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1 Introduction

A major challenge for molecular modeling consists in the definition of unlike interac-
tion potentials. A variety of combination rules were proposed in the past. In a broad
study on fluid mixtures [1], it was recently shown that none ofthem is clearly super-
ior and that all are suboptimal in many cases when accurate predictions of properties
like the mixture vapor pressure are needed. The well known Lorentz-Berthelot rule
performs quite well and can be used as a starting point. If more accurate results are
required, it is often advisable to adjust the dispersive interaction energy parameter
which leads to very favorable results [1, 2, 3, 4, 5].

A similar approach should be followed for effective pair potentials acting be-
tween fluid particles and the atoms of a solid wall, which can only be reliable if
fluid-wall contact effects are taken into account, e.g., by fitting model parameters to
adsorption isotherms [6]. The present study continues the line of research suggested
by Werderet al. [7] who adjusted unlike parameters to data on the contact angle
formed between the wall and a vapor-liquid interface. Teletzkeet al. [8] used DFT
based methods to examine the dependence of wetting and dewetting transitions on
characteristic size and energy parameters of the fluid-walldispersive interaction. MD
simulation can be applied for the same purpose, leading to a consistent molecular ap-
proach.

On the molecular level, the precise position of the vapor-liquid phase boundary
is defined by a cluster criterion. Many different criteria are known and it is not im-
mediately obvious which of them leads to the most accurate results [9]. In nanoscopic
systems, minute absolute differences can lead to comparably large relative devia-
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tions. Therefore, the viability of several criteria is compared in the present study
with the purpose of excluding errors due to an inaccurate detection of the interface.

If the cohesion of the liquid phase is partly due to hydrogen bonds, successful
molecular models for pure fluids can often be developed on thebasis of anab ini-
tio study of the charge distribution as well as the equilibrium position of the nuclei.
This sterically realistic approach, combined with adjusting the Lennard-Jones (LJ)
potential parameters to vapor-liquid equilibrium (VLE) data, leads to empirical mod-
els that correctly reproduce and predict thermophysical fluid properties over a wide
range of conditions [10]. The present work applies this approach to mixtures contain-
ing hydrogen bonding components. Often potential parameters determined for one
fluid carry over to a derivative with different substituents, opening the possibility of
creating generic molecular models. Such a model is presented for benzyl alcohol.

The following publications in peer-reviewed international journals contribute to
the present project:

• Schnabel, T., Vrabec, J. & Hasse, H. Molecular simulation study of hydrogen
bonding mixtures and new molecular models for mono- and dimethylamine.
Fluid Phase Equilib. 263: 144–159 (2008).

• Eckl, B., Vrabec, J. & Hasse, H. An optimized molecular modelfor ammonia.
Mol. Phys. 106: 1039–1046 (2008).

• Eckl, B., Vrabec, J. & Hasse, H. Set of molecular models basedon quantum
mechanical ab initio calculations and thermodynamic data.J. Phys. Chem. B 112:
12710–12721 (2008).

• Vrabec, J., Huang, Y.-L. & Hasse, H. Molecular models for 267binary mixtures
validated by vapor-liquid equilibria: a systematic approach. In press.

• Huang, Y.-L., Vrabec, J. & Hasse, H. Prediction of ternary vapor-liquid equilibria
for 33 systems by molecular simulation. Submitted.

• Horsch, M., Heitzig, M., Dan, C., Harting, J., Hasse, H. & Vrabec, J. Contact
angle dependence on the fluid wall dispersive energy. In preparation.

It would exceed the scope of the present report to give a full exposition of these
articles. Instead, a few points are emphasized and arrangedas follows: Firstly, mix-
ture properties are explored for binary systems containinghydrogen bonding com-
ponents. Secondly, vapor-liquid interface cluster criteria and contact angles are dis-
cussed and remarks on computational details are given. Finally, a sterically accurate
generic model for benzyl alcohol is introduced and evaluated.

2 Fluid mixtures with hydrogen bonding components

Vapor-liquid equilibria of 31 binary mixtures consisting of one hydrogen-bonding
and one non-hydrogen bonding component were studied. All models are of the rigid
united-atom multi-center Lennard-Jones type with superimposed electrostatic sites
in which hydrogen bonding is described by partial charges. The hydrogen bond-
ing components of the studied binary mixtures are: monomethylamine (MMA) and
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dimethylamine (DMA), methanol, ethanol and formic acid. The non-hydrogen bond-
ing components are: neon, argon, krypton, xenon, methane, oxygen, nitrogen, car-
bon dioxide, ethyne, ethene, ethane, propylene, carbon monoxide, diflourodichloro-
methane (R12), tetraflouromethane (R14), diflourochloromethane (R22), diflouro-
methane (R32), 1,1,1,2-tetraflouroethane (R134a) and 1,1-diflouroethane (R152a).

To obtain a quantitative description of the mixture vapor-liquid equilibria, one
state independent binary interaction parameter was adjusted to one experimental data
point of either the vapor pressure or the Henry’s law constant. Throughout, excellent
predictions were found at other state points, i.e., at othercompositions or tempera-
tures as well as for the Henry’s law constant, if it was adjusted to the vapor pressure,
or vice versa. Figures 1 and 2 show methane + methanol as a typical example.

Fig. 1. Simulation data and vapor-liquid equilibria of methanol + methane: simulation data
(•) and experimental data (◦) at 310 K [11]; simulation data (N) and experimental data (∆) at
338.15 K [12].

Furthermore, for a set of 78 pure substances from prior work was taken to sys-
tematically describe all 267 binary mixtures of these components for which relevant
experimental VLE data is available. Again, per binary system, one state independent
binary interaction parameter in the energy term was adjusted to a single experimen-
tal vapor pressure. The unlike energy parameter was therebyaltered usually by less
than 5 % from the Berthelot rule. The mixture models were validated regarding the
vapor pressure at other state points and also regarding the dew point composition,
which is a fully predictive property in this context. In almost all cases, i.e. 97 %, the
molecular models give excellent predictions of the mixtureproperties. Compared to
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Fig. 2. Henry’s law constant of methane in methanol: simulation data (•) and experimental
data [13, 14, 15, 16, 17, 18, 19, 20, 21, 22] (◦).

other works in the literature, this is by far the largest investigation in this direction
which was facilitated by the extensive computing equipmentat the High Performance
Computing Center Stuttgart.

In the next step, all 33 ternary mixtures of these 78 components for which exper-
imental VLE data is available were studied by molecular simulation. No adjustment
to ternary data was carried out at all so that the calculations were strictly predictive.
By comparing to experimental data, it was found that these predictions are very reli-
able as there was practically always an excellent match. As an example, Fig. 3 shows
the ternary system consisting of methane, ethane, and carbon dioxide. Again, the
computational effort was substantial, publications in theliterature by other groups in
this field typically cover one to two mixtures only.

3 Vapor-liquid interface cluster criteria

A suitable cluster criterion should achieve two goals: on the one hand, it needs to
distinguish the bulk liquid and the bulk vapor successfullyin every case – even when
the vapor is supersaturated, such as in the vicinity of a droplet, or the liquid is under-
saturated, such as in the vicinity of a bubble. On the other hand, the cluster criterion
should also minimize noise fluctuations of the detected clusters to emphasize the
signal.

The following criteria for carbon dioxide were compared forthis purpose with the
ls1/mardyn program [24] using a rigid two-center LJ plus point quadrupole (2CLJQ)
model [25]:
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Fig. 3. Ternary vapor-liquid equilibrium phase diagram for the mixture CH4 + CO2 + C2H6
at 230 K and 4650 kPa: simulation data (•), experimental data (+) of Knappet al. [23], and
Peng-Robinson equation of state (—).

• Stillinger [26]: all molecules with a distance ofrSt or less from each other are
liquid and belong to the same cluster (i.e., the same liquid phase or the same
droplet). The Stillinger radius was set torSt = 5.7 Å for the present simulations.

• Ten Wolde and Frenkel [27]: all molecules with at least four neighbors within a
distance ofrSt belong to the liquid. They belong to the same cluster as all other
liquid molecules within a distance ofrSt.

• Arithmetic mean,k neighbors: a molecule is liquid if the density in the sphere
containing itsk nearest neighbors exceeds(ρ′ + ρ′′)/2, whereρ′ amd ρ′′ are
the saturated liquid and vapor density, respectively. The molecule belongs to the
same cluster as all other liquid molecules within the radiusrk, which defines a
sphere with the volume occupied byk +1 molecules at a density of(ρ′ + ρ′′)/2.

• Geometric mean,k neighbors: analogous, with a density threshold of(ρ′ρ′′)1/2.

Figure 4 shows that all of the discussed criteria are applicable. The Stillinger crite-
rion and the geometric mean density criterion with two neighbors lead to the best
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results. It should be noted that at high temperatures, i.e.,near the critical point, the
Stillinger criterion becomes less reliable in distinguishing the liquid from a supersat-
urated vapor than the geometric mean density criterion.

4 Contact angle dependence on the fluid-wall interaction

In cases where no hydrogen bonds are formed between the wall and the fluid, vapor-
solid and liquid-solid interfacial properties mainly depend on the fluid-wall disper-
sive interaction, even for hydrogen bonding fluids. Like theoriginal LJ potential,
the truncated and shifted LJ (TSLJ) model [28] accurately reproduces the dispersive
interaction, if adequate values for the size and energy parametersσ andε are speci-
fied. Due to the relatively small cutoff radius, molecular simulation based on the
TSLJ fluid is comparably fast, while the full descriptive power of the Lennard-Jones
potential is retained even for systems with phase boundaries [29].

In the present study, the TSLJ fluid was considered with the parameters for
methane,σ = 3.7241 Å andε/k = 175.06 K [29], and the wall was modeled as
a system of coupled harmonic oscillators with different spring constants for trans-
verse and longitudinal motion. The parameters of the wall model were adjusted to
theC–C radial distribution function of graphite, obtained from simulations with the

Fig. 4. Average number of molecules evaporating during a detectioninterval of 30 fs from
droplets in a supersaturated vapor of carbon dioxide withT = 237 K, ρ = 1.98 mol/l, andN
= 1,050,000, determined according to various cluster criteria: Stillinger (◦), ten Wolde and
Frenkel (•), arithmetic mean with two (∆) and eight neighbors (∇) as well as geometric mean
with two neighbors (�).
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Tersoff potential [30]. This distribution was rescaled because, as shown by Kelires
[31], the Tersoff potential deviates by about 3 % from the actual C–C bond length
in graphite. The fluid-wall interaction can be represented by the full [7] or modified
[32] Lennard-Jones-12-6 potential. Following this approach, the TSLJ potential with
the size parameterσfw = σ as well as the energy parameter

εfw = Wε, (1)

was applied for the unlike interaction between the fluid particles and the carbon
atoms of the wall, with the same cutoff radius as for the fluid.

The simulations were conducted using thels1/mardyn program with an integra-
tion time step of 1 fs. Vapor and liquid were independently equilibrated in homo-
geneous simulations for 10 ps. This was followed by 200 ps of equilibration for the
combined system, i.e., a liquid meniscus surrounded by vapor, with a graphite wall
consisting of four to seven layers, cf. Fig. 5. The periodic boundary condition was
applied to the system, leaving a channel for the fluid with a height of 27σ between
the wall and its periodic image, and the contact angle was determined by averaging
the density profile of the fluid via binning over at least 800 psafter equilibration.
Menisci between solid walls were simulated for a reduced fluid-wall dispersive en-

Fig. 5. Simulation snapshots for the reduced fluid-wall dispersiveenergyW of 0.07 (left) and
0.13 (right) at a temperature of 0.88ε/k.

ergyW between 0.07 and 0.16 at temperatures of 0.73, 0.88, and 1ε/k. Note that the
triple point temperature of the TSLJ fluid is about 0.65ε/k while the critical tem-
perature isTc = 1.0779ε/k so that the entire regime of vapor-liquid coexistence is
covered [29].

High values ofW correspond to a strong attraction between fluid particles and
wall atoms, leading to a contact angleϑ < 90◦, i.e., to partial (ϑ > 0◦) or full (ϑ = 0◦)
wetting of the surface. As expected, with increasing fluid-wall dispersive energy, the
extent of wetting grows, cf. Fig. 5. As can be seen in Fig. 6, the transition from
obtuse to acute contact angles occurs atW values between 0.10 and 0.13 over the
whole studied temperature range. Furthermore, the symmetry relation

cosϑ(T,W0−∆W ) = −cosϑ(T,W0 + ∆W), (2)
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Fig. 6. Simulation results and correlation for the contact angle independence of the reduced
fluid-wall dispersive energyW at temperatures of 0.73 (diamonds and solid line), 0.88 (circles
and dotted line) as well as 1ε/k (squares and dashed line).

is strongly suggested by the simulation results and a correlation yields a tempera-
ture independent value ofW0 = 0.113 for the magnitude of the reduced fluid-wall
dispersive energy corresponding toϑ = 90◦.

Remarkably, Teletzkeet al. obtained ad-W -diagram, Fig. 5 of their work [8],
describing the behavior of the contact angle with increasing T as qualitatively asym-
metric with respect toW , directly contradicting Eq. (2). A direct comparison with
their study, wherein both the size parameterd = σfw/σ and the reduced fluid-wall
dispersive energyW were varied, is impossible, however, because Teletzkeet al.
assumed an exponential decay of the interaction.

Figure 6 also shows that there is a narrow range ofW values that lead to the
formation of a contact angle, as opposed to full wetting or dewetting. The present
plots agree qualitatively with those determined by Giovambattistaet al. [33] for the
influence of the polarity of hydroxylated silica surfaces onthe contact angle formed
with water.

5 Computing performance

The scalability of thels1/mardyn program was measured on thecacau supercomputer
for typical simulation scenarios involving methane, represented by the TSLJ fluid, as
well as graphite, modeled by a version of the Tersoff [30] potential that was rescaled
to compensate for the bond length deviation found by Kelires[31]. MPI paralleliza-
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tion was applied according to a spatial domain decomposition scheme with equally
sized cuboid subdomains and a cartesian topology based on linked cells [24].

Often the best solution is an isotropic decomposition that minimizes the surface
to volume ratio of the spatial subdomains. For the simulation of homogeneous sys-
tems, this approach is quite efficient. That is underlined bythe weak and strong
scaling behavior ofls1/mardyn for typical configurations, shown in Fig. 7 (left), in
cases where supercritical methane (‘fluid’) at a density of 10 mol/l and solid graphite
(‘wall’) were considered with a system size of up to 4,800,000 interaction sites, rep-
resenting the same number of carbon atoms and methane molecules here. Graphite
simulations, containing only carbon atoms, scale particularly well, due to a favor-
able relation of the delay produced by communication between processes to the con-
current parts, i.e., the actual intermolecular interaction computation, which is much
more expensive for the Tersoff potential than the TSLJ potential.

Fig. 7. Left: Total CPU time, i.e., execution time multiplied with the number of parallel pro-
cesses, per time step and interaction site for weak scaling with 3,000 (dashed lines / circles)
and 32,000 (dotted lines / triangles) interaction sites perprocess as well as strong scaling with
450,000 interaction sites (solid lines / bullets), using isotropic spatial domain decomposition.
Right: speedup for a system of liquid methane between graphite walls with 650,000 inter-
action sites, where isotropic (circles) and channel geometry based (triangles) spatial domain
decomposition was used; the solid line represents linear speedup.

The simulation of combined systems, containing both fluid and solid interaction
sites, is better handled by a channel geometry based decomposition scheme, where
an approximately equal portion of the wall and a part of the fluid is assigned to each
process, cf. Fig. 7 (right). In the general case, where spatial non-uniformities do not
match any cartesian grid, a flexible topology has to be used. An approach based on
k-dimensional trees [34], implemented in a version ofls1/mardyn, showed clearly
improved results with respect to the scaling of inhomogeneous systems.
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6 A sterically accurate generic benzyl alcohol model

Benzyl alcohol (C6H5–CH2OH) is widely used as a solvent for paints and inks. How-
ever, it is classified as a harmful substance (Xn) and should not be inhaled, nor used
at high temperatures where it exhibits a high vapor pressure.

The basis for a new rigid molecular model of benzyl alcohol was determined
by ab initio calculations with the GAMESS (US) quantum chemistry package [35],
obtaining the equilibrium positions of the nuclei as illustrated in Fig. 8 as well as the
quadrupole moment.

Further potential parameters were taken from accurate empirical molecular mod-
els for related fluids, leading to a sterically accurate generic model, cf. Tab. 1, that
can be used as a starting point for parameter optimization. In particular, point charges
as well asσ andε parameters for the hydroxyl group were taken from the ethanol
model of Schnabelet al. [36]. Moreover, theσ andε values of the corresponding LJ
interaction site of the Merkeret al. [37] cyclohexanol model were used for theCH2

group, while the LJ parameters for theCH andC centers were set according to the
Huanget al. [38] models of benzene and phosgene, respectively.

VLE properties of the generic model were calculated using the ms2 program,
leading to an overall satisfactory first approximation, considering that all a posteriori
adjustments were absent. The vapor pressure is more accurate at high temperatures,
cf. Fig. 9.

Fig. 8. Coordinates of the LJ sites for the present benzyl alcohol model.
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Table 1. Coordinates and parameters of the LJ sites, and the point charges, and the point
quadrupole for the present benzyl alcohol model. Bold characters indicate represented atoms.

Interaction x y z σ ε/kB q Q
site Å Å Å Å K e DÅ
CHp 0.695 -0.037 2.218 3.247 88.97
CHl,m -0.753 -0.204 1.941 3.247 88.97
CHr,m 1.638 0.189 1.090 3.247 88.97
CHl,o -1.255 -0.149 0.543 3.247 88.97
CHr,o 1.134 0.250 -0.304 3.247 88.97
C -0.285 0.080 -0.497 2.810 10.64
CH2 -1.160 0.372 -2.039 3.412 102.2 +0.2556
OH 0.070 -0.516 -2.835 3.150 85.05 -0.6971
OH 0.191 -1.430 -2.614 +0.4415
Benzyl 0 0 0 2.534

Fig. 9. Vapor pressure of benzyl alcohol according to a correlation[39] based on experiments
(—) as well as present molecular simulation data (◦).

7 Conclusion

The intermolecular interaction of small hydrogen bonding molecules like mono- and
dimethylamine can be described by simple LJ based united-atom molecular models
with point charges. Such computationally efficient models were applied to binary
mixtures with non-hydrogen bonding components regarding VLE properties. Ac-
curate predictions, covering a broad range of temperaturesand compositions, were
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obtained, regardless whether the state independent binaryinteraction parameter was
adjusted to Henry’s law constant or vapor pressure.

For a two-center LJ plus quadrupole model of carbon dioxide,a comparison of
cluster criteria with the purpose of accurately detecting the vapor-liquid phase bound-
ary gave overall support to the geometric mean density criterion applied to the sphere
consisting of a molecule and its two nearest neighbours. TheStillinger criterion was
found to be particularly adequate at low temperatures. For the TSLJ fluid, the con-
tact angle formed between the vapor-liquid interface and a wall was determined by
canonical ensemble MD simulation while the mangitude of thedispersive fluid-wall
interaction was varied. Over the whole temperature range between triple point and
critical point, the contact angle dependence on the fluid-wall dispersive energy obeys
a simple symmetry law. The scalability of thels1/mardyn program was assessed and
found to be acceptable. MD simulations of methane confined between graphite walls
with up to 4,800,000 interaction sites, i.e., carbon atoms and methane molecules,
were conducted to demonstrate the viability of the program.

A sterically realistic model for benzyl alcohol was presented, showing within the
framework of Lennard-Jones sites with point polarities andelectric point charges
that the generic molecular modeling approach can lead to a good starting point for
parameter optimization with respect to VLE properties suchas the vapor pressure.
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Deublein, Bernhard Eckl, Gimmy Fernández Ramírez, Gabriela Guevara Carrión,
and Sergei Lishchuk for contributing to thems2 code, Ioannis Pitropakis for per-
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