current simulation study are presented in Fig. 2.5 and nu-

merical data are provided in Table 2.2. It should be emphasized first that the statistical

uncertainties in the calculated IFT values are quite large; the 95% confidence intervals

range from 1.1 to 2.3 dyn/cm and correspond to relative uncertainties in the range from

3 to 7%. Since the IFT values decrease on average only by 10% as the temperature is

increased by 20 K, there is considerable scatter in the data over this narrow tempera-

ture interval. On the other hand, it should be noted that the spread of experimental

data between independent measurements from different groups also indicates combined

uncertainties of about 2 dyn/cm (see Figure 1.1).

To smooth out the noise in the predicted IFT data (e.g., the values at T = 383.15 and

403.15 K for the water/toluene mixture show an increase with increasing temperature

that is unphysical for a regular miscibility gap ending in an upper critical solution

point), our IFPSC entry is based on a linear fit to the data at the four temperatures.

The IFT values of our IFPSC entry underpredict the experimental benchmark data by
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Figure 2.5: Predicted IFT data for water/n-dodecane, water/toluene, and water/(50
wt% toluene + 50 wt% n-dodecane) as function of temperature at p = 1.83 MPa. Open
symbols denote averages obtained from Monte Carlo simulations at a specific state point,
dashed lines represent the linear fits using all four temperatures, and filled black circles
denote the benchmark data. The red left triangles, blue right triangles, and orange
diamonds correspond to data obtained with the O1, O2, and I2 simulation protocols.

a mean signed error (MSE) of −2.2 dyn/cm (mean unsigned percentage error (MUPE)

of 6%) for the water/n-dodecane mixture and with MSE of −5.1 dyn/cm (MUPE of

21%) for the water/toluene mixture, whereas the predictions for the ternary mixture are

in fortuitously excellent agreement with an MSE of only −0.1 dyn/cm (MUPE of 3%).

MSE and MUPE are defined in the following equations,

MSE =
1

4

∑
n

(γsim,n − γben,n) (2.7)
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Table 2.2: Benchmark and simulation data of the IFT (in units of dyn/cm) for the wa-
ter/n-dodecane (W/D), water/toluene (W/T), and water/(50 wt% toluene + 50 wt%
n-dodecane) (W/DT) mixtures at four temperatures and p = 1.83 MPa. The uncertain-
ties denote the 95% confidence intervals. The data in bold font are our IFPSC entry.
In the Protocol column, the letters A and L stand for the average obtained from 16
independent simulations at a specific state point or the value determined from a linear
fit to the averages at all state points.

Mixture Protocol T [K]
383.15 403.15 423.15 443.15

W/D Benchmark 40.0 36.5 32.9 28.5
O1A 36.0± 2.3 34.6± 1.8 31.1± 1.6 27.3± 1.8
O1L 36.7±1.6 33.7±1.1 30.8±1.2 27.8±1.7
O2A 36.2± 1.7 34.7± 1.1 31.8± 1.1 29.0± 1.3
I2A 38.7± 1.8 35.8± 1.4 32.5± 1.1 30.7± 1.5

W/T Benchmark 28.6 26.4 23.8 20.2
O1A 21.5± 1.5 23.3± 1.6 20.1± 1.4 13.6± 1.4
O1L 23.7±1.9 21.0±1.1 18.3±1.0 15.6±1.6
O2A 24.1± 2.0 21.9± 1.7 19.8± 1.2 14.1± 1.3
I2A 28.1± 2.1 24.7± 1.4 22.5± 1.5 21.3± 1.5

W/DT Benchmark 31.4 29.0 26.1 22.6
O1A 30.0± 2.1 28.9± 1.8 25.8± 1.7 24.0± 1.5
O1L 30.3±1.3 28.2±1.0 26.1±1.1 24.0±1.6
O2A 31.2± 1.8 29.9± 1.6 26.0± 1.6 24.0± 1.7
I2A 32.9± 1.9 31.7± 1.0 27.3± 1.7 26.6± 1.4

MUPE =
1

4

∑
n

|γsim,n − γben,n|
γben,n

× 100% (2.8)

where n labels different state points (4 in total) of a system. γsim,n and γben,n are

simulated and benchmark IFT, respectively. The longer simulations with the same kij

parameters reduce the MUPEs only very slightly to 5, 20, and 3%, respectively, thus any

failures are due to the model and not due to insufficient statistics. The underprediction

for both binary mixtures indicates that the kij parameters used for our IFPSC entry

are too large and over-correct the IFT. Our IFPSC predictions yield values for the

ternary mixture that exceed the average of the two binary mixtures by a factor of 1.05.

In contrast, for the benchmark data, the IFT of the ternary mixture falls below the

average of the binary mixtures by a factor of 1.09. The positive excess IFT for the

ternary mixture found for our IFPSC entry indicates that adjusting kij parameters for

the LJ interactions leads to a global effect (explicitly up to the cut-off and implicitly

through the tail corrections), whereas a more local change may be needed to yield a
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negative excess IFT. An attempt to construct a localized kij parameter was discussed

in the SI. Utilizing this localized kij parameter, a negative excess IFT was able to be

reproduced only at the lowest temperature, while failed at the other three temperatures.

This indicates that it remains a challenge to develop a good non-polarizable force field

to mimic very localized induced polarization and charge transfer effect.

As is evident from Fig. 2.5, the improved kij parameters based on additional state

points and longer simulations yield vastly better IFT predictions for the two binary

mixtures with MSEs of only −0.1 and −0.6 dyn/cm (MUPEs of 4 and 5%) for the

water/n-dodecane and water/toluene mixtures, respectively. However, the MSE and

MUPE for the ternary mixture are now +2.4 dyn/cm and 9%, respectively. With the

improved kij parameters, the predictions for the ternary mixture exceed the average of

the two binary mixtures only by a factor of 1.01, but still a positive excess IFT.

For the predictions with the improved kij parameters, the IFT values at T = 383.15 K

exceed those at 443.15 K by factors of 1.26, 1.32, and 1.24 (note that the last digit is not

statistically significant) for water/n-dodecane, water/toluene, and the ternary mixture,

respectively. These factors are somewhat smaller than those for the benchmark data

(1.40, 1.42, and 1.39, respectively). However, both experimental data and predictions

agree that there is no significant difference in the relative decrease of the IFT for the

three mixtures over the temperature range studied.

2.3.3 Interfacial enrichment for the ternary mixture

Since the IFT of the binary water/n-dodecane mixture significantly exceeds that of

the water/toluene mixture, one may expect an enrichment of toluene molecules at the

water/organic interface for the ternary mixture. To provide molecular-level insight, the

toluene weight fraction is determined as function of relative z-position in the elongated

liquid-phase box; here the center of mass of the water region is calculated for each

individual configuration and used to align the profile. As illustrated by the composition

profiles shown in Fig. 2.6, the simulations indeed yield a significant toluene enrichment

at the water/organic interface. This enrichment decreases with increasing temperature,

e.g., the maximum values of the local toluene weight fraction are 0.77 and 0.70 at

T = 383.15 and 443.15 K, respectively. The enrichment only extends over about 10 Å

before the bulk composition of the organic phase imposed by the reservoirs is reached.
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Figure 2.6: Interfacial structure for the ternary mixture using the improved kij param-
eters. (Top) Snapshot of a representative configuration at T = 443.15 K, where the
oxygen and hydrogen atoms of water molecules are shown as red and white spheres, re-
spectively, the toluene and n-dodecane molecules are represented as magenta wireframes
and cyan spheres for the united atoms, respectively. Bottom: Toluene weight fraction
profile along the z-dimension. The center of mass of the water region is shifted to 0,
and z∗ is the scaled z-coordinate with z∗ = z/Lz.

Numerical values for the composition of the entire organic region, wT, and for the

bulk-like organic region, wb
T, in the liquid-phase box are provided in Table 2.3. At the

three higher temperatures, wb
T is close to 50 wt%, the desired composition for the ternary

mixture. At T = 383.15 K, however, wb
T ≈ 48 wt% for both sets of kij parameters. This

points to a problem with the specific reservoir pressures used at this state point, but

it should be noted that the relative uncertainties in the ideal-gas number densities are

significantly larger at T = 383.15 K (see Figure 2.3) and 50 wt% likely falls within the

combined uncertainty.

More importantly, the fact that wT ≥ 57 wt% for all four state points and both sets of

kij parameters demonstrates the need to carry out simulations for the ternary mixture

either in an open ensemble to control the composition or using an extremely large

system size so that any interfacial enrichment does not lead to a significant depletion

of the interfacilly more active component in the bulk-like organic region. The average

enrichment factors (wT/w
c
T) for the current system size are found to be essentially the

same for the kij parameters of our IFPSC entry and the improved set (1.158 and 1.155,

respectively).
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Table 2.3: Toluene weight fraction in the entire organic region, wT, and only within the
bulk-like part, |z∗| ≥ 0.4, of the organic region, wb

T, of the elongated liquid-phase box.
The uncertainties denote the 95% confidence intervals.

Region Protocol T [K]
383.15 403.15 423.15 443.15

wT [%] O2 56.5± 0.3 58.3± 0.4 58.6± 0.2 57.4± 0.3
wT [%] I2 57.0± 0.3 57.8± 0.2 57.4± 0.2 57.0± 0.2
wb

T [%] O2 48.2± 0.6 50.3± 0.4 50.7± 0.3 50.1± 0.3
wb

T [%] I2 48.1± 0.4 49.9± 0.3 50.3± 0.3 50.2± 0.2

2.4 Conclusion

This work demonstrates a simulation protocol to predict the interfacial tension of wa-

ter/oil mixtures that can account for the interfacial enrichment of some components of

the oil mixture. The TIP4P/2005//TraPPE–UA combination of force fields can yield

fairly accurate results for the water/alkane IFT, whereas the TIP4P/2005//TraPPE–EH

combination significantly overestimates the IFT for water/arene mixtures. Although

modifications of the energetic Lennard-Jones cross-interaction parameters can lead to a

more accurate prediction of the IFTs for binary mixtures, care should be taken when fit-

ting kij parameters to account for uncertainties in the experimental data. Furthermore,

the current study indicates a weak state-point dependence of the binary kij parameters.

Nevertheless, when the state points for the kij parameterization are chosen appropri-

ately and long simulation trajectories are used, then mean signed errors for the IFT of

the water/n-dodecane and water/toluene mixtures are found to be less than 1 dyn/cm.

With regards to the prediction of the IFT for the water/(50 wt% n-dodecane + 50

wt% toluene) mixture, it needs to be emphasized that the simulations with both sets of

kij parameters yield a value that slightly exceeds the average of the two binary mixtures.

That is, we observe a positive excess IFT for the ternary mixture despite the significant

enrichment of toluene at the interface, whereas the experimental data demonstrate a

negative excess IFT. This observation points to a failure of using non-local kij parameters

to compensate for very local induced polarization and charge transfer effects.
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Chapter 3

Molecular simulations probing

the thermophysical properties of

homogeneously stretched and

bubbly water systemsa

3.1 Introduction

Cavitation refers to the formation of vapor cavities inside a liquid when the pressure

drops below the saturated vapor pressure. It is widely observed and is often undesirable.

For example, around the blades of a working propeller, bubbles are formed due to

localized low-pressure regions. The subsequent collapse of bubbles can generate strong

shock waves or high local temperatures that can cause damage to the blades [54]. An

image of sheet cavitation on a hydrofoil is shown in Figure 3.1. Understanding and

predicting cavitating flows is inherently challenging due to the variety of phenomena

involved that can span large temporal and spatial scales. Currently many of these

phenomena are modeled empirically or are not included in the field of CFD, and much

aThis chapter is adapted from the publication where I am the first author: Chen, J. L.; Xue, B.; Ma-
hesh, K.; Siepmann, J. I. Molecular simulations probing the thermophysical properties of homogeneously
stretched and bubbly water systems. J. Chem. Eng. Data 2019, 64, 3755—3771. My contribution in-
cludes implementation of different simulation protocols, developing an efficient MPI-parallelized program
for analyzing properties of bubble, running majority of the simulations, analyzing majority of the ther-
mophysical properties, and writing up the manuscript. Dr. Bai Xue helped with preparing the initial
version of the input files for LAMMPS and generating preliminary data.
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Figure 3.1: (Top) High-resolution photograph of sheet cavitation on a hydrofoil [57].
(Middle) Chemical potential and morphology as a function of density for the LJ fluid;
reprinted from Binder, Block, Virnau, and Tröster, Am. J. Phys. 2012, 80, 1099–1109,
with the permission of the American Association of Physics Teachers [58]. (Bottom)
Type H2(a) hysteresis loop observed for an adsorption-desorption isotherm in a meso-
porous adsorbent with delayed, but steep desorption due to caviatition-induced evapo-
ration [59].

ongoing research is devoted to improving the underlying physical models and eliminating

empiricism [55,56].

Although molecular dynamics simulations can only access much smaller temporal

and spatial scales compared to CFD, they can potentially be very useful because of the

explicit consideration of the molecular nature of fluids and the ability to probe finite-

size model system under conditions that are not stable for bulk systems. In addition,

the scales of some physical phenomena involved in the cavitating flow, such as bub-

ble nucleation and growth, are inherently compatible with molecular simulations. In

fact, homogeneous bubble nucleation in liquid water has been explored using molecular

simulations [60–62].
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Molecular simulations can also be utilized to assess some of the underlying equations

applied in CFD for predicting cavitating multi-phase flow. For example, in the com-

monly used homogeneous mixture approach, liquid and vapor regions are assumed to

have equal velocity and behave like a single compressible continuum in a given CFD cell

(i.e., the vapor and liquid regions are assumed to form a homogenous mixture within

this cell) [63]. In this approach, the governing equations describing the conservation

laws are written for the homogeneous mixture and an analytic or tabulated equation of

state (EOS) for this mixture is needed for system closure [64, 65]. In addition, a set of

equations describing the properties of the mixture, such as viscosity, are often needed

as well [65, 66]. However, the mixture EOS and property equations utilized in practice

are rarely validated through experiments for multi-phase systems [65]. For example, a

mixture EOS is usually chosen based on its capability of reproducing the experimen-

tally measured sound speed, yet available experimental data, though already sparse,

are mostly concerned with liquid/gas mixtures, and reliable data for liquid/vapor mix-

tures probably do not exist [67, 68]. Another example is the variety of equations that

relate liquid/vapor mixture viscosity with bulk-phase viscosity and vapor-volume frac-

tion [69,70]. These equations are mostly not derived directly from experimental viscosity

data but estimated using experimental data for pressure drops of two-phase flow. In

these cases, molecular simulation offers an alternative tool for assessing these equations

and can potentially lead to better options.

In this work, molecular simulations in the canonical ensemble at T = 298 K were

performed to probe a variety of thermophysical properties of neat water for densities

ranging from the saturated liquid density (ρsat) to 800 kg/m3 for periodic simulation

boxes ranging from 4 to 32 nm. The lower bound at 800 kg/m3 was chosen such that

all inhomogeneous phases observed in the simulations have a single spherical cavity (de-

noted as bubbly water phase), rather than a cylindrical cavity or even a slab structure

(see Figure 3.1). Binder et al. [58] have previously studied the phase behavior of the LJ

fluid for densities ranging from below the saturated vapor density to above the satured

liquid density for a periodic system with fixed linear dimension. As illustrated in Figure

3.1, the LJ fluid undergoes a transition from the homogeneous liquid phase to the bub-

bly phase as the density is reduced from ρl to below ρ6. In our work, a similar phase

behavior was observed for water as well. By following two different simulation protocols,
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where one starts with a homogeneously stretched configuration (protocol 1), while the

other starts with a spherical cavity (protocol 2), we were able to locate the spinodal cav-

itation (SC) and bubble collapse (BC) points separately. At these points, the free energy

barrier for transition to a more stable phase becomes sufficiently small so that this phase

transition occurs rapidly in the early part of the simulation. The differences observed

between simulations utilizing protocols 1 (desorption) and 2 (adsorption) are analogous

to the hysteresis loops observed for adsorption-desorption isotherms in mesoporous ad-

sorbents [59]. In particular, type H2(a) hysteresis can be attributed to a system with

wetting pore walls and delayed desorption due to cavitation-induced evaporation [59]

(see Figure 3.1). Similarly, the formation of a bubble can be delayed for simulations

in the canonical ensemble due to the free energy barrier for bubble nucleation; i.e., as

for the desorption branch, the metastable stretched liquid phase can persist. On the

other hand, the vapor-liquid interface of the bubble initially present using protocol 2

acts like a wetting wall, the bubble shrinks as the overall density is increased and then

disappears when the homogeneously stretched liquid state is lower in free energy than

the bubbly state. It should be noted that the hysteresis loops observed in adsorption-

desorption isotherms are experimentally reproducible and “permanent”, i.e., increasing

the timescale for the sorption measurements from hours to months leads only to neg-

ligible changes in the hysteresis loop. Considering the timescale of flow experiments

and CFD simulations, it is likely that, in the absence of seeds or surfaces, bubbles form

through spinodal decomposition instead of homogeneous nucleation. In this case, the

metastable homogeneous states observed with protocol 1 provide important information

for the modeling of multi-phase flow.

The thermophysical properties investigated in this work include pressure (P ), po-

tential energy (U), residual isochoric heat capacity (CV,res), viscosity (η), and diffusion

coefficient (Dself). Previous molecular simulation studies have investigated the thermo-

physical properties of stretched homogeneous water at similar conditions, [71–74] and

comparisons are made here to these earlier studies. To our knowledge, the thermophys-

ical properties of two-phase bubbly water have not been investigated previously. Since

the spatial scale of the cells involved in CFD is usually microns or larger and, hence,

orders of magnitude larger than those amenable to molecular simulation, attention needs

to be given to finite-size effects. For simulations in the canonical ensemble, such as the
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current work, system-size effects refers to changes of observables with system size (in-

creasing linear dimension of the simulation box) at fixed system density. However, for

inhomogeneous bubbly water systems, an increase in system size at fixed density nec-

essarily also requires a corresponding change in bubble radius and volume, whereas the

bubble volume fraction is less affected. The results obtained from molecular simulations

are compared with some of the available equations utilized in CFD. Analytic equations

fitted to simulation data are proposed for describing the properties of the bubbly water

state if possible.

3.2 Simulation methods

3.2.1 Force fields

Two types of water models were used in this work. The first one is the rigid TIP4P/2005

water model [75], which consists of a single LJ site on the position of the oxygen nucleus,

two equal partial charges on the position of the hydrogen nuclei, and a negative partial

charge located at an off-site location along the H-O-H bisector to keep the molecule

neutral. The intermolecular interactions are described by pairwise additive LJ 12–6 and

Coulomb potentials:

uij(rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

+
qiqj

4πε0rij
(3.1)

where rij , εij , σij , qi, qj , and ε0 are the distance between interaction sites i and j,

the LJ well depth, the LJ diameter, the partial charges on interaction sites i and j,

and the permittivity of vacuum, respectively. In our simulations, periodic boundary

conditions were applied to cubic simulation boxes in all three dimensions. LJ interac-

tions were truncated at a distance rcut = 1.40 nm. Since the bubbly water systems

are inhomogeneous, use of analytical tail corrections for LJ energy and pressure that

assume a uniform pair distribution beyond the truncation distance, would be inap-

propriate. Therefore, for consistency, no LJ tail corrections were applied throughout

simulations and the same rcut value is used for all system sizes. In the development of

the TIP4P/2005 water model [75], the LJ potential was truncated at 0.85 nm and tail

corrections were employed. Thus, the larger rcut at 1.40 nm used here mitigates the
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truncation error. To compute charge–charge interactions under periodic boundary con-

ditions, the Ewald summation method [76, 77] with a screening parameter κ = π/rcut

and an upper bound of the reciprocal space summation at Kmax = int(κL) + 1 was

utilized for Monte Carlo simulations, whereas the particle-particle particle-mesh Ewald

summation technique [78,79] with a relative force error of 10−5 was utilized for molecu-

lar dynamics simulations. [78,80] The real-space site–site electrostatic interactions were

truncated at rcut as well.

The other water model utilized in this work is the coarse-grained mW water model

[81] where each water molecule is represented by a single interaction site. In addition to

a two-body interaction term, this water model also introduces a three-body interaction

term favoring the tetrahedral packing of water molecules in the condensed phase. The

potential takes the form

U =
∑
i

∑
j>i

φ2(rij) +
∑
i

∑
j 6=i

∑
k>j

φ3(rij , rik, θijk) (3.2)

φ2(rij) = Aε

[
B

(
σ

rij

)m
−
(
σ

rij

)n]
exp

(
σ

rij − aσ

)
(3.3)

φ3(rij , rik, θ) = λε(cos θ − cos θ0)2 exp

(
γσ

rij − aσ

)
exp

(
γσ

rik − aσ

)
(3.4)

where A = 7.049556277, B = 0.6022245584, m = 4, n = 0, γ = 1.2, a = 1.8, θ0 =

109.47◦, λ = 23.15, ε = 6.189 kcal/mol, and σ = 0.23925 nm. In this model, both two-

body and three-body interaction terms become negligible as pair distance approaches

aσ = 0.43065 nm. Due to this short-ranged nature and fewer interaction sites per

molecule, simulations typically gain at least 2 orders of magnitude in efficiency compared

with the TIP4P/2005 water model, thus allowing for much larger system sizes.

3.2.2 Monte Carlo simulation details

Isochoric–isothermal (NV T ) Gibbs ensemble Monte Carlo (GEMC) simulations [82,83]

were performed using MCCCS-MN software [84] developed in house to determine the

vapor–liquid equilibrium (VLE) properties (densities of both phases and vapor pressure)

at T = 298 K. These simulations used two boxes to represent liquid and vapor phases.

The total number of molecules N was set to 2000. To ensure a sufficient number of
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molecules in the vapor box, the initial box lengths for the liquid and vapor boxes were

set to 4 nm and 100 nm, respectively. Due to the large vapor box utilized, rcut was

set to 40 nm instead of 1.4 nm for the vapor box to reduce computational cost for

the reciprocal-space part of the Ewald sum. For each simulation, the equilibration

period consisted of at least 50,000 Monte Carlo cycles (MCCs; one MCC consists of

N randomly selected moves), and the production period consisted of 100,000 MCCs.

Statistical uncertainties were estimated from the standard error of the mean at 95%

confidence interval obtained from production periods of eight independent simulations.

For the TIP4P/2005 water model, the phase space was sampled via translational

moves [85], rotational moves [86], volume exchange moves [83], and particle transfer

moves between phases using the dual cut-off configurational-bias Monte Carlo algo-

rithm [45, 87] with optimized control parameters and growth protocol. The maximum

displacements for translational, rotational, and volume moves were adjusted during equi-

libration to yield acceptance ratios of approximately 40%. To increase sampling effi-

ciency and also to avoid unphysical “fused” configurations where a positively charged

interaction site of one water molecule is nearly co-located with the negatively charged

site of another water molecule, a hard-sphere potential with rHS = 0.12 nm was applied

for all site-site interactions. For the mW water model, phase space was sampled via

translational, volume exchange, and particle transfer moves. A hard-sphere potential

with rHS = 0.05 nm was utilized as well to improve sampling efficiency and to avoid

underflow errors in the calculation of Boltzmann weights.

3.2.3 Molecular dynamics simulation details

Molecular dynamics simulations were carried out using the LAMMPS software package.

[88] All simulations were performed in the NV T ensemble. The time step was set to 1

fs or 5 fs for the TIP4P/2005 or mW water models, respectively. The temperature was

maintained at 298 K using the Nose–Hoover thermostat [89], and its relaxation time

was set to 100 fs. For the rigid TIP4P/2005 water model, the O–H bonds and H-O-H

angle were constrained using the SHAKE algorithm [90].

Simulations were first performed to calculate the surface tension for the TIP4P/2005

and mW water models. Following the Kirkwood and Buff definition [91], the surface

tension was calculated from the ensemble averages of the normal and tangential com-
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ponents of the pressure tensor. The simulation procedure consisted of two steps. First,

a stable liquid configuration was obtained by performing simulations in the NV T en-

semble with N = 1024 and a cubic box of length L = 3 nm. Then the simulation box

was elongated in the z dimension to Lz = 10 nm, and equilibration was continued for

at least 0.5 ns. Statistics were gathered from production periods of 2 ns.

Next, simulations were performed to probe a variety of thermophysical properties

of both homogeneously stretched liquid and bubbly water phase. The box lengths (L)

studied were 4, 8, 16, and 32 nm for the mW water model (and these simulations are

designated here as mW-4, mW-8, mW-16, and mW-32, respectively), containing up to

1,092,850 molecules in the largest system, and 4, 6 and 8 nm for TIP4P/2005 model

(desginated as TIP4P/2005-4, TIP4P/2005-6, and TIP4P/2005-8, respectively). For

each box size, densities ranging from 800 kg/m3 to ρsat were explored. The densities

and number of molecules for all the systems studied here are provided in Table SB1.

Two simulation protocols were utilized. In protocol 1, a homogeneous configura-

tion was used as the starting point. The initial structure for the mW water model was

generated randomly using LAMMPS. Then the potential energy was minimized by ad-

justing the coordinates of the molecules iteratively for a maximum of 1000 steps. For

the TIP4P/2005 water model, the initial structure was generated using the Packmol

program with a tolerance distance of 0.2 nm [92,93]. After that, for both water models,

the system underwent a brief melting and a subsequent cooling stage. In protocol 2, the

initial heterogeneous configuration was generated such that all molecules were placed

outside of a sphere with its center located at the center of the simulation box and a ra-

dius ranging from 0.5 to 1.5 nm. For the single-site mW water model, this was achieved

with built-in commands in LAMMPS, while Packmol was utilized for the TIP4P/2005

water model. Next, a spherical wall was created in LAMMPS, that interacts with the

water molecules through a 12-6 LJ potential and prevents any molecules from entering

the cavity during the pre-equlibration period. After a short melting and subsequent

cooling stage, the wall was removed and the system was allowed to equilibrate.

For the mW-4, mW-8, and mW-16 systems, statistics were collected from a pro-

duction period of 20 ns. For the mW-32 system, statistics were collected from five

independent runs, each consisting of a production period of 4 ns. For the TIP4P/2005-4

and TIP4P/2005-6 systems, statistics were collected from a production period of 4 ns.
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For the TIP4P/2005-8 system, statistics were collected from five independent runs, each

consisting of 1.6 ns. For both water models, the independent runs were created by using

different random number seeds for generating initial structures and velocity distribu-

tions. A detailed description of how the uncertainties were estimated for the various

quantities is given in the following sections.

3.2.4 Bubble volume and sphericity

For bubbly water systems, the bubble volume for a given configuration along the trajec-

tory was determined as follows. First, Stillinger’s cluster criterion [94] was utilized to

calculate the number of nearest neighbors of each water molecule where two molecules

are considered nearest neighbors if their distance (oxygen–oxygen for TIP4P/2005 and

site–site for mW) is less or equal to 0.33 nm; a distances that is approximately the

position of the first minimum in the O–O radial distribution function for the saturated

liquid phase of the TIP4P/2005 model. If a molecule has two or more nearest neigh-

bors, it is then considered to be liquid-like, otherwise it is counted as vapor-like. Next,

a three-dimensional grid with a cell mesh of (0.2 nm)3 was imposed onto the simulation

box. If a cell contains a liquid-like water molecule or its center falls within 0.33 nm of at

least two liquid-like molecules, then it is considered to be liquid-like, and the remaining

cells are defined as vapor-like. Finally, a cluster analysis was performed considering

only the vapor-like cells, and two cells are part of the same cluster when they share at

least one corner. The detected number of clusters is sometimes larger than one for a

single configuration due to the existence of very small voids being formed by thermal

fluctuations inside the liquid region. Only the largest cluster, whose size is always signif-

icantly larger than any of the transient liquid voids, is taken as the bubble and used to

calculate the bubble volume, Vcell, from its number of cells. Since this analysis is based

on individual configurations, the statistical uncertainty in the bubble volume fraction is

reported here as the standard deviation obtained from the values for individual config-

urations. The cell method for bubble detection described here is computationally more

efficient than the V- and M-methods proposed by González et al. [61], and a simpler

method is justified because the current work deals with much larger systems (requiring

a more efficient method) and much larger bubbles (being less sensitive to the method

for bubble detection).
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To characterize bubble sphericity, the gyration tensor was calculated as

S =
1

Nvap


∑

i(xi − xC)2
∑

i(xi − xC)(yi − yC)
∑

i(xi − xC)(zi − zC)∑
i(yi − yC)(xi − xC)

∑
i(xi − xC)2

∑
i(yi − yC)(zi − zC)∑

i(zi − zC)(xi − xC)
∑

i(zi − zC)(yi − yC)
∑

i(zi − zC)2


(3.5)

where xC, yC, and zC give the position of the center of mass of the bubble. The

summation runs only over the vapor-like cells belonging to the bubble, where Nvap is

the number of these cells. Then, the gyration tensor is diagonalized, and its three

eigenvalues λ1, λ2, and λ3 are obtained. The relative shape anisotropy is defined as [95]

κ2 = 1− 3
λ1λ2 + λ2λ3 + λ1λ3

(λ1 + λ2 + λ3)2
(3.6)

κ2 is bounded between 0 and 1 corresponding to a spherically symmetric shape and a

linear shape, respectively.

3.2.5 Thermophysical properties

The pressure of the system was calculated based on the virial theorem of Clausius [96,97]

p = ρkB〈T 〉+
1

3V

〈∑
i

ri · fi

〉
(3.7)

where kB is the Boltzmann constant, ρ, V , and T are the number density of molecules,

volume, and absolute temperature of the system, respectively. For the molecular dy-

namics simulations, T is calculated based on the kinetic energy of the system. ri and

fi are the position vector and the force exerted on atom i. The angular brackets in

the first and second terms denote time averages (or, only for the second term, an en-

semble average for the Monte Carlo simulations) of temperature and the internal virial,

respectively.

The isochoric heat capacity can be split into ideal and residual parts:

CV (T, V ) = CV,ideal(T ) + CV,res(T, V ) (3.8)

where CV,ideal is a property of a collection of isolated molecules and can be determined

from calorimetric measurements or the molecular partition function with input either
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from spectroscopic data or quantum-mechanical calculations [98, 99]. CV,ideal includes

the kinetic contributions. The residual part is determined from fluctuations of the

intermolecular potential energy of the system. However, for the rigid TIP4P/2005 and

the single-site mW models, there are no intramolecular contributions. Therefore, the

potential energy (U) of the system can be directly used:

CV,res =
〈U2〉 − 〈U〉2

kBT 2
(3.9)

The shear viscosity was calculated using the Green-Kubo approach [100],

η =
V

kBT

∫ ∞
0

dt〈Pαβ(0)Pαβ(t)〉 (3.10)

where Pαβ(0) and Pαβ(t) are the off-diagonal components of the pressure tensor at time

0 and t, and are averaged over three components Pxy, Pyz, and Pxz. The viscosity

calculated this way for an inhomogeneous system is the averaged value over the entire

box [101]. Since the auto-correlation function in the above equation often diverges due

to accumulation of noise at long time, a time decomposition method was utilized in this

work [102]. To make sure the viscosity value has converged, the integral was truncated

at 1.0 ps for the mW model and 3.0 ps for the TIP4P/2005 model. The justification for

these choices of the time cutoff is presented in Figure SB1.

For the estimation of the statistical uncertainties for pressure, potential energy, resid-

ual isochoric heat capacity, and shear viscosity, the total production period of each simu-

lation was divided into 8 blocks and the block means were calculated. The uncertainties

were estimated as the standard error of the mean at 95% confidence interval.

Finally, the diffusion coefficient was obtained through the mean squared displacement

(MSD) of the center of mass of molecules and the Einstein relationship, [77]

D =
1

6t

〈
1

N

N∑
i=1

[ri(t)− ri(0)]2

〉
(3.11)

where ri(t) and ri(0) are the position vectors of the center of mass of molecule i at

time t and 0. To calculate the uncertainties for the diffusion coefficient, each trajectory

was divided into five blocks. For the largest system, mW-32 and TIP4P/2005-8, each

independent simulation was considered as one block. The lengths of each block (4 ns for
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Table 3.1: Calculated and Experimental Orthobaric Liquid Density (ρliq), Vapor Density
(ρvap), Saturated Vapor Pressure (Psat), Enthalpy of Vaporization (∆Hvap), Liquid–
Vapor Surface Tension at Saturation (γ), and Their Uncertainties (u) at T = 298 K

Property TIP4P/2005 mW Expt. [103]
Value u Value u

ρliq [kg/m3] 994.4 1.3 997.66 0.19 997.04
ρvap [g/m3] 5.39 0.13 0.3561 0.0051 22.881
Psat [kPa] 0.739 0.017 0.04853 0.00078 3.1

∆Hvap [kJ/mol] 50.164 0.042 44.432 0.062 44.01
γ [mN/m] 65.9 1.7 65.47 0.24 71.995

Statistical uncertainties were estimated from the standard error of the mean at 95%
confidence interval obtained from production periods of eight independent simulations.

the mW-4, mW-8, and mW-16 systems, 0.8 ns for the TIP4P/2005-4 and TIP4P/2005-6

systems, and 1.6 ns for the TIP4P/2005-8 system) were chosen to be sufficiently long

such that, on average, molecules have diffused more than half of the box length. The

diffusion coefficient for the mW-32 system was not calculated because, although a linear

region is present in the MSD plot, the trajectory length of 4 ns is insufficient to reach an

MSD value of (16 nm)2. The diffusion coefficient for each block was obtained from the

slope of the least-squares linear fitting line between MSD and time (where the first 10%

and last 10% of data points were thrown out in the fitting to avoid the initial ballistic

region and the relatively poor statistics at the end). An example MSD plot obtained

from the five blocks for the TIP4P/2005-8 system is shown in Figure SB2. The statistical

uncertainties provided are the standard error of the mean at 95% confidence interval

obtained from the 5 blocks.

3.3 Results and discussion

3.3.1 Vapor–liquid equilibrium properties and surface tension

The predicted VLE properties and surface tension at T = 298 K are listed in Table 3.1.

The liquid-phase density at saturation for both types of water models agrees well with

experiment. Both water models predict a surface tension value which is approximately

7% smaller than the experimental value, and the values obtained here are consistent

with previous simulation results [81, 104]. However, in terms of vapor pressure and va-

por density at saturation, both water models underestimate by a significant amount.
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The TIP4P/2005 water model yields predictions that are a factor of 4.2 smaller than

the experimental values, which is due to an overestimation of the enthalpy of vapor-

ization when a polarization correction is not applied [75, 105]. The mW water model

underestimates them by a factor of 64. Factorovich et al. [106] also computed the vapor

pressure for the mW water model at T = 298 K using both GEMC and grand canoni-

cal molecular dynamics (GCMD) simulations and reported values of 45.8 and 48.6 Pa,

respectively. Their GCMD value is more consistent with the value obtained here from

a GEMC simulation. Interestingly, the mW model yields a fairly accurate value for the

enthalpy of vaporization [81] and, hence, its significant underestimation of the saturated

vapor pressure is caused by an underestimation of the entropy gain upon vaporization.

The fact that a model can yield a very accurate liquid density and a fairly accurate

surface tension (and, for the mW model, also enthalpy of vaporization), but fail dra-

matically for the saturated vapor pressure, indicates that the former two properties are

not sufficient for force field development.

3.3.2 Spinodal cavitation and bubble collapse points

An important observation for systems with L ≥ 6 nm is that the transition point be-

tween the homogeneously stretched water phase and the bubbly water phase occurs at

a lower density for the set of simulations starting from a homogeneous configuration,

where the system has to overcome the nucleation free energy barrier for bubble forma-

tion, compared to those simulations starting with a pre-existing cavity, where no (or

only a small) free energy barrier for bubble collapse is present. These two transition

processes and their associated densities are denoted as spinodal cavitation (SC) and

bubble collapse (BC), respectively. It should be noted that, for the finite-size systems

investigated here, the BC process occurs with a downward jump in pressure and leads

to a homogeneous phase with a negative pressure, i.e., it is distinct from the vapor–

liquid binodal point that denotes the coexistence of two stable macroscopic phases with

positive pressure. While analyzing the bubble volume fraction, we observed that when

the SC density is crossed, there is always a significant jump of the volume fraction of

the largest void/bubble from less than 0.2% due to small transient liquid voids in the

homogeneously stretched water phase to more than 1% when a bubble is formed. Simi-

larly, for simulations using protocol (2), we find that there is a certain minimum bubble
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size that can be observed in the simulations. This minimum bubble size found in the

simulations increases with system size and the bubble volume fraction is always signifi-

cantly larger than 1%. We surmise that at the BC point, the free energy of the bubbly

phase with this minimum bubble size is equal to that of the homogeneously stretched

phase. Any reduction of the bubble size beyond this limit cannot be observed because

this state would have a free energy higher than the homogeneously stretched phase at

the same density; i.e., the system prefers homogeneous stretching (with a more negative

pressure) over affording an interface (and less stretching of the liquid region). Since

larger systems have to stretch by a smaller relative amount to consume a given bubble

volume, the minimum observable bubble size increases with increasing system size.

Therefore in this work, a system is considered to be a bubbly water phase only when

the bubble volume fraction is larger than 1%. Similar significant and discontinuous

changes were also observed in other thermophysical properties near the same transition

points and will be discussed in the following sections.

For the two smallest systems (mW-4 and TIP4P/2005-4) that contain about 2000

molecules, distinct SC and BC points were not observed with a density resolution

of 5 kg/m3. At the intermediate density (930 kg/m3 for mW-4 and 880 kg/m3 for

TIP4P/2005-4) between homogeneously stretched and bubbly water phases, the sys-

tems were found to alternate between homogeneous and inhomogeneous configurations

(as defined by the 1% threshold in the bubble volume fraction) causing large fluctua-

tions also in other observables. Due to the large fluctuations arising from the bimodal

distributions, thermophysical properties at these two state points are not reported here.

The Helmholtz free energies as function of the largest void/bubble volume for the

mw-4 and TIP4P/2005-4 systems at these state points are shown in Figure SB3. The

barrier separating the two states is found to be 10-12 kJ/mol (4-5 RT ) and its location at

V ≈ 0.6 nm3 is aligned with the 1% threshold used here to separate the two states. Menzl

et al. [62] have used simulations in the isobaric-isothermal ensemble at N = 2000 and

T = 296.4 K with enhanced sampling techniques to probe the cavitation of TIP4P/2005

water under tension. Our canonical ensemble simulations for TIP4P/2005-4 correspond

to a similar system size, and our observation of the SC point falling into a pressure range

from −190 to −200 MPa is consistent with the data of Menzl et al. that show nucleation

free energy barriers of 30 and 20 RT at P = −150 and −165 MPa, respectively.
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Figure 3.2: Specific densities of the SC and BC points for the mW and TIP4P/2005
systems as a function of inverse linear box dimension. The dashed lines indicate linear
fits. The filled circles and triangles denote ρliq and the estimate of the SC density for
the thermodynamic limit.

The specific densities of the SC and BC points are plotted as a function of inverse

linear box dimension in Figure 3.2. Due to the finite resolution of the density grid

(increments of 5 kg/m3), the exact values of the spinodal and binodal points are not

known and, hence, they are reported here as the average of the specific densities just

below and just above of these points for L ≥ 6 nm or as the density leading to large

fluctuations in the bubble volume fraction for mW-4 and TIP4P/2005-4. González

et al. [107] have previously used simulations in the canonical ensemble (N = 500) to

estimate the vapor–liquid spinodal line for the TIP4P/2005 model and, from their data,

a value of 850 kg/m3 at T = 298 K can be deduced. In comparison, we find a value

of 880 kg/m3 for TIP4P/2005-4 that contains about 3.8 times more molecules (i.e., 1.6

times larger in linear dimension).

Another observation from Figure 3.2 is that, as system size increases, both SC and

BC points shift to larger densities (except mW-16 and mW-32 yield the same binodal

density due to the finite grid resolution). This behavior is consistent with the system

size effects found by Binder et al. [58] for the LJ fluid and also with the upward shift
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in the position of the hysteresis loop for adsorbents with larger mesopores [59]. Upon

further increase in the system size, the BC point would move toward the saturated liquid

density (i.e., the true binodal point), but the density domain for stable spherical bubbles

also diminishes. In the thermodynamic limit, only the slab configuration with planar

interfaces is stable at densities below the saturated liquid density (see Figure 3.1) [58].

From extrapolation of our data for the SC points of the finite systems, we estimate

spinodal densities of 912± 14 and 961± 3 kg/m3 for the TIP4P/2005 and mW models,

respectively, in the thermodynamic limit.

For the systems with L ≥ 6 nm, the simulations started from a homogeneous config-

uration at densities below the BC point but above the SC point are metastable. The def-

inition of a metastable state inherently involves time [108]. In the present simulations,

we found that all simulations in the metastable region remained in a homogeneously

stretched state throughout the entire simulation trajectories, and the same holds for the

five independent simulations for largest system size (mW-32 and TIP4P/2005-8). The

production periods for the mW-8, mW-16, mW-32, TIP4P/2005-6, and TIP4P/2005-8

systems were 20, 20, 4, 4, and 1.6 ns, respectively, with the equilibration periods being of

various lengths but generally of the same order of magnitude as the production periods.

Clearly, the nucleation free energy barrier increases rapidly for densities just above the

spinodal point, so that nucleation does not occur in our unbiased simulations. This is

analogous to the observation that increasing the observation time does not lead to a sig-

nificant upward shift in the pressure of the desorption onset for the type H2(a) hysteresis

loop (see Figure 3.1) [59]. The Helmholtz free energies as function of the volume of the

largest void/bubble for the mW-8 and TIP4P/2005-8 systems are shown in Figure SB4.

The unbiased simulations used here only allow for observation of states with relative

free energies less than 20 kJ/mol (8 RT ). Extrapolating the free energy profiles for

the metastable homogeneously stretched systems with the lowest density (i.e., closest

to the SC point) yields a nucleation free energy barrier of 25 and 35 kJ/mol (10 and

14 RT ) for TIP4P/2005-8 and mW-8, respectively. For both systems, the steepness of

the free energy profiles increases rapidly with increasing system density. The estimate

for the free energy barrier for TIP4P/2005-8 with N = 15398 and P = −168 MPa is

considerably smaller than the 20 RT reported by Menzl et al. [62] for N = 2000 and

P = −165 MPa; thus, finite-size effects are significant for the nucleation barrier where
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Figure 3.3: Bubble volume fraction (α) versus system density. The brown dashed line
represents the analytic equation ρ = (1 − α)ρliq + αρvap, where ρliq and ρvap are taken
from experiment. Not shown are data points for the homogeneously stretched region
where α� 0.01. For all but the mW-4 system, the statistical uncertainties are smaller
than the symbol size.

smaller system sizes lead to larger barriers and a lower density for the SC point.

For the bubbly phases, the width of the free energy wells remains remarkably con-

stant even as the BP density is approached; i.e., we do not observe a significant change

in curvature of the free energy profile that would hint at the emergence of the homoge-

nously stretched phase. On the other hand, the simulations using protocol (2) for the

system density just above the BC point indicate that there is no thermodynamic barrier

for the collapse.

3.3.3 Bubble volume and sphericity

The calculated bubble volume fraction (α) versus system density for all bubbly water

phases is plotted in Figure 3.3 (numerical data are provided in Tables SB2–SB15). The

line predicted by the simple analytic equation, ρmix = (1− α)ρliq + αρvap is also shown

in Figure 3.3 for comparison, where ρliq and ρvap are the experimental liquid and vapor

coexistence densities. This analytic equation, which ignores any surface and pressure
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effects, is commonly utilized in predicting multi-phase flow in CFD [65].

As shown in Figure 3.3, α at a specific value of ρ is influenced by both system

size and choice of water model. As the system size increases, the line predicted by the

simulations for both the mW and TIP4P/2005 model is shifting to higher α values, i.e.,

approaching the prediction of the analytic equation. For the same system size, the α

values for the TIP4P/2005 water model fall below those for the mW water model, and

the lines for the TIP4P/2005 model have a slightly steeper slope. Given the magnitude

of the differences between the simulation data and the analytic equation and also the

presence of finite-size effects, it is clear that the deviations cannot be attributed to

differences in ρliq for the bulk systems (see Table 3.1). Further simplifying the analytic

equation by dropping the vapor term because ρvap is orders of magnitude smaller than

ρliq (by factors of 4.4 × 104, 2.8 × 106, and 1.8 × 105 for experiment and the mW and

TIP4P/2005 water models, respectively) and rearranging yields α = 1 − ρ/ρliq with a

slope of −1/ρliq and an x-intercept of ρliq. The simulation data in Figure 3.3 can then

be described by replacing ρliq for the bulk system with a smaller ρliq,eff for the bubbly

phase to account for surface effects. The values of the x-intercepts indicate that ρliq,eff

decreases with decreasing system size and is smaller for the TIP4P/2005 model than

the mW model. However, evaluating the data in Figure 3.3 with a finer lense indicates

failure of this simplified analytic equation because (i) there is a noticeable deviation from

the linear behavior at smaller α values particularly for the smaller system sizes and (ii)

comparison of the data for the mW-4 and TIP4P/2005-8 systems shows a smaller slope

but larger intercept for the mW-4 system. Thus, a more microscopic analysis is needed

to determine the density of the liquid region for the bubbly water phases. Furthermore,

surface effects neglected in the analytic equation may also play a role.

The liquid density in the bubbly water phase can be obtained by fitting the radial

shell density profile ρ(r) to a hyperbolic tangent function

ρ(r) =
1

2
(ρliq,fit + ρvap,fit) +

1

2
(ρliq,fit − ρvap,fit) tanh

2(r − r0)

d
(3.12)

where r is the radial distance from the center of mass of the bubble; r0 and d are the

radial position and thickness of the interface, respectively [109]. This radial analysis

assumes a predominantly spherical shape of the bubble, an issue that will be addressed
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below. The location of the inflection point in the hyperbolic tangent function (r0) can

also be used as an estimate of the bubble radius. The shell density profiles for the mW-

32 and TIP4P/2005-4 systems at ρ = 800 kg/m3 are shown in Figure SB5. The radial

shell density profiles also allow for an estimation of the fraction of molecules present

within the interfacial region

αint =
1

N

∫ r0+d/2

r0−d/2
4πr2ρ(r)dr (3.13)

The uncertainties for ρliq,fit, r0, and αint were estimated as the standard error of the

mean at 95% confidence interval from five shell density profiles, each averaged over 200

frames. The numerical values are provided in Tables SB2–SB15.

Figure 3.4 depicts ρliq,fit and αint as a function of system density for all bubbly water

phases. At fixed density, as the system size increases, ρliq,fit is getting closer to the

value of the bulk saturated liquid density. Interestingly, for a given system size and

model, ρliq,fit increases as ρ decreases, but decreasing ρ corresponds to heterogeneous

phases with larger bubbles. The values of ρliq,fit range from 927 kg/m3 (= 0.932 ρliq) for

TIP4P/2005-4 at ρ = 875 kg/m3 (smallest system size and ρ closest to the BC point) to

996.5 kg/m3 (= 0.9988 ρliq) for mW-32 at ρ = 800 kg/m3 (largest system size and lowest

value of ρ). The differences in ρliq,fit for the bubbly phases between the two models at the

same ρ and system size are much larger than the 3 kg/m3 difference in ρliq for the bulk

liquid. Since the differences in the bulk vapor–liquid surface tension are also very small,

differences in the isothermal compressibility for the stretched liquid and in the ability to

accommodate high-curvature interfaces must be responsible for the differences between

the mW and TIP4P/2005 models. The fraction of molecules at the interface (see Figure

3.4) decreases with increasing system size at the same ρ (whereas α increases) because

the number of molecules in the liquid region grows much faster than the interfacial area.

At the same ρ and system size, the αint values are quite similar (with the exception

of the data point for the TIP4P/2005 model closest to the BC point) for the mW and

TIP4P/2005 models. Therefore, the differences in ρliq,fit are mostly responsible for the

shift of the α versus ρ lines in Figure 3.3.

One important question is whether the nano-bubbles present in the simulations

(ranging in radius from about 0.8 to 11 nm) deviate significantly from a spherical shape
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Figure 3.4: Density of liquid region (ρliq,fit) (top) and fraction of interfacial molecules
(αint) (bottom) determined from the radial shell density profile as functions of system
density ρ.

due to enhanced fluctuations for such small sizes (compared to bubbles observed in flow

experiments, see Figure 3.1). The dependence of the shape anisotropy factor (κ2) on

system density and size is shown in Figure 3.5 (and numerical data are provided in

Tables SB2–SB15). The TIP4P/2005-4 and mW-4 simulations yield the largest κ2 val-

ues, but even here the κ2 < 0.06, i.e., a very small shape anisotropy. The values for

mW-4 and mW-8 at the same density are somewhat smaller than for TIP4P/2005-4 and

TIP4P/2005-8, respectively, but these do not correspond to bubbles of exactly the same

size due to the differences in ρliq,fit between the two models. As the linear dimension of

the system increases by a factor of 2, κ2 decreases by about a factor of 4 at the same

density. Thus, in all cases, the bubbles are sufficiently spherical in shape that a sphere
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Figure 3.5: Shape anisotropy factor as function of system density.

radius can also be obtained from r∗ = (3Vcell/4π)1/3. The numerical values of r∗ are

provided in Tables SB2–SB15. The dependence of κ2 on r∗ is shown in Figure SB6.

In this case, all data points fall on the same master curve; that is, the dependence on

model is much smaller than on r∗, i.e., the bubble size governs the extend of the shape

fluctuations.

Figure SB7 shows a comparison of r0 values obtained from the shell density profiles to

the r∗ values calculated from the bubble volumes. These data can be well described by a

linear fit, r0 = kr∗+ d. Irrespective of model and system size, regression coefficients are

greater than 0.9999, indicating an exceptional correlation between r0 and r∗. The slopes

for all combinations of model and system size are unity with a maximum deviation of

1% for the TIP4P/2005-4 system. In terms of the offset d, the values for all mW system

sizes fall between 0.08 and 0.09 nm. This consistent offset can be explained by the

difference in the analysis approaches. The density profiles treat atoms as point particles

without any spatial extent. In contrast, the cell method for determining the bubble

volume correctly accounts for the volume taken up by the water molecules (excluded

volume due to repulsive part of the interaction potential). Hence, we argue that r∗ is

a better descriptor of the true volume occupied by the bubble and available to vapor
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or permanent gas molecules, whereas r0 is a better descriptor of the thermodynamic

location of the interface.

3.3.4 Pressure

The virial pressure (P ) of the systems versus total density is displayed in Figure 3.6

(numerical data are provided in Tables SB2–SB15). The pressure is negative for all

systems except for the saturated liquid. Please note that the finite number of molecules

used in the canonical-ensemble simulations leads to small variations in the system density

(see Tables SB2–SB15) that cause some scatter in P for ρ ≈ ρliq. González et al.

[107] have also calculated the pressure of homogeneously stretched liquid water for the

TIP4P/2005 water model using NV T simulations (N = 500, T = 296.4 K) and reported

values of −187 and −207 MPa at 893 and 878 kg/m3, respectively. In comparison, our

values of −168 and −189 MPa for the TIP4P/2005-4 system at 900 and 885 kg/m3,

respectively, (N = 1925 and 1892, respectively) yield a slightly less negative pressure.

Furthermore, our TIP4P/2005-4 simulation at 875 kg/m3 spontaneously forms a bubbly

phase (resulting in an upward jump in pressure), and the larger TIP4P/2005-8 system

yields a bubbly phase already at 910 kg/m3. However, considering differences in the

simulation parameters (number of molecules, cut-off distance used for Lennard-Jones

interactions, Ewald sum control parameters, and method to constrain the geometry of

each molecule), these differences in pressure are not unexpected.

Among all combinations of water model and system size, the qualitative trends for

the relationship of system pressure and density are consistent. Comparing the two

simulation protocols (decreasing the density starting from a homogeneous phase versus

increasing the density starting from a bubbly phase), the overall shape of the pressure

versus density curve is very similar, but the path of decreasing density allows for a

deeper penetration into the homogeneously stretched region and more significant (in

magnitude) upward jump of the pressure as the SC point is passed than the downward

jump in pressure as the BC point is passed. For convenience, the discussion here and

also for the other thermophysical properties starts with the path of decreasing density

from ρsat to 800 kg/m3 (protocol 1), then turns to the path of increasing density from

800 kg/m3 to ρsat (protocol 2).

The data in Figure 3.6 show that, as the system density is decreased from the satu-
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Figure 3.6: System pressure versus density. Open and filled symbols represent bubbly
and homogeneously stretched water systems, respectively. The plusses, crosses, and
stars show data for metastable homogeneous systems. Uncertainties are all smaller than
the symbol size.

rated liquid density, the pressure initially decreases approximately linearly to very large

negative values. Comparing the behavior of the pressure for the mW and TIP4P/2005

systems at the same system size, it is apparent that the rate at which P decreases with

decreasing ρ in the homogeneously stretched region, the SC density, and the maximum

tension that the system can sustain before cavitation are all three smaller in magnitude

for the TIP4P/2005 model than for the mW model. After passing the SC point, P

jumps upward to a much less negative value, and then enters a region where it slowly

increases with decreasing density (increasing bubble volume), but always remains neg-

ative. The negative pressure signals that the system could lower its energy through a

decrease in the system volume (P = −(∂U/∂V )T ) that would lead to disappearance of

the bubble and less stretching for the homogeneous phase but, of course, the volume of

the simulation box is constrained in the canonical ensemble (as is also the cell volume

in most CFD simulations).

While the values of P in the homogeneously stretched state at a given ρ do not

depend significantly on system size, there is a clear system-size dependence for P in
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Figure 3.7: Negative system pressure (top) and bubble surface tension (bottom) versus
inverse bubble radius. Data points are collected from all bubbly water phases for all
combinations of water models and system sizes. Statistical uncertainties are smaller
than the symbol size.

the bubbly water region where larger systems yield less negative values of P at the

same ρ (see Figure 3.6). However, the density of the liquid region of the bubbly phase

itself depends on system size (see Figure 3.4). When P is plotted as function of ρliq,fit

for the bubbly systems instead of ρ, then the data for the homogeneously stretched

phases and the bubbly systems fall onto the same curve (see Figure SB8). Based on

the current molecular simulation data (see Figure 3.6), we surmise that use of two

separate equations of state covering homogeneously stretched and bubbly phases should

be explored for homogeneous mixture models.

It should be noted that, at the same ρ, a larger system contains a larger bubble

than a smaller system when both are in the bubbly region. To further investigate the

system size dependence, the simulation data were analyzed based on the Young–Laplace

equation, which describes the relationship between pressure inside the bubble (Pin) and
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pressure outside the bubble (Pout) for two-phase fluids based on mechanical equilibrium:

Pin − Pout =
2γ∗

R
(3.14)

where γ∗ and R are the surface tension and the bubble radius, respectively, that is

taken here as r∗. Since the saturated vapor pressure predicted by both water models is

a very small positive number at T = 298 K, we assume that Pin is negligible and that

Pout can be set equal to the system pressure (−P ≈ 2γ∗/r∗). For the bubbly region,

the negative of the system pressure P is plotted against the reciprocal of the bubble

radius r∗ in Figure 3.7. As an aside, we again note that the radius of the smallest

bubble oberved for the system density just below the BC point is found to increase with

increasing system size. Regardless of system size, the correlation between −P and 1/r∗

is close to linear for both water models with a correlation coefficient of R2 larger than

0.995. Therefore, we can conclude that even at the sub-10-nm scale, the Young–Laplace

equation is still applicable within some small tolerance, which is consistent with the

findings of some previous studies. [110, 111] However, when the surface tension value

γ∗ is estimated by applying the Young-Laplace equation to each individual data point,

then a trend emerges where γ∗ increases nearly linearly with decreasing inverse bubble

radius for both the mW and TIP4P/2005 models (see Figure 3.7). Thus, formation

of the convex liquid-vapor surface results in a smaller free energy penalty than for the

planar surface. The slope of γ∗ versus 1/r∗, a metric for the curvature effect, is more

negative for the TIP4P/2005 model than for the mW model. The smaller curvature

effect for the mW model may explain why this model can sustain a larger maximum

tension before cavitation becomes spontaneous.

Using an unweighted linear fit to estimate the value of γ∗ at zero curvature (1/r∗ = 0)

yields 65.3±0.2 and 66.9±0.2 mN/m for the TIP4P/2005 and mW models, respectively.

For the TIP4P/2005 model, this value agrees within uncertainties with the separate

calculation of γ for the planar interface (see Table 3.1), whereas the extrapolation for

the mW model yields a value that is about 2% larger than γ.
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and stars show data for metastable homogeneous systems. Uncertainties are all smaller
than the symbol size.

3.3.5 Potential energy

The system potential energy U is plotted as function of density in Figure 3.8 (numerical

data are provided in Tables SB2–SB15). The TIP4P/2005 model yields an overestima-

tion of ∆Hvap and, hence, U is shifted downward compared to the mW model. In the

homogeneously stretched region, the potential energy increases with decreasing density

(consistent with the negative pressure, see Figure 3.6) and the magnitude of the slope is

greater for the mW model (consistent with its more negative value of P compared to the

TIP4P/2005 model at the same ρ and system size). For both water models, U exhibits

a downward jump when cavitation occurs from the metastable phase because the favor-

able decrease of the potential energy of the less-stretched liquid region outweighs the

energetic cost of forming a highly curved interface. The slower increase in U as density

decreases results from a competition due to the favorable increase of the density of the

liquid region and the unfavorable increase in the fraction of interfacial molecules (see

Figure 3.4), and it is consistent with the smaller magnitude of the negative pressure.
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Figure 3.9: System residual isochoric heat capacity versus density. Open and filled
symbols represent bubbly and homogeneously stretched water systems, respectively.
The plusses, crosses, and stars show data for metastable homogeneous systems.

3.3.6 Residual isochoric heat capacity

The density dependence of the residual isochoric heat capacity CV ,res is shown in Figure

3.9 (numerical data are provided in Tables SB2–SB15). CV ,ideal for water at 300 K is

around 27.3 J/(K·mol) as estimated from the molecular partition function in previous

work [112]. The experimental CV for bulk liquid water at ambient conditions is 74.5

J/(mol·K) [113]. After incorporating the contribution from CV ,ideal, the TIP4P/2005

water model overestimates CV by around 20%, while the mW water model underesti-

mates CV by around 35%.

Among all combinations of model and system size, the qualitative changes in CV ,res

with ρ are consistent. CV ,res initially increases when approaching the SC point from

the saturated liquid phase. When cavitation occurs, CV ,res drops and then enters a flat

region where the change does not exceed the statistical uncertainties. However, in all

cases, CV ,res in the two-phase region remains larger than that of the saturated liquid

phase. The observation that CV ,res initially increases when approaching the transition

point is consistent with previous findings [114, 115], indicating growing energy fluctua-
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Figure 3.10: Shear viscosity versus density. Open and filled symbols represent bubbly
and homogeneously stretched water systems, respectively. The plusses, crosses, and
stars show data for metastable homogeneous systems.

tions as the system is being stretched. The decrease of CV ,res when cavitation occurs

indicates that the system undergoes a relaxation. The relatively larger value of CV ,res for

the bubbly region compared with the saturated liquid phase indicates that the presence

of an interface introduces additional energy fluctuations into the system. However, the

density of the liquid region ρliq,fit in the bubbly systems is smaller than ρliq at saturation

(i.e., the liquid region is stretched), and this certainly also contributes to the larger value

of CV ,res.

CV ,res values for the bubbly water systems exhibit a system size dependence as well.

Although going from mW-32 to mW-16 and TIP4P/2005-8 to TIP4P/2005-6 at a given

ρ, the CV ,res values overlap within uncertainties but, with one exception, the values for

the smaller system are always larger. A further decrease of box length yields a larger

increase in CV ,res. These findings indicate that fluctuations are more pronounced for

smaller system sizes (larger values of αint).
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3.3.7 Shear viscosity

The shear viscosity η as a function of system density is shown in Figure 3.10 (numerical

data are provided in Tables SB2–SB15). The shear viscosities predicted by the mW

and TIP4P/2005 water models for the saturated liquid phase agree well with previous

simulations [105,116], and the corresponding experimental value is 8.90×10−4 Pa·s. [113]

In terms of accuracy, the TIP4P/2005 model underestimates η by less than 10%, whereas

the mW model underestimates η by a factor of 2.9. This significant underestimation

can likely be attributed to a faster momentum transfer through long-range collisions

without the need to reorient dipole–dipole vectors and break hydrogen bonds for the

case of the mW model.

For the mW model, the shear viscosity is found to initially increase when approaching

the SC point. The value at the SC point is approximately 12% larger than that of the

saturated liquid phase for the mW-4 system. When cavitation occurs, η jumps down and

then enters a region where it decreases approximately linearly with decreasing system

density. Dhabal et al. [116] have previously studied liquid-state anomalies of water

using the mW model, and they also observed an increase of η when ρ decreases from

bulk liquid density to 960 kg/m3 at T = 300 K. Due to the larger relative uncertainites

for the TIP4P/2005 systems, the initial increase in η as the density decreases in the

homogeneously stretched region is less evident. For the TIP4P/2005-4 system, η at

ρ = 885 kg/m3 is about 20% larger than for the saturated liquid. De Hijes et al. [117]

have also calculated the shear viscosity of liquid water for the TIP4P/2005 model at

T = 300 K and N = 216, and they reported an initial increase and then decrease when

ρ decreases from bulk liquid density to 800 kg/m3, with a local maximum near 880

kg/m3. The initial increase is consistent with our data, but since our smallest system

size (N ≈ 2000) only allows for water to stay homogeneous with density values larger

than 875 kg/m3, the local maximum was not detected clearly in this work.

For the two-phase region, the slope in η versus ρ is larger for the TIP4P/2005

model than for the mW model, and there appears to be a system size dependence

for η as well. However, predicted values for the two largest systems for both water

models agree with each other within uncertainties. Since an analytic equation that

correlates η and ρ could potentially be useful for predicting multi-phase flow in CFD,

and the TIP4P/2005 model is much more accurate than the mW model for predicting
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Figure 3.11: Shear viscosity versus bubble volume fraction.

shear viscosity, the data for the TIP4P/2005-8 system were fitted to a linear equation:

η / (Pa · s) = (0.0163 × 10−4 m3/kg) ρ − 6.7732 × 10−4, with a correlation coefficient of

R2 = 0.93. Some of the analytic equations used in current multi-flow CFD simulations

[70] correlate the viscosity of the bubbly water phase as function of the bubble volume

fraction (which itself is a linear function of ρ, see Figure 3.3) and, hence, the shear

viscosity is plotted versus bubble volume fraction in Figure 3.11. In this case, all data

points fall onto a straight line [118] for a given water model. Thus, the dependence of η

on system size for a given ρ is caused by the dependence of the bubble volume fraction

on system size. Using the data from the TIP4P/2005 systems, the linear equation

η / (Pa · s) = −17.463 × 10−4 α + 8.8596 × 10−4 (with R2 = 0.93) is obtained, where

the intercept agrees well with the value of (8.82 ± 0.38) × 10−4 Pa·s found for the

TIP4P/2005-8 system at saturation.

Beyond the simple linear relation, a more complex relation between two-phase vis-

cosity and bubble volume fraction was proposed by Beattie and Whalley: [119] η =

αηvapor + (1 − α)(1 + 2.5α)ηliq, where the term (1 + 2.5α) follows theoretical argu-

ments. [120] The quadratic dependence yields an initial increase in η with increasing α

for small α values. The data for bubbly phases presented in Figure 3.11 do not show an
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Figure 3.12: Self-diffusion coefficient versus density. Open and filled symbols represent
bubbly and homogeneously stretched water systems, respectively. The plusses, crosses,
and stars show data for metastable homogeneous systems.

initial increase, but we also do not observe infinitely small bubbles due to the transition

to the homogenously stretched phase at the BC density. On the other hand, the data

including the homogeneously stretched phase show an initial increase with decreasing

density (see Figure 3.10). Indeed the size of the transient voids in the homogeneously

stretched regime is of molecular dimensions (< 0.1 nm3). Based on the current molecu-

lar simulation data (see Figure 3.10), we surmise that use of two separate linear regimes

covering homogeneously stretched and bubbly phases should be explored to describe the

dependence of the viscosity on density and direction of the density change.

3.3.8 Self-Diffusion

The self-diffusion coefficient Dself as a function of density is shown in Figure 3.12 (numer-

ical data are provided in Tables SB2–SB15). Previous studies have shown that diffusion

coefficients calculated from molecular dynamics simulations depend on system size, and

corrections have been proposed to estimate the thermodynamic limit of Dself . [121,122]

However, in practice, many studies prefer to use a sufficiently large system instead of a
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correction, and it has been shown to mitigate the system size effect of water at ambient

conditions. [123, 124] Since system size effects are of interest for the current paper, a

correction for the diffusion coefficient was not used here. The diffusion coefficient for

the saturated liquid phase obtained for the mW-16 system is (6.57±0.04)×10−5 cm2/s,

which is in excellent agreement with 6.5×10−5 cm2/s from a previous study. [81] The cal-

culated value for the saturated liquid phase of the TIP4P/2005-8 system (N = 17023) is

(2.26±0.04)×10−5 cm2/s, which is significantly larger than the value of 2.06×10−5 cm2/s

reported previously for N = 360. [105,125] The experimental diffusion coefficient for liq-

uid water at 298 K and saturation is 2.30×10−5 cm2/s [126]. Our calculated value from

TIP4P/2005-8 simulation underestimates the experimental value by less than 2% and

finite-size corrections or simulations for larger systems may further reduce this devia-

tion. In contrast, the mW-16 simulations yield Dself that is too large by a factor of 2.9,

which is consistent with the predicted shear viscosity of saturated liquid water assuming

the Stokes-Einstein relation.

Regardless of the system size and water model, the diffusion coefficient initially

decreases when approaching the spinodal point from the saturated liquid phase. The

reason for this anomalous behavior of water is that, as the density decreases, a larger

fraction of the water molecules populates low-density states that are dynamically less

mobile because a less-strained tetrahedral network leads to a higher activation barrier

for transport. [117] When cavitation occurs, Dself jumps to a larger value. A further

decrease in the density leads to a statistically significant decrease in Dself for the mW-

8 and mW-16 systems, but no significant change was observed for the mW-4 and all

TIP4P/2005 systems. Although the relative uncertainties are larger for the TIP4P/2005

systems (likely because of its slower, but more accurate diffusion), there is no indication

that the data supports a decrease in Dself with decreasing ρ in the bubbly region. As

indicated in Figure 3.12, Dself increases with system size irrespective of the system

being homogeneously stretched or in the two-phase region, but the relative increase

appears to be larger for the two-phase region. For the homogeneously stretched systems,

the diffusion coefficients seem to reach a satisfactory level of convergence in terms of

system size going from mW-8 to mW-16 and TIP4P/2005-6 and TIP4P/2005-8, while

convergence in terms of system size is not achieved for the two-phase systems.

For both water models, Dself for the bubbly region is smaller than for the saturated
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liquid phase. A likely explanation for this behavior is that the activation barrier for

evaporation is much larger than the activation barrier for diffusion and, hence, the

molecules in the liquid region must follow a more tortuous diffusion pathway around the

bubble. [127] Furthermore, the fact that η is also found to be smaller for the bubbly

region indicates that the Stokes-Einstein relation does not hold for the bubbly region.

Figure SB9 shows Dself as function of η−1; within statistical uncertainties, the behavior

of the homogeneously stretched systems (including the metastable states) follows the

Stokes-Einstein relation with Dself increasing linearly with increasing η−1. However,

the Stokes-Einstein relation breaks down for the bubbly region. For the mW model,

Dself is found to decrease with increasing η−1, and Dself appears to be independent of

η−1 for the TIP4P/2005 model. The deviations from the Stokes-Einstein relation in the

bubbly region are much more pronounced than the previously observed deviations for

the homogeneously stretched region. [117]

3.4 Conclusion

For all combinations of water models and system sizes studied in this work, the canonical

ensemble simulations at T = 298 K yield a homogeneously stretched phase for ρ ≥ 980

kg/m3 and a bubbly state (with a spherical vapor bubble surrounded by a liquid region)

for ρ ≤ 875 kg/m3. For the intermediate density region, the outcome of the simulations

depends on the simulation protocol and system size. For simulations started from a ho-

mogeneous configuration, the homogeneously stretched state persists to lower densities

until reaching a spinodal cavitation (SC) point where bubble formation is spontaneous

(or requires passing a readily surmounted free energy barrier). In contrast, for simula-

tions started from a state with a pre-formed spherical cavity, the bubbly state persists

to densities higher than the SC point until a bubble collapse (BC) point is reached when

the system spontaneously converts to a homogeneously stretched state. This behavior

is akin to the hysteresis loop well-known for adsorption-desorption isotherms in meso-

porous materials. As the system size is increased, both SC and BC points occur at

larger densities. Extrapolation versus inverse simulation box length yields infinite-size

estimates of 912± 14 and 961 ± 3 kg/m3 for the spinodal densities of the TIP4P/2005

and mW models, respectively.
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When the water system is still in the homogeneously stretched state (including the

metastable part of the hysteresis loop), then system size effects are not significant with

the exception of the diffusion coefficient. For the inhomogeneous bubbly water region,

system size effects (comparing properties for the same ρ and T , but different N and

V ) are observed for all properties. The main reason for these pronounced system size

effects is that, at the same ρ and T , a larger system contains a larger bubble than

the smaller system, and some properties (e.g., pressure, density of the liquid region,

and shape anisotropy of the bubble) are described better as function of bubble radius

instead of bubble volume fraction. On the other hand, the viscosity of the two-phase

system is well described as function of the bubble volume fraction, the isochoric heat

capacity for bubbly systems does not show a strong dependence on bubble radius nor

volume fraction.

Qualitatively similar trends are observed for the thermophysical properties obtained

for the TIP4P/2005 and mW water models with the exception of Dself in the bubbly

region. As the density is decreased from the saturated liquid density, the pressure de-

creases to a large negative value (P < −100 MPa near the SC point for both models),

the magnitude of the potential energy decreases by only about 1%, whereas the residual

isochoric heat capacity and viscosity increase by more than 10%, and the self-diffusion

coefficient decreases by more than 10%. Upon cavitation, the system undergoes a relax-

ation as signaled by steep and sudden changes in these properties. A further decrease in

the density (increase in bubble volume fraction and radius) leads to a relatively slower

increase in P and U , a decrease in η, and a decrease in Dself for the mW model, but

not the TIP4P/2005 model, whereas CV,res exhibit no significant changes. Upon bubble

collapse, the discontinuous changes in properties follow the reverse trend (i.e., opposite

sign) as those encountered at the SC point, but are much smaller in magnitude.

Given that the mW and TIP4P/2005 water models yield the same qualitative trends

for the various thermophysical properties (except for the diffusion coefficient in the

bubbly region) studied in this work, we surmise that the mW water model, albeit coarse-

grained and much less accurate than the TIP4P/2005 model, remains a good choice

for the qualitative study of bubbly water systems at ambient conditions and allows to

access much larger system sizes and longer time scales. However, when quantitative

predictions are of concern, then the TIP4P/2005 water model is much preferable but,

55



without polarization correction, there are significant deviations for the saturated vapor

pressure and heat of vaporization.

The pressure of bubbly water systems is well described by the Young–Laplace equa-

tion, but both water models exhibit a decrease in the effective surface tension with

increasing curvature. Interestingly, the simulations show that many properties in the

two-phase region cannot be obtained from an interpolation of the properties of the sat-

urated liquid and vapor phases. The value of the residual isochoric heat capacity, which

depends on fluctuations of the system potential energy, is larger for the bubbly water

phase than for the saturated liquid phase (and of course also the saturated vapor phase),

whereas the self-diffusion coefficient is smaller for the bubbly region than for the sat-

urated liquid phase (and of course also the saturated vapor phase) due to molecules

having to diffuse around the bubble. The viscosity is largest for the homogeneously

stretched phase near the SC point, and the Stokes-Einstein relation is not obeyed in the

bubbly region.

The results of this work can inform multi-phase flow CFD studies. Most importantly,

although a negative pressure is not considered possible in most present CFD simulations

because of the use of an EOS valid only in the thermodynamic limit, a negative pressure

is observed here for both homogeneously stretched liquid water and bubbly water. The

Young–Laplace equation can be utilized to estimate the negative pressure of bubbly

water systems from the bubble radius that, in turn, can be deduced from the CFD cell

density and length. Furthermore, some recent experimental studies have also investi-

gated the EOS for water under negative pressure [128,129]. Using extensive simulation

data for the TIP4P/2005 water model, Biddle et al. [130] have proposed an extension

of the two-structure EOS for water that covers a pressure range from large negative

to large positive values and incorporates the spinodal. In general, we have to keep in

mind that under a turbulent cavitating flow condition, both the pressure range and

temperature range might be large inside the flow domain. Thus, a proper choice of EOS

to describe liquid water is already posing challenge, not to mention the challenge of

describing the two-phase region. In the homogeneously stretched and bubbly regions, as

discussed above, values of some of the thermophysical properties fall outside the range

spanned by the corresponding values for the saturated vapor and liquid properties; an

observation that precludes estimating these properties based on interpolation between
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the thermodynamically stable phases. In addition, due to the pronounced hysteresis

loop, some properties are path dependent. Thus, changes in the analytic equations

underlying CFD simulations of multi-phase flow may need to be considered.
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Chapter 4

Large-scale molecular dynamics

simulations of bubble collapse in

watera

4.1 Introduction

The prediction of multi-phase, or cavitating flows is inherently complex due to the

large span in spatial and temporal scales of the distinct physical phenomena involved,

ranging from nucleation at molecular scale to sheet or cloud cavitation at macroscopic

scale [131, 132]. Among them the collapse of bubble(s) is of particular interest as it is

known to cause erosion in hydro turbines through high-pressure pulses, liquid jet, or

local high temperatures generated during collapse [133,134]. A lot of experiments have

been performed to explore bubble collapse. However, the time and spatial resolution

is restricted by the imaging instrument [135], and the measurements of local extreme

conditions (e.g. temperature) within bubble are often indirect [136]. In addition to

experiments, a lot of theoretical and computational studies have been done on bubble

collapse as well. The Rayleigh-Plesset (RP) equation [137,138] is an ordinary differential

aThis chapter is adapted from my publication in preparation: Chen, J. L.; Sun, Y.; Bhatt, M.;
Knight, C.; Mahesh, K.; Siepmann, J. I. Large-scale molecular dynamics simulations of bubble collapse
in water: effects of system size, water model, and nitrogen. My contribution includes running all the
simulations, analyzing all the data, and writing up the manuscript. Yangzesheng Sun was responsible
for compiling LAMMPS and submitting jobs at Argonne Leadership Computing Facility. Dr. Mrugank
Bhatt provided an initial version of the MATLAB code for solving the Rayleigh-Plesset equation. Dr.
Christopher Knight helped benchmark the performance of LAMMPS at Argonne Leadership Computing
Facility and suggested an efficient way to initialize the system.
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equation describing spherical cavity dynamics in an incompressible infinite medium. It

is a simple yet powerful tool for deriving many basic results regarding bubble dynamics

[139]. Meanwhile, computational fluid dynamics (CFD) simulations can provide more

details and are capable of probing more complex systems. However, various assumptions

are introduced to account for the multi-phase nature of the system, such as the source

term describing the vapor production rate in a local volume, leading to different number

and/or forms of the transport equations being solved [140–142].

Molecular dynamics (MD) simulations directly apply statistical mechanics or classi-

cal mechanics to generate trajectories of molecular (particle) systems where the particle

interactions are computed either from quantum mechanics or are represented through

force fields. The time and length scale approachable by MD simulations are typically

orders of magnitude smaller than continuum simulations, making it only suitable for

probing molecular-scale phenomena such as nucleation [143]. However, with increasing

computing power, recent MD simulations are capable of probing much larger system

sizes [144,145]. In this way system size effects can be carefully estimated and MD sim-

ulation results can potentially serve as a validation for the underlying physical models

utilized in continuum simulations. Previous MD simulations have looked into bubble col-

lapse in both Lennard-Jones (LJ) fluids and molecular fluids without or with a nearby

surface or external field [145, 145–150]. However, to our knowledge, no previous MD

simulations on bubble collapse have done a comprehensive study on system size effects,

or have discussed about the different collapse behavior predicted by coarse-grained and

atomistic water models.

In this work, we report MD simulation results for the collapse of a bubble in water

using both coarse-grained single-site mW [151] and the TIP4P/2005 water model [152].

System size effects were studied for both water models. Results obtained from MD

simulations were compared with numerical solutions from the RP equation, which further

explains the different collapse dynamics predicted by the two types of water models. To

study nitrogen effects on bubble collapse, a single-site nitrogen model was developed

and used together with the mW water model, while the TraPPE nitrogen model [153]

was used with the TIP4P/2005 water model. Local conditions such as density and

temperature were analyzed and visualized with heat maps.

59



4.2 Simulation methods

4.2.1 Force fields

The mW water model [151] includes both two-body and three-body interaction terms

U =
∑
i

∑
j>i

φ2(rij) +
∑
i

∑
j 6=i

∑
k>j

φ3(rij , rik, θijk) (4.1)

φ2(rij) = Aε

[
B

(
σ

rij

)m
−
(
σ

rij

)n]
exp

(
σ

rij − aσ

)
(4.2)

φ3(rij , rik, θ) = λε(cos θ − cos θ0)2 exp

(
γσ

rij − aσ

)
exp

(
γσ

rik − aσ

)
(4.3)

where A = 7.049556277, B = 0.6022245584, m = 4, n = 0, γ = 1.2, a = 1.8, θ0 =

109.47◦, λ = 23.15, ε/kB = 3114.5 K, and σ = 2.3925 Å. Both two-body and three-body

interactions are truncated at a distance Rc of aσ (4.3065 Å). The nitrogen model used

together with the mW water model is also a single-site coarse-grained model. N2–N2

and water–N2 interactions utilizes pair-wise shifted-force LJ 12-6 potential

Usf(rij) = U(rij)− U(Rc)− (rij −Rc)
dU(rij)

drij
|rij=Rc (4.4)

where

U(rij) = 4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(4.5)

εN2−N2 and σN2−N2 are fitted to the critical temperature and density of N2. εwater−N2

and σwater−N2 are fitted to the solubility of nitrogen in liquid water at two chosen

conditions with experimental data. The resulting parameters are εN2−N2/kB = 135 K,

σN2−N2 = 3.62 Å, εwater−N2/kB = 123 K, and σwater−N2 = 3.22 Å. For both N2–N2 and

water–N2 interactions, the truncation distance of potential Rc is 9 Å. Details regarding

the fitting of N2–N2 and water–N2 interaction parameters are provided in supporting

information (SI).

Both the TIP4P/2005 water [152] and TraPPE nitrogen model [153] are rigid, non-

polarizable, atomistic models. The pair-wise potential is described by a combination of

LJ and electrostatic interactions
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Electrostatic interaction is computed using the particle-particle particle-mesh Ewald

summation technique [154] with a relative force error of 10−5. Both LJ interaction and

the real-space contribution from the Ewald summation are truncated at a distance of

14 Å. To test the performance of the combination of TIP4P/2005 and TraPPE nitrogen

model, the solubility of N2 in water at several conditions is computed and the agreement

with experimental data is overall satisfactory (see Table SC1).

4.2.2 Molecular dynamics simulation details

MD simulations were performed using the LAMMPS software package [88]. All simula-

tions were carried out with periodic boundary condition. The procedure for simulating

bubble collapse can be divided into three steps. First, water is equilibrated in the NV T

ensemble at T = 298 K with a spherical LJ wall of radius Rw centered at the center of

a cubic simulation box. Due to the low vapor pressure and density predicted by both

water models at 298 K [155], the estimated number of vapor molecules within the largest

bubble is less than 5. Therefore all water molecules are placed outside the LJ wall and

the bubble is essentially a void. Next, the LJ wall is removed and system undergoes a

short relaxation for 0.1 ps. Finally, simulation is switched to the NV E ensemble and

the timer for bubble collapse starts. For simulations with coarse-grained models, the

time step size for equilibration and relaxation is 5 fs, and is reduced by half near the

collapse point due to presence of large atomic velocities. For simulations with atomistic

models, the time step size is 1 fs. Simulations for water/nitrogen system adopt a similar

three-step procedure, except that the initial configuration is obtained by combining pre-

viously equilibrated pure water system with N2 molecules placed randomly inside the

LJ wall.

For all systems studied in this work, the overall liquid water density was fixed at a

value close to the predicted saturated liquid density at T = 298 K (mW: 998 kg/m3;

TIP4P/2005: 995 kg/m3) [155]. For the mW water model, effect of outside liquid

pressure was explored by performing two series of simulations with Rw/L = 0.15 and

0.075, with initial bubble volume fractions around 0.014 and 0.0018, respectively. The
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corresponding initial liquid pressures are around 795 and 110 atm, respectively. For the

TIP4P/2005 water model, simulations were performed with Rw/L = 0.15, and the initial

liquid pressure is around 355 atm. For pure water systems, simulations were performed

under various L to study system size effects. For convenience, pure water systems in

this work are distinguished by a combination of water model, L in units of nm, and

Rw/L. Simulations for water/nitrogen system were performed for mW-128-0.15 and

TIP4P/2005-64-0.15 systems, and are denoted as mW-128-0.15-N2 and TIP4P/2005-

64- 0.15-N2, respectively. The nitrogen mole fraction χN2 is around 1.2× 10−5, and the

resulting initial nitrogen pressure inside bubble estimated using ideal gas equation of

state is approximately 1 atm. The details of all studied systems are provided in Table

SC2.

4.2.3 Data analysis

The calculation of bubble volume follows a similar protocol with our previous work

[155], where the bubble is defined as the largest vapor cluster of meshes of size 0.2 ×

0.2× 0.2 nm3. For water/nitrogen systems, only the water molecules are considered in

calculating bubble volume. To analyze bubble volume efficiently for systems with large

number of molecules, a paralleled neighbor search algorithm with domain decomposition

was applied [156]. For consistency, the bubble collapse point is defined as when the

bubble volume decays below a volume cut-off of 0.08 nm3 for the neat water systems,

and as the first volume minimum for the water/nitrogen mixture systems. Bubble radius

is calculated from bubble volume assuming a spherical shape, which holds reasonably

well even for voids with 1 nm radius [155]. Wall velocity dR
dt (t) is obtained numerically

from R(t), with a center difference scheme for middle points and one-sided difference

scheme for boundary points. The time resolutions near the collapse point for the mW

and TIP4P/2005 systems are 0.125 ps and 0.5 ps, respectively. The values of initial

bubble radius R0, initial wall velocity dR
dt 0

, bubble collapse time tc, and most negative

wall velocity captured preceding initial collapse point dR
dt m

for all simulated systems are

given in Table SC3. Note that there is a slight difference between Rw and R0 since only

Rw is the directly controllable parameter. The values of dR
dt 0

also deviate from 0, but

the deviation generally decreases as bubble size increases.
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4.2.4 The Rayleigh-Plesset equation

The RP equation takes the form

R
d2R

dt2
+

3

2

(
dR

dt

)2

+
4νL
R

dR

dt
+

2γ

ρLR
+

∆P (t)

ρL
= 0 (4.7)

where νL and ρL represent the kinematic viscosity and density of the surrounding liquid.

γ represents the surface tension of the bubble interface. ∆P (t) is defined as P∞ −

PB, which is the difference between external pressure infinitely far from bubble and

the pressure within bubble. Without the viscosity and surface tension term, the RP

equation is named the Rayleigh equation. To map MD simulation conditions into input

parameters for solving the RP equation, P∞ is taken as the outside liquid pressure,

which is approximately the system pressure Psys. PB is assumed to be 0. Both ρL and

Psys are time-dependent, where ρL is estimated assuming an infinitely sharp interface.

The trajectories of ρL and Psys are elongated by repeating the last data point when

solving the RP equation. Since the change in νL with respect to ρL at T = 298 K

is minimal within the density range of interest (see Figure SC4), it is assumed to be

constant and the values are chosen to be approximately the simulated bulk liquid values

at T = 298 K (νL, mW = 3 × 10−7 m2/s, νL, TIP4P/2005 = 8 × 10−7 m2/s) [155]. Based

on previous work [155], γ only changes by around 15% when the interface changes

from being flat to being roughly spherical with a radius of around 1 nm. Thus it

is also assumed to be constant and takes the value predicted for the flat interface at

T = 298 K (γmW and TIP4P/2005 = 0.065 N/m) [155]. To test the sensitivity of the

solutions to the viscosity term, the value of νL is varied. Initial conditions (R0 and dR
dt 0

)

are taken from Table SC2. The numerical solutions are obtained using the MATLAB

ode45 package [157,158].

4.3 Results and discussion

4.3.1 Bubble dynamics predicted by the mW water model

Time evolution of bubble volume V , bubble radius R, and wall velocity dR
dt for pure

water systems predicted by the mW water model are presented in Figure 4.1. With

the increase of system size and initial outside liquid pressure, the most negative wall
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Figure 4.1: Time evolution of bubble volume (top), bubble radius (middle), and wall
velocity (bottom) for all mW water systems. Different colors represent systems with
different initial bubble radius. Solid lines represent data for mW-0.15 systems, and
dashed lines represent data for mW-0.075 systems. For better visualization purpose,
data for wall velocity is only shown up to the most negative value preceding the initial
collapse point.

velocity captured preceding the collapse point dR
dt m

becomes more negative (see Table

SC2), indicating more violent collapse. The most violent collapse is observed for mW-

256-0.15 system, and the corresponding dR
dt m

is near −8 km/s, or Mach 3.5 ( the speed

of sound predicted by the mW water model for bulk liquid water at T = 298 K is around

2.3 km/s using the calculation method described in reference [159]). Concomitantly, a

clear rebound after the initial collapse point is also observed.

To explore system size effects, time evolution of bubble volume and radius are plotted

in reduced unit in Figure 4.2, where bubble volume and radius are normalized by their

initial values and time is normalized by the corresponding bubble collapse time tc. Note

that this type of nondimensionalization process is a common practice in fluid mechanics
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Figure 4.2: Reduced bubble volume (top) and bubble radius (bottom) as a function of
reduced time for all mW water systems. Left column presents data for mW-0.15 systems,
and right column presents data for mW-0.075 systems. Different colors represent systems
with different initial bubble radius. Cyan curve was obtained by extrapolation.

[160], and bubble collapse results solved in larger scales are often presented in this way

as well [161, 162]. For both mW-0.15 and mW-0.075 systems, a converging behavior

is observed as system size increases for the initial collapse process. Note that in this

case the RP equation is not capable of predicting a rebound after the initial collapse

point. To estimate the limiting behavior (L = ∞), extrapolation based on system size

was performed. First, reduced time range (0, 1) was divided into intervals of length

0.01. For each time point, a linear fit was performed between the corresponding V/V0

and 1/L, and the curve under L =∞ is composed of all the y-intercepts of the linearly

fitted lines, part of which are shown in Figure 4.3. The correlation coefficient squared

R2 for all the linearly fitted lines are also given in Figure 4.3. Overall, the fittings are

satisfactory with more than 90% of them having a R2 close to 1. A relatively larger

deviation from linearity was observed at the beginning and near the end of collapse,
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(top right) systems at t/tc = 0.1 (black), 0.2, 0.3...0.9 (cyan). Circular dots represent
simulation data and dashed lines represent linearly fitted lines. Bottom graph shows R2

as a function of t/tc for mW-0.15 and mW-0.075 systems.

which could be explained by their slightly different initial conditions (see Table SC2)

and less accurate determination of bubble size when its small near the collapse point.

For both mW-0.15 and mW-0.075 systems, the behavior of the largest bubble is very

close to the limiting behavior, indicating that the collapse behavior of a bubble of initial

radius around 40 nm is already a good estimation for the collapse of macroscopic bubbles

with radius at least on the order of microns.

4.3.2 Water model difference explained with the Rayleigh-Plesset equa-

tion

Time evolution of bubble volume V , bubble radius R, and wall velocity dR
dt for pure water

systems predicted by the TIP4P/2005 water model are presented in Figure 4.4. With

an initial liquid pressure value in between those for mW-0.15 and mW-0.075 systems

and a similar simulation set-up, one would expect a similar collapse behavior. However,
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Figure 4.4: Time evolution of bubble volume (top), bubble radius (middle), and wall
velocity (bottom) for all TIP4P/2005 water systems. Different colors represent systems
with different initial bubble radius. For better visualization, data for wall velocity is
only shown up to the most negative value preceding the collapse point.

comparison between Figure 4.4 and Figure 4.1 indicates a qualitatively different behavior

in R(t) curve. The TIP4P/2005 water model predicts a local minimum in dR
dt (t) at the

early stage of collapse. Near the end of collapse, a local maximum, though less obvious,

is also observed in dR
dt (t). These two local extrema corresponds to two inflection points

in R(t) where the sign of curvature changes, whereas the mW water model predicts a

continuously decreasing dR
dt before the initial collapse point. Because of this, bubble

collapse predicted by the TIP4P/2005 water model is overall less violent.

To understand the water model difference, we turn to the RP equation. Simply by

observing the signs of different terms on the left-hand side of the RP equation, it is

possible to reach an inflection point in R(t) where d2R
dt2

is 0, as long as the negative

viscosity term balances out the other positive terms. Figure 4.5 presents MD simula-

tion results and numerical solutions of the RP equation corresponding to mW-256-0.15,
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Figure 4.5: MD simulation results and numerical solutions of the RP equation for mW-
256-0.15 (top), mW-512-0.075 (middle), and TIP4P/2005-64-0.15 (bottom) systems.
Left column presents data for R(t) and right column presents data for dR

dt . RE represents
numerical solutions of the Rayleigh equation. RE+S represents numerical solutions of
the Rayleigh equation plus the surface tension term. RE+S+V represents numerical
solutions of the RP equation. The value in parenthesis denotes the value of νL in units
of 10−7 m2/s.

mW-512-0.075, and TIP4P/2005-64-0.15 systems. Overall, the agreement between MD

simulation results (black) and the RP equation solutions (green) is satisfactory, which

is also consistent with some previous studies [147,150,163]. The inclusion of the surface

tension term leads to a faster collapse, whereas an opposite effect is observed for the

viscosity term. This physically makes sense as the existence of surface increases system

free energy and viscosity resists flow. For the mW-256-0.15 system where most violent

collapse is observed, the solution is only slightly affected by the addition of surface ten-

sion and viscosity term due to a large contribution from the pressure term. However,
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for the other two systems, the agreement is significantly better when all terms are taken

into account, especially for the TIP4P/2005 system since the initial inflection point is

only observed when the viscosity term is included. However, RP equation wasn’t capa-

ble of predicting a clear second inflection point near the end of collapse, which could

be due to a less accurate estimation of the surface tension, or the equation simply fails

when bubble radius is below 1 nm. The sensitivity test shows that the solutions are

indeed sensitive to the value of νL. Increasing νL not only leads to a longer collapse

but also can change the shape of R(t), as for the mW systems where an inflection point

occurs near end of collapse when νL is artificially increased. This type of change is also

observed in previous study [147]. Similarly, a decrease in νL leads to faster collapse

and the inflection point in R(t) can correspondingly disappear as well. To summarize

for the water model difference, the fact that TIP4P/2005 water model predicts a larger

viscosity value for water allows the viscosity to dominate over other contributions at

the early stage of collapse, leading to the first inflection point in R(t). Near the end of

the collapse, the viscosity term loses its dominance and a second inflection point occurs.

Since viscosity dominates a significant fraction of the collapse process, a less violent

collapse is observed.

Bubble dynamics predicted by the TIP4P/2005 water model were also examined in

reduced unit (see Figure SC5) and the same system size extrapolation was performed

(see Figure SC6). Unlike the mW systems where an overall nice linear correlation

was observed, the correlation coefficient squared R2 is well below 1 when t/tc < 0.3

and t/tc > 0.9. One possible explanation is that the slight difference in dR
dt 0

among

the TIP4P/2005-0.15 systems (see Table SC2) plays a more significant role compared

with the mW-0.15 and mW-0.075 systems due to much less violent collapse. To test

if the difference is due to randomness, another independent run was performed for the

TIP4P/2005-48-0.15 system. However, the result is still similar (see Figure SC5). Other

possible explanations are that the size threshold for observing a converging behavior is

much larger for TIP4P/2005 systems, or inherently whenR(t) exhibits this type of shape,

the linear correlation breaks down. However, to test this hypothesis, simulations needs

to be performed with larger system sizes possibly up to L = 128 nm with simulation

length up to 250 ps, which is not feasible with current available computing resources.
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Figure 4.6: Time evolution of bubble radius (top) and wall velocity (bottom) for mW-
128-0.15-N2 and TIP4P/2005-64-0.15-N2 systems and the corresponding pure water sys-
tems.

4.3.3 Bubble dynamics in water/N2 systems

Figure 4.6 presents bubble dynamics results for the water/nitrogen mixture systems

studied in this work. For comparison, results for the corresponding pure water systems

are also presented. With the presence of nitrogen within bubble, bubble collapse is not

complete for both mW/N2 and TIP4P/2005/N2 systems, with a minimum bubble radius

around 1.5 nm and 1.2 nm, respectively. A strong oscillation in bubble size is observed

after the initial collapse point for the mW/N2 system, while for the TIP4P/2005/N2

system the oscillation is much weaker and barely observable. Comparison with the pure

water system shows that N2 only starts to affect bubbly dynamics near the end of the

initial collapse point, leading to a less violent collapse indicated by a less negative value

for dR
dt m

. The partial collapse of a gas bubble and a mitigating effect of gas content

within bubble was also found in previous MD simulations for bubble collapse [145].
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4.3.4 Local extreme conditions

To quantify the temperature evolution, the system is divided into spherical shells of

approximately 1000 molecules. The highest temperature is almost always found for the

innermost shell (see Figure SC7). Thus time evolution of the average temperature of the

innermost shell (T1000) for all pure water systems are presented in Figure 4.7. In addition

to the averaged temperature, the top 1% molecular temperature in this shell (T10) was

also analyzed because these molecules are most likely to cause materials damage and

cavitation erosion. In general, time evolution of T1000 and T10 are qualitatively similar

for the same system. For the mW water systems, a sharp peak is observed in both T1000

71



and T10 near the collapse point. With the increase of system size and initial outside liquid

pressure, a higher peak temperature in T1000 and T10 was observed. Comparison between

Figure 4.1 and 4.7 leads to the conclusion that a more violent collapse corresponds to a

stronger heating effect for the pure water systems. For the largest bubble size studied

in this work, T1000 peaks at a value exceeding 20000 K and 6000 K for mW-0.15 and

mW-0.075 systems, respectively, which is approximately 67 and 20 times higher than the

initial value (around 300 K). The corresponding values for T10 are much higher and reach

approximately 120000 k and 40000 K, respectively. Compared with the mW systems,

a qualitatively different heating behavior was observed for the TIP4P/2005 systems.

First, system size does not seem to have an effect on the time evolution of both T1000

and T10. Second, both T1000 and T10 increases slightly at the beginning of collapse, and

then flattens out. At the transition point where t/tc is roughly 0.2, the corresponding

absolute time is around 15, 20, and 25 ps for R0 of 4.8, 7.2, and 9.6 nm, respectively.

On Figure 4.4, they approximately correspond to the initial inflection points in R(t).

In other words, after passing the first inflection point when viscosity effect begins to

dominate, heating is no longer observed.

For water/N2 systems, various properties of N2 within bubble were calculated and

presented in Figure 4.8. For the mW/N2 mixture system, αN2 (fraction of nitrogen

within bubble) decreases from 1 to below 0.5 as the initial collapse point is approached,

indicating movement of N2 to the surrounding liquid. Meanwhile, ρN2 , TN2 , and pN2

increases by a large extent, with maximum density around 1000 kg/m3, temperature

exceeding 5000 K, and pressure more than 10000 bar. Previous hybrid RP-MD studies

also found extreme heating exceeding 10000 K near the collapse point for violent bubble

collapse with inert gas content [164,165]. After the initial collapse point, αN2 jumps back

to above 0.8 during the first expansion, indicating that most N2 molecules previously

moved to the liquid region were only trapped near the bubble interface. Along with the

expansion, TN2 decreases to around room temperature. For TIP4P/2005/N2 system,

during the initial collapse process, the decrease of αN2 and increase of ρN2 and pN2

are similar with what was observed for the mW/N2 system, but with a less extent.

However, TN2 did not increase monotonically during the initial collapse process, instead

it increases during the initial 25 ps and then flattens out, consistent with what was

observed in T1000(t) and T10(t) for the pure TIP4P/2005 water system.
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Figure 4.9 presents space-time evolution of density and temperature in the vicinity

of the initial collapse point for mW-128-0.15 and TIP4P/2005-64-0.15 water systems.

Within the 2 ps preceding the collapse point, bubble radius decreases by around 4 nm

for the mW system, while a decrease of around 0.8 nm is observed for the TIP4P/2005

system, indicating a much faster collapse predicted by the mW water model. Along

with the fast collapse, local high temperature is observed near the interface. For both

water models, the moving interfacial region has an intermediate density and a width of

around 0.5 nm. As the collapse point is approached, a slight decrease in the width is

observed. At the collapse point, extreme high local density exceeding 1.6 g/cm3 and
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Figure 4.9: Space-time evolution of specific density in units of g/cm3 (top) and kinetic
temperature in units of Kelvin (bottom). Properties are computed on shells of width
0.2 nm in the radial dimension. Left column represents data for mW-128-0.15 system
and right column represents data for TIP4P/2005-64-0.15 system.

temperature as high as 9000 K are observed at bubble center for the mW system, while

no extreme compression or heating is observed for the TIP4P/2005 system. For the mW

system, after the collapse point, high density shells moving away from bubble center are

observed within the first 0.5 ps, and the growing inner region with depleted density is

also consistent with the rebound observed in Figure 4.1 .

Similarly, Figure 4.10 presents space-time evolution of water density, nitrogen den-

sity, and temperature near the initial collapse point for the mixture systems. The

V-shaped interface observed in the water density heat map for the mW/N2 system in-

dicates a clear rebound, consistent with the bubble dynamic result presented in Figure

4.6. Preceding the collapse, the interfacial width remains at around 0.5 nm, while it

grows during the rebound. In contrast, the radius of the bubble barely changes within

the ±2 ps near the collapse point for the TIP4P/2005/N2 system, consistent with a rel-

atively flat R(t) and hardly observable rebound shown in Figure 4.6. For both mW/N2

and TIP4P/2005/N2 systems, an incomplete mixing is observed near the collapse point,

where water molecules stay outside of the bubble and nitrogen molecules are highly-

compressed within bubble. This results from the difference in the time scales between

the slow dissolution of nitrogen into the surrounding liquid water and the fast collapsing

water front. With respect to heating, the presence of nitrogen leads to a more signifi-
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Figure 4.10: Space-time evolution of specific density in units of g/cm3 for water (top)
and nitrogen (middle) and kinetic temperature in units of Kelvin (bottom). Properties
are computed on shells of width 0.2 nm in the radial dimension. Left column represents
data for mW-128-0.15-N2 system and right column represents data for TIP4P/2005-64-
0.15-N2 system.

cant heating for the mW/N2 system, while no significant difference is observed for the

TIP4P/2005/N2 system.

For visualization purpose, Figure SC8 and SC9 presents cross-sectional heat maps

of density, temperature, and voxel velocity analyzed on 3D meshes in the vicinity of

the collapse point for mW-128-0.15 and the corresponding mixture system. Overall, the

conclusion is consistent with what is observed in Figure 4.9 and 4.10.

4.4 Conclusions

Bubble dynamics results obtained from MD simulations for the mW pure water systems

indicate a strong system size effect, where violent collapse with supersonic speed and

subsequent rebound are only observed for large bubble collapse. For bubbles with same

size, a higher initial liquid pressure leads to more violent collapse. A converging behavior
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is observed when bubble dynamics results are plotted in reduced unit, and the limiting

behavior is obtained by extrapolating the curves linearly to L = ∞. The resulting

limiting behavior is very close to the collapse behavior of the largest bubble predicted

by the MD simulations.

R(t) curves predicted by the TIP4P/2005 water model are qualitatively different

with those predicted by the mW water model, where inflection points corresponding

to local extrema in dR
dt (t) are observed. To understand the difference, MD simulation

results are compared with the numerical solutions of the RP equation, and the overall

agreement is satisfactory as long as all terms in the RP equations are accounted for

properly. It is found that the inclusion of viscosity term in the RP equation is necessary

for observing the initial inflection point in R(t), at which the viscosity effect starts to

dominate. The fact that TIP4P/2005 water model predicts a higher viscosity for liquid

water explains why there is an initial inflect point in R(t) predicted by the TIP4P/2005

water model, but not the mW water model. Sensitivity test with respect to the value of

kinematic viscosity νL shows that an improper value of νL can not only affect collapse

time, but also lead to a qualitatively different R(t) curve.

Temperature analysis is performed using approximately 1000 molecules in the inner

most shell for pure water systems. Both the average temperature T1000 and the top

1% molecular temperature T10 are analyzed along the trajectory. For the mW water

systems, with the increase of system size and initial liquid pressure, a higher peak is

observed in both T1000 and T10 near the collapse point, indicating an enhanced heating

effect. Extreme heating is observed for large bubble collapse, with maximum peak

value of T1000 exceeding 20000 K and 5000 K for the mW-0.15 and mW-0.075 systems,

respectively. Consistent with the fact that TIP4P/2005 water model predicts a different

collapse behavior, the heating behavior is also different between mW and TIP4P/2005

water systems. Instead of peaking near the collapse point, both T1000 and T10 slightly

increases at the beginning of collapse, and then flattens out. The transition point

coincides with the initial inflection point in R(t), indicating that when viscosity effect

starts to dominate, heating is no longer observed.

For both mW/N2 and TIP4P/2005/N2 systems, bubble collapse is incomplete and

less violent compared with the corresponding pure water systems. Near the collapse

point, an incomplete mixing is observed between water and nitrogen molecules where
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nitrogen within bubble is compressed to liquid-like density. This can be explained by a

much slower dissolution of N2 molecules into surrounding liquid water compared with

the motion of the collapsing water front. The presence of nitrogen in the mW system

leads to a more significant heating effect, while no significant difference is observed for

the TIP4P/2005 system.
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Chapter 5

Simulating Vapor–liquid

equilibria of PH3, AsH3, and

SbH3 from first principlesa

5.1 Introduction

Phosphine (PH3), arsine (AsH3), and Stibine (SbH3) are group V hydrides that are

widely used as dopants in the semiconductor industry and precursors in the chemical

vapor deposition processes [166, 167]. PH3 is also used as fumigant [168]. However, all

of them are colorless, highly flammable, and highly toxic [169–172]. In addition, SbH3

also decomposes slowly at room temperature to give metallic antimony and hydrogen

[173, 174]. Owing to these hazards, experimental data on their vapor–liquid equilibria

(VLE) properties, which is essential for thermodynamic modelling, are relatively sparse,

and are available mostly at relatively low temperatures [175–179].

With the increase of computing power and development of efficient simulation algo-

rithms, it is now feasible to predict VLE properties of molecular systems from first prin-

ciples using Kohn-Sham density functional theory (KS-DFT) [180]. McGrath et al. com-

puted the vapor–liquid coexistence curves (VLCCs) of water [181,182], methanol [183],

aThis chapter is adapted from my publication accepted by J. Phys. Chem. C 2021: Chen, J. L.;
Siepmann, J. I. Simulating Vapor–liquid equilibria of PH3, AsH3, and SbH3 from first principles. The
work described in this chapter is a side project that I have completed during my PhD studies. Unlike
previous work, the system of interest here is not an aqueous interfacial system, and the energies of
the system are not described by molecular-mechanical force fields, but Kohn-Sham density functional
theory.
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and methane using KS-DFT. More recently, Schienbein and Marx also investigated the

VLE of water [184], and Goel et al. explored VLE for hydrofluoromethanes [185], car-

bon tetrafluoride [186], 1,1,1,2-tetrafluoroethane [186], carbon dioxide [187], sulphur

dioxde [187], and argon [188]. Most recently, first principles simulations have also been

used to investigate the adsorption of nitrogen, carbon dioxide, water, and their mixtures

in the Mg-MOF-74 metal–organic framework [189], and the absorption of carbon dioxide

in an ionic liquid [190]. Many of these studies investigated the sensitivity of the first-

principles predictions with respect to various parameters, such as exchange-correlation

functional, system size, basis set, and plane wave cut-off, and found that phase equilibria

are quite sensitive to the first-principles description and parameters used for the system,

but there is consensus that dispersion corrections are needed for generalized gradient

approximation functionals.

In this work, we report first-princiles Monte Carlo simulations for the VLCCs of PH3,

AsH3, and SbH3. Since these are rather expensive simulations, system size and exchange-

correlation functional dependence are only investigated for PH3. The third-generation

(D3) dispersion correction of Grimme et al. [191] is used because dispersion interactions

are likely to play a major role for the cohesive energy of these group V hydrides, whereas

hydrogen bonding is expected to be weak. Radial distribution functions (RDFs) is used

to probe whether directional interactions play a major role.

5.2 Simulation details

Isochoric–isothermal (NVT) Gibbs ensemble Monte Carlo (GEMC) [192] simulations

were performed at different temperatures for PH3, AsH3, and SbH3 using the CP2K

simulation package [193,194]. The Quickstep module provides fast and accurate density

functional calculations using a mixed Gaussian and plane waves approach [195]. Sim-

ulations for all three hydrides were performed using a system size of 48 molecules, the

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [196], and D3 correc-

tion [191] with a cut-off distance at 32 Å. Additional simulations were performed using

96 molecules for PH3 to investigate system size effects. The functional dependence was

also investigated for PH3 using the Becke-Lee-Yang-Parr (BLYP) exchange-correlation

functional [197, 198]. The plane wave cut-off was set at 800 Ry. The Goedecker-Teter-

79



Hutter (GTH) pseudopotentials [199,200] were utilized to account for the core electrons.

The molecularly optimized double-ζ valance polarization basis sets were utilized for P

and H atoms (DZVP-MOLOPT-GTH) [201], and the shorter-ranged version were uti-

lized for As and Sb atoms (DZVP-MOLOPT-SR-GTH) to reduce computational cost.

For convenience, systems in this work are distinguished by a combination of the

chemical’s name, exchange-correlation functional, and system size: PH3-PBE-48, PH3-

PBE-96, PH3-BLYP-48, AsH3-PBE-48, and SbH3-PBE-48. For each of the five systems,

GEMC simulations were carried out for five to seven temperatures with the total volume

adjusted to yield two simulation boxes of approximately equal size representing the

vapor and liquid phases (see Table SD1). It should be noted that for the small system

sizes amenable to first principles simulations, temperatures above 0.9 Tc (whereTc is the

critical temperature) are difficult to access due to the large density fluctuations in the

near-critical region. Simulation trajectories in terms of specific densities for the two

simulation boxes for all five systems at the lowest and highest temperature are shown

in Figure SD1 and SD2. Each simulation trajectory is divided into equilibration and

production period. The equilibration period generally consists of 200 Monte Carlo cycles

(MCCs; one MCC consists of N randomly selected moves, where N is the number of

molecules in the system). The classical-mechanical configuration space was sampled

via molecular and atomic translations, molecular rotations, and molecule transfers and

volume exchanges between the two simulation boxes. To improve sampling efficiency, the

maximum displacements for translational, rotational, and volume moves were adjusted

during equilibration, and presampling sequences using a simple molecular-mechanical

force field were employed [181, 202]. The presampling sequences consisted of 640 trial

configurations for swap moves and 8 Monte Carlo moves for translations, rotations, and

volume exchanges. Details of the molecular mechanics force fields are provided in the

Supporting Information.

For most systems and temperatures, the production period was taken as the subse-

quent part of the simulation trajectory, ranging from 800 to 1200 MCCs (see Figure SD1

and SD2). To estimate statistical uncertainties, the production period was divided into

four blocks, and the standard error of the mean at 95% confidence interval obtained

from the block averages was calculated. For the PH3-PBE-48 system at T = 290 K

(second highest temperature), large density fluctuations were encountered. Thus a sec-
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ond independent simulation was also carried out, and both simulation trajectories were

extended to approximately 3000 MCCs. Parts of these trajectories that showed at least

one of the phases with large deviations from the mean values for the orthobaric den-

sities were subsequently excluded from the analysis (see Figure SD3). The remaining

parts from the two trajectories were combined to constitute a total production period

of approximately 4000 MCCs and, again, divided into four blocks for the uncertainty

estimation.

Critical points for all systems were estimated using the law of rectilinear diameters

and the scaling law for the density [203–205] with a critical exponent of β = 0.326 and

including all temperatures in the analysis. The saturated vapor pressures are not directly

available from the first principles Monte Carlo simulations, thus a non-molecule-specific

correlation for the compressibility factor as function of reduced temperature was used

to convert vapor-phase number densities into pressures [206,207]. Although use of such

a correlation is not completely satisfactory, and we have not been able to confirm this

correlation for group V hydrides with experimental saturated vapor pressure and density

data, we would like to note that relative deviations of experimental data for water and

methane from this correlation are less than 10% (i.e. much smaller than the statistical

error in the vapor density for current first-principles simulations).

5.3 Results and discussion

5.3.1 Vapor–liquid equilibria

Experimental [173, 174, 208–211] and simulation data for the VLCCs of PH3, AsH3,

and SbH3 are shown in Figure 5.1. Predicted critical points are summarized in Table

5.1. Numerical data for the simulations are provided in Tables SD1. The simulated

orthobaric densities and the estimated critical points are consistent within statistical

uncertainties between PH3-PBE-48 and PH3-PBE-96 systems; that is, a system size of

48 molecules is a reasonable choice for first principles simulations of these compounds.

The critical temperature for PH3 predicted by the PBE functional is 342 ± 9 K, an

overestimation of 6% compared to the experimental value (324.5 K [208]). In contrast,

the BLYP functional yields Tc = 289 ± 12 K, an underestimation of 11%. To our

knowledge, experimental data are not available for the critical density of PH3. The
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Figure 5.1: Vapor–liquid coexistence curves for PH3 (top) and AsH3 and SbH3 (bottom).
Dashed lines and filled symbols represent fits to the scaling law and the calculated critical
points. Experimental liquid densities are taken from Ref. [173,174,208–211]

critical densities predicted by the PBE and BLYP functionals are 273 ± 13 kg/m3

(averaged over the two system sizes) and 306 ± 26 kg/m3, respectively. Both the

PBE and BLYP functionals appear to underestimate liquid densities [208, 209] with

deviations of about 11% and 7%, respectively, at T ≈ 210 K. The BLYP functional also

yields better agreement for the slope of the liquid density with increasing temperature.

An under prediction of the liquid density for the generalized gradient approximation

functionals was previously observed for water [181,182] whereas the opposite was found

for methane and methanol [183] Accounting for the deviations in the liquid densities and

critical temperature, we cautiously suggest 290 ± 10 kg/m3 as a reasonable estimate for

the critical density of PH3.

Figures 5.2 and 5.3 show a comparison of the experimental [175–179, 208, 210, 212]
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Table 5.1: Critical parameters obtained from first principles simulations

Molecule Functional N Tc / (K) ρc / (kg/m3)

PH3 PBE 48 342±7 268±9
PH3 PBE 96 342±9 277±13
PH3 BLYP 48 289±12 306±26
AsH3 PBE 48 450±22 577±60
SbH3 PBE 48 450±26 752±71
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Figure 5.2: Clausius-Clapeyron plot for all systems. Experimental vapor pressures for
PH3, AsH3 , and SbH3 are taken from Refs [175–179, 208, 210]. Solid and dashed lines
represent Antoine fits below and extrapolations above, respectively, the normal boiling
point.

and calculated vapor pressures and heats of vaporization. For PH3, the simulations

with the PBE functional slightly under predict pvap at low reduced temperatures com-

pared to the experimental data [175, 176] but yield excellent agreement at the higher

temperatures. Similarly, extrapolation of Hvap obtained with the PBE functional yields

again excellent agreement with the experimental data [212]. In contrast, the BLYP

functional significantly over predicts pvap and under predicts Hvap. Overall, the PBE

exchange-correlation functional together with the Grimme D3 correction and the DZVP-

MOLOPT-GTH basis set allows for a fairly accurate prediction of the VLCC for PH3.

Although the experimental data [179, 213] for stibine are very limited because it
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Figure 5.3: Heat of vaporization as a function of temperature for all systems. Experi-
mental data are taken from Refs [177,212].

already slowly decomposes at room temperature, a comparison between the predictions

obtained with the PBE exchange-correlation functional and experiment yields trends

similar to those observed for PH3. The liquid density of SbH3 is underpredicted by 14%

at 270 K, and the slope of ρliq versus T is also slightly underestimated (see Figure 5.1).

On the other hand, the predicted pvap data agree very well with an extrapolation of the

experimental data46 (see Figure 5.2). Thus, there is some confidence in the predicted

critical temperature of 450 ± 27 K for molecular SbH3. Here it should be noted that it

is the critical point of molecular SbH3 that is needed as input for an equation of state,

i.e., chemical decomposition should not be included in such predictions [214].

In contrast to the fairly accurate predictions found here for PH3 and SbH3, the pre-

dictions obtained with the PBE exchange-correlation functional for arsine do not follow

the same trends. The simulations predict a critical temperature of 450 ± 22 K for AsH3

that essentially matches the value for SbH3. For non-hydrogen-bonding compounds,

such as the group V hydrides investigated here (see structural analysis), the expectation

is that the critical temperature should increase as one progresses downward in the pe-

riodic table. Beyond not reproducing the expected trend in the PH3, AsH3, and SbH3,
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Figure 5.4: Radial distribution functions for X-X (top), X-H (middle), and H-H (bottom)
pairs in liquid phase for all systems at T/Tc ≈ 0.73. A bin width is 0.1 Å was used for
this analysis.

the predicted critical temperature for AsH3 is also ≈ 20% higher than the experimental

value of 373.1 K [210]. At 330 K, the predicted liquid density at 330 K is about 7% too

high and the vapor pressure is underestimated by a factor of about two [210,211]. The

heat of vaporization also appears to be significantly overestimated because the predicted

Hvap at 330 K is similar to the experimental value at 210 K (see Figure 5.3). Overall,

it is clear that the PBE functional with the Grimme D3 correction does not yield an

accurate description of the interactions for AsH3.

5.3.2 Structural properties

Temperature-dependent data for the intramolecular structure (bond length and bend-

ing angle) of PH3, AsH3, and SbH3 obtained for the liquid phase are illustrated in

Figure SD4. In general, neither of these properties shows a significant change with

increasing temperature. Notably, the H-X-H bend angles for these higher group V

hydrides are closer to 90◦ than to the tetrahedral angle found for ammonia and also

water [215]. For PH3, the PBE and BLYP functionals yield P-H bond lengths of 1.432
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and 1.428 Å, respectively, that are slightly longer than the experimental gas-phase value

of 1.419 Å [215], whereas the H-P-H angles of 92.5 and 93.1◦ for the PBE and BLYP

functionals, respectively, are slightly smaller than the experimental gas-phase value of

93.7◦ [215]. Similar trends are also observed for AsH3, but the deviation in the As-H

bond length of 1.550 Åpredicted by the PBE functional is somewhat larger compared

to the experimental gas-phase value of 1.523 Å [215], whereas the differences in the

H-As-H bending angle are similar (AsH3: 90.2◦ versus 91.34◦ [215];SbH3: 90.7◦ versus

91.42◦ [216] ).

The X-X, X-H, and H-H radial distribution functions (RDFs) for all five XH3 systems

at a reduced temperature of approximately 0.73 are shown in Figure 5.4. Comparing

PH3, AsH3, and SbH3, the RDFs exhibit qualitatively consistent shapes with a fairly

pronounced first peak for the X-X RDF, a weak double peak for the intermolecular

region of the X-H RDF, and a shoulder followed by a weak peak for the intermolec-

ular part of the H-H RDF. The RDFs for PH3-PBE-48 and PH3-PBE-96 systems are

almost indistinguishable from each other, supporting again that system size effects are

negligible. On the other hand, the simulations with the BLYP functional for PH3 yield

substantially higher first peaks and slight shifts to shorter separations for X-X and in-

termolecular X-H RDFs and shoulder and first peak for the intermolecular H-H RDF

than for the corresponding RDFs obtained with the PBE functional. These changes

agree with the higher liquid density found for the BLYP functional (see Figure 5.1).

Somewhat surprisingly, the X-X and intermolecular parts of the X-H and H-H RDFs for

AsH3-PBE-48 are very close to those for PH3, whereas the bonded X-H and H-H peaks

are shifted outward for AsH3 (see discussion of molecular structure). These structural

features also point to a significant deficiency for the PBE-D3 description of AsH3, as

was also concluded from the VLCC.

The number integrals for the first solvation shell of the X atoms (as defined by the

first minimum of gXX) yield values of 11.2, 10.6, 10.7, and 11.2 for PH3-BLYP-48, PH3-

PBE, AsH3, and SbH3, respectively, but it should be noted that the location of the first

minimum is not very precises due to the noise in the RDFs. Coordination numbers near

a value of 12 are indicative of the liquid-phase packing of noble gases and methane.

In marked contrast to the tetrahedral coordination in liquid water, neutron diffraction

experiments and first principles molecular dynamics simulations [217–219] also found

86



a coordination number of 12 to 13 for NH3. Compared to the RDFs for NH3 [217],

the RDFs for the higher group V hydrides do not show a shoulder in the X-X RDF

and also not a pre-peak for the H-H RDF. These observations also indicate a lack of

hydrogen bonding for PH3, AsH3, and SbH3 that is consistent with electronic structure

calculations for their dimers and spectroscopic data that do not indicate a significant

preference for self-association in their liquid phases [215].

5.4 Conclusions

The vapor–liquid equilibria of PH3, AsH3, and SbH3 are investigated using first-principles

Gibbs ensemble Monte Carlo simulations where the interactions are described by KS-

DFT with generalized gradiant approximation functionals and the Grimme D3 disper-

sion correction. For PH3 and SbH3, the PBE exchange-correlation functional allows for

a fairly accurate description of the saturated vapor pressure, the critical temperature,

and the heat of vaporization (only for PH3 because experimental data for the latter two

properties are lacking for SbH3). However, the saturated liquid densities for PH3 and

SbH3 are somewhat underestimated with the PBE functional. For PH3, the BLYP func-

tional yields a slightly improved liquid density at the cost of a significant over prediction

of the saturated vapor pressure and under prediction of the heat of vaporization. The

predictions of the VLCC properties for AsH3 with the PBE functional do not follow the

same trends as for PH3 and SbH3, and the location of the first peak in the As-As RDF

does not fall in between those for PH3 and SbH3. Thus, it appears likely that there are

some deficiencies in the PBE-D3 description of AsH3. The liquid-phase RDFs of the

three group V hydrides are indicative of the packing of spherical, non-polar molecules,

and there is no evidence for hydrogen bonding.
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[33] J. Janeček, Long range corrections in inhomogeneous simulations, J. Phys. Chem.

B, 2006, 110, 6264–6269.

[34] M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids; Oxford university

press: Oxford, 1989.

[35] N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and E. Teller,

Equation of state calculation by fast computing machines, J. Chem. Phys., 1953,

21, 1087–1092.

[36] J. A. Barker and R. O. Watts, Structure of water: a Monte Carlo calculation,

Chem. Phys. Lett., 1969, 3, 144–145.

[37] J. I. Siepmann and D. Frenkel, Configurational bias Monte Carlo: a new sampling

scheme for flexible chains, Mol. Phys., 1992, 75, 59–70.

[38] T. J. H. Vlugt, M. G. Martin, B. Smit, J. I. Siepmann, and R. Krishna, Improving

the efficiency of the configurational-bias Monte Carlo algorithm, Mol. Phys., 1998,

94, 727–733.

[39] M. G. Martin and J. I. Siepmann, Novel configurational-bias Monte Carlo method

for branched molecules. transferable potentials for phase equilibria.2. united-atom

description of branched alkanes, J. Phys. Chem. B, 1999, 103, 4508–4517.

[40] G. C. A. M. Mooij, D. Frenkel, and B. Smit, Direct simulation of phase equilibria

of chain molecules, J. Phys.: Condens. Matter, 1992, 4, L255–L259.

[41] K. Esselink and L. D. J. C. Loyens, Parallel Monte Carlo simulations, Phys. Rev.

E, 1995, 51, 1560–1568.

[42] A. Z. Panagiotopoulos, N. Quirke, M. Stapleton, and D. J. Tildesley, Phase equi-

libria by simulation in the Gibbs ensemble: Alternative derivation, generalization

and application to mixture and membrane equilibria, Mol. Phys., 1988, 63, 527–

545.

[43] A. Z. Panagiotopoulos, Direct determination of phase coexistence properties of

fluids by Monte Carlo simulation in a new ensemble, Mol. Phys., 1987, 61, 813–

826.

91



[44] J. J. De Pablo and J. M. Prausnitz, Phase equilibria for fluid mixture from Monte-

Carlo simulation, Fluid Phase Equilib, 1989, 53, 177–189.

[45] J. I. Siepmann and I. R. McDonald, Monte Carlo simulations of mixed monolayers,

Mol. Phys., 1992, 75, 255–259.

[46] M. G. Martin and J. I. Siepmann, Predicting multicomponent phase equilibria and

free energies of transfer for alkanes by molecular simulation, J. Am. Chem. Soc.,

1997, 119, 8921–8924.

[47] P. Bai and J. I. Siepmann, Selective adsorption from dilute solutions: Gibbs en-

semble Monte Carlo simulations, Fluid Phase Equilib., 2013, 351, 1–6.

[48] M. G. Martin and J. I. Siepmann, Calculating Gibbs free energies of transfer

from Gibbs ensemble Monte Carlo simulations, Theor. Chem. Acc., 1998, 99(5),

347–350.

[49] L. R. Pratt and D. Chandler, Theory of the hydrophobic effect, J. Chem. Phys.,

1977, 67, 3683–3704.

[50] A. R. van Buuren, S. J. Marrink, and H. J. C. Berendsen, A molecular dynamics

study of the decane/water interface, J. Phys. Chem., 1993, 97, 9206–9212.

[51] E. Johansson, K. Bolton, D. N. Theodorou, and P. Ahlström, Monte Carlo simula-

tions of equilibrium solubilities and structure of water in n-alkanes and polyethy-

lene, J. Chem. Phys., 2007, 126, 224902.

[52] H. Docherty, A. Galindo, C. Vega, and E. Sanz, A potential model for methane

in water describing correctly the solubility of the gas and the properties of the

methane hydrate, J. Chem. Phys., 2006, 125, 074510.

[53] D. Ballal, P. Venkataraman, W. A. Fouad, K. R. Cox, and W. G. Chapmann,

Isolating the non-polar contribution to the intermolecular potential for water–

alkane interactions, J. Chem. Phys., 2014, 141, 064905.

[54] K. S. Suslick, Sonochemistry, Science, 1990, 247, 1439–1445.

[55] C. T. Crowe, Multiphase Flow Handbook; CRC press, 2005.

92



[56] G. Yadigaroglu and G. F. Hewitt, Introduction to Multiphase Flow: Basic Con-

cepts, Applications and Modelling; Springer, 2017.

[57] P. S. Russell, D. R. Giosio, J. A. Venning, B. W. Pearce, P. A. Brandner, and

S. Ceccio; Microbubble generation from condensation and turbulent breakup of

sheet cavitation; In the 31st Symposium on Naval Hydrodynamics, pages 11–16,

2016.

[58] K. Binder, B. J. Block, P. Virnau, and A. Tröster, Beyond the van der waals
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[63] A. Niedźwiedzka, G. H. Schnerr, and W. Sobieski, Review of numerical models of

cavitating flows with the use of the homogeneous approach, Arch. Thermodyn.,

2016, 37, 71–88.

[64] E. Goncalves and R. F. Patella, Numerical simulation of cavitating flows with

homogeneous models, Comput. Fluids, 2009, 38, 1682–1696.

[65] A. Gnanaskandan and K. Mahesh, A numerical method to simulate turbulent

cavitating flows, Int. J. Multiph. Flow, 2015, 70, 22–34.

93



[66] B. R. Shin, Y. Iwata, and T. Ikohagi, Numerical simulation of unsteady cavitating

flows using a homogeneous equilibrium model, Comput. Mech., 2003, 30, 388–395.

[67] S. W. Kieffer, Sound speed in liquid-gas mixtures: Water-air and water-steam, J.

Geophys. Res., 1977, 82, 2895–2904.

[68] B. G. Pokusaev, E. A. Tairov, and S. A. Vasilyev, Low frequency pressure waves

in a vapor-liquid medium with a fixed layer of spherical particles, Acoust. Phys.,

2010, 56, 306–312.

[69] M. M. Awad and Y. S. Muzychka, Effective property models for homogeneous

two-phase flows, Exp. Therm. Fluid Sci., 2008, 33, 106–113.

[70] N. Z. Aung and T. Yuwono, Evaluation of mixture viscosity models in the predic-

tion of two-phase flow pressure drops, ASEAN J. Sci. Technol. Dev., 2012, 29,

115–128.

[71] G. Ruocco, M. Sampoli, A. Torcini, and R. Vallauri, Molecular dynamics results

for stretched water, J. Chem. Phys., 1993, 99, 8095–8104.

[72] P. A. Netz, F. W. Starr, H. E. Stanley, and M. C. Barbosa, Static and dynamic

properties of stretched water, J. Chem. Phys., 2001, 115, 344–348.

[73] P. A. Netz, F. Starr, M. C. Barbosa, and H. E. Stanley, Computer simulation of

dynamical anomalies in stretched water, Braz. J. Phys., 2004, 34, 24–31.

[74] H. E. Stanley, M. C. Barbosa, S. Mossa, P. A. Netz, F. Sciortino, F. W. Starr, and

M. Yamada, Statistical physics and liquid water at negative pressures, Physica A,

2002, 315, 281–289.

[75] J. L. F. Abascal and C. Vega, A general purpose model for the condensed phase

of water: TIP4P/2005, J. Chem. Phys., 2005, 123, 234505.

[76] P. Ewald, Die berechnung optischer und elektrostatischer gitterpotentiale, Ann.

Phys., 1921, 64, 253–287.

[77] M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids; Oxford Univer-

sity Press: Oxford, UK, 1987.

94



[78] R. W. Hockney and W. E. James, Computer Simulation Using Particles; CRC

Press, 1988.

[79] R. J. Sadus, Molecular Simulation of Fluids; Elsevier Science: Amsterdam, 1999.

[80] D. Frenkel and B. Smit, Understanding Molecular Simulation: From Algorithm to

Applications; Elsevier Science, 2001.

[81] V. Molinero and E. B. Moore, Water modeled as an intermediate element between

carbon and silicon, J. Phys. Chem. B, 2009, 113, 4008–4016.

[82] A. Z. Panagiotopoulos, Direct determination of phase coexistence properties of

fluids by Monte Carlo simulation in a new ensemble, Mol. Phys, 1987, 61, 813–

826.

[83] A. Z. Panagiotopoulos, N. Quirke, M. Stapleton, and D. J. Tildesley, Phase equi-

libria by simulation in the Gibbs ensemble: Alternative derivation, generalization

and application to mixture and membrane equilibria, Mol. Phys., 1988, 63, 527–

545.

[84] J. I. Siepmann, M. G. Martin, B. Chen, C. D. Wick, J. M. Stubbs, J. J. Potoff,

B. L. Eggimann, M. J. McGrath, X. S. Zhao, K. E. Anderson, J. L. Rafferty,

N. Rai, K. A. Maerzke, S. J. Keasler, P. Bai, E. O. Fetisov, M. S. Shah, Q. P.

Chen, R. F. DeJaco, J. L. Chen, and X. Bai, Monte Carlo for Complex Chemical

Systems — Minnesota, Versions 16.1; Minneapolis; MN (2016).

[85] N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and E. Teller,

Equation of state calculations by fast computing machines, J. Chem. Phys., 1953,

21, 1087–1092.

[86] J. A. Barker and R. O. Watts, Structure of water: A Monte Carlo calculation,

Chem. Phys. Lett., 1969, 3, 144–145.

[87] T. J. H. Vlugt, M. G. Martin, B. Smit, J. I. Siepmann, and R. Krishna, Improving

the efficiency of the configurational-bias Monte Carlo algorithm, Mol. Phys, 1998,

94, 727–733.

[88] S. Plimpton, Fast parallel algorithms for short-range molecular dynamics, J. Com-

put. Phys., 1995, 117, 1–19.

95



[89] W. G. Hoover, Canonical dynamics: Equilibrium phase-space distributions, Phys.

Rev. A, 1985, 31, 1695.

[90] J.-P. Ryckaert, G. Ciccotti, and H. J. C. Berendsen, Numerical integration of the

cartesian equations of motion of a system with constraints: Molecular dynamics

of n-alkanes, J. Comput. Phys., 1977, 23, 327–341.

[91] J. G. Kirkwood and F. P. Buff, The statistical mechanical theory of surface tension,

J. Chem. Phys, 1949, 17, 338–343.

[92] L. Mart́ınez, R. Andrade, E. G. Birgin, and J. Mart́ınez, Packmol: a package

for building initial configurations for molecular dynamics simulations, J. Comput.

Chem, 2009, 30, 2157–2164.

[93] J. Mart́ınez and L. Mart́ınez, Packing optimization for automated generation of

complex system’s initial configurations for molecular dynamics and docking, J.

Comput. Chem, 2003, 24, 819–825.

[94] F. H. Stillinger Jr, Rigorous basis of the frenkel-band theory of association equi-

librium, J. Chem. Phys., 1963, 38, 1486–1494.

[95] H. Arkın and W. Janke, Gyration tensor based analysis of the shapes of polymer

chains in an attractive spherical cage, J. Chem. Phys, 2013, 138, 054904.

[96] D. H. Tsai, The virial theorem and stress calculation in molecular dynamics, J.

Chem. Phys., 1979, 70, 1375–1382.

[97] A. P. Thompson, S. J. Plimpton, and W. Mattson, General formulation of pressure

and stress tensor for arbitrary many-body interaction potentials under periodic

boundary conditions, J. Chem. Phys., 2009, 131, 154107.

[98] J. M. Smith, H. C. Van Ness, and M. M. Abbott, Introduction to chemical engi-

neering thermodynamics; McGraw-Hill: Boston, 2005.

[99] D. A. McQuarrie, Statistical Mechanics; Sausalito, Calif.: University Science

Books, 2004.

96



[100] R. Kubo, Statistical-mechanical theory of irreversible processes. i. general theory

and simple applications to magnetic and conduction problems, J. Phys. Soc. Jpn,

1957, 12, 570–586.

[101] J. Petravic and P. Harrowell, Linear response theory for thermal conductivity and

viscosity in terms of boundary fluctuations, Phys. Rev. E, 2005, 71, 061201.

[102] Y. Zhang, A. Otani, and E. J. Maginn, Reliable viscosity calculation from equilib-

rium molecular dynamics simulations: A time decomposition method, J. Chem.

Theory Comput., 2015, 11, 3537–3546.

[103] Nist chemistry webbook: Water.

[104] C. Vega and E. De Miguel, Surface tension of the most popular models of water

by using the test-area simulation method, J. Chem. Phys., 2007, 126, 154707.

[105] C. Vega and J. L. F. Abascal, Simulating water with rigid non-polarizable models:

A general perspective, Phys. Chem. Chem. Phys, 2011, 13, 19663–19688.

[106] M. H. Factorovich, V. Molinero, and D. Scherlis, A simple grand canonical ap-

proach to compute the vapor pressure of bulk and finite size systems, J. Chem.

Phys., 2014, 140, 064111.
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Appendix A. Supporting

information for chapter 2

Table SA1. Surface tension of toluene obtained from simulations. Simulations for

calculating the surface tension of toluene were performed in NV T ensemble with 260

toluene molecules and a box dimension of 32 Å× 32 Å× 260 Å. Simulations in NV T

ensemble were first performed to obtain a stable liquid configuration of toluene. Then the

box was elongated in the z dimension. For all state points, we performed 8 independent

simulations, each consisted of at least 100,000 cycles. Error bars for simulation denote

the 95% confidence interval.

T Simulated surface tension
[K] [dyn/cm]

293.15 31.79± 0.83
313.15 29.55± 0.58
333.15 26.08± 0.86
353.15 24.83± 0.54
373.15 22.52± 0.86
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Figure SA1. Surface tension of toluene. The blue circles are simulation results.

Red lines and shaded areas indicate specific values and range of experimental data [220].
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Table SA2. Lennard-Jones parameters and partial charges for the molecular mod-

els. The partial charges for toluene are determined as follows: First, the toluene struc-

ture is optimized using density functional theory at the B3PW91/6-31++G(d,p) level of

theory using the Gaussian 09 software [221]. The CM4 charges [222] for the optimized

gas-phase structure are then determined at B3P86/6-31+G(d,p) level of theory with

1-octanol as the universal continuum solvent using the Minnesota Gaussian solvation

model (MN-GSM) implemented in Gaussian 09 [223]. The united-atom methyl group

is assigned the sum of the partial charges of its carbon and three hydrogen atoms. The

site numbers are given in the molecular structure.
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Molecule Force Field Site ε/kB σ [Å] q
[K] [Å] |e|

Water TIP4P/2005 O 93.2 3.1589 —
H — — +0.5564
M – — −1.1128

n-Alkane TraPPE–UA CH3 98 3.75 —
CH2 46 3.95 —

Benzene TraPPE–EH C(aro) 30.7 3.600 −0.095
H(aro) 25.5 2.360 +0.095

Toluene TraPPE–EH/UA C1, C5 30.7 3.600 −0.093
C2, C4 30.7 3.600 −0.106

C3 30.7 3.600 −0.042
C6 30.7 3.600 −0.101

H7, H10 25.5 2.360 +0.091
H8, H9 25.5 2.360 +0.083

H11 25.5 2.360 +0.090
CH3 98 3.75 +0.103
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Table SA3. Bonded parameters for the molecular models

Molecule Force Field Bond Type l0
[Å]

Water TIP4P/2005 O–H 0.9572
O–M 0.1546

Alkane TraPPE–UA CHx–CHy 1.54
Arene TraPPE–EH C(aro)–H(aro) 1.08

C(aro)–C(aro) 1.392
C(aro)–CHx 1.54

Molecule Force Field Angle Type k/kB θ0

[K/rad2] [deg]

Water TIP4P/2005 H–O–H Rigid 104.52
Alkane TraPPE–UA CHx–CH2–CHy 62500 114

CHx–CH–CHy 62500 112
Arene TraPPE–EH C(aro)–C(aro)–C(aro) Rigid 120

C(aro)–C(aro)–H(aro) Rigid 120
C(aro)–C(aro)–CHx Rigid 120

Molecule Model Dihedral Type c0/kB c1/kB c2/kB c3/kB

[K] [K] [K] [K]

Alkane TraPPE–UA CHx–CH2–CH2–CHy 0.00 355.03 −68.19 791.32
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Table SA4. Simulations are carried out using the Monte Carlo for Complex Chem-

ical Systems-Minnesota (MCCCS–MN, version 16.1) code developed in house [84]. Dis-

tribution of Monte Carlo moves for simulations of the binary mixtures in the N1N2pNAT

ensemble. The CDDC-CBMC inner cutoff is set to 5.0 Å and the number of trial sites

during the regrowth is set to 8.

Mixture Move Type Molecule Probability

Water/Decane Translations or Rotations Decane 0.056
Translations or Rotations Water 0.344

CBMC regrowth Decane 0.199
Volume 0.001

Water/Dodecane Translations or Rotations Dodecane 0.030
Translations or Rotations Water 0.370

CBMC regrowth Dodecane 0.199
Volume 0.001

Water/Benzene Translations or Rotations Benzene 0.081
Translations or Rotations Water 0.4185

Volume 0.001

Water/Toluene Translations or Rotations Toluene 0.074
Translations or Rotations Water 0.4255

Volume 0.001
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Table SA5. Simulations are carried out using the Monte Carlo for Complex Chemi-

cal Systems-Minnesota (MCCCS–MN, version 16.1) code developed in house [84]. Distri-

bution of Monte Carlo moves for simulations of the terary mixtures in theNWNDNT(pNA)VDVTT

ensemble. The CDDC-CBMC inner cutoff is set to 5.0 Å, the numbers of trial sites dur-

ing the insertion of the first bead and during regrowth of dodecane are set to 32 and 8,

and the number of orientations explored during the transfer of toluene is set to 16.

Move Type Molecule or Box Probability

Translations or Rotations Water 0.295
Toluene 0.027

Dodecane 0.021
3-Methyl-pentane 0.0035

Octane 0.0035
Regrowths Dodecane 0.196

3-Methyl-pentane 0.002
Octane 0.002

Particle transfer Toluene/IFT 0.015
Dodecane/IFT 0.035

Identity switch Toluene/3-Methyl-pentane 0.016
3-Methyl-pentane/Octane 0.016

Octane/Dodecane 0.014
Volume changes IFT 0.001

Toluene 0.001
Dodecane 0.001
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Table SA6. Liquid-phase mole fraction of toluene and ideal-gas number densities

of toluene and n-dodecane from binary simulations at p = 1.83 MPa. Errors denote the

95% confidence intervals.

T xT ρT/10−2 ρD/10−4

[K] [1/nm3] [1/nm3]

383.15 0.6209± 0.0020 1.094± 0.047 3.81± 0.24
0.6423± 0.0014 1.125± 0.026 3.53± 0.16
0.6601± 0.0019 1.158± 0.048 3.23± 0.17
0.6655± 0.0014 1.170± 0.050 3.19± 0.19

403.15 0.6157± 0.0010 1.711± 0.031 7.53± 0.27
0.6392± 0.0007 1.812± 0.017 7.19± 0.15
0.6482± 0.0009 1.808± 0.045 6.76± 0.28
0.6652± 0.0010 1.863± 0.051 6.33± 0.25

423.15 0.6170± 0.0010 2.609± 0.050 14.05± 0.47
0.6414± 0.0010 2.756± 0.057 12.98± 0.47
0.6654± 0.0006 2.853± 0.043 11.94± 0.25

443.15 0.62395± 0.00041 3.871± 0.038 24.53± 0.31
0.64464± 0.00045 3.999± 0.059 22.43± 0.36
0.66816± 0.00051 4.151± 0.016 20.49± 0.29
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Table SA7. Ideal gas pressures used for the reservoirs of the simulations in the

NWNDNT(pNA)VDVTT ensemble.

Toluene Dodecane
T [K] p [kPa] p [kPa]

383.15 53.7 1.61
403.15 101 3.77
423.15 162 7.39
443.15 246 13.6
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Table SA8. Experimental and calculated water/n-decane interfacial tension data

used for the kij parameterization of our IFPSC entry. Error bars for simulation denote

the 95% confidence interval.

T p Experiment Simulations
[K] [bar] Ref. γ kij γ

[dyn/cm] [dyn/cm]

323 1 [6] 49.78± 0.04 1.00 48.3± 2.5
1.05 43.6± 3.2
1.10 42.4± 4.5

423 400 [4] 36.09± 0.33 1.00 40.1± 2.4
1.05 36.3± 2.2
1.10 34.4± 3.4

473 400 [4] 30.59± 0.37 1.00 32.7± 1.7
1.05 31.3± 1.9
1.10 28.6± 1.9
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Table SA9. Experimental and calculated water/n-decane interfacial tension data

used for the improved kij parameterization. Error bars for simulation denote the 95%

confidence interval.

T p Experiment Simulations
[K] [bar] Ref. γ kij γ

[dyn/cm] [dyn/cm]

298 1 [6] 51.98± 0.04 0.90 55.4± 2.0
[4] 51.1± 0.50 0.95 52.4± 1.5
[7] 50.5 1.00 50.4± 1.5
[9] 51.96± 0.28 1.05 45.4± 1.9

323 1 [6] 49.78± 0.04 0.90 53.9± 1.6
[9] 47.78± 0.16 0.95 50.8± 1.4
[8] 45.6 1.00 48.9± 1.7

1.05 45.5± 2.1
423 400 [4] 36.09± 0.33 1.00 39.5± 1.3

1.05 36.3± 1.9
1.10 33.8± 1.9

473 400 [4] 30.59± 0.37 1.00 33.1± 1.0
1.05 31.3± 1.5
1.10 29.1± 1.4
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Table SA10. Experimental and calculated water/benzene interfacial tension data

used for the kij parameterization of our IFPSC entry. Error bars for simulation denote

the 95% confidence interval.

T p Experiment Simulations
[K] [bar] Ref. γ kij γ

[dyn/cm] [dyn/cm]

373 200 [7] 25.0 1.00 40.0± 3.2
1.20 28.4± 2.5
1.25 23.6± 2.5
1.30 20.4± 3.4
1.35 14.8± 2.3

449 200 [7] 16.1 1.00 33.1± 1.8
1.20 20.5± 1.7
1.25 16.8± 1.5
1.30 15.2± 1.7
1.35 11.8± 1.4
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Table SA11. Experimental and calculated water/benzene interfacial tension data

used for the improved kij parameterization. Error bars for simulation denote the 95%

confidence interval.

T p Experiment Simulations
[K] [bar] Ref. γ kij γ

[dyn/cm] [dyn/cm]

298 1 [7] 34.6 1.00 48.0± 1.5
[8] 32.6 1.10 38.6± 2.0

1.15 34.0± 1.9
1.20 29.0± 2.1

323 1 [7] 31.1 1.00 45.0± 1.6
1.15 32.3± 1.6
1.20 28.4± 1.9
1.25 24.9± 1.9

373 200 [7] 25.0 1.00 41.6± 1.3
[8] 26.2 1.20 26.5± 1.9

1.25 23.1± 1.7
1.30 18.2± 1.6

449 200 [7] 16.1 1.00 32.7± 1.3
1.20 21.0± 1.0
1.25 16.2± 1.5
1.30 13.8± 1.6

122



Investigation of localized kij. A localized kij parameter between oxygen atom in

water and aromatic carbon atoms was constructed in a way that the normal constant

kij was replaced with a distance-dependent value. A hyperbolic tangent function was

introduced to represent the distance dependence of kij , where the value goes from kij,max

that is larger than 1.0 to kij,min of 1.0 as two LJ interaction sites goes further away from

each other. A sample plot of the hyperbolic tangent function was given in Figure SA2.

Then we went through the same fitting procedure for kij,max as what we did for fitting

the constant kij , except for that we only introduced the localized kij between the oxygen

atom in water and the six aromatic carbon atoms to mimic localized induced polarization

effect, while using normal LB combing rule for the interaction between oxygen and

aromatic hydrogen atoms. The final kij,max for O–C (aromatic) was determined to

be 1.67, which was used later in simulations for water/toluene and water/(50 wt% n-

dodecane + 50 wt% toluene) mixture. For O–CHx (aliphatic) and O–CH3 in toluene,

we used normal LB combing rule, or a kij value of 1.0. We believed that compared to

the previous improved kij value of 1.01 for O–CHx (aliphatic), a difference of 0.01 in kij

would have negligible effects on the IFT for water/n-dodecane. Thus the IFT values for

water/n-dodecane under the I2A protocol could be directly compared to without any

additional simulations. The predicted IFT values for water/toluene and water/(50 wt%

n-dodecane + 50 wt% toluene) mixture utilizing a localized kij are given in Table SA12

and Figure SA3. The simulation protocol corresponding to this localized kij is denoted

as I3A.
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Figure SA2. A sample plot of how the kij varies with site-site distance. The

expression of the function is kij = −a∗ tanh( r−bc ) +d where a, b, c, and d are adjustable

parameters. a and d determine the starting and ending values of kij , respectively; while

b and c determine the inflection point and the steepness of the curve, respectively. In

this sample plot and also in our simulations for water/toluene and water/(50 wt% n-

dodecane + 50 wt% toluene) mixture, the a, b, c, and d take values of 0.335, 5.0, 1.0, and

1.335, respectively. Among them, a and d are obtained from kij,max fitting procedure,

while b is an estimation of the separation distance between water and benzene at the

minimum point in a one dimensional potential energy surface obtained from quantum

calculations. c is set to 1.0 for simplicity.
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Table SA12. Calculated IFT for water/toluene and water/(50 wt% n-dodecane +

50 wt% toluene) mixture utilizing localized kij parameter. Error bars for simulation

denote the 95% confidence interval.

Mixture Protocol T [K]
383.15 403.15 423.15 443.15

W/D I2A or I3A 38.7± 1.8 35.8± 1.4 32.5± 1.1 30.7± 1.5

W/T I3A 29.5± 1.5 25.5± 1.2 24.44± 0.95 20.7± 1.1

W/DT I3A 32.3± 1.1 31.0± 1.1 28.8± 1.4 25.6± 1.1

383.15 403.15 423.15 443.15
T [K]
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Figure SA3. Predicted IFT values utilizing I2A protocol (improved global kij

values) and I3A protocol (localized kij values)
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Figure SB1. Time evolution of the calculated viscosity from time integral of off-

diagonal pressure tensor auto-correlation function (PCF) for the mW and TIP4P/2005

models with L = 4 nm and ρ = 800 kg/m3. Due to the noise in molecular simulations,

the time integral of PCF for individual simulation runs diverge, while their average still

shows good convergence. The choice of the cutoff of the integral should not be too large

(because the individual time integral of PCF will diverge wildly) nor too short (because

the average will not converge). Based on these criteria, the time cutoffs were chosen to

be 1.0 ps for the mW model and and 3.0 ps for the TIP4P/2005 model.
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Figure SB2. Mean-square displacement (MSD) as a function of time for TIP4P/2005-8

system with density ρ = 800 kg/m3 from 5 independent simulations.
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Figure SB3. Change in Helmholtz free energy for mW-4 and TIP4P/2005-4 systems

at 930 kg/m3 and 880 kg/m3, respectively, as function of the volume of the largest void

or bubble. The volume with the largest probability is assigned a Helmholtz free energy

of zero.
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Figure SB4. Change in Helmholtz free energy for mW-8 (top) and TIP4P/2005-

8 (bottom) systems as function of the volume of the largest void for homogeneously

stretched phases (left) or of the bubble for the bubbly phases (right). The volume with

the largest probability is assigned a Helmholtz free energy of zero. From the free energy

profiles for mW-8 at 950 kg/m3 and for TIP4P/2005-8 at 900 kg/m3, we cautiously

estimate that the nucleation free energy barriers are higher than 30 and 20 kJ/mol,

respectively.
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Figure SB5. Shell density profile for the mW-32 (top) and the TIP4P/2005-4 (bot-

tom) systems with density ρ = 800 kg/m3. The solid orange line denotes the bubble

radius calculated from the bubble volume via the cell method (r∗), the dashed cyan line

denotes the bubble radius obtained from fitting to hyperbolic tangent function (r0), and

the dash-dotted cyan lines denote the interfacial width (r0 ± d/2).
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Figure SB6. Shape anisotropy factor as function of bubble radius.
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Figure SB7. Radius obtained from the shell density profile (r0) versus radius ob-

tained from bubble volume (r∗). The lower part shows the difference between r0 and r∗

as function of r∗.
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Figure SB9. Self-diffusion coefficient for the mW (top) and TIP4P/2005 (bottom)

models as function of inverse shear viscosity. Open and filled symbols represent bubbly

and homogeneously stretched water systems, respectively. The plusses, crosses, and

stars show data for metastable homogeneous systems.
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Table SB1. Number of molecules for all water systems investigated in this work

at T = 298 K. The densities in this table are rounded to three significant figures but,

due to the finite number of molecules, the actual densities differ slightly, and the precise

density values are given in Tables SB2–SB8.

Name ρ [kg/m3]
800 825 850 875 885 890 895 900

mW-4 1711 1764 1818 1871 1925
mW-8 13688 14115 14543 14971 15398
mW-16 109469 112890 116311 119732 123153
mW-32 875753 903120 930488 957855 985222

TIP4P/2005-4 1711 1764 1818 1871 1892 1925
TIP4P/2005-6 5773 5953 6134 6314 6422 6458 6494
TIP4P/2005-8 13688 14115 14543 14971 15398

Name ρ [kg/m3]
910 915 925 930 935 945 950 955

mW-4 1978 2000 2032
mW-8 15826 16168 16254 16340
mW-16 126574 129994 130678
mW-32 1012590 1039957 1045431

TIP4P/2005-4 1978 2032
TIP4P/2005-6 6567 6603 6675 6855
TIP4P/2005-8 15826 15911 16254

Name ρ [kg/m3]
960 965 975 980 985 995 998

mW-4 2085 2134
mW-8 16426 16511 16682 17075
mW-16 131362 132047 133415 134099 134783 136563
mW-32 1050904 1056377 1067325 1072798 1078272 1092850

TIP4P/2005-4 2085 2128
TIP4P/2005-6 7036 7180
TIP4P/2005-8 16682 17023
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Table SB2. Numerical data for system properties obtained for the mW-4 system

at T = 298 K: Pressure (P ), potential energy (U), residual isochoric heat capacity

(CV,res), viscosity (η), and diffusion coefficient (D). Density values followed by (m)

denote metastable homogeneous systems. All uncertainties (u) represent the standard

error of the mean at 95% confidence interval from block analysis.

ρ P u U u CV,res u η u D u
kg/m3 MPa kJ/mol J/(mol·K) 10−4 Pa·s 10−5 cm2/s

800.25 −90.30 0.22 −41.31107 0.00091 22.60 0.34 2.601 0.062 5.40 0.28
825.04 −95.02 0.20 −41.39805 0.00093 22.66 0.31 2.666 0.033 5.48 0.15
850.30 −100.86 0.21 −41.48226 0.00078 22.79 0.22 2.780 0.035 5.45 0.22
875.09 −109.06 0.34 −41.56422 0.00079 22.65 0.50 2.871 0.034 5.61 0.13
900.34 −121.24 0.52 −41.64581 0.00061 22.93 0.25 2.997 0.047 5.58 0.17
925.13 −146.40 0.75 −41.7179 0.0010 23.62 0.33 3.199 0.068 5.68 0.10
935.42 −228.08 0.34 −41.7096 0.0015 24.84 0.13 3.535 0.066 5.46 0.22
950.39 −189.83 0.34 −41.83544 0.00062 23.58 0.38 3.448 0.051 5.51 0.20
975.18 −104.97 0.28 −42.01662 0.00077 21.48 0.31 3.272 0.063 5.78 0.11
998.10 −1.47 0.31 −42.1554 0.0018 19.56 0.19 3.151 0.055 6.18 0.38
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Table SB3. Numerical data for bubble properties obtained from the cell analysis

(top) and from radial density profiles (bottom) for the mW-4 system at T = 298 K:

Bubble volume fraction (α), bubble radius (r∗) estimated from the bubble volume, bub-

ble shape anisotropy factor (κ2), bubble radius (r0) estimated from shell density profile,

fitted bulk liquid density (ρliq,fit) from shell density profile, and fraction of molecules in

the interfacial region (αint). Uncertainties (u) for α are calculated from the standard

deviation. All other uncertainties (u) represent the standard error of the mean at 95%

confidence interval from block analysis.

ρ α u r∗ u κ2 u
kg/m3 nm 10−2

800.25 0.1481 0.0032 1.31270 0.00061 1.778 0.073
825.04 0.1251 0.0032 1.2409 0.0010 2.068 0.092
850.30 0.1017 0.0033 1.1580 0.0015 2.331 0.093
875.09 0.0784 0.0034 1.06166 0.00099 2.79 0.12
900.34 0.0542 0.0036 0.9388 0.0023 3.55 0.15
925.13 0.0280 0.0039 0.7513 0.0046 5.61 0.25

ρ r0 u ρliq,fit u αint u
kg/m3 nm kg/m3

800.25 1.40106 0.00076 989.6 1.1 0.0787 0.0015
825.04 1.3287 0.0013 988.3 1.9 0.0684 0.0015
850.30 1.2460 0.0022 986.3 2.0 0.0570 0.0014
875.09 1.1501 0.0024 983.2 2.6 0.04677 0.00064
900.34 1.0265 0.0020 977.2 1.3 0.03516 0.00079
925.13 0.8396 0.0043 968.1 1.3 0.02208 0.00042
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Table SB4. Numerical data for system properties obtained for the mW-8 system

at T = 298 K: Pressure (P ), potential energy (U), residual isochoric heat capacity

(CV,res), viscosity (η), and diffusion coefficient (D). Density values followed by (m)

denote metastable homogeneous systems. All uncertainties (u) represent the standard

error of the mean at 95% confidence interval from block analysis.

ρ P u U u CV,res u η u D u
kg/m3 MPa kJ/mol J/(mol·K) 10−4 Pa·s 10−5 cm2/s

800.25 −45.445 0.10 −41.7150 0.0014 21.72 0.49 2.515 0.042 5.699 0.086
825.22 −47.579 0.10 −41.7581 0.0012 21.59 0.25 2.564 0.060 5.868 0.092
850.24 −50.25 0.10 −41.80020 0.00082 21.80 0.38 2.717 0.038 5.939 0.086
875.26 −53.867 0.086 −41.84168 0.00078 21.60 0.28 2.765 0.056 5.926 0.048
900.23 −58.68 0.13 −41.8822 0.0012 21.61 0.26 2.873 0.045 5.98 0.10
925.25 −66.19 0.21 −41.92037 0.00091 21.79 0.23 2.969 0.048 6.008 0.094
945.25 −77.23 0.26 −41.94971 0.00046 21.90 0.42 3.077 0.046 6.182 0.087
950.27 −81.85 0.24 −41.95573 0.00031 22.18 0.39 3.139 0.049 6.142 0.035
955.30 −88.82 0.52 −41.96016 0.00069 22.19 0.39 3.174 0.085 6.092 0.048
960.32 −101.37 0.61 −41.95962 0.00046 22.88 0.38 3.167 0.055 6.067 0.076
965.30 −141.57 0.12 −41.94590 0.00044 22.30 0.21 3.330 0.057 5.971 0.038
975.30 −104.13 0.10 −42.01622 0.00099 21.75 0.41 3.223 0.066 6.168 0.075
998.27 0.01 0.12 −42.1567 0.0011 19.77 0.34 3.166 0.033 6.49 0.11

950.27(m) −189.70 0.11 −41.83200 0.00098 23.50 0.38 3.436 0.037 5.706 0.087
955.30(m) −174.68 0.11 −41.87214 0.00060 23.23 0.29 3.401 0.065 5.814 0.040
960.32(m) −158.732 0.063 −41.90971 0.00022 22.84 0.49 3.353 0.040 5.882 0.066
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Table SB5. Numerical data for bubble properties obtained from the cell analysis

(top) and from radial density profiles (bottom) for the mW-8 system at T = 298 K:

Bubble volume fraction (α), bubble radius (r∗) estimated from the bubble volume, bub-

ble shape anisotropy factor (κ2), bubble radius (r0) estimated from shell density profile,

fitted bulk liquid density (ρliq,fit) from shell density profile, and fraction of molecules in

the interfacial region (αint). Uncertainties (u) for α are calculated from the standard

deviation. All other uncertainties (u) represent the standard error of the mean at 95%

confidence interval from block analysis.

ρ α u r∗ u κ2 u
kg/m3 nm 10−3

800.25 0.1733 0.0011 2.76675 0.00045 4.32 0.18
825.22 0.1492 0.0011 2.63242 0.00044 4.72 0.19
850.24 0.1251 0.0011 2.48196 0.00066 5.04 0.20
875.26 0.1009 0.0012 2.31037 0.00043 5.80 0.22
900.23 0.0767 0.0012 2.1080 0.0011 7.26 0.31
925.25 0.0519 0.0013 1.8512 0.0020 9.24 0.37
945.25 0.0313 0.0013 1.5632 0.0025 12.58 0.48
950.27 0.02575 0.00010 1.46501 0.00187 15.0 2.0
955.30 0.01971 0.00027 1.3397 0.0061 17.3 1.8
960.32 0.01268 0.00045 1.154 0.014 24.3 3.3

ρ r0 u ρliq,fit u αint u
kg/m3 nm kg/m3

800.25 2.85352 0.00070 994.41 0.26 0.0464 0.0015
825.22 2.71878 0.00076 992.71 0.61 0.04054 0.00040
850.24 2.56850 0.00031 991.40 0.23 0.03417 0.00027
875.26 2.3964 0.0011 989.88 0.32 0.02847 0.00067
900.23 2.1940 0.0015 988.47 0.27 0.02294 0.00021
925.25 1.9369 0.0022 986.13 0.16 0.01701 0.00025
945.25 1.6491 0.0027 983.26 0.13 0.01168 0.00015
950.27 1.5503 0.0022 981.957 0.054 0.01032 0.00035
955.30 1.4263 0.0069 980.20 0.44 0.00855 0.00013
960.32 1.241 0.014 977.05 0.56 0.00675 0.00046
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Table SB6. Numerical data for system properties obtained for the mW-16 system

at T = 298 K: Pressure (P ), potential energy (U), residual isochoric heat capacity

(CV,res), viscosity (η), and diffusion coefficient (D). Density values followed by (m)

denote metastable homogeneous systems. All uncertainties (u) represent the standard

error of the mean at 95% confidence interval from block analysis.

ρ P u U u CV,res u η u D u
kg/m3 MPa kJ/mol J/(mol·K) 10−4 Pa·s 10−5 cm2/s

800.00 −22.927 0.044 −41.93076 0.00038 21.26 0.42 2.487 0.046 5.965 0.053
825.00 −23.999 0.043 −41.95283 0.00022 21.20 0.22 2.560 0.040 6.049 0.023
850.00 −25.318 0.050 −41.97388 0.00045 20.97 0.15 2.660 0.042 6.098 0.021
875.00 −26.982 0.045 −41.99452 0.00022 20.94 0.22 2.736 0.052 6.180 0.062
900.00 −29.210 0.037 −42.01461 0.00017 21.18 0.33 2.810 0.023 6.217 0.043
925.00 −32.501 0.051 −42.03425 0.00026 21.32 0.25 2.908 0.034 6.287 0.053
950.00 −38.179 0.075 −42.05251 0.00029 21.10 0.37 2.974 0.048 6.331 0.040
954.99 −39.976 0.15 −42.05581 0.00023 21.38 0.35 3.045 0.059 6.341 0.052
960.00 −42.357 0.097 −42.05877 0.00014 21.51 0.25 3.066 0.028 6.370 0.032
965.00 −45.31 0.14 −42.06145 0.00021 21.44 0.15 3.041 0.059 6.391 0.035
975.00 −57.92 0.21 −42.06108 0.00024 22.09 0.28 3.155 0.049 6.361 0.011
980.00 −84.855 0.056 −42.046120 0.000068 21.02 0.26 3.229 0.095 6.298 0.027
985.00 −63.293 0.040 −42.07769 0.00011 20.59 0.22 3.197 0.043 6.395 0.034
998.00 −1.342 0.051 −42.15516 0.00038 19.65 0.38 3.115 0.061 6.571 0.041

954.99(m) −175.576 0.026 −41.86978 0.00034 23.30 0.31 3.380 0.076 5.927 0.026
960.00(m) −159.664 0.035 −41.90755 0.00064 22.75 0.34 3.389 0.053 6.000 0.019
965.00(m) −142.614 0.041 −41.94410 0.00036 22.41 0.28 3.307 0.059 6.099 0.027
975.00(m) −105.285 0.033 −42.01319 0.00033 21.67 0.33 3.260 0.064 6.237 0.025
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Table SB7. Numerical data for bubble properties obtained from the cell analysis

(top) and from radial density profiles (bottom) for the mW-16 system at T = 298 K:

Bubble volume fraction (α), bubble radius (r∗) estimated from the bubble volume, bub-

ble shape anisotropy factor (κ2), bubble radius (r0) estimated from shell density profile,

fitted bulk liquid density (ρliq,fit) from shell density profile, and fraction of molecules in

the interfacial region (αint). Uncertainties (u) for α are calculated from the standard

deviation. All other uncertainties (u) represent the standard error of the mean at 95%

confidence interval from block analysis.

ρ α u r∗ u κ2 u
kg/m3 nm 10−3

800.00 0.18606 0.00040 5.66643 0.00023 1.127 0.045
825.00 0.16151 0.00041 5.40531 0.00028 1.040 0.039
850.00 0.13691 0.00042 5.11568 0.00019 1.186 0.045
875.00 0.11233 0.00042 4.78917 0.00035 1.346 0.052
900.00 0.08768 0.00043 4.40951 0.00020 1.521 0.065
925.00 0.06289 0.00042 3.94717 0.00068 2.057 0.077
950.00 0.03774 0.00045 3.32928 0.00086 3.01 0.13
954.99 0.032598 0.000031 3.1706 0.0010 3.48 0.62
960.00 0.027331 0.000061 2.9897 0.0022 3.65 0.64
965.00 0.022031 0.000079 2.7824 0.0034 4.30 0.36
975.00 0.01001 0.00011 2.1386 0.0078 6.57 0.88

ρ r0 u ρliq,fit u αint u
kg/m3 nm kg/m3

800.00 5.75276 0.00059 995.28 0.17 0.02641 0.00064
825.00 5.49174 0.00063 994.81 0.30 0.02258 0.00079
850.00 5.20256 0.00045 994.420 0.095 0.01952 0.00046
875.00 4.87544 0.00057 993.71 0.13 0.01651 0.00049
900.00 4.49560 0.00053 993.073 0.093 0.01341 0.00017
925.00 4.03296 0.00071 992.21 0.10 0.01040 0.00022
950.00 3.4148 0.0010 990.819 0.045 0.00709 0.00014
954.99 3.25706 0.00078 990.419 0.046 0.00644 0.00018
960.00 3.0753 0.0026 989.89 0.13 0.00562 0.00017
965.00 2.8674 0.0032 989.19 0.11 0.004841 0.000086
975.00 2.2246 0.0078 986.362 0.065 0.002776 0.000043
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Table SB8. Numerical data for system properties obtained for the mW-32 sys-

tem at T = 298 K: Pressure (P ), potential energy (U), residual isochoric heat capacity

(CV,res), and viscosity (η). Density values followed by (m) denote metastable homoge-

neous systems. All uncertainties (u) represent the standard error of the mean at 95%

confidence interval from block analysis.

ρ P u U u CV,res u η u
kg/m3 MPa kJ/mol J/(mol·K) 10−4 Pa·s
800.00 −11.672 0.011 −42.04228 0.00011 20.93 0.26 2.463 0.063
825.00 −12.201 0.014 −42.05345 0.00014 20.94 0.28 2.543 0.058
850.00 −12.8579 0.0055 −42.064031 0.000093 21.04 0.27 2.697 0.051
875.00 −13.684 0.012 −42.07431 0.00012 21.22 0.31 2.746 0.038
900.00 −14.761 0.020 −42.08435 0.00039 21.07 0.32 2.808 0.050
925.00 −16.315 0.018 −42.09411 0.00032 21.17 0.40 2.886 0.040
950.00 −18.877 0.057 −42.10349 0.00016 20.86 0.32 2.938 0.061
955.00 −19.662 0.030 −42.105139 0.000037 20.89 0.25 2.976 0.058
960.00 −20.591 0.038 −42.106811 0.000083 20.95 0.25 2.999 0.084
965.00 −21.721 0.022 −42.108277 0.000062 21.26 0.34 3.059 0.066
975.00 −25.260 0.035 −42.110456 0.000057 20.97 0.21 3.113 0.035
980.00 −84.825 0.013 −42.046036 0.000050 21.21 0.19 3.214 0.060
985.00 −63.250 0.013 −42.077718 0.000046 20.63 0.22 3.202 0.048
998.32 0.281 0.013 −42.157149 0.000065 18.68 0.92 3.086 0.060

960.00(m) −159.633 0.010 −41.90762 0.00014 22.76 0.54 3.334 0.071
965.00(m) −142.6070 0.0075 −41.944156 0.000094 22.52 0.38 3.350 0.073
975.00(m) −105.267 0.012 −42.00850 0.00031 21.75 0.20 3.218 0.056
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Table SB9. Numerical data for bubble properties obtained from the cell analysis

(top) and from radial density profiles (bottom) for the mW-32 system at T = 298 K:

Bubble volume fraction (α), bubble radius (r∗) estimated from the bubble volume, bub-

ble shape anisotropy factor (κ2), bubble radius (r0) estimated from shell density profile,

fitted bulk liquid density (ρliq,fit) from shell density profile, and fraction of molecules in

the interfacial region (αint). Uncertainties (u) for α are calculated from the standard

deviation. All other uncertainties (u) represent the standard error of the mean at 95%

confidence interval from block analysis.

ρ α u r∗ u κ2 u
kg/m3 nm 10−4

800.00 0.19231 0.00013 11.45840 0.00022 2.91 0.11
825.00 0.16751 0.00015 10.94286 0.00029 2.616 0.096
850.00 0.14270 0.00015 10.37355 0.00019 3.25 0.15
875.00 0.11788 0.00015 9.73342 0.00015 3.84 0.15
900.00 0.09303 0.00016 8.99490 0.00026 4.47 0.21
925.00 0.06813 0.00014 8.10783 0.00011 4.54 0.16
950.00 0.04308 0.00016 6.95914 0.00076 6.19 0.28
955.00 0.038022 0.000016 6.67521 0.00091 7.7 1.6
960.00 0.0329523 0.0000077 6.36426 0.00050 7.9 1.2
965.00 0.027845 0.000017 6.0169 0.0012 9.0 1.7
975.00 0.017395 0.000033 5.1435 0.0033 11.6 1.7

ρ r0 u ρliq,fit u αint u
kg/m3 nm kg/m3

800.00 11.54564 0.00036 996.508 0.080 0.01451 0.00028
825.00 11.03004 0.00051 996.202 0.037 0.01243 0.00029
850.00 10.46040 0.00028 995.956 0.052 0.01097 0.00022
875.00 9.81970 0.00074 995.636 0.055 0.00939 0.00025
900.00 9.08124 0.00088 995.377 0.063 0.00768 0.00032
925.00 8.19432 0.00053 994.962 0.048 0.00589 0.00010
950.00 7.04608 0.00098 994.401 0.048 0.004131 0.000067
955.00 6.7614 0.0013 994.185 0.036 0.00386 0.00011
960.00 6.45080 0.00059 993.982 0.030 0.003401 0.000076
965.00 6.1031 0.0014 993.740 0.050 0.00304 0.00013
975.00 5.2296 0.0036 992.972 0.055 0.001164 0.000026
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Table SB10. Numerical data for system properties obtained for the TIP4P/2005-

4 system at T = 298 K: Pressure (P ), potential energy (U), residual isochoric heat

capacity (CV,res), viscosity (η), and diffusion coefficient (D). Density values followed

by (m) denote metastable homogeneous systems. All uncertainties (u) represent the

standard error of the mean at 95% confidence interval from block analysis.

ρ P u U u CV,res u η u D u
kg/m3 MPa kJ/mol J/(mol·K) 10−4 Pa·s 10−5 cm2/s

800.25 −92.8 1.0 −46.752 0.010 70.2 1.5 6.375 0.468 2.061 0.054
825.04 −98.9 1.3 −46.8623 0.0075 71.6 2.8 6.863 0.601 2.054 0.042
850.30 −108.5 1.4 −46.9702 0.0096 72.1 1.8 7.706 0.886 2.029 0.062
875.09 −127.9 3.2 −47.0776 0.0091 71.9 2.9 8.411 0.860 2.020 0.099
884.91 −188.54 0.73 −47.097 0.011 74.3 2.7 9.586 0.482 1.839 0.053
900.35 −168.34 0.40 −47.2220 0.0090 76.6 1.9 9.622 0.773 1.897 0.089
925.13 −130.54 0.70 −47.4167 0.0079 74.1 1.8 9.145 0.691 1.89 0.12
950.39 −85.76 0.67 −47.554 0.011 69.0 3.0 8.757 0.739 2.009 0.066
975.18 −38.81 0.71 −47.6459 0.0076 66.1 2.2 8.224 0.481 2.137 0.097
995.29 3.16 0.56 -47.7193 0.0078 63.1 1.3 8.118 0.844 2.133 0.058
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Table SB11. Numerical data for bubble properties obtained from the cell analysis

(top) and from radial density profiles (bottom) for the TIP4P/2005-4 system at

T = 298 K: Bubble volume fraction (α), bubble radius (r∗) estimated from the bubble

volume, bubble shape anisotropy factor (κ2), bubble radius (r0) estimated from shell

density profile, fitted bulk liquid density (ρliq,fit) from shell density profile, and fraction

of molecules in the interfacial region (αint). Uncertainties (u) for α are calculated from

the standard deviation. All other uncertainties (u) represent the standard error of the

mean at 95% confidence interval from block analysis.

ρ α u r∗ u κ2 u
kg/m3 nm 10−2

800.25 0.1231 0.0013 1.2340 0.0043 1.93 0.39
825.04 0.0996 0.0015 1.1498 0.0057 2.58 0.29
850.30 0.0712 0.0010 1.0280 0.0045 3.52 0.90
875.09 0.0396 0.0019 0.843 0.023 4.5 1.6

ρ r0 u ρliq,fit u αint u
kg/m3 nm kg/m3

800.25 1.3183 0.0076 956.3 2.7 0.0747 0.0060
825.04 1.2328 0.0062 952.9 2.5 0.0638 0.0027
850.30 1.1090 0.0035 941.2 2.4 0.0451 0.0019
875.09 0.919 0.027 926.9 1.5 0.0312 0.0034
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Table SB12. Numerical data for system properties obtained for the TIP4P/2005-

6 system at T = 298 K: Pressure (P ), potential energy (U), residual isochoric heat

capacity (CV,res), viscosity (η), and diffusion coefficient (D). Density values followed

by (m) denote metastable homogeneous systems. All uncertainties (u) represent the

standard error of the mean at 95% confidence interval from block analysis.

ρ P u U u CV,res u η u D u
kg/m3 MPa kJ/mol J/(mol·K) 10−4 Pa·s 10−5 cm2/s

800.02 −60.92 0.69 −47.0361 0.0039 69.0 2.3 6.23 0.61 2.131 0.062
824.97 −65.05 0.61 −47.1045 0.0028 69.4 2.4 6.87 0.39 2.102 0.043
850.05 −70.08 0.65 −47.1766 0.0054 68.8 3.3 7.19 0.89 2.145 0.051
874.99 −77.14 0.70 −47.2476 0.0018 69.5 3.3 7.57 0.62 2.114 0.047
899.94 −90.4 1.2 −47.3200 0.0044 70.7 2.5 8.3 1.0 2.070 0.017
910.05 −105.2 4.0 −47.3406 0.0041 71.1 2.1 8.37 0.51 2.029 0.043
915.04 −145.82 0.30 −47.3449 0.0046 72.5 4.5 9.79 0.57 1.965 0.041
925.02 −129.93 0.32 −47.4091 0.0057 73.0 4.3 9.19 0.51 2.032 0.086
949.96 −86.55 0.30 −47.5474 0.0067 70.7 2.2 8.12 0.49 2.077 0.030
975.05 −38.68 0.21 −47.6512 0.0034 65.5 2.2 9.01 0.75 2.167 0.060
995.00 3.11 0.34 −47.7203 0.0023 64.2 2.3 7.83 0.67 2.287 0.031

889.96(m) −181.61 0.42 −47.1385 0.0058 76.4 4.1 9.93 0.53 1.922 0.044
894.95(m) −175.11 0.30 −47.1877 0.0033 77.3 2.4 9.44 0.57 1.910 0.038
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Table SB13. Numerical data for bubble properties obtained from the cell analysis

(top) and from radial density profiles (bottom) for the TIP4P/2005-6 system at

T = 298 K: Bubble volume fraction (α), bubble radius (r∗) estimated from the bubble

volume, bubble shape anisotropy factor (κ2), bubble radius (r0) estimated from shell

density profile, fitted bulk liquid density (ρliq,fit) from shell density profile, and fraction

of molecules in the interfacial region (αint). Uncertainties (u) for α are calculated from

the standard deviation. All other uncertainties (u) represent the standard error of the

mean at 95% confidence interval from block analysis.

ρ α u r∗ u κ2 u
kg/m3 nm 10−2

800.00 0.14749 0.00033 1.9665 0.0015 1.06 0.41
825.00 0.12190 0.00064 1.8455 0.0032 1.038 0.090
850.00 0.09617 0.00042 1.7052 0.0025 1.22 0.63
875.00 0.0697 0.0013 1.5311 0.0098 1.26 0.38
900.00 0.0403 0.0019 1.276 0.020 2.42 0.27
910.00 0.0240 0.0017 1.069 0.024 3.60 0.93

ρ r0 u ρliq,fit u αint u
kg/m3 nm kg/m3

800.00 2.0499 0.0027 966.7 2.0 0.0578 0.0042
825.00 1.9305 0.0033 964.8 1.3 0.0494 0.0013
850.00 1.7874 0.0071 960.1 2.2 0.0401 0.0026
875.00 1.615 0.011 956.9 1.4 0.03083 0.00097
900.00 1.355 0.020 947.9 2.0 0.0218 0.0017
910.00 1.143 0.058 939.9 4.5 0.0151 0.0022
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Table SB14. Numerical data for system properties obtained for the TIP4P/2005-

8 system at T = 298 K: Pressure (P ), potential energy (U), residual isochoric heat

capacity (CV,res), viscosity (η), and diffusion coefficient (D). Density values followed

by (m) denote metastable homogeneous systems. All uncertainties (u) represent the

standard error of the mean at 95% confidence interval from block analysis.

ρ P u U u CV,res u η u D u
kg/m3 MPa kJ/mol J/(mol·K) 10−4 Pa·s 10−5 cm2/s

800.25 −45.84 0.15 −47.1885 0.0026 67.8 1.2 6.35 0.38 2.145 0.052
825.22 −48.61 0.25 −47.2415 0.0031 68.7 1.6 6.71 0.56 2.147 0.029
850.24 −51.70 0.24 −47.2972 0.0014 67.8 1.1 6.66 0.37 2.146 0.042
875.26 −56.61 0.35 −47.3479 0.0021 68.4 1.8 7.48 0.46 2.136 0.048
900.23 −63.38 0.40 −47.4002 0.0017 69.9 2.0 8.07 0.55 2.148 0.015
925.25 −81.8 1.5 −47.4470 0.0026 69.7 1.5 8.21 0.37 2.132 0.027
930.21 −120.4 1.0 −47.4430 0.0024 72.4 2.9 8.70 0.29 2.046 0.049
950.27 −86.09 0.17 −47.5471 0.0016 69.4 1.4 8.81 0.53 2.080 0.037
975.30 −38.20 0.12 −47.6495 0.0013 67.5 1.3 8.55 0.52 2.207 0.036
995.23 3.396 0.086 −47.7184 0.0016 63.5 1.5 8.82 0.38 2.257 0.044

900.23(m) −167.909 0.058 −47.2289 0.0011 76.6 2.9 9.48 0.54 1.944 0.045
925.25(m) −129.48 0.24 −47.4114 0.0024 74.1 2.0 9.06 0.38 2.027 0.033
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Table SB15. Numerical data for bubble properties obtained from the cell analysis

(top) and from radial density profiles (bottom) for the TIP4P/2005-8 system at

T = 298 K: Bubble volume fraction (α), bubble radius (r∗) estimated from the bubble

volume, bubble shape anisotropy factor (κ2), bubble radius (r0) estimated from shell

density profile, fitted bulk liquid density (ρliq,fit) from shell density profile, and fraction

of molecules in the interfacial region (αint). Uncertainties (u) for α are calculated from

the standard deviation. All other uncertainties (u) represent the standard error of the

mean at 95% confidence interval from block analysis.

ρ α u r∗ u κ2 u
kg/m3 nm 10−3

800.25 0.15858 0.00063 2.6862 0.0036 4.11 0.80
825.22 0.13359 0.00037 2.5369 0.0024 5.22 0.88
850.24 0.10811 0.00050 2.3641 0.0037 5.57 0.88
875.26 0.08204 0.00067 2.1563 0.0058 6.98 0.72
900.23 0.0562 0.0010 1.900 0.011 10.1 1.0
925.25 0.02331 0.00158 1.416 0.032 16.5 2.5

ρ r0 u ρliq,fit u αint u
kg/m3 nm kg/m3

800.25 2.7731 0.0043 973.9 1.6 0.0458 0.0010
825.22 2.6217 0.0029 971.8 1.4 0.0420 0.0022
850.24 2.4490 0.0043 968.43 0.80 0.0320 0.0015
875.26 2.2403 0.0047 965.9 1.2 0.0268 0.0014
900.23 1.984 0.012 963.0 1.7 0.01988 0.00048
925.25 1.497 0.032 952.7 1.5 0.0109 0.0013
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Appendix C. Supporting

information for chapter 4

Fitting of εN2−N2 and σN2−N2. N2 −N2 interaction takes the form of shifted-force LJ

potential. Isochoric–Isothermal (NV T ) Gibbs ensemble Monte Carlo (GEMC) simula-

tions were performed using the Monte Carlo for Complex Chemical Systems–Minnesota

(MCCCS–MN) software developed in house, at T = 100, 105, 108, 111, 114, 117, 120,

123 K, with total number of molecules N = 2000. For each temperature, 8 indepen-

dent simulations were run and statistics was collected from 100000 Monte Carlo cycles

(MCC; one MCC consists of N randomly selected moves) of production run. Uncer-

tainties were estimated as the standard error of the mean at 95% confidence interval.

Critical points were obtained by fitting the densities of the four highest temperatures to

the law of rectilinear diameters with critical exponent of 0.326. The simulated vapor–

liquid coexistence curve (VLCC) and Clausius-Clapeyron plot with εN2−N2/kB = 135 K

and σN2−N2 = 3.62 Å are given in Figure SC1, along with the experimental data taken

from NIST [224].
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Figure SC1. VLCC (top) and Clausius-Clapeyron plot of N2.
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Fitting of εwater−N2 and σwater−N2. water−N2 interactions takes the form of

shifted-force LJ potential. To calculate solubility of N2 in water, Isobaric–Isothermal

(NPT ) GEMC simulations were performed with NN2 = 50 and Nwater = 2000 at two

state points: T = 298.07 K and p = 1.004 MPa; T = 342.98 K and p = 6.941 MPa. The

fitting procedure started with coarse-grained grid points in both εwater−N2 and σwater−N2 ,

and then went through several iterations with higher grid resolutions to locate the

best parameters. Results from the final iteration are plotted in Figure SC2. Statistics

was collected from 100000 MCCs of production run from 8 independent simulations.

Uncertainties were estimated as standard error of the mean at 95% confidence interval.

The final values for εwater−N2 and σwater−N2 are chosen as those giving the smallest

relative mean squared error for all 32 data points.
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Figure SC2. Simulated solubility of N2 in liquid water as a function of εwater−N2

under different values of σwater−N2 at T = 298.07 K and p = 1.004 MPa (left) and

T = 343.98 K and p = 6.941 MPa (right). Circles denote simulation data and cyan lines

denote experimental solubility values [225].
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Table SC1. Comparison between simulated solubility of N2 in water χN2 using

TIP4P/2005 water and TraPPE nitrogen model and experimental solubility χN2, exp

at different state points [225]. Solubility is represented as mole fraction of N2 in the

mixture. Uncertainties (u) are estimated as the standard error of the mean at 95%

confidence interval obtained from 8 independent production runs of 50000 MCCs.

T p χN2 u χN2, exp

K MPa 10−4 10−4 10−4

298.07 1.004 0.8 0.10 1.14
343.98 6.941 4.2 0.27 5.35
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Table SC2. Linear box dimension L, ratio between LJ wall radius and box length

Rw/L, number of water molecules Nwater, and number of nitrogen molecules NN2 for all

simulated systems.

System L Rw/L Nwater NN2

nm

water (mW) 32 0.15 1093177 0
64 0.15, 0.075 8745414 0
128 0.15, 0.075 69963308 0
256 0.15, 0.075 559706465 0
512 0.075 4477651718 0

water (mW)/nitrogen (single-site) 128 0.15 69963308 832
water (TIP4P/2005) 32 0.15 1089891 0

48 0.15 3678381 0
64 0.15 8719125 0

water (TIP4P/2005)/nitrogen (TraPPE) 64 0.15 8719125 104
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Table SC3. Initial bubble radius R0, initial wall velocity dR
dt 0

, bubble collapse time

tc, and most negative wall velocity captured preceding initial collapse point dR
dt m

for all

simulated systems. Value of dR
dt m

for TIP4P/2005-32-0.15 system is not shown due to

large noise.

system L Rw/L R0
dR
dt 0

tc
dR
dt m

nm nm m/s ps m/s

water (mW) 32 0.15 4.75 -31 18.75 -987
64 0.15 9.56 -33 33.125 -3122

0.075 4.81 -7 34.875 -788
128 0.15 19.16 -25 63.25 -4055

0.075 9.64 -11 69.625 -2607
256 0.15 38.37 -28 123.625 -8012

0.075 19.26 -7 149 -2844
512 0.075 38.48 -6 309 -4662

water (mW)/nitrogen (single-site) 128 0.15 19.16 -24.6 63.625 -1515
water (TIP4P/2005) 32 0.15 4.84 -25.3 69.7

48 0.15 7.21 -35.4 99 -319
64 0.15 9.74 -2.8 122 -413

water (TIP4P/2005)/nitrogen (TraPPE) 64 0.15 9.71 -8.9 131 -41
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Figure SC3. Time evolution of outside liquid density (top), system pressure (mid-

dle), and the ratio between them (bottom) for mW-256-0.15, mW-512-0.075, and TIP4P/2005-

64-0.15 systems.
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Figure SC4. Kinematic viscosity of liquid water as a function of density at T =

298 K. Calculation method is described in reference [155]. Uncertainties are estimated

as the standard error of the mean at 95% confidence interval from 8 block averages, with

block size of 2.5 ns and 0.5 ns for mW and TIP4P/2005 systems, respectively.
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dashed lines represent linearly fitted lines. Bottom graph shows R2 as a function of t/tc.
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Figure SC8. Cross-sectional heat maps at t− tc = −0.5, −0.25, 0, 0.25, 0.5, and

1 ps for mW-128-0.15 system. The central 24× 24 nm2 region of the simulation box is

shown, with properties computed on meshes of size 1× 1× 1 nm3. Left: water number

density normalized by the liquid density at T = 298 K and p = 1 bar; middle: kinetic

temperature in units of Kelvin; right: voxel velocity normalized by speed of sound in

bulk liquid water at T = 298 K.
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Figure SC9. Cross-sectional heat maps at t− tc = −0.5, −0.25, 0, 0.25, 0.5, and

1 ps for mW-128-0.15-N2 system. The central 24×24 nm2 region of the simulation box is

shown, with properties computed on meshes of size 1×1×1 nm3. Left: nitrogen number

density normalized by the vapor density at T = 298 K and p = 1 bar; left middle: water

number density normalized by the liquid density at T = 298 K and p = 1 bar; right

middle: kinetic temperature in units of Kelvin; right: voxel velocity normalized by speed

of sound in bulk liquid water at T = 298 K.
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Appendix D. Supporting

information for chapter 5

Table SD1. Simulated temperature T , the corresponding total volume of the two

phases V , saturated liquid density ρliq and vapor density ρvap, vapor pressure p, heat of

vaporization ∆Hvap, and their corresponding uncertainties u for all systems. Uncertain-

ties are estimated as the standard error of the mean at 95% confidence interval obtained

from block averages from the production period. For ∆Hvap, only frames with at least

one molecule in the vapor phase are counted.
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system T V ρliq u ρvap u p u ∆H u
K nm3 kg/m3 kg/m3 kPa kJ/mol

210 8.2 638 9 4.9 0.9 253 48 13.45 0.05
230 8.2 608 17 9 7 498 399 12.7 0.6
250 8.2 586 7 18 7 1081 418 12.4 0.4

PH3-PBE-48 270 8.2 558 14 30 4 1951 256 11.8 0.4
285 8.2 529 11 49 25 3412 1723 10.7 0.8
290 8.2 524 13 59 11 4177 748 10.6 0.4
295 8.2 522 22 54 12 3905 868 10.7 0.9

210 16.0 645 10 4 2 230 90 13.9 0.2
230 16.0 608 13 9 3 527 180 13.0 0.5

PH3-PBE-96 250 16.0 596 19 22 7 1328 444 12.6 0.4
270 16.0 564 13 34 5 2266 297 11.8 0.3
285 16.0 544 17 75 26 5239 1779 10.4 0.4
300 16.0 513 10 74 14 5461 1032 10.0 0.4

190 8.2 705 33 14 12 655 564 13.1 0.5
210 8.2 670 13 16 7 805 372 12.6 1.0

PH3-BLYP-48 230 8.2 642 6 46 22 2615 1233 11.2 0.4
250 8.2 590 17 84 36 5137 2173 9.5 0.5
260 8.2 543 35 72 9 4595 584 9.2 0.5

330 9.3 1310 45 28 14 998 488 16.9 0.2
350 9.3 1280 39 53 29 1990 1079 16.0 1.2

AsH3-PBE-48 370 9.3 1148 53 54 14 2149 551 14.4 1.3
390 9.3 1143 36 113 30 4690 1235 13.9 1.4
410 9.3 1092 75 190 61 8318 2678 11.6 1.0

270 8.2 1845 67 8 8 147 143 17.1 0.8
300 8.2 1704 68 20 3 407 62 16.1 0.9
330 8.2 1685 94 45 23 992 504 16.4 0.8

SbH3-PBE-48 360 11.7 1555 67 90 54 2160 1300 14.8 1.4
370 11.7 1444 102 95 29 2332 707 13.9 0.8
380 11.7 1543 31 185 81 4677 2059 13.8 2.0
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Figure SD1. Specific densities of box 1 (left) and box 2 (right) as a function of

Monte Carlo cycles at the lowest temperature for all five systems (from top to bottom:

PH3-PBE-48, PH3-PBE-96, PH3-BLYP-48, AsH3-PBE-48, SbH3-PBE-48). Trajecto-

ries parts colored in black and red represent the equilibration and production periods,

respectively.
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Figure SD2. Specific densities of box 1 (left) and box 2 (right) as a function of

Monte Carlo cycles at the highest temperature for all five systems (from top to bottom:

PH3-PBE-48, PH3-PBE-96, PH3-BLYP-48, AsH3-PBE-48, SbH3-PBE-48). Trajecto-

ries parts colored in black and red represent the equilibration and production periods,

respectively.
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Figure SD3. Specific densities of box 1 (left) and box 2 (right) as a function of

MC cycles at T = 290 K for PH3-PBE-48 system (top: run 1; bottom: run 2). Trajectory

parts colored in black, blue, and red represent the equilibration period, periods of large

density fluctuations not included in the averages, and production periods, respectively.
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Description of force fields. A simple harmonic potential was used for both X-H

bond stretching and H-X-H angle bending

Ubond =
1

2
KR(R−R0)2 (5.1)

Uangle =
1

2
Kθ(θ − θ0)2 (5.2)

where the prefactors KR and Kθ, equilibrium bond length R0, and equilibrium angle θ0

were obtained from potential energy scan in Gaussian [226] with the PBE functional,

and are listed in Table SD2.

The intermolecular interactions are described by a combination of Lennard-Jones

and Coulomb potentials

Uinter = 4εij [(
σij
rij

)12 − (
σij
rij

)6] +
qiqj

4ε0rij
(5.3)

where qi, qj , rij , and ε0 are the charges on interaction site i and j, distance between

the two interaction sites, and permittivity of vacuum, respectively. Charges for atoms

were obtained using the Charge Model 5 developed by Marenich et al [227]. Lorentz-

Berthelot combining rules were used to obtain cross interaction parameters εij and

σij between unlike interaction sites. εii and σjj were obtained through minimizing

the energy difference squared between first-principles and force-field based calculations.

More specifically, a trajectory of frames were generated using first-principles molecular

dynamics simulations, and used as input for running CP2K in REFTRAJ mode to

obtain the corresponding energies described by empirical force fields. Then the mean

squared errors for energy between these two methods were minimized by varying the

force field parameters. The resulting parameters for intermolecular interactions are listed

in Table SD3. The error is found to be most sensitive to σHH and the resulting mean

squared errors of around around 1.5 × 10−4 hartree2 remained relatively high. Thus,

in this case the force fields mostly function to avoid the generation of Monte Carlo

trial configurations that would yield to very high energies and may be problematic for

convergence of KS-DFT calculations.
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Table SD2. Intramolecular force field parameters.

molecule bond angle
K R0 K θ0

hartree/bohr2 bohr hartree/rad2 rad

PH3 0.1878 2.7446 0.1534 1.6249
AsH3 0.1658 2.9217 0.1518 1.6005
SbH3 0.1312 3.2609 0.1459 1.5880

Table SD3. Intermolecular force field parameters.

molecule atom charge ε/kB σ
e K Å

PH3 P −0.2376 125 3.6
H 0.0792 50 2.5

AsH3 As −0.15 120 3
H 0.05 5 1.8

SbH3 Sb −0.0498 200 4
H 0.0166 7 1.8
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Figure SD4. Ensemble averages for X-H bond lengths (top) and H-X-H bending

angles (bottom) calculated for the saturated liquid phase for PH3, AsH3-PBE-48, and

SbH3-PBE-48 systems as a function of reduced temperature.
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