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Molecular modeling and simulation has emerged in recent years as a powerful engineering tool for the
prediction of thermodynamic properties of fluids. In this work, transport properties of monomethylamine,
dimethylamine, dimethylether and hydrogen chloride are predicted by molecular simulation, employ-
ing rigid, non-polarizable molecular models that were developed without using any transport property

information. Equilibrium molecular dynamics as well as non-equilibrium molecular dynamics are used
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to predict self-diffusion coefficient, shear viscosity and thermal conductivity of the studied liquids for a
wide range of thermodynamic conditions. In most cases, the reported predictions deviate on average by
less than 10% from the available experimental data.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the need for transport data has increased in the
chemical industry. Among others, this is due to the growing use
of rate-based methods for process modeling. Traditionally, ther-
modynamic properties are obtained from experiments, however,
despite the extensive effort devoted to their measurement, the data
availability is still surprisingly low and the data sets are in many
cases contradictory. This is associated with the significant effort
to measure thermophysical properties, particularly at very high
temperatures and pressures [1], or to deal experimentally with sub-
stances that are toxic or explosive. Compared to static properties
like vapor-liquid equilibria, transport data are very scarce. Because
traditional phenomenological models for transport properties are
little reliable in the liquid state, molecular simulation has emerged
as an alternative engineering tool for predictive applications.

The aim of this work is to demonstrate the capability of molec-
ular modeling and simulation to predict the technically most
relevant transport properties, i.e. self-diffusion coefficient, shear
viscosity and thermal conductivity, of monomethylamine (MMA,
CH3—NH,;), dimethylamine (DMA, (CH3),—NH), dimethylether
(DME, (CH3),—0) and hydrogen chloride (HCl). As in previous work
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of our group, rigid, non-polarizable molecular models were used.
This model class is suitable to predict structural and thermody-
namic properties of hydrogen bonding fluids with a good accuracy,
e.g. water, methanol, ethanol, ammonia and some binary mixtures
thereof [2-4]. Equilibrium molecular dynamics (EMD) simulation
together with the Green-Kubo formalism was used to determine
the self-diffusion coefficient and the shear viscosity. The shear
viscosity and the thermal conductivity were calculated via the
reverse non-equilibrium molecular dynamics (NEMD) algorithm
by Miiller-Plathe [5]. These transport properties were predicted
in the liquid state for a wide range of thermodynamic conditions
and a comparison between EMD and NEMD results is given for the
shear viscosity.

The studied fluids have important industrial applications. The
weakly hydrogen bonding amines MMA and DMA are widely used
as intermediates in chemical synthesis, e.g. in the production of sol-
vents, pesticides, pharmaceuticals, dyes or surfactants [6,7]. DME
is largely used as a substitute for chlorofluorocarbons, i.e. as an
aerosol propellant, refrigerant or petroleum gas [8-10]. It is also
used as feedstock for the production of higher value chemicals,
e.g. acetic acid or formaldehyde [11]. HCl is a very hazardous fluid
that is widely used in the chemical, pharmaceutical, oil and food
industry [12], e.g. as an intermediate or catalyst in the production
of higher value chemicals[13]. The success of molecular simula-
tion to predict thermodynamic properties is primarily determined
by the force field that describes the molecular interactions. Many
of the molecular models from the literature for MMA and DMA
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are based on transferable force fields developed for biological sys-
tems, e.g. OPLS-AA[14], CFF[15] or CHARMM [7], which usually
include Lennard-Jones (L]) sites, point charges as well as inter-
nal degrees of freedom, i.e. bond stretching, angle and dihedral
bending. Other molecular models are based on transferable force
fields that were developed for chemical engineering applications,
e.g. the anisotropic united atom force field (AUA)[16], the TraPPE-
EH force field [17] or the discontinuous force field SPEAD [18]. They
were primarily employed for studying the fluid structure [19] and
thermodynamic properties like free energy of hydration[14] or
vapor-liquid equilibria [17,18]. However, only a few models were
assessed with respect to their capability to predict transport prop-
erties. Kosztolanyi at al.[20] and Kusalik et al.[21] predicted the
self-diffusion coefficient of MMA at 250K using the rigid model
by Impey et al.[22]. Bauer and Patel [7] also predicted the self-
diffusion coefficient of MMA at 266.8 K based on their polarizable
model. Recently, Feng et al.[23] predicted the self-diffusion coef-
ficient of MMA for different thermodynamic conditions based on
a modification of the OPLS-AA model [14]. To our knowledge, the
self-diffusion coefficient of DMA as well as the shear viscosity and
thermal conductivity of both amines were not studied by molecular
simulation prior to this work.

A variety of molecular models for DME can be found in the
literature, e.g. flexible models based on transferable [24-26], dis-
continuous [27] or polarizable[28] force fields as well as rigid
models [29-31]. However, to our knowledge, none of them was
employed to predict the transport properties of DME by molecular
simulation.

HCl is the smallest molecule considered in this work and has
therefore been subject to numerous molecular simulation and
quantum mechanical studies in the last 30 years. For HCl, there are
several molecular models of different complexity in the literature,
e.g.[32-41]. Some of them were used to predict the self-diffusion
coefficient [32,33,36,37,41] and the shear viscosity [42] by molec-
ular simulation. The thermal conductivity was not studied prior to
this work.

The molecular models employed here for MMA [43], DMA [43],
DME [44] and HCI[13] were developed in preceding work of
our group. These rigid, united-atom models were optimized to
experimental data on vapor pressure and saturated liquid density
only. No data on transport properties were taken into account
during model parameterization so that all respective results are
strictly predictive.

The outline of the present work is as follows: first, the
employed molecular models and the simulation techniques
are briefly described. Second, the predictions for self-diffusion

Table 1

coefficient, shear viscosity and thermal conductivity of the studied
liquids are presented and compared to experimental data and
correlations thereof as well as to other simulation results from the
literature. Finally, conclusions are drawn. The simulation details
are summarized in Appendix B.

2. Molecular models

Throughout this work, rigid, non-polarizable molecular models
of united-atom type from earlier work of our group were used. The
models account for the intermolecular interactions by one or more
L] sites and superimposed point charges or point dipoles. Thus, the
total intermolecular interaction energy u;; between two molecules
i and j can be written as
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where rijgp, €jjqp and ojjqp are the distance, the L] energy parameter
and the L] size parameter, respectively, for the pair-wise interac-
tion between L] site a on molecule i and L] site b on molecule j.
The permittivity of the vacuum is &y, whereas g;. and u;. denote
the point charge magnitude and the dipole moment of the elec-
trostatic interaction site ¢ on molecule i. The expression flw;, ®;)
stands for the dependency of the dipole interaction on the orien-
tations @; and w; of the molecules i and j[45]. The pure substance
model parameters were taken from[13,43,44] and are summarized
in Table 1. The interactions between unlike L] sites of different type
were defined by the standard Lorentz-Berthelot combining rules
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3. Methodology

3.1. Equilibrium molecular dynamics

Transport properties can be determined from the time evolution
of the autocorrelation function of a particular microscopic flux in

Lennard-Jones and electrostatic parameters of the molecular models employed in this work. The orientation of the dipole moment is defined in standard Euler angles, where
@ is the azimuthal angle with respect to the x-z plane and 6 is the inclination angle with respect to the z axis. The spatial position of the sites can be found in the original

publications [13,43,44].

Interaction sites o (A) elkg (K) 0(°) @ (°) n (D) q(e)
Monomethylamine

CHs 3.6072 120.150 - - - +1.95250

NH, 3.3151 141.147 - - - —0.88653

H - - - - - +0.34564
Dimethylamine

CHs; 3.6072 120.150 - - - +0.03774

NH 3.4800 72.856 - - - —0.45959

H - - - - - +0.38411
Dimethylether

[0} 2.727 89.570 - - - -

CH3 3.6072 120.150 - - - -

Dipole - - 180 0 1.7040 -
Hydrogen chloride

HCl 3.520 179.00 - - - -

H - - - - - +0.438

Cl - - - - - -0.438
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