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Abstract

The surface tension of liquids is important for many processes in the atmosphere.
However, a lot of uncertainties exist over its influencing factors. For example, people
are still debating whether the “second inflection point (SIP)” exists in the temperature
dependence of the surface tension of water in the supercooled regime. Controversies
can also be found in the discussions about the concentration-of-solutes dependence
and size dependence in the nano-regime. In this PhD project, these uncertainties are
clarified by using molecular dynamics (MD) simulations.

In the first part of this work, we use MD simulations of the SPC/E water model
to study the surface tension of water (o,) as a function of temperature down to 198.15
K, and find a minimum point of surface excess entropy per unit area around ~240-250
K. Hence, we predict a second inflection point (SIP) of &,, roughly in this region, at
the boundary where the “no man’s land” happens. Furthermore, we find that o, has
a near-linear correlation with the interfacial width, which can be well explained by the
capillary wave theory. Deep in the supercooled regime, a compact water layer in the
interface is detected in our simulations.

The second part is about the surface tension of aqueous NaCl solution (o4 s01)
and the concentration dependence. We show that the linear approximation of
concentration dependence of oy,c1s0; at molality scale can be extended to the
supersaturated NaCl solution until a molality of ~10.7 mol kg™ (i.e., solute mass
fraction (xyqc;) Of ~0.39). After that, the simulated oygc;s0; remains almost
unchanged until xy,c; of ~0.47 (near the concentration upon efflorescence). After a
“second inflection point” at Xy, Of ~0.47, the oyac1s0; gradually regains a strong
concentration dependence with a tendency to approach the surface tension of molten
NaCl (~175.58 mN m™ at 298.15 K).

Finally, the vapor pressure and surface tension of water nano-droplets are studied

by MD simulations. We found the value of lnl:ja—t(r) increases from 0.46 to 2.1 when

sat.0
the radius decreases from ~1.92 nm to ~0.4 nm. The size dependence of the surface
tension was analyzed by using a modified form of Tolman equation. The Tolman
length is conjectured to be -0.12 nm.

In conclusion, several anomalies exist in the temperature dependence,
concentration dependence and size dependence of the surface tension, and these

anomalies are analyzed from the perspective of energy and structure.
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1. Introduction
1.1 Surface tension and its significance in the atmosphere

According to the International Union of Pure and Applied Chemistry (IUPAC),
surface tension (o) is the work required to increase a surface area divided by that area
(1). From the perspective of mechanics, o is the attractive force that tends to draw
the surface molecules into the inner part of the liquid and makes the liquid having the
least surface area. Dimensions of o are energy/area or force/length, and the units are
typically joules per metre squared (J m2) or newtons per metre (N m ) (2). In term
of phases we studied, o may be liquid-vapor, liquid-liquid, liquid-solid or
solid-vapor surface tension. In this thesis, we mainly study liquid-vapor surface
tension, thus we use “surface tension” and “c” to represent the liquid-vapor surface
tension. Many experimental methods can be used in the measurement of liquid-vapor
surface tension, mainly including Du Noly ring method, Wilhelmy plate method,
Spinning drop method, Pendant drop method, Maximum bubble pressure method,
Capillary rise method and Stalagmometric method (3-9). The brief introduction of
these methods was summarized in Table 1-1.

Surface tension (o) plays a vital role in various processes in the atmosphere.
Firstly, o affects the thermodynamic equilibrium during the process of cloud
formation, thereby influencing effects relevant for the climate change (10). It is
well-known that aerosols act as cloud condensation nuclei (CCN) during the process
of cloud formation. The value of ¢ can affect equilibrium between an aerosol and the

vapor over the aerosol’s curved surface due to the Kelvin effect (Eq. 1-1) (11).

20V,

P =P, exp( —r ) (1-1)

Here, P is the saturated vapor pressure of the droplet with a radius of r; Py is the vapor
pressure of a planar surface; Vy, is the molar volume of the studied liquid; R is the gas
constant and T the temperature in Kelvin. Through the Kelvin effect (Eq. 1-1) and
Raoult's law (12, 13), o can determine the activation states of particles, i.e.
hygroscopicity. Recently, Giordano et al. observed in situ that changes of o affected

the hygroscopicity of corresponding biomass burning aerosols (14). Secondly, o is



important for the kinetics of the nucleation of atmospheric droplets/particles. In the
nucleation theory (15), the rate of homogeneous nucleation from an ideal
supersaturated vapor, J, is related to o. It is because the surface energy (o>surface
area) is the main energy barrier from the gas phase to the condensed phase during the

nucleation.

Table 1-1. Experimental approaches used to measure the liquid-vapor surface tension.

Name (references) Brief introduction

Du Noly ring method (3) It involves lifting a ring from the surface of a liquid. The force
required to raise the ring from the surface is measured and used to
calculate o.

Wilhelmy plate method (4) A vertical plate is oriented to the surface, and the force exerted on
this plate is measured. After that, ¢ can be calculated.

Spinning drop method (5) A gas bubble is placed inside a rotating horizontal tube which
contains a liquid. The centrifugal forces from rotation make the
bubble to deform into an elongated shape. This deformation stops
when o and centrifugal forces are balanced. Then ¢ can be
derived from the shape of the bubble at this point.

Pendant drop method (6) At the end of a tube, the force due to o suspends the drop of
liquid. This force is proportional to the length of the boundary
between the liquid and the tube. Thus, ¢ can be calculated.

Maximum bubble pressure | Bubbles are produced and blown through a capillary. The maximum
method (7) pressure inside is obtained when the bubble has the hemispherical
shape whose radius is exactly same to the one of the capillary. By
using Young-Laplace equation, ¢ is obtained.

Capillary rise method (8) A capillary is immersed into the liquid. The height that the liquid
reaches inside the end of capillary is related o.

Stalagmometric method (9) It is to measure the weight of drops of liquid falling from a
capillary glass tube, and then calculate o based on Tate’s law.

1.2 Influencing factors of the surface tension

Several pivotal factors, including temperature, vapor pressure and components,
and the size of droplets can change the value of o for the same liquid. First of all, o
is negatively correlated with the temperature of the given liquid (16). Thus,
temperature must be explicitly stated when a value is given for o. A number of
equations were developed to describe the temperature dependence of o. For example,

Edva (16) proposed Eq. 1-2.



G Vi=k-(T—T) (1-2)

Here, V is the molar volume of a substance, T¢ is the critical temperature and K is a
constant valid for almost all substances. Of course, now one knows that this simple
relation does not hold quantitatively. The International Association for the Properties
of Water and Steam (IAPWS) provided an accurate equation to describe the

temperature dependence of surface tension of water (o,,) (17):

T—T
Tc

) @+

0, (T) =B - ( ) (1-3)

Te—T
Tc

Here, ,,(T) is in mNm™ and T is the temperature in Kelvin. The critical
temperature Tc is 647.096 K. B, p and b are 235.8 mN m™, 1.256 and -0.625,
respectively. Secondly, species and the concentration of dissolved solutes can also
affect the surface tension of the liquid (solvent) (18-20). For example, the majority of
inorganic salts can increase o of water (18), while alcohols decrease ¢ of water (20).
For the concentration dependence, different models have been developed to describe
it. Dutcher et al. built a model that predicts o of electrolyte solutions as well as their
mixtures whose concentrations range from dilute to infinite (21). This model is
employed in the extended aerosol inorganics model (E-AIM), which is frequently
used in atmospheric investigations. Szyskowski proposed Eg. 1-4 to describe the
decrease of o for aqueous solutions of dissolved organic surfactant at low
concentrations (22).

0 =0y —9RTT ,In(1 + K;C) (1-4)
where o, is surface tension of pure water, 3 represents the number of species
produced by surfactants, I',, and K are constants specific for each surfactant, and C is
the value of the concentration. Thirdly, the size of droplets can affect the value of o
of the corresponding droplets as well. By using thermodynamic interpretation, Rice
predicted that increasing vapor pressure could reduce the value of o (23).
Experimental results supported this relationship (24). For instance, the value of o of
water-CO, surface under 60 atm pressure is half of the one under a zero pressure.
Given that the vapor pressure over a droplet can be affected by the size of this droplet,

thus the size of droplet can also affect the value of o indirectly. The relation between



o and the radius of droplet (r) was derived by Tolman (25):
o(r) = == (1-5)

1+2§
r

o(r) is o of a droplet with a radius of r; o, denotes the planar o; and & is the
so-called Tolman length. This size dependence of o attracted a lot of discussions

(26-30), and further studies would be helpful for understanding it.

1.3 Research objectives and questions to be resolved

Water normally freezes at 0 <C (273.15 K), however it can be “supercooled” and
remain non-frozen at standard pressure down to about 235K, i.e. the homogeneous
nucleation temperature, without heterogeneous nucleation sites (31, 32). Supercooled
water receives considerable attention from atmospheric chemistry and physics. It was
widely detected in atmospheric systems, such as in cirrostratus (33), orographic wave
clouds (34) and deep convective clouds (35). In the latter study, Rosenfeld and
Woodley reported that most of the condensed water in deep convective clouds
remains liquid down to -37.5 °C, and these droplets have a median diameter of 17 um
and amount to 1.8 g'm™ (35). IAPWS has proposed Eq. 1-3 to describe the
temperature dependence of a,, (17). This quantitative relationship is, however, only
based on the experimental data of o,, above 0 T (273.15K), and it is still under
debate if the o, of supercooled water follows the IAPWS equation. Many studies
showed an anomaly in the dependency of the g, on temperature (36-40). According
to these studies, oy, has a stronger increase along with decreasing temperature below
a specific temperature in the vicinity of 0 <C, and the corresponding point is thus
defined as the “second inflection point (SIP)”. However, recent laboratory studies
showed contrasting results, where no SIP was found by different methods (41-43).
Thus, we calculated o, over a temperature range from 198.15 K to 348.15 K to
determine (Q1) if SIP exists and where it is. Indeed, the physical chemistry behind the
temperature dependence of o, is still unclear. The driving forces (enthalpic or
entropic part of surface free energy) of the changes of o, and structural factors

determining the temperature dependence have not been elucidated clearly. According



to the energetic and structure analyses, (Q2) the causes of temperature dependence of
oy Were investigated.

The second study of this PhD project regards to the surface tension of
supersaturated NaCl solution. The aqueous NaCl solution droplet was reported to be
involved in several processes of the atmosphere (44-51). These processes are: 1) Phase
transition: below the efflorescence point (~45% RH), the crystallization of NaCl salt
occurs in the aqueous solution (44). Recently, Cheng et al. showed that the
efflorescence point of NaCl solution was dependent on the size of the solution droplet
(52), which means NaCl salt may be generated at a higher RH condition. 1) Ice
nucleation: after the efflorescence, solid NaCl in the atmosphere can provide a
heterogeneous site for nucleation of supercooled water (46). 111) Cloud activation:
Bilde and Svenningsson have revealed the significance of NaCl in the cloud activation
(45). They found that small amounts of NaCl salt may have a dramatic effect on the
critical supersaturation of soluble organic compounds, and this result explained the
apparent gap between experimental data and theory in the form of the modified
Kdhler equation for acids (45). V) Aqueous-phase chemistry: in the solution, several
types of reactions lead to the depletion of CI" and the formation of gas-phase chlorine
compounds. Among these reactions, 5 types were considered to be the most important
ones by Finlayson-Pitts (50): acid displacement reactions, reactions initiated by Os,
reaction with OH, reactions with sulfur compounds, and reactions with NO3z and N,Os
(50). V) Heterogeneous chemistry: both of the aqueous NaCl solution and the solid
NaCl from the efflorescence participate in heterogeneous chemistry of aerosols (47,
48). By using experiments, molecular dynamics (MD) simulations, and the kinetics
modeling, Knipping et al. found that CI" ions prefer to stay on the surface of aqueous
NaCl solution droplets and attract hydrox| radicals (47). As a result, the ion-enhanced
interactions with gases at aqueous surfaces produce large amount of gas-phase
chlorine compounds. Similarly, several reactions on the surface of solid NaCl have
been reported, e.g. generation of nitrosyl chloride from nitrogen dioxide (48),
generation of molecular chlorine from chlorine nitrate (49), and generation of

molecular chlorine induced by OH (51). Due to the significance of aqueous NaCl



solution, the concentration-dependent onqc1s0r 1S €ssential to determine the
equilibrium between NaCl solution droplet and water vapor. Below the saturation
point (~6.15 mol kg™), Onaclsor SNOWS a near linear dependence on molality (53, 54)
with a slope of 1.7340.17 (18, 55). Due to the energy barrier of crystallization during
dehydration and size-effects at the nanoscale (44, 52, 56), supersaturated aqueous
NaCl solution droplets can exist under atmospheric conditions. It is a matter of debate
to which extent the approximation of a near linear dependence of surface tensions on
molality can still be used for NaCl droplets. Therefore, onqci 50 OF Solution with
different concentration from infinitely dilute (xy,c; = 0) to highly supersaturated
solution to molten salt (xy.c; = 1) was calculated to determine (Q3) concentration
dependence of oygcis0:- More importantly, the physical chemistry behind the
concentration dependence is also unclear. (Q4) The change was also explained from
the perspective of energy and structure, e.g. the profile of surface enthalpy and the
distribution of ions. Last but not least, surface tension of the water nano-droplet was
investigated.

The third study is about water nano-droplets. The droplets studied here, whose
size is at the scale of a few nanometers, may not be very pertinent to the atmosphere
directly, while the results and conclusion based on them have the implications for
many atmospheric processes, e.g. new particle formation. Because of the significance
of the vapor pressure and surface tension atmospheric nano-particles, (Q5) we
developed a method, based on the MD simulation, to calculate the vapor pressure and
surface tension of nano-droplets. Another question concerns the size dependence of
these 2 properties. Tolman has showed that the surface tension of spherical droplets
can be written as a simple function of radius of the droplets (Eqg. 1-5) (25). Currently,
many debates are carried out about Tolman length, although it is agreed that this value
should be of the order of the inter-molecular distance. The value of water proposed by
Tolman was 0.1 nm originally (57). However, a work based on MD simulations for
the TIP4P/2005 water model reported a negative & of -0.056 nm, and in this case, the
surface tension should increase when the droplet becomes smaller (26). This

inconsistency might be explained by the different assumptions in the data processing.



Besides the debates about &, the validity of Eq. 1-5 is also disputed (58-60).
Therefore, (Q6) we studied the size dependence of vapor pressure and surface tension

of nano-droplets based on the developed method.

1.4 Molecular dynamics (MD) simulations and calculation of surface tension
Measuring the surface tension of highly supercooled water, supersaturated NaCl
solution and nano-droplets is quite difficult. At the same time, the mechanisms behind
the observed trends are also essential to be interpreted. Molecular dynamics (MD)
simulations would be a useful tool to obtain these goals. MD simulations describe the
physical movements of atoms/molecules using Newton’s equations of motion (61, 62).
In MD simulations, interactions between studied atoms/molecules are given (namely,
the force field), and then the Newton’s equations of motion are solved to evolve
atoms/molecules. MD simulations have several advantages. This technique can
provide detailed information about a system at the atomic level, such as the structure
and thermodynamic properties. In addition, conditions of interests, such as pressure
and temperature, for a system can be controlled very accurately in MD simulations.
This method gained popularity in materials science and biophysics. In materials
science, MD simulations are carried out to investigate the dynamics of phenomena
that cannot be observed by experiments, as well as physical properties of
nano-materials, e.g. growth of the thin film (63). In biophysics, the method is
frequently applied to study the behaviors of proteins or nucleic acids (64), which can
be used to interpret the results of experiments and model interactions with other
molecules. In the last decade, more and more MD simulations are performed to study
topics of atmospheric chemistry and physics. Loukonen et al. investigated the
nucleation of sulfuric acid in the presence of water by employing MD simulations
(65). Karadima et al. studied the local structure and local concentration in atmospheric
nanoparticles consisting of cis-pinonic acid, sulfate and ammonium ions, and water
(66). Mass accommodation of water on particles was also studied by Julin et al. (67)
and Takahama and Russell (68). Knipping at al. (47) and Ghosal et al. (69) found

chloride, bromide and iodide ions can enrich on the surface of aerosols, and this



phenomenon explains the ion-enhanced interfacial chemistry of aerosols. We can
expect that, obviously, more investigations about atmospheric particles would employ
the technique of MD simulations in the future.

Several types of techniques based on MD simulation have been developed to
determine o for the liquid-vapor surface. The mostly used technique involves a
mechanical route which requires the calculation of the pressure tensor (70). Thus, this
method was named as the “pressure tensor” method. In the case of a planar surface, o
is given by Eq. 1-6,

o= [ dz[Py(z) — Pr(2)] (1-6)
where Py (z) and Pt (z) are the normal and tangential components of the pressure.

According to Alejandre (71), in the context of MD simulations, Eq, 1-6 can also be

presented as Eq. 1-7.

0 =-L,[(P) - ((PXX) +(Py))] (1-7)
Here, L; is the length of the simulation cell in the longest direction (more descriptions
about simulation cells are shown in the next chapter), and Pa, (a=x,y,z) denotes the
diagonal component of the pressure tensor. The < > refers to time average. The factor
of 1/2 outside the bracket arises from the presence of two surfaces in the system.
Currently, pressure tensors can be obtained directly by the majority of molecular
simulation software directly. The second class of methods to calculate ¢ involves a
thermodynamic way. The difference of free energy between two or more systems with
different surface areas is determined to estimate o (72). This concept can be

presented as Eq. 1-8.

= (Z_Z)NVT (1-8)
i.e., o is the change of free energy for an infinitesimal change in the surface area.
Here, F is the free energy; A is the surface area; and NVT means that studied systems
have a constant volume and temperature. After the first work of free energy-difference
method by Bennett (72), a number of researchers developed advanced methods, such
as Moody and Attard (73), and Laird and Davidchack (74). Test-area method

developed by Gloor et al. (75) provides a significant reduction in computational costs



by comparing with methods above. This method is related to the energy-difference
method, while it relies on estimating the change of free energy from perturbations in
the surface area within an individual simulation. Last but not least, one class of
methods is related to the concept of finite-size scaling. For instance, Binder estimated
o between 2 phases with a flat surface from the variation of certain probability

distribution functions of finite blocks with block size (76).

2. Results and discussion
2.1 Overview

The main results of this PhD project are described in three first-author
manuscripts which are attached in Appendix B. Two of these have already been
published and one is prepared to be submitted. Figure 2-1 provides an overview of the
studies, and the main results and conclusions are summarized in the following
sections. In addition to the research and results presented in this thesis, the PhD
project also includes investigations of the size dependence of solubility of NaCl
nano-particles and the development of a new method to observe atmospheric particles
based on the scanning force microscopy (SFM). These additional studies are still in

progress and thus not included in this thesis.



(1) Surface tension of the supercooled water;
Wang et al., PCCP, 2019

() Surface tension of the supersaturated NaCl

1. Temperature dependence solution water; Wang et al., ACP, 2018
2. Energetic analysis: second inflection point
SH Stfl{Cthe of the surface: 1. Concentration dependence

capillary wave theory 2. Energetic and structural analysis

Liquids in the
atmosphere (1V) Main tools:

1. Molecular dynamics simulation
(Il) Vapor pressure and surface tension of nano-droplets; 2. Thermodynamic analysis
Wang et al., to be submitted

1. Size dependence of the vapor pressure
2. Retrieving the surface tension
3. Size dependence of the surface tension

Figure 2-1. Structure of the PhD thesis. In the middle, the object of the project is
schematically presented. In the panel I, 1l and IlI, the topics, corresponding papers
and main studied questions are shown. In the pane 1V, tools used in this thesis are

mentioned.

2.2 Individual studies
2.2.1 Surface tension of the supercooled water

The surface tension of supercooled water is of fundamental importance in
physical chemistry and material and atmospheric sciences. Controversy, however,
exists over its temperature dependence in the supercooled regime, especially on the
existence of the “second inflection point (SIP)”. Here, we predict an SIP of gy,
roughly in the region of ~240 K-250 K, at the boundary where the “no man’s land”
happens. The increase of surface entropy with decreasing temperature in the region
below the inflection point clearly is an anomalous behavior, unknown for simple
liquids. Furthermore, we find that o,, has a near-linear correlation with the
interfacial width, which can be well explained by the capillary wave theory. Deep in
the supercooled regime, a compact water layer in the interface is detected in our
simulations, which may be a key component that contributes to the deviation of
surface tension from the International Association for the Properties of Water and

Steam relationship.
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2.2.2 Surface tension of the supersaturated NaCl solution

Sodium chloride (NaCl) is one of the key components of atmospheric aerosols.
The surface tension of aqueous NaCl solution (oygcis0;) @nd its concentration
dependence are essential to determine the equilibrium water vapor pressure of
aqueous NaCl droplets. Supersaturated NaCl solution droplets are observed in
laboratory experiments and under atmospheric conditions, but the experimental data
for onqcis0r are mostly limited up to sub-saturated solutions. In this study, we show
that the linear approximation of concentration dependence of oyqc;s0; at molality
scale can be extended to the supersaturated NaCl solution until a molality of ~10.7
mol kg™ (i.e., solute mass fraction (xyqc;) of ~0.39). Energetic analyses show that this
monotonic increase of surface tension is driven by the increase of excess surface
enthalpy (AH) as the solution becomes concentrated. After that, the simulated
Onaclsor f€Mains almost unchanged until xy,c of ~0.47 (near the concentration
upon efflorescence). The existence of the “inflection point” at xy,¢; 0f ~0.39 and the
stable surface tension of xy,c between ~0.39 and ~0.47 can be attributed to the
nearly unchanged excess surface entropy term (T-AS) and the excess surface
enthalpy term (AH). After a “second inflection point” at xy,o Of ~0.47, the
simulated oygc1s0; gradually regains momentum stronger concentration dependence
with a tendency to approach the surface tension of molten NaCl (~175.58 mN m™ at
298.15 K, MD simulation based extrapolation). This fast increase of oyqc;s0; at
Xnact > 0.47 is a process driven by excess surface enthalpy and excess surface
entropy. Our results reveal different regimes of concentration dependence of the
surface tension of aqueous NaCl at 298.15 K: a water-dominated regime (xyq,c; from
0 to ~0.39), a transition regime (xyqc from ~0.39 to ~0.47) and a molten

NaCl-dominated regime (xyqc; from ~0.47 to 1).

2.2.3 Vapor pressure and surface tension of nano-droplets
The vapor pressure and surface tension of water nano-droplets play key roles in
many different processes. There are still many different debates about the size

dependence of these properties. In this part, we used MD simulation to address some
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questions involved in these debates. We found SPC water model is the best model to

reproduce the vapor pressure of water among 6 studied models. The vapor pressure of

Psat(r)

sat_0

nano-droplets with different size was calculated, and we found the value of In

increases from 0.46 to 2.1 when the radius decreases from ~1.92 nm to ~0.4 nm. Then
a method of retrieving surface tension based on the data of vapor pressure from MD
simulations was developed. The size dependence of surface tension was analyzed by
using a modified form of Tolman equation. The Tolman length is conjectured to be
-0.12 nm. Additionally, a compression in the nano-droplet was found, and this
compression might be related to the size dependence of vapor pressure and surface

tension.
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Introduction

Second inflection point of water surface tension
in the deeply supercooled regime revealed by
entropy anomaly and surface structure using
molecular dynamics simulationst

2 Kurt Binder,® Chuchu Chen,® Thomas Koop, 2 ¢
@ Hang Su (@ *29 and Yafang Cheng () *

Xiaoxiang Wang,
Ulrich Péschl,

The surface tension of supercooled water is of fundamental importance in physical chemistry and
materials and atmospheric sciences. Controversy, however, exists over its temperature dependence in
the supercooled regime, especially on the existence of the “second inflection point (SIP)". Here, we use
molecular dynamics simulations of the SPC/E water model to study the surface tension of water (o)
as a function of temperature down to 198.15 K, and find a minimum point of surface excess entropy
per unit area around ~240-250 K. Additional simulations with the TIP4P/2005 water model also show
consistent results. Hence, we predict an SIP of g, roughly in this region, at the boundary where the
“no man’s land” happens. The increase of surface entropy with decreasing temperature in the region
below the inflection point is clearly an anomalous behavior, unknown for simple liquids. Furthermore,
we find that g, has a near-linear correlation with the interfacial width, which can be well explained by
the capillary wave theory. Deep in the supercooled regime, a compact water layer at the interface is
detected in our simulations, which may be a key component that contributes to the deviation of surface
tension from the International Association for the Properties of Water and Steam relationship. Our findings
may advance the understanding of the origin of the anomalous properties of liquid water in the super-
cooled regime.

interactions”® in the supercooled regime. However, it is
difficult to measure the surface tension of supercooled water

Supercooled water widely exists in atmospheric systems, such
as in cirrus and orographic wave clouds." Water micro- and
nano-droplets can even retain their liquid phase at much lower
temperatures, in the so called “no-man’s land” (<240 K),*™*
which has a large impact on multiphase reactions in aerosols
and activations of cloud droplets.>® Surface tension of super-
cooled water is essential for understanding the gas-liquid
partitioning, homogeneous nucleation and aerosol-cloud
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due to the limitation of measurement techniques. This is
because, while homogeneous nucleation of ice from super-
cooled water is often not the dominating mechanism limiting
the stability of supercooled water due to the relatively low
nucleation rates,'®? the heterogeneous nucleation and crystal-
lization of ice could be induced when a solid container or piece
is in contact with the studied supercooled water.'*'* The
experimental measurement of the surface tension of nano-
droplets in the “no-man’s land” would thus be much more
difficult and even unavailable to perform at this time.

To describe the temperature (7) dependence of surface
tension of water (o), the International Association for the
Properties of Water and Steam (IAPWS) equation has been
proposed:"®

ow(T) = B- (TT_ T>H~(1+b- T°T_ T) (1)

C C

where ¢,(T) is in mN m™" and T is in Kelvin. The critical

temperature T is 647.096 K. B, u and b are 235.8 mN m *, 1.256
and —0.625, respectively. It should be noted that the standard
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IAPWS equation is based on the data of Vargaftik et al'®
This quantitative relationship is, however, only based on the
experimental data of water surface tension above 0 °C (273.15 K),
and it is still under debate whether the surface tension of
supercooled water follows the IAPWS equation. For example,
Humphreys and Mohler'” measured the surface tension of
supercooled water down to —8 °C (265.15 K) and showed an
anomaly in the dependency of surface tension on temperature.
Anomalies in a similar temperature range have also been found
by later experimental studies.'®?" According to these studies,
surface tension has a stronger increase with decreasing tem-
perature below a specific temperature in the vicinity of 0 °C, and
the corresponding point is thus defined as the “second inflec-
tion point (SIP)”. Note that the “first inflection point” is at about
520-530 K.>*** However, recent laboratory studies showed con-
trasting results, where no SIP was found in the measurable
temperature range down to —25 °C (248.15 K) by using capillary
elevation,*® counter-pressure capillary rise®® and horizontal
capillary tube?® methods.

In view of the significance of surface tension of supercooled
water and the ongoing debate on the existence of an SIP, we
performed molecular dynamics (MD) simulations to study
the surface tension of water over a temperature range from
198.15 K to 348.15 K. The results are then compared with the
IAPWS equation and existing experimental data. The tempera-
ture dependence of surface tension and its driving forces are
elucidated by analyzing the energetic and structural parameters
of the simulated systems. According to the energetic and
structure analyses, a second inflection point of surface tension
of water was revealed at around 240-250 K, the edge of the
“no-man’s land”.

Methods

MD simulation

The MD simulations were carried out with the GROMACS v5.1
package.”” The SPC/E water model (Extended Simple Point
Charge Model)*® was selected to represent the water molecules.
We have opted to choose the SPC/E water model of water, for
three reasons: (i) it is the most widely used model in previous
simulation studies of the surface tension of water (e.g. Sakamaki
et al., Chen and Smith, Vins et al, and Alejandre et al.>**?). Due
to the long range of electrostatic forces, and the need to use a
slab geometry for simulating the liquid coexisting with its vapor,
such simulations are technically very difficult, and actually some
early results are presumably invalid, as pointed out in ref. 30. For
other force fields of water, less extensive data would be available
for comparison. (ii) Some other force fields of water (e.g. ST2
model) are known to imply a critical anomaly in the predictions
for the bulk properties of supercooled water (2nd critical point)**
and for such models a corresponding anomaly of the surface
tension is likely. However, it is still unclear that whether real
supercooled water at low enough temperatures (if they become
accessible) will show such critical anomaly of bulk properties.
We do not wish to bias our study of surface tension by using

This journal is © the Owner Societies 2019
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such a model which perhaps overemphasizes such critical
behavior in the bulk. The SPC/E water model, however, does
not produce a 2nd bulk critical point in the accessible tempera-
ture region, and hence is less biased. (iii) A recent study by Shvab
and Sadus®* has reported that the SPC/E water model yields
reasonable values for most quantities of water. By contrast, some
other specific models may reproduce one property of water very
well while fail to reproduce other ones. In this study, we do not
only investigate the value of surface tension, but also discuss the
surface excess enthalpy, surface excess entropy, density profile
and the thickness of the surface. Therefore, we need to use a
model to avoid any irrational results for these parameters.

Water molecules were added into the simulation cell (a cube
with lengths at x-, y- and z-directions of 5 nm, Ly = L, = L, =
5 nm; the number of water molecules is 4142) to generate the
initial structure for simulation of water. Water was then equili-
brated in the NVT ensemble and NPT ensemble (pressure = 1 bar)
at different temperatures (198.15-348.15 K with an interval of 10 K)
with periodic boundary conditions in all three directions.
The temperature was controlled by using a Nosé-Hoover
thermostat.>**® The volume of the simulation cell may slightly
change due to the difference in density at different tempera-
tures, and the length of the cubic cell ranged from 4.9 nm to
5.1 nm. After equilibrium was reached, the cubic simulation
cell was elongated along the z-direction with L, = 20 nm to
create two surfaces. The water was equilibrated and simulated
with the NVT ensemble in the rectangular parallelepiped cell at
the corresponding temperature. Simulations at each tempera-
ture were performed for five individual times. All simulations
were carried out for at least 50 ns by using a 1 fs time step, and
configurations for analysis were saved every 2 ps. Both electro-
static interactions and van der Waals interactions were calcu-
lated using the particle mesh Ewald (PME) algorithm,*”®
because PME has been found to give an accurate calculation
of long-range interactions.*®

Calculation of surface tension

For each MD simulation at a certain temperature, the water
surface tension at the interface, o,,, was then calculated with
the “pressure tensor” method as we did in our previous study,
using the mechanical definition of the atomic pressure:**

v = gL [(P) —2{(Po) + () @

2
Here, L, is the length of the simulation cell in the longest
direction (along z-direction, L, = 20 nm in our case) and P,,
(@ = x, y, z) denotes the diagonal component of the pressure
tensor. The (- - -) refers to time average. The factor ! outside the
square brackets takes into account the two interfaces in the
system.

To check whether the size of our simulation system is large
enough to get an accurate prediction of o, we performed
sensitivity simulations of systems with different L, (L,) and
thickness of the water slab at 298.15 K. As shown in Fig. S1
(ESIt), with fixed L, (= 20 nm) and thickness of the water slab
(5 nm), the predicted o, from the systems with L, and L, > 3 nm
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are converged to be ~62 mN m™". With a fixed cell dimension
(ie, Ly = L, = 5 nm and L, = 20 nm), the simulated a,, quickly
reaches ~62 mN m ™" at a water slab thickness of ~2 nm and
becomes almost constant upon further enlarging the thickness.
These results suggest that the size of the system used in our
study should be sufficient.

Energetic analysis

Surface tension is defined as the excess surface free energy per
unit area with the following equation:*°

o(T) = AG;I(T) _AH|(T) —AT - ASy(T) 6

Here, AG4(7) is the incremental part of free energy due to the
surfaces at temperature T, A is the total area of the surface we
created, so A =2 x A’ and A’ is the area of each created surface.
AS;
A
per unit area at temperature 7, respectively. By using eqn (4)

AS. AH,
and (5),*° TS(T) and — *(T) can be further calculated as:

AH,
(T) and TS(T) are the excess surface entropy and enthalpy

ASs,.  d[e(T)]

1 (T)= —d4r (4)
AH, dlo(T)]
T(T):G(T)fT'd—T (5)

To obtain %(T), we apply a discrete differential method to

the simulated surface tension of water at different tempera-
tures. In this approach, we firstly use eqn (6) to fit the data of
0w(To), 0w(To — 10 K) and oy(Ty + 10 K) to get the fitting
parameters a and b for a given Ty, ie., a(T,) and b(Ty),
respectively.

ow(T) = ow(To) +a x (T — To) +b x (T — Tp)>  (6)
Together with eqn (4), we have

AS;
A

(To) = —a(Ty) )

T - ASs
A
interpret the change of surface tension with temperature. Note

AH,
and Ts are then obtained and they were used to

N

AS .
that Y at 198.15 K and 348.15 K cannot be calculated by using
the discrete differential approach because we do not have the
surface tension data at 188.15 K and 358.15 K.

Structural analysis

To calculate the distribution of density of water along the
z-direction, the simulation cell is divided into slabs with a
thickness of 0.2 A, and the density of each slab is statistically
averaged over the simulation time. The density profiles were
fitted to a hyperbolic tangent function:*'

p(z) = %(pL +pv) - %(pL — py) tanh [Z _dzo] (8)

where p;, and py are densities of water and vapor, z, is the
position of the Gibbs-dividing surface, and d is a parameter

3362 | Phys. Chem. Chem. Phys., 2019, 21, 3360-3369
27

View Article Online

Paper

about surface thickness. It is often not recognized that para-
meters, such as d, are not intrinsic properties of a surface, but
depend on the linear dimension of the surface that is studied,
due to capillary wave broadening of the density profile (see more
details in the main results).

Results and discussion
Surface tension of water above 0 °C

Fig. 1 shows the simulated and observed temperature depen-
dence of o, Above 0 °C (273.15 K), our simulated temperature
dependence (red circles) agrees well with the observation-based
IAPWS parameterization (blue solid line, commonly used as a
reliable description of ¢, at this temperature range),">"®
though the absolute values of modelled ¢,, show a systematic
shift. Compared to previous MD studies where the SPC/E water
model has also been applied, our results (red circles) are con-
sistent with the ones from Vega and de Miguel*' (light green
triangles), Sega and Dellago®* (dark green triangles), Sakamaki
et al.*® (brown triangles), Chen and Smith>° (grey triangles), and
Vins et al.®' (light blue triangles). The surface tension of water
against water vapor was also calculated by Ismail et al.** using
the SPC/E potential, but their results are consistently about
10 mN m™" smaller than all the other data (by three groups of
authors) shown in Fig. 1, which are in very good mutual
agreement.

80 L L I ! I I
© ()
75

240-250 K

~@ .
704 o)
MD simulation
65- O This study

Vega and de Miguel (41)
/A Segaand Dellago (42)
60+ A Sakamaki et al. (29)
/\  Chen and Smith (30)

Observation
O Vargaftik et al. (16)

Surface tension of water, g,, (mN m-1)

55 Vins et al. (31) Hruby et al.and Vins et al. (24-26) L
—— Adjusted IAPWS fit ——— Original IAPWS (75)
------ Extrapolation of ------  Extrapolation of a
50 the adjusted IAPWS fit the original IAPWS
T T T T T T

T T
180 200 220 240 260 280 300 320 340 360

Temperature (K)

Fig. 1 Simulated and observed temperature dependence of surface ten-
sion of water. The red open circles represent the molecular dynamics (MD)
simulated surface tension of water (a,,) in this study. The black error bars
are the standard deviations of five individual simulations. The red solid line
is the adjusted IAPWS fit based on the MD simulated ¢, above 273.15 K,
and the red dashed line shows the extrapolation. The blue solid line is the
original IAPWS parameterization based on the measured g, above 273.15 K
by Vargaftik et al'® (blue open circles with black error bars), and the blue
dashed line shows the extrapolation. Light green circles represent the
measured surface tension in the supercooled regime down to about
—25 °C from Hruby, Vins and their colleagues.?*~2® More measurement
data can be found in the review of Holten et al.?! The triangles represent
the MD simulated o, with the SPC/E water model from Vega and de Miguel
(ref. 41, light green), Sega and Dellago (ref. 42, dark green), Sakamaki et al.
(ref. 29, brown), Chen and Smith (ref. 30, grey), and Vins et al. (ref. 31, light
blue), respectively. The light grey dashed line and shade mark the 0 °C
(273.15 K) and 240-250 K temperature range, respectively.
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To explore the source of this model discrepancy, we carefully
compared the relevant settings in the MD simulations of Ismail
et al.’s,*® Vega and de Miguel’s,*! Sega and Dellago’s*? and our
studies. Firstly, although Alejandre et al®* found that the
simulation of surface tension depended on the reciprocal-
space mesh refinement, Ismail et al.*’ reported that the accu-
racy of the reciprocal-space mesh did not affect the calculation
of surface tension of the SPC/E water model when it was
averaged over sufficiently long times. The averaging time in
our study (~50 ns), in Vega and de Miguel*' (1.5-2 ns) and in
Sega and Dellago®” (50 ns) are longer than or comparable to the
1-2 ns used in Ismail et al.,** and thus should be long enough
to avoid the effect of reciprocal-space mesh on surface tension.
The second potential reason lies in the different choice of
cutoff parameters, such as the Lennard-Jones (LJ) potentials
and the short-range cutoff for the electrostatic potentials. The
corresponding values were both set to 1 nm in Ismail et al.,*
but 1.3 nm in Vega and de Miguel*' and Sega and Dellago.*>
In our study, the cutoff values were both 1 nm, the same as in
Ismail et al.*®> But we adopted the particle mesh Ewald (PME)
algorithm, which may work similarly to longer cutoff values for
interactions and bring our simulation results closer to those of
Vega and de Miguel*' and Sega and Dellago.*> The different
techniques used to calculate electrostatic interactions may also
play a role. For example, both Vega and de Miguel*' and Sega
and Dellago,*” as well as our studies used the PME algorithm,
while Ismail et al.*® used the particle-particle particle-mesh
(PPPM) technique. Finally, the PME algorithm has been found
to give an accurate calculation of long-range interactions.*®
Since we have used the PME algorithm to calculate both
electrostatic interactions and van der Waals interactions, a tail
correction for surface tension was thus not made in our study.
However, in the current case, the tail correction should not play
a significant role in explaining the difference of surface tension
in the two previous studies, because it has been applied in both
studies. Overall, despite more systematic research being still
needed to clarify what parameters in MD simulations can affect
and how they affect the simulation of the surface tension of the
water slab, our simulation should be able to reflect the trend of
surface tension with temperature.

The systematic differences between the modeled and simu-
lated ¢,, may be attributed to the fact that the critical tempera-
ture T. predicted by the water models applied in the MD
simulations is different from the experimental one. A similar
shift in the opposite direction has been found by Rogers et al.**
with a different water model (i.e., WAIL, Water potential from
Adaptive force matching for Ice and Liquid) and a different T, of
~711 K. Following Vega and de Miguel’s*! and Rogers et al.’s**
approach, an adjusted IAPWS equation (red solid line in Fig. 1)
was thus obtained by fitting the original form of the IAPWAS
equation (as in eqn (1)) to the MD simulated values (red circles in
Fig. 1) at temperatures above 273.15 K. The critical exponent y is
fixed at 11/9.”® The new equation becomes:

T, - T y -
aW(T)::19282(—f?;——) -(1—-0554—5777—) (9)
C C

11/9
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here, T.' (= 627.16 K) is the simulated critical temperature of
SPC/E water, which is similar to the ones from previous studies
where the SPC/E water was also applied, e.g., 625.7 K from Vega and
de Miguel** and 630.6 K from Errington and Panagiotopoulos.*®
As shown in Fig. 1, the adjusted IAPWS equation can well
describe the simulated o,, above 273.15 K.

Surface tension of water in the supercooled regime

In the supercooled regime (T < 273.15 K), we find that the
simulated oy, (red circles in Fig. 1) and the extrapolation of the
adjusted IAPWS relationship (red dashed line in Fig. 1) well
converge until ~250 K. In this range (above 250 K), our
simulations show no obvious deviation from the adjusted
IAPWS equation. Consistently, recent experimental results also
show that the surface tension between ~250 K and 273.15 K
follows the extrapolation of IAPWS correlation (blue dashed
line) very well.>*~>° At about 240 K to 250 K, the extrapolation
begins to deviate from the MD simulation, and the deviations
become more significant when the temperature further
decreases. Rogers et al.** performed a MD simulation by using
the WAIL water model and found the deviation to the extra-
polation of the IAPWS equation in a similar temperature range
(i.e., ~243 K). This consistency is supported by findings from
simulations using other force fields for water. Thus, it should
be very interesting to extend the range of measurement for real
water to somewhat lower temperature than so far possible. For
real water, Taschin et al.*” have reported a time-resolved optical
Kerr effect down to T = 247 K, showing that a slowing down
occurs, compatible with a mode-coupling critical temperature
of a glass transition at T, = 227 K. They interpret this finding as
the interplay of two local configurations, namely, high-density
and low-density water forms, as suggested by Anisimov et al.*®
It could be that this mechanism is also relevant for the density
maximum of SPC/E, implying that below T, the fraction of the
low-density component increases. To identify the low density
liquid (LDL) in water, we used distance to the fifth nearest
neighbor (d5) criterion by following Cuthbertson et al. and
Singh et al.**° The d5 criterion assigns molecules to belong to
“low density” when d5 is greater than the cutoff distance of
0.35 nm. The fractions of LDL at different temperatures were
obtained (Fig. 2). The fractions of LDL increase as the tempera-
ture decreases in the studied region. However, the momentums
below and above the ~240-250 K range are quite different from
each other. From ~350 K to ~250 K, the fraction increases
gradually. Below this temperature, the fraction increases
sharply as the temperature decreases. This result indicates that
the existence of deviation of surface tension from IAPWS might
be related to the rapid increase in the fraction of LDL.
According to our results, the IAPWS equation is suitable and
accurate enough to describe the surface tension of supercooled
water down to ~250 K (—23 °C), below which the surface
tension begins to deviate from IAPWS. However, supercooled
water nano-droplets can still exist at a temperature as low as
200 K.> Thus, the relationship between surface tension and
temperature should be further studied in this low temperature
range. Note that, in the nano-size range, the size dependence of
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Fig. 2 The fractions of LDL at different temperatures. Red circles repre-
sent the fraction of LDL at different temperatures.

surface tension should also be introduced to study the surface
tension of water nano-droplets or clusters.”™>> The apparent
deviation of g, from the adjusted IAPWS may suggest an SIP at
about 240-250 K. Therefore, we performed further energetic
and structure analysis in the next sections to discuss and
address the following two questions: (i) whether an SIP exists
in the supercooled regime; and (ii) what are the driving forces
controlling the change of ¢, against temperature?

Entropy anomaly and driving forces of temperature
dependence

By definition, an “inflection point” in the temperature-surface
&[ow (T)]
dr?

] (see eqn (4) in Methods), if an SIP

tension curve shall locate at the temperature where =0.

AS(T)  dlow(T)
Because 1 = ar

exists, one should see a local minimum or maximun in the
temperature-surface excess entropy curve. Thus, we calculated

A AH,
the surface excess entropy % and enthalpy TS by the discrete

differential method based on the simulated g (7).
As presented in Fig. 3A, our data show a clear local mini-

AS. o
mum of TS(T) at a temperature around ~ 240-250 K, indicat-

ing an SIP of ¢,,(T) roughly in this region, at the boundary of
the “no man’s land” in real water. Above ~ 240 K, the surface

AS; AH .
excess entropy Y and enthalpy Y determined from our MD
simulations compare well with the respective ones from the
adjusted IAPWS equation (eqn (9)). Below ~240 K, however,
the IAPWS equation fails to describe the temperature depen-

S

AH; . . .
dence of and 7‘, leading to the aforementioned devia-

tion of ¢,,(7) in Fig. 1.
From an energy perspective, surface tension (¢) can be
T - ASs

decomposed into an entropy term <— ) and an enthalpy

AH, — T - AS,

AH; . .
term <T) as by definition ¢ = y -. Fig. 3B shows

T - AS;

S

- . . A
the variations of two driving forces, i.e., and — that

A
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the IAPWS fit (above 273.15 K) are marked with red and blue solid lines,
respectively. The dashed lines denote the extrapolations. (B) Decomposed
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s

AS, AH,
excess entropy (TS) and enthalpy ( y and

AH, T
temperature dependent enthalpy (TS> and entropy <—

control the change of surface tension, with temperature. Above

Ss

~240 K,

shows a stronger negative temperature

AH,
dependence, while TS shows a much weaker positive depen-

dence. Thus the increase of o,, from ~350 K to ~240 K is an
entropy-driven process, which is consistent with the current
understanding that an entropy change is the major driving
force of negative temperature dependence of ¢,,.”> However,

below ~240 K, ® remains almost unchanged, and

therefore does not contribute to the negative temperature
AH, .

dependence of a,. In contrast, the enthalpy term TS begins

to show a strong negative dependence on temperature. Thus
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the amplification of the increasing tendency of surface tension
below ~240 K and the deviation from the IAPWS relationship is
an enthalpy-driven process.

Influence of surface thickness

To understand the temperature dependence of o, from a
molecular level, we compared the structures of water at differ-
ent temperatures, i.e., the density profile of water along the
z-direction (p(z), see Structure analysis in Methods). By fitting
the density profile with a hyperbolic tangent function (eqn (8)),
the surface thickness parameter d can be obtained. The
“10-90” thickness of the interface (¢) is defined as the distance
along the interface, over which the density changes from a
value of 10% to 90% of water’s bulk density, and mathemati-
cally ¢ is equal to 2.1972d.*" As presented in Fig. 4A, there is an
almost perfect linear correlation between the surface thickness
and surface tension, ie., with increasing temperature, thick-
ness increases while surface tension decreases. We also find
that water has a thinner surface at a lower temperature, and the
surface thickness near linearly correlates with decreasing tem-
perature, also shown as blue solid circles in Fig. 4B. This is
consistent with the results from previous studies involving
planar macroscopic water and nano-droplets.*"*>4

In these previous studies, the general trends of the change in
surface thickness with temperature are almost the same; the
absolute values of thickness are however quite different (see results
from Vega and de Miguel*" (black solid diamonds) and Sega and
Dellago® (black solid triangles) as examples, Fig. 4B). One obvious
reason for the observed differences is the use of different force
fields or different choice of cutoff parameters for the same force
field, which may also cause systematic differences. However,
another important reason why different groups reported different
results for the same force field is that there is a systematic
dependence of the interfacial thickness on the lateral linear
dimension (L) of the interface, caused by the so-called “capillary
waves”.>> While the capillary wave broadening of interfacial profiles
has been extensively discussed for binary polymer mixtures,**”” for
water surfaces, it has only recently been discussed.****® Here, we
shall demonstrate that this concept is useful to correlate the
temperature dependence of surface tension and thickness.

The capillary wave fluctuations lead to a logarithmic varia-
tion of d with L,*®

di? = diyi® + kBiTln (£>

dou(T) "\ (10a)

where d;, is the so-called “intrinsic” thickness, d, is a mini-
mum lateral length for which eqn (10a) can be used. Neither
diner DOT d, is predicted by the theory (sometimes dy = diny iS
assumed, but this is questionable, see ref. 57). g(7) is the
surface tension at temperature T and the value is the same for
systems with L’ and L. kg is the Boltzmann constant. Note also
that eqn (10a) does not apply to macroscopic surfaces of real
water in nature, since their long wavelength capillary waves are
suppressed by gravity, unlike in MD simulations, where no
gravitational potential is included. A useful consequence of
eqn (10a) is that one can relate the thicknesses for two different
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Fig. 4 Compact correlations between temperature dependent surface ten-
sion of water and surface thickness. (A) The MD simulated surface tension of
water (o) as a function of the surface thickness (t). (B) The thickness of surface
t as a function of temperature. The blue solid circles represent the surface
thickness simulated in this study in a cell with L, = L, = 5 nm. The blue open
circles represent the surface thickness translated to a simulation cell with
Ly = L, = 3 nm for comparison with Vega and de Miguel* (black solid
diamonds) and Sega and Dellago® (black solid triangles) who used also

Ly = L, = 3 nm. (C) Positive near-linear relationship between £ and TTT)‘
The solid circles and open diamonds and triangles represent data from this
study, Vega and de Miguel® and Sega and Dellago,*? respectively. The data
points are color coded with temperature. The solid, dashed and dotted black
lines are linear fitting to the corresponding data sets. The grey areas mark the
supercooled regime.

choices L’ and L as follows

kgT L
A=dl+ - _In[= 1
di? =dp +4O_W(T) n(L) (10b)
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Note here that both d;,, and d, in this relation have been
cancelled out. d;; and d;, represent d of the surface of the water
slab whose L, (L) are L' and L, respectively.

Fig. 4B compares the thickness, ¢, from our simulation
(L = 5 nm, blue solid circles) with the corresponding data of
Vega and de Miguel*" (black solid diamonds) and Sega and
Dellago®* (black solid triangles), who used also the SPC/E water
model but L' = 3 nm. One sees that the trends with temperature
are similar, while the actual absolute values differ. However,
when one uses eqn (10b) to “translate” our data from a
thickness L = 5 nm to a thickness L' = 3 nm (shown as blue
open circles), there is an almost perfect agreement between our
values and those of Vega and de Miguel*’ and Sega and
Dellago.*” This also serves as a demonstration that it does
not make sense to quote values for the surface thicknesses
without mentioning to which surface lateral linear dimension,
L, they belong.

According to the capillary wave theory, one may disregard
the temperature dependence of d;,, and d, in eqn (10) and plot
WTT) versus t?, as shown in Fig. 4C. It is seen that indeed over a
wide range, e.g., ~198 to 348 K in this study, 300 to 500 K in
Vega and de Miguel*' and 300 to 550 K in Sega and Dellago,**
an almost straight line is found. The slope implies that
do = 0.75 nm, corresponding to a size of just a few water
molecules, which is reasonable. Taking the compact near-linear
relationship between surface thickness and T into account, the
compact correlation between surface tension and surface thick-
ness can thus be also expected. It is interesting to note that
these results still apply in the regime of supercooled water,
where an oscillatory density profile at the water rich side of
the interface appears (see more details in the next section).
Actually, the number of water molecules in the simulation can
affect the value of ¢ more discussions about this relationship
are presented in the ESL¥

Compact water layer near the surface in the deeply supercooled
regime

By analyzing the density profiles of water at different tempera-
tures, we find a compact water layer near the surface below
~250 K. By a “compact water layer”, we mean that the water
density near the surface exceeds the water density in the bulk.
Here, the density profile at 298.15 K was selected as the
reference and compared to the ones for different temperatures
in panels of Fig. 5A and Fig. S2 (ESIf). Above ~250 K, a
continuous density drop exists between the bulk water and
the vapor, which indicates that a water-vapor interface forms.
However, a small “apophysis” (an example of the apophysis is
in Fig. 5A for the density profile of water slab at 198.15 K)
occurs near the surface when the temperature drops to 248.15 K
(Fig. S2F, ESIt). The apophysis becomes more pronounced with
decreasing temperature (Fig. 5B and Fig. S2, ESIT). This means
that the compact water layer, existing between the interface and
interior part, becomes even more compact when the tempera-
ture decreases. To prove that this phenomenon is not an
artifact induced by insufficient simulation time and/or the
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Fig. 5 Compact water layer near the surface and its influence on the surface
tension of water in deeply supercooled regime. (A) The MD simulated density
profiles of water at 198.15 K (red open circles), 298.15 K (blue open circles)
and 348.15 K (green open circles). The black solid line is the fitting of the
density profile at 198.15 K with the hyperbolic tangent function. The differ-
ence between the largest density at the surface and the fitted bulk density is
defined as the height of “apophysis”. (B) Positive correlation between the
height of the apophysis and deviation of the MD simulated surface tension of
water from the adjusted IAPWS relationship. The data points are color coded
with temperature.

finiteness of the simulation cell, we have also performed
simulation with a larger system (L, = L, = 10 nm, L, = 30 nm)
for 250 ns at 198.15 K for two individual times, and the
apophysis persists at a similar level in the density profiles,
although the density fluctuation in the bulk seems to be slightly
smoother to some extent (Fig. S3, ESIf). Such apophysis was
also found before by Matsubara et al.,** Li et al.,** Abe et al.,*®
Haji-Akbari et al.® and Haji-Akbari and Debenedetti.®> The
latter authors found that in the center of the liquid slab, where
the density already agrees with its bulk value, the bond-
orientational order is still significantly different from the bulk,
and they therefore suggested that the proximity of a water-
vapor surface facilitates ice nucleation, although this does not
occur right at the surface, but rather at a distance of a few
nanometers inside.

Interestingly, the temperature at which this compact water
layer occurs is similar to the temperature where the surface
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tension begins to deviate from IAPWS extension. To further
explore the potential influence of the apophysis on the devia-
tion of surface tension from the IAPWS relationship, we defined
the difference between the largest density in the compact water
layer and the bulk density (p) as the height of apophysis, as
exampled in Fig. 5A. At each temperature, p;, is obtained by
fitting the simulated density profile with a hyperbolic tangent
function. As shown in Fig. 5B, in the temperature range below
~240-250 K, the deviation increases as the height of the
apophysis increases. This strongly positive relationship demon-
strates that the compact water layer may be a key component
that contributes to the deviation of surface tension from the
IAPWS relationship.

Conclusions

The surface tension of pure water was studied as a function of
temperature at zero pressure from about 200 K to 350 K by
using the SPC/E water model and extensive MD simulation. We
carefully assert that for the chosen linear dimensions of the
water slab (about 5 nm), finite size effects are negligible, and
show that for T > ~250 K, the surface tension can be fitted
well by an equation of the IAPWS form,'* hence ruling out the
appearance of an SIP in this temperature regime. As a caveat,
we call attention to the fact that several competing water
models exist, and none of them can reproduce all the measured
physical properties of real water accurately. However, in the
temperature regime where reliable measurements of the
surface tension of water exist, the predicted temperature
dependence of the surface tension for the SPC/E water model
is similar to both the experimental data (Fig. 1) and to predic-
tions from other water models. Thus, it appears reasonable to
rely on our model predictions also in the deeply supercooled
region, where neither reliable experimental data nor predic-
tions of the surface tension from the other water models are
available. We find that, in the deeply supercooled region, there
is a significant deviation from the IAPWS relationship that fits
the result at high temperature (T > 273.15 K). Using a thermo-
dynamic relation and separating contributions to surface ten-
sion into the enthalpic and entropic parts, we predict that (in
our model), an SIP occurs in the region from ~240-250 K,

AS; - .
because VS has a minimum value around this temperature.

This conclusion is based on the SPC/E water model. To examine
if it is applicable for other water models, we calculated the
surface tension and surface excess entropy at different tem-
peratures based on TIP4P/2005, the one that produces the
closest values of surface tension to the observation. As shown
in Fig. S4A (ESIt), the simulated surface tension also begins to
deviate from the adjusted IAPWS fit based on the data above
273.15 K when the temperature is in the region ~240-250 K.

Ss

of TIP4P/2005 also presents a minimum point around this

temperature range (Fig. S4B, ESIt). While the temperature
dependence of the surface tension at temperatures below the
SIP is mostly controlled by the surface excess enthalpy, at
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higher temperature the decrease of the surface tension with
temperature to a large extent is caused by the surface excess
entropy. The occurrence of an SIP in the deeply supercooled
region of water clearly is a somewhat anomalous property, and
it is an intriguing question, if this is somehow related to other
anomalous properties of deeply supercooled water. In this
context, we draw attention to recent findings of maxima of
the correlation length and compressibility in rapidly super-
cooled micrometer-sized droplets at T = 229 K.°® This observa-
tion was attributed to the presence of a Widom line associated
with a liquid-liquid critical point in supercooled water at lower
temperature and higher pressure.

At very low temperatures (close to the border line of the “no
man’s land” of supercooled water), the water surface simulated
using the SPC/E potential exhibits a compact layer (ie. a clearly
higher local density of the water than the one in the bulk range at
these temperatures). The consequences of this phenomenon on
the nucleation behavior of water droplets from deeply supercooled
vapor remain to be explored. In a broad temperature regime, a
strong and nearly linear correlation between the surface thickness
(which increases with temperature) and the surface tension (which
decreases with temperature) is found and interpreted with capillary
wave theory. The latter term allows us to relate our results for
surface thickness to other simulations for the same model, where
different linear dimensions of the surface were used.
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Relationship between the thickness of surface and the number of molecules in the simulated
systems

Vins et al. ! compared their results for 4 choices of N (the number of water molecules in the
simulation, and the one in our study is 4142 as pointed out in our main text). They find that the
surface tension is independent of N, but the interface thickness t increases systematically with N.

Here, we plot t? against In(N) at ~350 K, and these data are from Vins et al.’s 1, Vega and
Miguel 2, Sega and Dellago’s 3 and our studies (Fig. S5). The relationship between them is as Eq.
S1

t? = 0.0408 x In(N) - 0.1066 (S1)

This N-dependence of t* is a simple consequence of Eq. 10a. Of course, writing N as the product
of the bulk water density times the volume of the water slab, and noting that volume scales with
the third power of the linear dimension L, one has that n(N) =3In (L) + constant, The
prefactor 0.0408 indeed is rather close to the prefactor that Eq. 10a then would predict. Thus, the

2 . . . .
N-dependence of ¢~ provides a further independent test of the estimated surface tension.
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Fig. S1. Surface tension of water (GW) at 298.15 K for systems with different sizes.
Fig. S2. The MD simulated density profiles of water at different temperature.
Fig. S3. Stability and repeatability of the ‘apophysis’ and the compact water layer near the surface.

Fig. S4. Temperature dependence of surface tension of water (A) and surface excess entropy per
unit of area (B) simulated with the TIP4P/2005 water model.

Fig. S5. The relationship between the natural logarithm of number of water molecules in
simulations and the square of thickness of surface at ~350 K.
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Abstract. Sodium chloride (NaCl) is one of the key compo-
nents of atmospheric aerosols. The surface tension of aque-
ous NaCl solution (oNac1so1) and its concentration depen-
dence are essential to determine the equilibrium water vapor
pressure of aqueous NaCl droplets. Supersaturated NaCl so-
lution droplets are observed in laboratory experiments and
under atmospheric conditions, but the experimental data for
ONaCl.sol are mostly limited up to subsaturated solutions. In
this study, the surface tension of aqueous NaCl is investi-
gated by molecular dynamics (MD) simulations and the pres-
sure tensor method from dilute to highly supersaturated so-
lutions. We show that the linear approximation of concen-
tration dependence of oNacl sol at molality scale can be ex-
tended to the supersaturated NaCl solution until a molal-
ity of ~10.7 molkg’l (i.e., solute mass fraction (xNac1) of
~0.39). Energetic analyses show that this monotonic in-
crease in surface tension is driven by the increase in excess
surface enthalpy (A H) as the solution becomes concentrated.
After that, the simulated onacl, 5ol remains almost unchanged
until xnac1 of ~ 0.47 (near the concentration upon efflo-
rescence). The existence of the “inflection point” at xNacl
of ~0.39 and the stable surface tension of xn,c1 between
~ 0.39 and ~ 0.47 can be attributed to the nearly unchanged
excess surface entropy term (7 - AS) and the excess sur-
face enthalpy term (A H). After a “second inflection point”
at xNac) of ~ 0.47, the simulated oNacl,sol gradually regains
the growing momentum with a tendency to approach the sur-
face tension of molten NaCl (~ 175.58 mNm~! at 298.15K,
MD simulation-based extrapolation). This fast increase in
ONaCl,sol at XNac1 > 0.47 is a process driven by excess surface

enthalpy and excess surface entropy. Our results reveal differ-
ent regimes of concentration dependence of the surface ten-
sion of aqueous NaCl at 298.15 K: a water-dominated regime
(xNac1 from 0 to ~ 0.39), a transition regime (xnac) from
~0.39 to ~0.47) and a molten NaCl-dominated regime
(xNac1 from ~ 0.47 to 1).

1 Introduction

Sodium chloride (NaCl) is one of the most important com-
ponents of atmospheric aerosol particles (Finlayson-Pitts,
2003; Lewis and Schwartz, 2004). The aqueous NaCl so-
lution droplet could participate in many atmospheric pro-
cesses, such as phase transition, cloud activation, ice crys-
tallization, long-range transport and chemical aging (Martin,
2000; Finlayson-Pitts, 2003; Ghorai et al., 2014; Wagner et
al., 2015; Chen et al., 2016). To better understand these pro-
cesses, the concentration-dependent surface tension of aque-
ous NaCl solution (oNacl,s01) 1S essential to determine the
equilibrium between NaCl solution droplet and water vapor
(Jarvis and Scheiman, 1968; Dutcher et al., 2010).

Below the saturation point (~ 6.15 molkg_l), ONaCl.sol
shows a near-linear dependence on molality (Jarvis and
Scheiman, 1968; Johansson and Eriksson, 1974; Aveyard and
Saleem, 1976; Weissenborn and Pugh, 1995; Matubayasi et
al., 2001) with a slope of 1.73 +0.17 (Pegram and Record,
2006, 2007). Because of the energy barrier of crystallization
during dehydration and size effects at the nanoscale (Martin,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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2000; Biskos et al., 2006; Cheng et al., 2015), supersaturated
aqueous NaCl solution droplets can exist under atmospheric
conditions. However, direct measurements of surface tension
of supersaturated droplets are challenging due to technical
difficulties (Harkins and Brown, 1919; Vargaftik et al., 1983;
Richardson and Snyder, 1994; Kumar, 2001). Only recently,
Bzdek et al. (2016) overcame these limitations with an opti-
cal tweezer method and extended the concentration range to
~ 8molkg~!, where the near-linear relationship still holds
(Bzdek et al., 2016).

It is a matter of debate to what extent the approximation
of a near-linear dependence of surface tension on molality
can still be used for NaCl droplets. Cheng et al. (2015) used
the differential Kohler analyses (DKA) method to retrieve
the surface tension of NaCl aqueous droplets, and revealed a
large deviation from the near-linear increase at a molality of
~ 10 molkg™ I In literature, such a deviation in concentrated
solution has also been found for other compounds, such as
HNOj3 (Weissenborn and Pugh, 1996), and it is believed to be
typically true for most highly soluble electrolytes (Dutcher et
al., 2010). The reason for such deviation remains unclear.

Several models about surface tension have been developed
for highly concentrated solutions, e.g., Li and Lu (2001), Li
et al. (1999) and Levin and Flores-Mena (2001). Li and Lu
(2001) developed a model based on the Gibbs dividing sur-
face concept, where the adsorption and desorption rate con-
stants, saturated surface excess, stoichiometric coefficient of
ions and mean ionic activity coefficient are needed. For NaCl
aqueous solutions, this model is suitable for solutions with
concentrations up to ~ 5.5 molkg_l. Li et al. (1999) uses
a Debye—Hiickel parameter, osmotic coefficient and a pro-
portionality constant from the fitting of measured values to
calculate the surface tension, which covers the concentration
until the saturation point of bulk NaCl aqueous solutions.
The remaining models are mostly only suitable for the dilute
electrolyte solutions, such as the one proposed by Levin and
Flores-Mena (2001). In their valid concentration range, these
surface tension models produce linear or near-linear concen-
tration dependence of onacl,sol that agrees well with currently
available observations.

One surface tension model that is able to predict oNacl,sol
in the whole concentration range from infinitely dilute
(xNac1 = 0) to highly supersaturated solution to molten salts
(xNac1 = 1) was proposed by Dutcher et al. (2010), which
has been adopted into the widely used Extended Aerosol
Inorganics Model (E-AIM; Wexler and Clegg, 2002). This
model is based on the following concept: ions are solvated
by the water at low salt concentrations, which means that wa-
ter molecules form hydration shells around the ions; while at
very high salt concentration the water is considered as “so-
lute” that is solvated by the ions, which means that ions form
shells around the water molecules (Dutcher et al., 2010). Ac-
cordingly, for a diluted solution, the surface tension of wa-
ter dominates and the surface tension of the solution equals
the surface tension of water adjusted by a term that is pro-
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portional to the solute concentration. For a highly supersatu-
rated solution, a similar relationship can be applied with the
surface tension of molten salt as governing element. Legit-
imately, the model is then constrained by the surface ten-
sions of water and molten salt. The parameterization of this
model is obtained by fitting the data of subsaturated solu-
tions. When the aqueous NaCl solution gets concentrated,
this model shows a nonlinear monotonically increasing trend
of oNaclsol generally in good agreement with observations,
but no inflection point was introduced. It should be noted that
the surface tension as a function of mole fraction of NaCl
according to the Dutcher et al. (2010) model is essentially
a linear interpolation between the surface tensions of water
and molten NaCl.

In this study, we applied molecular dynamics (MD) sim-
ulations and the pressure tensor method to calculate the
concentration dependence of oNacl sol from infinitely dilute
(xNac1 = 0) to highly supersaturated solution to molten salt
(xNac1 = 1). The concentration dependence of oNaci,sol 15 di-
vided into 3 regimes: a water-dominated regime, a transi-
tion regime and a molten NaCl-dominated regime. We com-
pare our results with the Dutcher et al. (2010) model, and
present the principal underlying physical chemistry (driving
forces) behind the change of surface tension along concen-
tration changes.

2 Methods

2.1 MD simulation

MD simulations were carried out with the GROMACS 5.1
package (Abraham et al., 2015). The Na™ ions, Cl~ ions and
water molecules were added into a cubic box (L = 5nm) to
imitate the NaCl solution. The concentrations of simulated
solutions are summarized in Table 1. To simulate the sur-
face tension of supersaturated NaCl aqueous solution, we
make use of the time window in the MD simulations be-
fore the crystallization starts in the system. The highest xNac]
we can reach is ~ 0.64 (the corresponding concentration is
~ 30.39 mol kg_l), below which the simulated surface ten-
sions in three independent runs stably converge after 50
to 100ns (Fig. 1). For more concentrated solutions, stable
convergence cannot be reached, e.g., large fluctuations are
shown in Fig. 1d at xnacy of 0.75.

According to Dutcher et al. (2010), surface tension of lig-
uid or molten NaCl at 298.15 K (corresponding xnacy is 1,
infinite concentrated solution) can be regarded as the upper
boundary of onacl,sol. However, a direct simulation of sur-
face tension of molten NaCl at 298.15 K would not be possi-
ble, due to excessively large relaxation times of this system
at this temperature. It has been found that surface tensions
of a very wide range of molten salts can be well described
by linear functions of temperature (Sada et al., 1984; Hor-
vath, 1985; Janz, 1988; Dutcher et al., 2010). We thus follow

www.atmos-chem-phys.net/18/17077/2018/
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Table 1. Concentrations of solution studied in our simulation and the calculated values of surface tension.

No. Numberof Number Concentration (molkg_l) xNac1 in - Concentration (mol kg_l) xNac1 of  Surface tension

water  of NaCl in bulk rﬁgionb bulk region of whole solution  whole solution (mNm~1)
1 4142 0 0 0 0 0 62.2440.044
2 4058 42 0.657 0.037 0.575 0.0325 63.48 £0.03
3 3976 83 1.235 0.067 1.159 0.0635 64.8+0.014
4 3824 159 2.41 0.123 2.309 0.119 67.41+£0.089
5 3728 207 3.16 0.156 3.08 0.1528 69.49 £ 0.006
6 3656 243 3.85 0.184 3.69 0.1776 70.76 £0.1
7 3550 296 4.8 0.219 4.63 0.213 73.61 £0.055
8 3452 345 6.04 0.261 5.552 0.245 76.06 £0.14
9 3388 377 6.75 0.283 6.182 0.265 77.5+0.11
10 3314 414 7.47 0.304 6.94 0.288 79.7+0.19
11 3222 460 8.57 0.334 7.931 0.317 82.06+0.25
12 3108 517 9.745 0.36 9.24 0.351 84.35£0.143
13 3038 552 10.66 0.384 10.09 0.371 85.67£0.183
14 2960 591 11.83 0.409 11.09 0.3935 86.9+0.04
15 2868 637 13.49 0.44 12.339 0.419 87.83+£0.25
16 2762 690 15.34 0.47 13.879 0.448 88.03 £0.88
17 2636 753 17.37 0.504 15.87 0.481 88.77+£0.42
18 2486 828 19.98 0.54 18.503 0.519 90.35+0.6
19 2368 887 24.6 0.59 20.81 0.549 93.4+2.157
20 2232 955 26.74 0.61 23.77 0.581 97.6£1.46
21 2122 1010 30.396 0.64 26.44 0.607 102.53 +£0.46
222 2109 421 11.48 0.4018 11.09 0.3935 86.9£0.59

4 The solution slab in this system is 3nm x 3nm x 10nm and the simulation box is 3nm x 3nm x 30nm.
b There is a little difference between the concentration in the bulk region and the one of the whole system due to surface effects. The values used in the main text are the ones in the bulk
region.
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Figure 1. The calculated surface tension at different simulation time from different trajectories. For the solution with xy,c] < 0.64 (a—c), the
surface tension become steadily stabilized after ~ 100-150ns, and different individual simulation runs converge to a similar result. When
XNacl > 0.64 (d; here xnac) = 0.75), the surface tension keeps fluctuating and the final values from different individual simulations cannot
be converged even after 250 ns.
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1. Energy minimization in the cubic box (LX=LV=L,)

|

2. Equilibration in the cubic box

Systems with surfacesl

3. Added into a rectangular box (L,=20 nm)

|

4. Equilibration and simulation with
NVT ensemble in the rectangular box

|

5. Calculating surface tension and analyzing the energy

Systems without surfaces

Figure 2. Schematic diagram of the different steps performed in the
MD simulation.

the approach of Dutcher et al. (2010) assuming a linear re-
lationship between surface tension of molten NaCl and tem-
perature. With this approach, we retrieve the surface tension
of molten NaCl at 298.15K by extrapolating the simulated
surface tension of molten NaCl in the temperature range of
1000 to 1700 K. Note that, in principle, non-linearity could
still be possible at very high degrees of supercooling (e.g.,
close to or at room temperature) for the molten salts, which
may introduce uncertainties to the offset obtained by the ex-
trapolation.

The simulation procedure we followed is the follow-
ing (Fig. 2): (1) systems were firstly energetically mini-
mized by the steepest descent method (Stillinger and Weber,
1985). (2) Solutions were equilibrated in the NVT ensemble
(constant-temperature, constant-volume) and NPT ensemble
(constant-temperature, constant-pressure) (pressure = 1 bar)
with periodic boundary conditions in three directions. The
temperature was controlled by using the Nosé—Hoover ther-
mostat (Nosé, 1984; Hoover, 1985). The box volume change
due to the variation in density at different temperatures, and
in our case the length of the cubic box varied from 4.9 to
5.1 nm. (3) The box was elongated along the z direction with
L, =20nm to create two interfacial regions. (4) The solu-
tion was equilibrated and simulated with the NVT ensemble
in the rectangular parallelepiped box at the corresponding
temperature. (5) Systems without surfaces were also simu-
lated for further energy analysis, and the trajectories obtained
from step 2 were simulated with NPT ensemble. (6) All sim-
ulations were carried out for at least 200 ns, which is much
longer than that in previous studies (a few nanoseconds;
Jungwirth and Tobias, 2000; Neyt et al., 2013), because the
system that we were dealing with is much more concentrated.
A 1fs time step was adopted and conformations for analy-
sis were saved every 2 ps. Both electrostatic interactions and
van der Waals interactions were calculated using the particle
mesh Ewald (PME) algorithm, which has been proven to be
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a good choice for accurate calculation of long-range interac-
tions (Essmann et al., 1995; Fischer et al., 2015). To test the
reproducibility, all the systems were simulated 3 times, and
the respective statistical error bars were provided.

In our simulation, the Joung—Cheatham (JC) force field
for NaCl (Joung and Cheatham III, 2009) with SPC/E water
model (Berendsen et al., 1987) was applied to simulate the
NaCl solution and molten NaCl. The solubility at 298.15K
based on the JC force field with SPC/E model has been de-
termined as 3.7 +£0.2 mol kg_l (Moucka et al., 2013; Mester
and Panagiotopoulos, 2015; Espinosa et al., 2016), which to
the best of our knowledge is the value closest to the experi-
mental value of solubility (~ 6.15 mol kg’1 ). Therefore, this
force field is appropriate to use to study the concentration
dependence of properties. More details about the history of
the attempts to correctly calculate the quantity by molecu-
lar simulation can be found in the review by Nezbeda et al.
(2016).

2.2 Calculation of surface tension

Based on results from MD simulations, the surface tension
was calculated by using the mechanical definition of the
atomic pressure (Alejandre et al., 1995):

omp =0.5L, [(Pzz> —05 ((Pxx)+<Pyy))]’ M

where oyp can represent the surface tension of molten NaCl
(oNac1), NaCl solution (oNacl,sol) OF pure water (Owater); Lz
is the length of the simulation cell in the longest direction
(along z axis) and P,, (a =x, y, z) denotes the diagonal
component of the pressure tensor. The (...) refers to the time
average. The factor 0.5 outside the squared brackets takes
into account the two interfaces in the system. Only the stable
values were taken as our calculated surface tension.

2.3 Energy analysis

The excess surface enthalpy denotes the additional enthalpy
in the system due to the creation of surfaces. It can be cal-
culated as the difference of enthalpy between solutions with
and without surfaces (Bahadur et al., 2007),

AH = Hj, ; — Hp, 2)

where H}, , is the total enthalpy of simulated systems with
surfaces and Hp is the total enthalpy of simulated systems
without surfaces. As the kinetic energy is the same for sys-
tems with or without surfaces and the difference of pV can
be ignored, A H can be presented as

AH = Ep s — Ep, (3)

where Ej, ¢ and E}, are the potential energy of the system
with and without surfaces.

Then the surface tension can be determined by the excess
surface free energy per unit area as in Eq. (4) (Davidchack

www.atmos-chem-phys.net/18/17077/2018/
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and Laird, 2003):

_AG _AH-T-AS
T A A

o , 4)
where AG is the increased part of free energy due to the cre-
ation of surfaces, A is the total area of the surface we created,
so A =2 x a and a is the area of each created surface. AS is
the excess surface entropy. We then can retrieve A S by using

the data of enthalpy and surface tension:

_AH-0-A
o T

AS : ®)
where AH and T - AS per unit area (% and T'TAS) are ob-
tained as the enthalpic and entropic part of the contributions
to the net surface tension, which will be used to explain the
change of surface tension along with the mass fraction of

NaCl (xNac1)-

3 Results and discussion
3.1 Water-dominated regime (xNac1 <~ 0.39)

In Fig. 3a, the calculated surface tension of NaCl aqueous
solution (oNacCl,s01) 1S compared with experimentally deter-
mined values (Jarvis and Scheiman, 1968; Johansson and
Eriksson, 1974; Aveyard and Saleem, 1976; Weissenborn
and Pugh, 1995; Matubayasi et al., 2001; Pegram and
Record, 2006, 2007; Morris et al., 2015; Bzdek et al., 2016)
in the subsaturated concentration range (molality of NaCl so-
lution from O to 6.15 molkg_l and xnyc1 from O to ~ 0.265).
At 298.15 K, both model simulation (red solid points and fit
line in Fig. 3a) and experimental observation (black line in
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Fig. 3a) reveal a linear dependence of surface tension on
solution concentration at molality scale, with a very simi-
lar slope (2.1 versus 1.73 +0.17, respectively). Systematic
underestimation, however, exists in the simulated oNacl,sol-
The previous MD simulations by Neyt et al. (2013) have
also reported a similar result for the solution whose con-
centration ranges from 0 to 5.2molkg~! by using the same
water model (SPC/E) but two different NaCl force fields,
i.e., Wheeler NaCl (solid dark-blue triangle in Fig. 3a) and
Relf NaCl (open light-blue triangle in Fig. 3a). Bhatt et
al. (2004) also used the Wheeler NaCl model and SPC/E
water model revealing a linear dependence and underesti-
mation. We also subtracted the experimentally determined
and the MD-simulated surface tension of pure water (owater)
from the observed and modeled onaci sol, respectively. The
relative increase in surface tension (Ao = ONaCl,sol — Owater)
from models and experiments converge nicely (Fig. 3b), and
the former is only a little higher than the latter. The MD sim-
ulation is able to reproduce the increment in the growth of
surface tension from pure water due to the addition of so-
lute NaCl, although the predicted absolute value of oNacI sol
is systematically underestimated, which may mainly be at-
tributed to the discrepancy between observed oyaeer and the
modeled ones from the SPC/E water model.

By performing MD simulations in the supersaturated con-
centration range, we found that this linear relationship still
holds beyond the saturation point until xnac1 of ~ 0.39
(Fig. 4). As mentioned above, the laboratory experiments
with elevated NaCl aqueous droplet and the optical tweezer
method show that the linear relationship between oNacl,sol
and NaCl concentration (molality scale) can be extended to
~ 8molkg™! (Fig. 3; Bzdek et al., 2016), corresponding to

Atmos. Chem. Phys., 18, 17077-17086, 2018
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Figure 4. The surface tension of different-concentration NaCl solution. (a) The surface tension of NaCl solution against the mass fraction of
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xNac1 of ~ 0.33 (Fig. 4), which is consistent with our simu-
lations.

3.2 Transition regime (xnac) from ~ 0.39 to ~ 0.47)

It was often found that surface tensions of single inorganic
electrolyte aqueous solutions were linear functions of con-
centration (at the molality scale) over the moderate concen-
tration range (Horvath, 1985; Dutcher et al., 2010). How-
ever, these simple relationships may not hold when the so-
lutions become more concentrated. As shown in Fig. 4, start-
ing from xnac1 ~ 0.39, the simulated onaci sol Femains al-
most unchanged until xnac) of ~ 0.47 (concentration upon
efflorescence). This inflection point of oNaCl,sol at XNac1 Of
~0.39 is supported by those determined by the DKA ap-
proach (Cheng et al., 2015), where there is a large deviation
of surface tension from the monotonic linear increase. Note
that beyond xnac1 of ~ 0.47, the simulated surface tension
increases again (Fig. 4). This second inflection point, right at
the concentration upon efflorescence, may imply a potential
correlation with crystallization processes.

3.3 Molten NaCl-dominated regime (xnacy >~ 0.47)

Beyond the second inflection point (xNac1 > 0.47), the simu-
lated oNacl,sol gradually increases more and more strongly
(Fig. 4). Unfortunately, due to the large fluctuation in the
surface tension simulation (Fig. 1), we are not able to ex-

Atmos. Chem. Phys., 18, 17077-17086, 2018

52

tend our surface tension calculation in this way beyond xnacl
of ~0.64. However, according to Dutcher et al. (2010), it
is expected that the surface tension of the solution would
ultimately approach the surface tension of the hypothetical
molten solute (i.e., xNac1 = 1) at the same temperature. This
hypothesis has been found to be consistent with the DKA
retrieval for a highly concentrated ammonium sulfate aque-
ous solution with molality of ~ 380 molkg™! (Cheng et al.,
2015). We thus also try to constrain the growth of oNacl,sol
by MD-simulated surface tension of molten NaCl (on,cy) at
298.15K.

Similar to the experimental results of Janz (1988), the sim-
ulated on,( is also linearly correlated with temperature from
1000K (the simulated melting point of NaCl) to 1700K,
as shown in Fig. 5. Following Dutcher et al. (2010), a sur-
face tension of ~ 175.58 mNm™! is obtained for the hy-
pothetical molten NaCl at 298.15K by linear extrapolation
of the MD simulated onyc) at higher temperature, which
is very close to the ~ 169.7mNm~! extrapolated from the
experimental results (Dutcher et al., 2010). Combined with
ONaCl = ONaCl,sol (XNac1 = 1) =~ 175.58 mNm~!, the simu-
lated oNacl sol in the concentration range of xnac1 > 0.47
shows the tendency to ultimately approach the surface ten-
sion of melting NaCl at 298.15 K, similar to the blue curve
in Fig. 4 from the Dutcher et al. (2000) study.

www.atmos-chem-phys.net/18/17077/2018/
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Figure 5. The surface tension of molten NaCl at different tempera-
tures. The equation in Janz’s study (1988) is onac)] = —0.07188 -
T 4+ 191 (blue solid line). The fitting line based on our data is
oNacl = —0.0755 - T +198.09 (red solid line). The red and blue
open circles represent the extrapolated value of surface tension in
simulation and reality, respectively.

3.4 Physical chemistry behind the regimes

In energetic analyses, surface tension was decomposed into
excess surface enthalpy (%) and excess surface entropy

(—T‘AAS). Note that the increase in excess surface entropy

(T'TAS) or decrease in — = AAS will negatively contribute to the

growth of oNacl,sol- The analyses show that the monotonic
increase in surface tension in water-dominated concentration
ranges (xNac] from O to ~ 0.39) is driven by the increase in

AAH when the solution becomes concentrated (Fig. 6). When

the solution gets concentrated, ATH first increases slightly
with enhanced increasing rate at xNac] >~ 0.2 and in the su-
persaturated regime up to xnac1 of ~ 0.39. —% behaves
differently, it remains almost constant at about —45 mN m~!
first and only starts to decrease at xn,c) ~ 0.2. This way, in
this concentration range (xNac1 from 0 to ~ 0.39), the in-
crease in excess surface enthalpy outnumbers the increase in
excess surface entropy and thus this physicochemical regime
can be understood as an excess surface enthalpy-driving pro-
cess.

The stable surface tension in the transition-regime concen-
tration range (xnac1 from ~ 0.39 to ~ 0.47) is attributed to
the fact that — T'TAS and % are both almost unchanged. Fig-
ure 6 shows that in the concentration above xnyc1 of ~ 0.39,
the increase in significantly slows down and stabilizes

~ 145 mNm*IAwhen the mass fraction approaches the ef-
ﬂorescence point. During this period, —T AS keeps nearly
unchanged, which results in a corresponding ONaCl,sol almost
independent of the solution concentration change.

Here, we present a potential explanation for the stability
of surface tension in this region from the structural analysis.
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Figure 6. The excess surface enthalpy and entropy per unit area

(% and T'TAS) of different NaCl solution concentrations. %

(black circles) and —T'TAS (red circles) are shown as a function
of mass fraction of NaCl. The solid circles are obtained from simu-
lation directly, and the open circles are obtained from the extrapola-
tion of corresponding properties of molten NaCl. The cyan dashed
line is only an auxiliary line for clearer view. Shaded areas are the
same as in Fig. 4.

The ratio of Na™ concentration at different positions to the
average concentration of the whole system (C;/Caverage) in
different solutions is shown in Fig. 7a. The three blue-toned
lines represent the ratio of solution in the transition regime
with xnac1 from ~ 0.39 to ~ 0.47. All of them have apophy-
ses (significant rise) near the surface and these apophyses al-
most overlap with each other. This phenomenon suggests that
the solute in these solutions enriches close to the surface and
the degree of enrichment is almost the same for the different-
concentration solution. Here, we denote the significant dif-
ference of the solute concentration in bulk region and on sur-
face as a type of liquid—liquid partitioning. To check if this
partitioning is dependent on the size of the solution slab, we
calculate the corresponding value of a 3nm x 3nm x 10nm
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Figure 7. The ratio of Nat concentration at different positions (C;) to the average concentration of the whole system (Caverage)- (a) The

solution with xN,c1 =

and 0.41 (blue lines) represent the solution in transition regime and the solution xN,c] =

0.59 (red line) is on behalf of the solution in the molten NaCl-dominated regime (red line), the solution xn,cy

=0.44
0.037 (green line) represents the solution in the

water-dominated regime. (b) The density profile obtained from a 3nm x 3nm x 10nm solution slab in which NaCl mass fraction is about 0.4.

solution slab with xnac1 of 0.4 (Fig. 7b). There is still an
apophysis near the surface, thus we can claim that the par-
titioning is independent of the size of the solution slab in
the simulation. Note that this surface enrichment of NaCl
does not mean that NaCl is enriched right on top of the so-
lution surface. Actually the density profile of water extends
about 0.2 nm beyond that of NaCl towards the vapor region.
By contrast, the solution with xn,c) > 0.47 or < 0.39 do not
have this type of partitioning as shown by the red and green
lines. This comparison implies that the stability of surface
tension of solution with xn,c1 from ~ 0.39 to ~ 0.47 is re-
lated to the “bulk-surface” partitioning. This interpretation
is only a conjecture, and more studies are needed to further
examine this phenomenon and interpretation. The shallow
minimum in the density profile for xnac) between 0.39 and
0.47 to the left of the maximum is somewhat unexpected, and
one might expect equilibration problems. However, we have
checked that this structural feature develops already during
the first 10 ns of the MD simulation, and does not change at
all during the residual 200 ns. Surface enrichment of NaCl
can be expected, however, when the solubility limit of the
water-rich solution in the bulk is reached. Very roughly, such
phenomena are analogous to interfacial wetting phenomena
such as surface melting of crystals (Frenken and Van der
Veen, 1985), which is sometimes observed when the tem-
perature is raised towards the triple point. In our case, the
enrichment zone of NaCl (which is about 0.4 nm thick in
Fig. 7) would be a precursor effect to the (metastable) NaCl-
rich bulk solution. Tentatively, one may correlate the forma-
tion of the enrichment zone with the stability of the surface
entropy in this region via the entropy of mixing. At the same
time, the surface enhancement of ions may be related to the
phenomenon of efflorescence.

As shown in Fig. 6, when a solution gets more concen-
trated from xn,c1 of ~ 0.47 to ~ 0.64, the A2 shghtly in-
creases from the plateau of ~ 145 mNm™! but the change
is only ~5mNm~!. The — - fs keeps increasing. So dur-
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ing this period, both the surface excess enthalpy and en-
tropy terms contribute to the growth of onaclsol. To con-
strain the energetic analyses, the % and % were also
calculated for the molten NaCl at 298.15 K. According to
Fig. 5, we have onac1 = —0.0755-T+198.09; then we can get
ASX“CI 0.0755mNm~'K~! because of AS;T) 7d”(T)
(Landau and Lifshitz, 1969). Therefore, for molten NaCl

(xnac1 = 1.0), “;deC' at 298.16K is 22.15mNm~!, and

Al £298.15 K is 198.09 mN'm~! (Fig. 6). Here, we used
the derivative of the temperature—surface tension relation to
calculate the excess surface entropy, and more discussions
about the comparison of these methods can be found in the
Supplement (Fig. S1). As can be seen in Fig. 6, it is ex-
pected that the excess surface enthalpy term will still have
a large amount (about more than SO0mNm™") to grow until
approaching ==+ AH of molten NaCl at 298.15 K. It is similar
for the surface excess entropy term while the increment is
smaller. Thus, the fast increase in onac1 sol in the concentra-
tion of xNac) from ~ 0.47 to 1 can be assumed to be a process
driven by excess surface enthalpy and excess surface entropy.

4 Conclusion

The analysis based on the calculated surface tension confirms
the basic concept of the Dutcher et al. (2010) semiempiri-
cal model, while unfolding a more detailed global landscape
of concentration dependence of surface tension of aqueous
NaCl solution and its driving forces: (1) a water-dominated
regime (xnac) from O to ~ 0.39; at low concentrations ions
are solvated by the water molecules, which means that water-
structures/hydration shells are formed around ions); (2) a
transition regime (xNac1 from ~ 0.39 to ~ 0.47); and (3) a
molten NaCl-dominated regime (xnacy from ~ 0.47 to 1, at
very high salt concentration water molecules are solvated by
the ions, which means that a salt-structure is formed around
the water molecules). Note that our result may not exactly re-
flect the real mode of surface tension of NaCl solution along
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the concentration, but it does imply the concept of a non-
monotonic change of surface tension. One must be aware that
for nucleation processes in the atmosphere other chemical
compounds also matter, and will require future study. Also,
mixed salt solutions would be very interesting, and can in
principle be studied with similar simulation methods as ap-
plied here; however, this task must be left to future work.

Data availability. Readers who are interested in the data should
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There are three ways to calculate the excess surface entropy, i.e. the direct method, the numerical
derivative and the derivative of temperature-surface tension (T — o) relation (Sega and Dellago, 2017;

Sega et al., 2018). The direct method was employed to calculate 22 and T—AS in our paper (Fig. 6). In

this method, we simulated liquid layers with and without surfaces. The difference of enthalpy per area

of liquid with surfaces and the one of liquid without surfaces is the excess surface enthalpy (ATH). And

T-AS T-AS AH
—— can be calculated as — = =~ 0. The numerical derivative method is based on the value of o

of the studied liquid at different temperatures. We need to use the equation o(T) = o(T,) + a X
(T—T,) +bx (T —Ty)? to fit the data of o(T,), o(T, — 10K) and o(T, + 10 K) to get the fitting

AS(T) ac(T)

parameters a and b for a given T,, i.e., a(T,) and b(T,), respectively. As (Landau

and Lifshitz, 1969), we have %(TO) = —a(T,). And we can get % at different temperature one by

AH AH T-AS - - - .
one. For —» We can calculate by =0t —— The derivative of T — o relation method is also based

on the value of o of at different temperatures. After obtaining these values, we can get an equation to
describe the relationship between o and T, i.e. o(T). After that the excess surface entropy can be

AS(T) do’(T) T-AS

(Landau and Lifshitz, 1969). And S|m|IarIy, o+—

easily calculated by

A very recent paper (Sega et al., 2018) compared excess surface entropy based on these methods
and reported that results based on the direct method might not be applicable at high temperature
because of its significant deviations to the excess surface entropy derived with the derivative of T — o

relation when the temperature is high. Thus we used the derivative of T — o relation method to
calculate % and % of molten NacCl, but not the direct method. Note again that the majority of data

in Fig. 6 (except the points for xnac) Of 1.0) are obtained by the direct method at 298.15 K. We also
performed independent calculation of the excess surface entropy and enthalpy of pure water at
temperatures from 278.15 K to 348.15 K based on the aforementioned three methods. As shown in the
Fig. S1, results from these three methods well agree with each other, which means that results based on
the direct method at room temperature can be trusted.
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Figure S1. % and % of pure water at temperatures from 278.15 K to 348.15 K obtained from

different methods.
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Abstract

The vapor pressure and surface tension of water nano-droplets play key roles in many
different processes. There are still many different debates about the size dependence
of these properties. In this paper, we used molecular dynamics (MD) simulation to
address some questions involved these debates. We found SPC water model is the best
model to reproduce the vapor pressure of water among 6 studied models. The vapor

pressure of nano-droplets with different size was calculated, and we found the value

of lnfija—t(r) increases from 0.46 to 2.1 when the radius decreases from ~1.92 nm to

sat_0

~0.4 nm. Then a method of retrieving surface tension based on the data of vapor
pressure from MD simulations was developed. The size dependence of surface tension
was analyzed by using a modified form of Tolman equation. The Tolman length is
conjectured to be -0.12 nm. Additionally, a compression in the nano-droplet was
found, and this compression might be related to the size dependence of vapor pressure

and surface tension.
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1. Introduction

The vapor pressure and surface tension of water nano-droplets are highly
important for several different subjects (1, 2). Firstly, they are of fundamental interests
in areas like classical nucleation theory (3) and behaviors of water clusters (4). In the
atmospheric science, these two properties play as essential roles in several different
processes. For example, Li et al. showed that Kkinetics of ice nucleation in the
atmosphere were affected by these properties at the nanoscale (5). Findings about
these properties may have implications for the process of new particle formation (6, 7).
Besides studies of atmospheric science, the comprehension of these two properties has
received attentions from material science because of their significance in many
processes, e.g. the micelle formation (8-10).

One of the most important issues about these properties is the size dependence.
The Kelvin equation (11) provides the vapor pressure of a droplet as a function of the

radius of this droplet (Eq. 1).

20V

Psae(r) = Psat_O - exp( RT ) (1)

Here, Py, (r) and Py o are the vapor pressure (Ps,) over a nano-droplet with radius

r and the one over a planar surface; V,, is the molar volume of water. o is the
surface tension of the liquid in the droplet, and this value is also dependent on the size.
This dependence becomes to be important when the size of droplet is very small. This

can be accounted for through the Tolman equation (12) (Eq. 2).

o(r) = 0u/(1+2) )
Here, o(r) and o, are the surface tension over a nano-droplet with radius r and
the one over a planar surface, and § is the so called Tolman length. However, there
are still a lot debate about the sign and value of &. Therefore, uncertainty of these
equations occurs, especially as the radius approaches the nanometer and
sub-nanometer scale. Note that Eqg. 1 is supposed to describe the leading behavior of
o(r) asr—oo, but on the nanoscale this relation may break down.

The molecular dynamics (MD) simulation is a useful tool to research issues

involving vapor pressure and surface tension. For example, Vega and Miguel study
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the vapor pressure and surface tension of most popular models of water by using
different methods (13). However, very few studies focused on both properties of
nano-droplets due to the limitation of techniques. Gibbs ensemble (GE) method and
Grand Canonical (GC) method, which are widely used methods for Monte Carlo (MC)
simulations, may help people to overcome current challenges, while they are not
well-developed for MD simulations. Factorovich et al. have tried to use GC method in
MD simulations to calculate the vapor pressure of water nano-droplets with different
diameters, while the model they used, mW water model, is a coarse-grained model.
Thus the conclusion of this study remains questionable (14). In this paper, we
integrated MD simulations and the Kelvin equation to develop a simple method to
transfer the data of vapor pressure to the value of surface tension and address
following scientific questions: 1) what kind of water model can reproduce the vapor
pressure of water best; 2) how does the vapor pressure change along the size of water
nano-droplet; 3) how is the size dependence of the surface tension of water

nano-droplets.

2. Methods
2.1. Force fields, initial structures, and setups for simulations

To find the proper water model to use for simulation and calculating the ratio of
Psat(r) to the one over the planar surface, we performed the calculation of the Pgy
from simulations of 6 models of water, such as the traditional SPC, SPC/E, TIP3P,
TIP4P water models, and TIP4P-like models including the TIP4P/Ew and TI1P4P/2005.
Parameters about these models are summarized in Table 1, and schematic
representations of 3-point models (SPC, SPC/E and TIP3P) and 4-point models
(TIP4P, TIPAP/EW and TIP4P/2005) are shown in Figure 1. We then determined that
the calculated vapor pressure based on SPC is closest to the experimental value
among all calculated values (more details are shown in the section 3.2). Indeed,
several studies have also examined the vapor pressure of different water models at
different temperature (15-18). By comparing results from these studies, we can also

find SPC water model is the best one to reproduce the vapor pressure of real water.
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Therefore, simulations of nano-droplets and subsequent analyses were carried out
based on SPC water model.
For the calculation of vapor pressure over the planar surface, planar water slabs

were constructed and simulated. A Water cube with lengths at x-, y- and z-directions

of 5 nm (Ly = Ly = L, =5 nm) was generated firstly. Subsequently, the cube was

added into the cuboid cell with an elongated length along the z-direction (L, =20 nm,
Ly = Ly =5nm) to create two surfaces (Figure 2). It should be noted that performing

simulations with explicit interfaces have been used by many researchers to study the
vapor—liquid equilibria (19). At the same time, 3 nm>3 nm>3 nm and 8 nm>8 nm>3
nm water slabs were also prepared in 3 nm>3 nm>10 nm and 8 nm>8 nm>30 nm cells
to check if the size of simulation cell can affect the result. Nano-droplets with
different number of water molecules were created, and these droplets, naturally, have
different values of diameter. Then these nano-droplets were put into bigger cells (e.g.
L, =L

y = L; =10 nm) and suspended in the vacuum.

All simulations were carried out with the GROMACS v5.1 package. Initial
structures were firstly energetically minimized. Then the structures were equilibrated
and simulated in the NVT ensemble with periodic boundary conditions in all three
directions. The temperature was controlled at 298.15 K by using the Nose-Hoover
thermostat. All simulations were carried out for at least 50 ns by using a 1 fs time step,
and configurations for analysis were saved every 2 ps. Both electrostatic interactions
and van der Waals interactions were calculated using the Particle Mesh Ewald (PME)
algorithm, because PME has been found to give an accurate calculation of long-range

interactions. At least, 3 independent runs were performed for each case.

2.2. Count the gaseous water molecules and vapor pressure

The vapor pressure of water can be characterized by the number density of
gaseous water. In this study, water molecules, whose interactions with other water
molecules equal zero (Figure 3), are considered to be the molecule in the gas phase

(gaseous water). After counting the number of gaseous water, the number density,
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PN_gas. IS calculated by Eqg. 3.

Ngas

— —gas 3
pN_gas Vgas ( )
Here, Ng,s is the average number of water molecules in the gas phase along the time.

Vgas is Volume of gas phase in the simulation cell. As we know, gaseous water is ideal

gas at room temperature, thus we can calculate the value of Py,; by Eq. 4.

pN_ RT
Psar = li;a: (4)

Here, R is the gas constant, and T is the temperature in Kelvin. N, is the Avogadro

constant.

2.3. Surface tension of nano-droplets and planar surface
Kelvin equation (Eq. 1) describes vapor pressure of different size droplets, and
surface tension of the studied liquid is required for the description. Thus we can

retrieve the data of surface tension of different size nano-droplets by Eq. 5.

o (1) = In(E2) - % (5)

Psat o

In this study, the radius of nano-droplets is quantified as the distance from the center
to the surface, and the position of surface is the place whose density is half of the
density in bulk area. As a few water molecules can evaporate into the gas phase, the
radius can be varied. This variation is presented as the error bar of radius, although it
is quite limited. After getting o(r) of different nano-droplets, the relationship
between o and r would be studied.

The surface tension of planar surface was also calculated by using pressure

tensor method (Eq. 6), applied to a liquid slab coexisting with vapor.
0 =-L,[(P) — ((PXX) +(Py))] (6)

Here, L, is the length of the simulation cell (see Figure 2a) in the longest direction
(along z-direction, L, = 20 nm in this case) and P,, (a=x,y,z) denotes the

diagonal component of the pressure tensor. The (---) refers to time average. The

factor % outside the squared brackets takes into account the two interfaces in the
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system. Note that in simulations one always needs to worry about systematic errors
due to the finite size of the simulation box. However, in the case of water at room
temperature careful study of size effects (20) has shown that for L > 3 nm,
L, = 10 nm size effects on the surface tension of the planar interface are completely
negligible. In principle, the situation for the nano-droplet simulation (Figure 2B) is
more subtle: for very large box, a droplet of finite radius r coexisting with
supersaturated vapor (with pressure given by Eq. 1) is a state of unstable equilibrium
(the system is a state right on top of the nucleation barrier). However, since we work
in the NVT ensemble, for box linear dimension L of practical interest one can show
that the equilibrium between the droplet and surrounding actually is

thermodynamically stable (21). While the particle number Ng;.qpe¢ in the droplet and
Ngqs in the vapor can slightly fluctuate, the constraint Ng,opier + Ngas = N turns

the unstable equilibrium into a stable one.

3. Results
3.1. Vapor pressure of different water models

By monitoring the position of water molecules in simulated systems, we found
for all six water models that molecule can evaporate from the liquid phase to the gas
phase as water molecules in the real world. Figure 4 shows the time evolution of
number density of gaseous water molecules (all 6 models) recorded every 20
picosecond. The value varies from 0 to 1.3 <10 molecules nm™ for all studied
models. As the number density of gaseous water molecules keeps changing, it is not
reasonable to use the number of gaseous water molecules in one configure/snapshot
(which varies only from 0 to 4 here) to present the vapor pressure. Therefore, we

propose to use an average value along the simulation time, and this time-averaged
value is actually the term of py gas in EQ. 4. The average values over different-length

time for SPC water model, as an instance, are presented in Figure 5. It can be seen
clearly that the average value becomes stable when the simulation time is longer than

30 ns. Therefore, we chose 50 ns as the time window to calculate the average value in
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this study.

According to Eq. 4, the vapor pressure of different water models was calculated.
The vapor of water over a planar surface at 298.15 K is 3.1686 kPa (22), and this
value is equivalent to 7.69x10™* gaseous water molecules nm™. The vapor pressure of
SPC, SPC/E, TIP3P, TIP4P, TIPAP/EW and TIP4P/2005 is shown in Table 2,
accompanying the number density of gaseous water molecules. Our results are quite
close to the values from other studies which are based on different methods (Table 2).
It can be seen the result based on SPC water model is closest to the measured value,
although it is a little higher than the latter. Thus, we used this water model in the next
steps. One may concern that the size of water slab and simulation cell may affect the
value of the vapor pressure of models. We calculated the vapor pressure over a 3
nm>3 nmx 3 nm SPC water slab in a 3 nm>3 nm> 10 nm cell, and the one over a 8
nm>8 nm>8 nm slab in a 8 nm>8 nm>30 nm cell. Values of vapor pressure obtained
based on these slabs and cells are also about 3.46 kPa (Figure 6), and it indicates the
vapor pressure of SPC water model is independent on the size of simulated water slab
and simulation cell. More than hundreds models of water have been developed since
the first realistic interaction potential of water was proposed in 1933, and some other
models might be able to reproduce the value of vapor pressure better than SPC (23,
24). Determining the best model for studies involved vapor pressure is still an open

topic.

3.2. Vapor pressure of nano-droplets
By using Eq. 4, the vapor pressure of water nano-droplets with different radius

based on SPC water model was obtained (Table 3). The natural logarithm of the
relative vapor pressure (In l:ja—t(r)) is shown in Figure 7A as a function of the radius.
sat_0

The value of lnpsa—t(r) increases from 0.46 to 2.1 when the radius decreases from

sat_0

~1.92 nm to ~0.4 nm. The results from Factorovich et al.’s study based on mW
coarse-grained model of water were also shown in Figure 7A for the comparison (14).

The values for droplets with similar size from our study are similar the ones from
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Factorovich et al.’s study (14), although we used different water models. This may be

an accidental coincidence; we do not imply that the In Z2t® g independent on the

sat_ 0

selection of water models, and more studies should be done to examine this viewpoint.

The values of In222 from our study and Factorovich et al.’s study (14) are also

sat_0

shown against the inverse of radius in Figure 7B, and we find the lnr;sa—t(r) increases

sat_0

as the inverse of radius increases.

3.3. Size dependence of surface tension and Tolman length

The surface tension of each studied nano-droplets was calculated (Table 3). All
values are lower than the measured value, 71.9 mN/m, and it can be expected because
the surface tension of the majority of water models based on different method
underestimates the value of real water. Therefore, we will focus on the relationship
between the surface tension and size of droplets rather than these values themselves.
According to Figure 8A, we can find that the size effect is very weak when the radius
is larger than 0.52 nm. However, the value drops significantly along the size when the
radius is smaller than 0.4 nm. This phenomenon is similar to the one in Factorovich et
al.’s study (14). Based on these calculated values of surface tension, the analysis of
size dependence is performed.

As mentioned above, Tolman suggested that the surface tension of spherical
droplets can be written as a simple function of radius of the droplets (Eq. 2) (12).
Currently, many debates are carried out about &, although it is agreed that this value
should be of the order of the inter-molecular distance. The value of water proposed by
Tolman was 0.1 nm originally (25). Graziano obtained values ranges from 0.1031 to
0.0665 nm at temperatures from 270 K to 370 K using MD simulations (26). By use
of the Gibbs-Tolman-Kening-Buff equation, a value of 0.14 nm was reported by Xue
et al (27). According to these studies, the surface tension should decrease as the
decrease of radius. However, a work based on MD simulations for the TIP4P/2005
water model reported a negative & of -0.056 nm, and in this case, the surface tension

should increase when the droplet becomes smaller (28, 29). A pronounced decrease of
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the surface tension with decreasing radius was also found by Lau et al. for the
TIP4P/2005 water model (30). Wilhelmsen et al. used square gradient theory and got
a similar result (31). Two experimental assessments of & have also been performed.
Holten et al. estimated a value of +0.06 nm via nucleation experiments in an
expansion wave tube (32). By contrast, Azouzi et al. using cavitation experiments in
quartz inclusions obtained a value of —0.047 nm (33). This inconsistency might be
explained by the different assumptions in the data processing. Besides the debates
about &, the validity of Eq. 2 is also disputed. Tolman neglected higher-order terms

(12) in the derivation, however, several previous studies suggested the contribution of

a term of — is non-negligible for droplet radii of a few nanometers (34-36). The

r2

Tolman equation should be rewritten as Eq. 7,

o(r) = 0 /[L+ 242 (ﬁ)z] (7)
where [ also is a parameter that has the dimension of length.

We fitted our data with both Eq. 2 and Eq. 7. By using Eq. 2, we got that o, is
66.2 mN m™ and & is 0.036. Correspondingly, the curve is presented in Figure 8A.
For the fitting of Eq. 7, the obtained o, by using pressure tensor method (54.5

mN/m) was introduced into the equation. Regarding the planar water slab as a droplet

with an infinite radius, the relationship between the inverse of surface tension (%

and the inverse of radius (%) is drawn in Figure 8B with the fitting curve based on Eq.

7. 6 is-0.12 nm, and [ is 0.23 nm. The values of surface tension of 20-water and
50-water droplets are significantly larger than the values of 100-water, 500-water and
1000-water droplets, and we can claim that the quality of the fitting to Eq. 7 is more
convincing. In particular, fitting to Eq. 1 is incompatible with the correct value
0s» = 54.5 mN/m for the SPC water model. The value of § should then be negative

for the real water when the description in terms of the SPC model is trusted.

3.4. Structural analysis
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The density profile of water slab along z-direction was calculated first (Figure
9).The simulation cell is divided into slabs with a thickness of 0.2 A, and the density
of each slab is statistically averaged along the simulation time. The density profiles

were fitted to a hyperbolic tangent function

p(z) =5 (o + pv) — 3 (pr. — py)tanh[=2] (8)

where p; and py are densities of the liquid and vapor, z, is the position of the
Gibbs dividing surface, and d is a parameter describing the surface thickness. The
pL 15 0.976 kg L™, and it is lower than the value for real water. However, it is almost

the same as the ones reported by previous studies (13, 37).

The density profiles of nano-droplets against the distance from the center are
shown in Figure 9. Profiles for droplets with radius from 0.52 nm to 1.92 nm are
compatible with the hyperbolic tangent form, i.e. (i) a larger density value in the inner
part; (ii) a decline of density as the distance to the center increases; (iii) density is
approaching to zero. It can be seen that the densities in the inner part for all droplets
(~1 kg L) are larger than p; (0.976 kg L™). This result indicates a compression in
the nano-droplet induced by the curvature, though such effect is small. Similar result
was also reported by Li et al. based on SPC/E water model (38). Note that the
equilibrium that we study implies that the droplet and the surrounding vapor have the
same chemical potential. Since the vapor is an ideal gas, and its pressure is
considerably enhance in comparison with the saturation pressure, we can conclude
that also the chemical potential is correspondingly enhanced, and this causes also a
density increase of the liquid water in the “bulk” of the droplet. Note that an
enhancement of the density in the bulk of the droplet with decreasing droplet radius
must be expected, since the chemical potential of the droplet (which must be the same
as the chemical potential of the surrounding gas in equilibrium) is enhanced due to the
enhanced pressure in the gas, but the observed densities in the droplet are
considerably larger than one would predict from this argument. An interesting issue is
the broadening of the interfacial profile with increasing droplet radius that one can

infer from Figure 9. Following Schmitz et al. (39) and Lau et al. (30), we fit the radial
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density profile to Eq. 9.

p(r) =3 (pL + pv) — 5 (pr — py)tanh[= (r — 1p)] €)

Note that py = 0 and ry is strictly less than the droplet radius resulting from
the Gibbs dividing surface, and all calculated values are shown in Table 3. Figure 10
plots the squared width D? versus In(ry), to demonstrate the logarithmic increase
expected from capillary wave theory (for planar interfaces, this is discussed in our
previous study (20) in more detail). For droplets, this was observed first for the
simplistic lattice gas model (39). Besides it, Lau et al. verified it in the case of water
nano-droplets based on TIP4P/2005 water model at 293 K, and related results are also
shown in Figure 10. For the density of water in the bulk area of nano-droplets, the
density increases as the radius decreases from 1.92 nm to 0.71 nm. For the 20-water
droplet (with radius of 0.52 nm), its density in the bulk area is similar to the one of the
0.71 nm droplet. Although the present model does not describe all properties of water
with quantitative accuracy, we feel that the general features of our results can be
carried over to real water. For the smallest droplet whose radius is 0.4 nm, the density
profile departs from this standard behavior. The density is not homogeneous and
presents a peak. Coincidentally, the surface tension of this droplet is also significantly

different from the value of other droplets.

4. Conclusion
In our study, the vapor pressure of six water models were calculated by MD
simulations, and the SPC water model presented the best performance to reproduce

the vapor pressure of water. Based on SPC water model, we then calculated the vapor

pressure of water nano-droplets with different size. The value of In 2280 jncreases

sat_0

from 0.46 to 2.1 when the radius decreases from ~1.92 nm to ~0.4 nm. According to
the Kelvin equation, the surface tension of these droplets was also estimated. The
surface tension has a parabolic trend, e.g. it increases firstly and then decreases. The
Tolman length conjecture was conjectured to be negative (-0.12 nm, here). Last but

not least, the density profiles of water slabs and nano-droplets were analyzed.
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Figures and Tables

Figure 1. Schematic representations of (A) 3-point models (i.e. SPC, SPC/E and TIP3P) and (B)
4-point models (i.e. TIP4P, TIP4P/EW and TIP4P/2005).
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Figure 2. Simulation cell for counting the number of water molecules in the vapor. (A) For simulations

of planar surface. (B) Simulations for nano-droplets.
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Figure 3. The interaction between a selected molecule and other molecules as a function of the distance
between them. GDC means the Gibbs dividing surface.
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Figure 4. Number density of gaseous water molecules over the planar surface based on different water
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Figure 7. The relationship between the relative vapor pressure and size of nano-droplets.
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Table 1. Parameters of studied water models.

Water model rs (Nnm) € (k mol™) ron (NM) fom (NM)? q(0) (e) q(H) (e) q(M) (e)* ZHOH

SPC 0.3166 0.65 0.1 0 -0.82 0.41 0 109.47<
SPC/E 0.3166 0.65 0.1 0 -0.8476 0.4238 0 109.47<
TIP3P 0.315061 0.6364 0.09572 0 -0.834 0.417 0 104.52<
TIP4P 0.3154 0.64852 0.09572 0.015 0 0.52 -1.048 104.52<
TIPAP/EW 0.316435 0.680946 0.09572 0.0125 0 0.52422 -1.04844 104.52<
TIP4P /2005 0.31589 0.7749 0.09572 0.01546 0 0.5564 -1.1128 104.52<

a. Only 4-point models have these parameters.
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Table 2. The vapor pressure of water at 298.15 K from MD simulations and measurements.

Water model Number density of | Vapor pressure Literature data (kPa)
water (# per 1000 nm®) | (kPa) at 300 K®
Measurement 0.769 3.1690
SPC 0.84+0.012 3.461620.0495 /

SPC/E 0.21+0.005 0.8654+40.0206 1 (16), 1.017 (17)

TIP3P 1.3840.268 5.6869+1.1044 5.123 (17)

TIP4P 1.1440.038 4.697940.1565 5.137 (17)
TIPAP/EW 0.3040.042 1.236340.1731 1.13 (18)
TIP4P /2005 0.17+0.009 0.700640.0371 0.778 (18)

a. We do not find related data at 298.15 K, therefore the data at 300 K are shown here for the reference.
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Table 3.Radius, vapor pressure and surface tension of different nano-droplets.

Number of water Radius (nm) Poae (1) Surface tension Gibbs dividing D (nm) o (gL
molecules lnm (mN/m) radius (ro, Nm)

9 0.4 2.140.047 50.77H.14 - - -

20 0.52 1.8740.015 64.4740.52 0.49 0.2575 1035.5
50 0.71 1.3140.015 64.8940.75 0.685 0.27034 1037
100 0.89 0.9740.019 60.64+1.23 0.863 0.3365 1025.6
500 153 0.5740.012 59.824.21 1516 0.3569 1010.2
1000 1.92 0.4640.009 61.98+1.23 191 0.402 1005.1
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