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1 Introduction

A major challenge for molecular modeling consists in optimg the unlike interac-

tion potentials. A broad study on fluid mixtures [1] recerghowed that among the
variety of combination rules that were proposed in the pastge is clearly superior.
In many cases, all are suboptimal when accurate predictibpsoperties like the

mixture vapor pressure are needed. The well known LoreetthBlot rule performs

quite well and can be used as a starting point. If more acewesults are required, it
is often advisable to adjust the dispersive interactionggnparameter which leads
to very favorable results [1, 2, 3, 4, 5].

A similar approach should be followed for effective pair grtials acting be-
tween fluid particles and the atoms of a solid wall. They caly e reliable if
fluid-wall contact effects are taken into account, e.g., diysting unlike parameters
to contact angle measurements [6]. Teletekal. [7] used continuum methods to
examine the dependence of wetting and dewetting transitoncharacteristic size
and energy parameters of the fluid-wall dispersive inteasacMD simulation can be
applied for the same purpose, leading to a consistent malegpproach.

On the molecular level, the precise position of the vapguiti phase boundary
is defined by a cluster criterion. Many different criteri@ &nown and it is not im-
mediately obvious which of them leads to the most accuratdte[8]. In nanoscopic
systems, minute absolute differences can lead to compalaigle relative devia-
tions. Therefore, the viability of several criteria is coemg@d in the present study
with the purpose of excluding errors due to an inaccurateatien of the interface.
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If the cohesion of the liquid phase is partly due to hydrogends, successful
molecular models for pure fluids can often be developed orbésés of amab ini-
tio study of the charge distribution as well as the equilibriuzsipon of the nuclei.
This sterically realistic approach, combined with adjugtihe Lennard-Jones (LJ)
potential parameters to vapor-liquid equilibrium (VLE}adeads to empirical mod-
els that correctly reproduce and predict thermophysical fiuoperties over a wide
range of conditions [9]. The present work applies this apphado mixtures contain-
ing hydrogen bonding components. Often potential parametetermined for one
fluid carry over to a derivative with different substituerdgpening the possibility of
creating generic molecular models. Such a model is predénmtdenzyl alcohol.

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

e Schnabel, T., Vrabec, J. & Hasse, H. Molecular simulatiamgtof hydrogen
bonding mixtures and new molecular models for mono- and thigt@mine.
Fluid Phase Equilib. 263 144-159 (2008).

e Eckl, B., Vrabec, J. & Hasse, H. An optimized molecular mddelammonia.
Mol. Phys. 106: 1039-1046 (2008).

e Eckl, B., Vrabec, J. & Hasse, H. Set of molecular models baseduantum
mechanical ab initio calculations and thermodynamic daihys. Chem. B 112
12710-12721 (2008).

e \Vrabec, J., Huang, Y.-L. & Hasse, H. Molecular models for B&¥ary mixtures
validated by vapor-liquid equilibria: a systematic appted|uid Phase Equilib.
279120-135 (2009).

e Huang, Y.-L., Vrabec, J. & Hasse, H. Prediction of ternarnyasaliquid equilibria
for 33 systems by molecular simulation. Submitted.

e Horsch, M., Heitzig, M., Dan, C., Harting, J., Hasse, H. & bea, J. Contact
angle dependence on the fluid wall dispersive energy. Inguetion.

It would exceed the scope of the present report to give a fdbsition of these
articles. Instead, a few points are emphasized and arraagyfllows: Firstly, mix-
ture properties are explored for binary systems contaihydyogen bonding com-
ponents. Secondly, vapor-liquid interface cluster datand contact angles are dis-
cussed and remarks on computational details are givenl\iaaterically accurate
generic model for benzyl alcohol is introduced and evalliate

2 Fluid mixtures with hydrogen bonding components

Vapor-liquid equilibria of 31 binary mixtures consistingg @ane hydrogen bonding
and one non-hydrogen bonding component were studied. Adletsare of the rigid
united-atom multi-center LJ type with superimposed etestatic sites in which hy-
drogen bonding is described by partial charges. The hyadrbgading components
of the studied binary mixtures are: monomethylamine (MMAY alimethylamine
(DMA), methanol, ethanol and formic acid. The non-hydrolgending components
are: neon, argon, krypton, xenon, methane, oxygen, nitragebon dioxide, ethyne,
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ethene, ethane, propylene, carbon monoxide, diflourodfichiethane (R12), tetra-
flouromethane (R14), diflourochloromethane (R22), diflooethane (R32), 1,1,1,2-
tetraflouroethane (R134a) and 1,1-diflouroethane (R152a).

To obtain a quantitative description of the mixture vapquid equilibria, one
state independent binary interaction parameter was agdjtista single experimental
data point of either the vapor pressure or the Henry’s lawstaont. Throughout,
excellent predictions were found at other state points, aeother compositions
or temperatures as well as for the Henry’s law constant, Was adjusted to the
vapor pressure, or vice versa. Figures 1 and 2 show metharmhanol as a typical
example.
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Fig. 1. Simulation data and vapor-liquid equilibria of methanol ethane: simulation data
(e) and experimental data) at 310 K [10]; simulation dataa) and experimental data) at
338.15 K [11].

Furthermore, a set of 78 pure substances from prior work 232 was taken
to systematically describe all 267 binary mixtures of thesmponents for which
relevant experimental VLE data are available. Again, paatbj system, the single
state independent binary interaction parameter in theggrterm was adjusted to
only one experimental value of the vapor pressure. The ardikergy parameter
was thereby altered usually by less than 5 % from the Berthale. The mixture
models were validated regarding the vapor pressure at sther points as well as
the dew point composition, which is a fully predictive proyen this context. In
almost all, i.e., 97 % of the cases, the molecular modelseayicellent predictions of
the mixture properties. Compared to other works in thediiene, this is by far the
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Fig. 2. Henry’s law constant of methane in methanol: simulatiorade} and experimental
data [12, 13, 14, 15, 16, 17, 18, 19, 20, 24 (

largest investigation in this direction. It was facilitdtby the extensive computing
equipment at the High Performance Computing Center Stiittga

In the next step, all 33 ternary mixtures of these 78 comptafenwhich exper-
imental VLE data is available were studied by molecular $ation. No adjustment
to ternary data was carried out at all so that the calculatieere strictly predictive.
By comparing to experimental data, it was found that thesdiptions are very reli-
able as there was practically always an excellent matchn&scample, Fig. 3 shows
the ternary system consisting of methane, ethane, and rcalibaide. Again, the
computational effort was substantial, publications inlitezature 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: om dme hand, it needs to
distinguish the bulk liquid and the bulk vapor successfinlgvery case — even when
the vapor is supersaturated, such as in the vicinity of aldtogr the liquid is under-
saturated, such as in the vicinity of a bubble. On the othedhihe cluster criterion
should also minimize noise fluctuations of the detectedtetaso emphasize the
signal.

The following criteria for carbon dioxide were compared flois purpose using
a rigid two-center LJ plus point quadrupole (2CLJQ) mod&l{2
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Fig. 3. Ternary vapor-liquid equilibrium phase diagram for the taie CH4 + CO2 + CoHg
at 230 K and 4650 kPa: simulation daw,(experimental data (+) of Knapgt al. [24], and
Peng-Robinson equation of state (—).

Stillinger [25]: all molecules with a distance of; or less from each other are
liquid and belong to the same cluster (i.e., the same lighiglsp or the same
droplet). The Stillinger radius was setitg = 5.7 A for the present simulations.
Ten Wolde and Frenkel [26]: all molecules with at leksteighbors within a
distance of s; belong to the liquid. They belong to the same cluster as h#rot
liquid molecules within a distance o§;.

Arithmetic meank neighbors: a molecule is liquid if the density in the sphere
containing itsk nearest neighbors exceeffs + p”)/2, wherep’ amdp” are
the saturated liquid and vapor density, respectively. Tbkeoule belongs to the
same cluster as all other liquid molecules within the radiisvhich defines a
sphere with the volume occupied ky- 1 molecules at a density ¢f + p”)/2.
Geometric meark neighbors: analogous, with a density thresholddp”)*/2.

The simulations were conducted with the massively pardMBlprogramlsl mar-
dyn (the precursor implementatidsi moldy is described by Bernreuther and Vrabec
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[27]). Figure 4 shows that all of the discussed criteria amgliaable. The Stillinger
criterion and the geometric mean density criterion with tweghbors lead to the
best results. It should be noted that at high temperatugespiar the critical point,
the Stillinger criterion becomes less reliable in distiistping the liquid from a su-
persaturated vapor than the geometric mean density oriteri

4 Contact angle dependence on the fluid-wall interaction

In cases where no hydrogen bonds are formed between thendatha fluid, vapor-
solid and liquid-solid interfacial properties mainly depleon the fluid-wall disper-
sive interaction, even for hydrogen bonding fluids. The ¢atad and shifted LJ
(TSLJ) potential [28]

ursH(ri ) = { 4e {Ulz(rﬁlz —1c?)+0%(rg® - rﬂe)} rj <fc (1)
i ij
0 rij > fc,

with a cutoff radius of . = 2.50 accurately reproduces the dispersive interaction if
adequate values for the size and energy parametansic are specified. Due to the
relatively small cutoff radius, all computations are aecaled, while the descriptive
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Fig. 4. Average number of molecules evaporating during a detedtitamval of 30 fs from
droplets in a supersaturated vapor of carbon dioxide With237 K, p = 1.98 mol/l, andN
= 1,050,000, determined according to various cluster réaitétillinger (), ten Wolde and
Frenkel withk = 4 (e), arithmetic mean with two/) and eight neighbors{) as well as
geometric mean with two neighborsl).



Molecular modeling of hydrogen bonding fluids 7

power of the full LJ potential (without a cutoff) is retainesten for systems with
phase boundaries [29].

For the present series of contact angle simulations, thel T&adel — with the
potential parameters for methames 3.7241 A and:/k = 175.06 K — was studied,
extending a previous investigation of the vapor-liquiceifdce of the TSLJ fluid
[29]. The TSLJ potential with the size and energy parametetso as well as

g =¢¢, (2)

was also applied for the unlike interaction between the flnaecules and the wall

atoms, with the same cutoff radius as for the fluid. The wall wadeled as a system
of coupled harmonic oscillators with different spring ctamgs for transverse and
longitudinal motion, adjusted to simulation results foainite that were obtained
with a rescaled version of the Tersoff [30] potential.

The simulations were carried out with thsd mardyn program. Vapor and liquid
were independently equilibrated in homogeneous simuiatior 10 ps. This was
followed by 200 ps of equilibration for the combined systém, a liquid meniscus
surrounded by vapor, with a graphite wall consisting of femrseven layers, cf.
Fig. 5. A periodic boundary condition was applied to the eystleaving a channel
with a diameter of 26 between the wall and its periodic image. The contact angle
was determined from the density profiles by averaging ovdeasdt 800 ps after
equilibration.

Fig. 5. Simulation snapshots for a reduced fluid-wall dispersivergyé of 0.07 (left) and
0.13 (right) at a temperature of 0.83k.

Liguid menisci between graphite walls were simulated foe@uced fluid-wall
dispersive energ§ between 0.07 and 0.16 at temperatures of 0.73, 0.88, ayikl 1
Note that the triple point temperature of the TSLJ fluid isw@t®65¢/k [31] while
the critical temperature i% = 1.0779¢/k [29], so that the entire regime of stable
vapor-liquid coexistence was covered.

High values of¢ correspond to a strong attraction between fluid and wall com-
poents, leading to a contact angilesmaller than 99 i.e., to partial § > 0°) or full
(9 = 0°) wetting of the surface. For a higher fluid-wall dispersineryy, the extent
of wetting increases, cf. Fig. 5. The transition from obttsacute contact angles,
i.e., 8(T,&) = 90°, occurs at a temperature independent vagie: 0.113 of the
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fluid-wall dispersive energy, as can be seen in Fig. 6. Furtbee, the symmetry law
cos¥(T,&g — A&) = —cos(T, o +A%), (3)

is valid over the whole relevant range of temperatures anghihades of the fluid-
wall dispersive energy. Figure 6 also shows that there igi@waange of values

that lead to the formation of a contact angle, as opposedabdewetting or wetting.
As the temperature decreases and the vapor-liquid sudas®ty(T ) increases, the
contact angle approaches’90
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Fig. 6. Simulation results and correlation for the contact angldependence of the reduced
fluid-wall dispersive energ§ at temperatures of 0.73 (diamonds and solid line), 0.88I&sr
and dotted line) as well as 1 (squares and dasheddjthe)

5 A sterically accurate generic benzyl alcohol model

Benzyl alcohol €sHs—CH,>OH) is widely used as a solvent for paints and inks. How-
ever, it is classified as a harmful substance (Xn) and shautld@inhaled, nor used
at high temperatures where it exhibits a high vapor pressure

The basis for a new rigid molecular model of benzyl alcohos watermined
by ab initio calculations with the GAMESS (US) quantum chemistry paeki@2],
obtaining the quadrupole moment as well as the equilibriositipns of the nuclei
as illustrated in Fig. 7.

Further potential parameters were taken from accuraterarahinolecular mod-
els for related fluids, leading to a sterically accurate germmaodel, cf. Tab. 1, that
can be used as a starting point for parameter optimizatiquatticular, point charges
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as well aso ande parameters for the hydroxyl group were taken from the ethano
model of Schnabedt al. [33]. Moreover, thes ande values of the corresponding LJ
interaction site of the Merkeat al. [34] cyclohexanol model were used for tBel»
group, while the LJ parameters for tlei andC centers were set according to the
Huanget al. [35] models of benzene and phosgene, respectively.

Table 1. Coordinates and parameters of the LJ sites, and the poingehaand the point
quadrupole for the present benzyl alcohol model. Bold attara indicate represented atoms.

Interaction x y z o ¢/ks q Q
site A A A A K e DA
CHP 0.695 -0.037 2.218 3.247 88.97

cHim -0.753 -0.204 1.941 3.247 88.97
CHrm 1.638 0.189 1.090 3.247 88.97
cHl° -1.255 -0.149 0.543 3.247 88.97
CHre 1.134 0.250 -0.304 3.247 88.97

C -0.285 0.080 -0.497 2.810 10.64
CH, -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
Benzyly 0 0 O 2.534

)

0 1 -1 0 1
x/ A x/ A

Fig. 7. Coordinates of the LJ sites for the present benzyl alcohaeho
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Fig. 8. Vapor pressure of benzyl alcohol according to a correldéhbased on experiments
(—) as well as present molecular simulation data (

VLE properties of the generic model were calculated usirgnik2 program,
leading to an overall satisfactory first approximation,sidering that all a posteriori
adjustments were absent. The vapor pressure is more azattzsigh temperatures,
cf. Fig. 8.

6 Computing performance

The scalability of thésl mardyn program was measured on ta&eau supercomputer
for simulation scenarios involving methane, representethb TSLJ fluid, as well
as graphite, modeled by a rescaled version of the Tersoffd8tential. MPI par-
allelization was applied according to a spatial domain dgmosition scheme with
equally sized cuboid subdomains and a cartesian topolaggdaan linked cells [27].

Often the best solution is an isotropic decomposition thiafmizes the surface
to volume ratio of the spatial subdomains. For the simufatibhomogeneous sys-
tems, this approach is quite efficient. That is underlinedh® weak and strong
scaling behavior ofsl mardyn for typical configurations, shown in Fig. 9 (left), in
cases where supercritical methane (‘fluid’) at a density0afhbl/l and solid graphite
(‘wall’) were considered with a system size of up to 4,800,0Qeraction sites, rep-
resenting the same number of carbon atoms and methane resléare. Graphite
simulations, containing only carbon atoms, scale paaityiwell, due to a favor-
able relation of the delay produced by communication betvpecesses to the con-
current parts, i.e., the actual intermolecular interactomputation, which is much
more expensive for the Tersoff potential than the TSLJ pgakn
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Fig. 9. Left: Total CPU time, i.e., execution time multiplied withe nhumber of parallel pro-
cesses, per time step and interaction site for weak scalitig3)000 (dashed lines / circles)
and 32,000 (dotted lines / triangles) interaction sitegypecess as well as strong scaling with
450,000 interaction sites (solid lines / bullets), usirgrigpic spatial domain decomposition.
Right: speedup for a system of liquid methane between graptalls with 650,000 inter-
action sites, where isotropic (circles) and channel gepnietsed (triangles) spatial domain
decomposition was used; the solid line represents linesedp.

The simulation of combined systems, containing both fluid salid interaction
sites, is better handled by a channel geometry based desitiopscheme, where
an approximately equal portion of the wall and a part of thielflsiassigned to each
process, cf. Fig. 9 (right). In the general case, where ajp@din-uniformities do not
match any cartesian grid, a flexible topology has to be usadgproach based on
k-dimensional trees [37], implemented in a versionsif mardyn, showed clearly
improved results with respect to the scaling of inhomogesaystems.

7 Conclusion

The intermolecular interaction of small hydrogen bondirgjenules like mono- and
dimethylamine can be described by simple LJ based unitu-atolecular models
with point charges. Such computationally efficient modeé&sevapplied to binary
mixtures with non-hydrogen bonding components regardihg roperties. Ac-
curate predictions, covering a broad range of temperaandsompositions, were
obtained, regardless whether the state independent bimtargiction parameter was
adjusted to Henry’s law constant or vapor pressure.

For a two-center LJ plus quadrupole model of carbon dioxadegmparison of
cluster criteria with the purpose of accurately detectirggMapor-liquid phase bound-
ary gave overall support to the geometric mean densityrit@pplied to the sphere
consisting of a molecule and its two nearest neighbours SEtieger criterion was
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found to be particularly adequate at low temperatures. f®MSLJ fluid, the con-
tact angle formed between the vapor-liquid interface ancbhwas determined by
canonical ensemble MD simulation while the mangitude ofdispersive fluid-wall
interaction was varied. Over the whole temperature ranty@dsn triple point and
critical point, the contact angle dependence on the fluil digpersive energy obeys
a simple symmetry law.

A sterically realistic model for benzyl alcohol was presehtshowing within
the framework of LJ sites with point polarities and elecpmint charges that the
generic molecular modeling approach can lead to a goodgjgubint for parameter
optimization with respect to VLE properties such as the vapessure.

The scalability of thdsl mardyn program was assessed and found to be ac-
ceptable. MD simulations of methane confined between graptalls with up to
4,800,000 interaction sites, i.e., carbon atoms and methaslecules, were con-
ducted to demonstrate the viability of the program.

The authors would like to thank Martin Bernreuther, MartundBholz, Domenic
Jenz, and Christoph Niethammer for contributing to iiemardyn code, Stephan
Deublein, Bernhard Eckl, Gimmy Fernandez Ramirez, Gab@levara Carrién,
and Sergei Lishchuk for contributing to thes2 code, loannis Pitropakis for per-
forming simulation runs of binary mixtures, as well as C&dian, Franz Géhler, Se-
bastian Grottel, Jens Harting, Martin Hecht, Ralf Kibledabuido Reina for frank
discussions and their persistent support.
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