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1 Introduction

Over the last two decades, a tremendous effort has taken place in the development of high accuracy
molecular models or “force fields” for use in computer simulations. The method of parameterization varies
depending on the target data of interest. For example, parameters for the MMFF force field(1) were
determined by fitting to reproduce crystal structure data, while non-bonded interactions in the Optimized
Potentials for Liquid Simulations(OPLS)(2) were optimized to reproduce the properties such as liquid
density and heat of vaporization for organic molecules near ambient conditions. However, even among
force fields developed to study a particular class of problems, eg. biomolecular systems(2; 3; 4; 5) or phase
behavior(6; 7; 8; 9), significant differences can be found amongst the reported parameter sets.

Previous calculations performed by our group for CO2(10), H2S(11) and acetone(12) have identified
multiple combinations of partial charge distributions and Lennard-Jones parameters that yield an accurate
reproduction of the pure component vapor-liquid coexistence curve and vapor pressures for these molecules.
In each of the previously mentioned cases, the optimization procedure was restricted to the region around
“correct” values of the partial charges, which were generally determined by fitting to reproduce gas phase
dipole or quadrupole moments or taken from a CHELPG analysis of ab initio calculations.

The purpose of this paper is to demonstrate conclusively the non-uniqueness of force field parameter
sets, and to illustrate how specific physical property data may be used effectively in the optimization of
force field parameters for real fluids. In this case, dimethyl ether was selected as the target molecule for
the force field development. In addition to the geometric simplicity of the molecule, dimethyl ether has
a number of important technological applications including low temperature refrigeration(13), cryogenic
storage(13) and oxygenated fuels(14; 15).

In this work, 16 optimized parameter sets are presented for dimethyl ether, covering a range of dipole
moments µ from 0 to 2.4 D. For a given distribution of partial charges, parameters representing the
dispersive interactions are optimized such that the predictions of simulation are in close agreement with
experimentally determined saturated liquid densities. Saturated liquid and vapor densities, vapor pressures
and heat of vaporization are determined with histogram-reweighting Monte Carlo simulations in the grand
canonical ensemble(16) and compared to experimental values. Additional calculations in the isobaric-
isothermal ensemble are used to determine radial distribution functions.

This work is organized as follows. In the next section, the form of the energy function describing the
interactions between atoms in dimethyl ether is described. In Section 3, the relevant simulation details are
presented. Vapor-liquid coexistence curves, vapor pressures, heats of vaporization and radial distribution
functions are presented in Section 4. The conclusions of this work can be found in Section 5.

2 Models and Simulation Details

2.1 Force Fields

In this work, dimethyl ether is modeled with 3 interaction sites centered at the nuclei of the oxygen and
carbon atoms. Hydrogens bonded to carbon atoms are not modeled explicitly. Instead, the united-atom
approximation is used where hydrogen and carbon atoms are lumped together to form a single interaction
site known as a “pseudo-atom”. Interactions between pseudo-atoms in different molecules are represented
by pairwise-additive Lennard-Jones 12-6 potentials and Coulombic interactions of partial charges

U(rij) = 4εij
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σij
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]

+
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where rij , εij , σij , qi,and qj are the separation, LJ well depth, LJ size and partial charges, respectively,
for the pair of interaction sites i and j. εo, which has a value of 8.854 X10−12 F/m, is the permittivity of
vacuum. The Lennard-Jones parameters and partial charges for each of the 16 parameter sets developed
in this work are listed in Table 1. Interactions between atoms of different types are determined with the
standard Lorentz-Berthelot combining rules(17; 18).
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Oxygen and CH3 pseudo-atoms are connected with a fixed bond length of 1.41 Å. Bond bending for the
CH3-O-CH3 bond angle is controlled with a harmonic potential

Ubend =
kθ

2
(θ − θ0)2 (4)

where kθ/kB = 60400 K/rad2 is the bending constant, θ and θ0 = 112o are the instantaneous and equilib-
rium bond angle, respectively. Parameters for all bonded interactions were taken from the TraPPE force
field(19).

3 Simulation Details

Grand canonical histogram-reweighting Monte Carlo (GCMC) simulations(16) were used to determine the
vapor-liquid coexistence curves and vapor pressures for dimethyl ether. The insertion of molecules in the
GCMC simulations was enhanced through the application of the coupled-decoupled configurational-bias
Monte Carlo method(20). The fractions of the various moves for each simulation were set to 15% for
particle displacements, 15% for rotations, 10% configurational-bias regrowths and 60% for insertions and
deletions. All simulations was performed for a system size of L = 20 Å. Lennard-Jones interactions were
truncated at L = 10 Å, and standard long-range corrections were applied(21; 22). An Ewald sum with
tinfoil boundary conditions (κ × L = 5 and Kmax = 5) was used to calculate the long range electrostatic
interactions(23; 24). Simulations were equilibrated for 1 million Monte Carlo steps (MCS) before run
statistics were recorded. After the equilibration period, histograms were collected from simulations that
were 25x106 MCS in length. Over the course of each simulation, the number of molecules N and energy
E were stored in the form of a list(25), which was updated every 250 MCS. The necessary probability
distributions were extracted from this list after the completion of the simulation.

4 Results and Discussion

The purpose of this work is to demonstrate the non-uniqueness of force field parameters, and to map param-
eter space in terms of Lennard-Jones parameters and partial charges that yield an accurate representation
of the saturated liquid densities, critical point, vapor pressures and heat of vaporization for dimethyl ether.
Models were developed as follows. Lennard-Jones parameters for the CH3 pseudo atom were taken directly
from the TraPPE force field and held fixed. For a given oxygen partial charge, corresponding charges were
placed on the methyl groups to maintain charge neutrality. The Lennard-Jones parameters for the oxygen
atom were then optimized such that the deviation of simulation from the experimental saturated liquid
densities was minimized. Overall, a total of 16 optimized parameter sets are presented, which corresponds
to a range of dipole moments from 0 to 2.4 D (0 ≤ qo ≤ −0.62). Above µ = 2.4 D it was no longer possible
to achieve an accurate representation of the saturated liquid densities.

4.1 Vapor-Liquid Equilibria

In Figure 1, the vapor-liquid coexistence curves predicted by the 16 force fields are presented. The data
show that the distribution of partial charges has little effect on the predicted saturated liquid densities
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over the temperature range 280-380 K, as long as the oxygen εO and σO are reparameterized accordingly.
As shown in Table 1, as the partial charge was increased, εO was reduced monotonically. This was ex-
pected, since increasing the partial charge also increases the interaction between molecules. To reproduce
the experimental critical temperature, εO had to be reduced such that the overall molecule-molecule in-
teractions remained the same. This resulted in a shift of interactions from being primarily dispersive to
having a significant Coulombic component as the dipole moment was increased. Unlike the case for the
Lennard-Jones well-depth, the collision diameter σO remained nearly constant, varying between 2.8 and
3.2 Å , although small adjustments were necessary to reproduce the saturated liquid densities.

Based on these results, it is clear that optimizing potential parameters to reproduce only the saturated
liquid densities, even over a wide range of temperatures, does not provide enough information to uniquely
determine the “correct” distribution of partial charges. Previous calculations for two-center Lennard-
Jones fluids with embedded point quadrupoles(26) or dipoles(27) have shown that quadrupole and dipole
moments have a significant effect acentric factor, defined as

ω = − log10 P sat
r − 1 (5)

where P sat
r is evaluated at Tr = 0.7 And it has been shown experimentally that the acentric factor is a

function of both molecule shape/size and dipole moment(28; 29). Therefore, it is instructive to examine
the effect of partial charge distribution on the predicted vapor pressures for dimethyl ether.

The vapor pressures predicted by each of the 16 force fields are presented in the form of Clausius-
Clapeyron plots in Figure 2. As expected, the distribution of partial charges has a significant impact on
the predicted vapor pressures and acentric factors. For the six parameter sets with −0.433 ≤ qO ≤ −0.58,
the predicted vapor pressures are within 1% of experimental data. For parameter sets with qO > −0.433,
vapor pressures are over-predicted, while parameter sets with qO < −0.58 resulted in an under-prediction
of the vapor pressure. The largest deviation from experiment was 28%, which occured for Model 1.

To further illustrate to impact of dipole moment on acentric factor, the acentric factors predicted by
each force field are plotted versus dipole moment in Figure 3. The data show that as the dipole moment is
increased, the acentric factor also increases. Although some scatter exists in the data, due in part to the
process of fitting to the saturated liquid densities, the acentric factor increases quadratically with respect
to dipole moment. In order to reproduce the experimentally determined acentric factor ω = 0.19(30), the
dipole moment had to be increased to 2.04 D (qO = −0.54), which is 57% larger than the experimentally
measured gas phase dipole moment of 1.3 D. The need to specify a dipole moment larger than the ex-
perimentally measured gas phase dipole moment stems from the fact that the Lennard-Jones plus point
charge functional form used in this work, and many others, is an effective potential function, where the
parameters represent averages over a wide range of state points in temperature, pressure and density.

4.2 Critical Properties

Critical parameters for each of the force fields, listed in Table 2, were determined by fitting the saturated
liquid and vapor densities over the temperature range 280 ≤ T ≤ 380 K to the density scaling law for
critical temperature(31)

ρliq − ρvap = B(T − Tc)β (6)

and the law of rectilinear diameters(32)

ρliq + ρvap

2
= ρc + A(T − Tc) (7)

where β = 0.325 is the critical exponent for Ising-type fluids in three dimensions(33) and A and B are
constants fit to simulation data. All of the force fields were found to yield an accurate reproduction of the
experimental critical temperature and density. The maximum relative error of 3% in Tc was produced by
Model 7 (qO = −0.433), while the maximum error of 2% in ρc was given by Model 1 (qO = 0). No clear
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trends in the prediction of the critical temperature with respect to partial charge distribution were found.
On the other hand, the error in ρc was reduced as the dipole moment was increased.

Linear extrapolation of the vapor pressure curve to the critical temperature, as predicted by simulation,
was used to determine the critical pressure for each parameter set. Relative deviations of simulation from
experiment were more pronounced in the case of the critical pressure, with the maximum error in Pc equal
to 18%, given by Model 1. Only 5 parameter sets (Models 4, 8, 14, 15, and 16) were able to produce a
critical pressure within 5% of experiment. The best prediction of the critical pressure was given by Model
14 (qO = −0.54), which yields Pc = 53.17 bar compared to the experimental value of 52.8 bar. Due to
the extrapolation to the Tc predicted by simulation and the rapid increase of the pressure with respect to
temperature in the critical region, the error in Pc is amplified by errors in Tc.

The normal boiling points, listed in Table 2, were also derived from the Clausius Clapeyron plots, this
time by extrapolation to 1.01 bar. The maximum error in Tb was 5%, given by Model 1, while many of
the parameter sets were capable of predicting Tb within 1% of experiment. Although scatter is present,
the general trend of the data shows that the error in the prediction of Tb decreases as the dipole moment
increases.

4.3 Heat of Vaporization

The heat of vaporization ∆Hv was calculated for each parameter set over the temperature range 280 <
T < 380. These results are shown in Figure 4. Since the enthalpy is defined as

H = U + pV (8)

∆Hv can be calculated directly from

∆Hv = Uv − Ul + p(Vv − Vl) (9)

where the v and l subscripts refer to the vapor and liquid phases, U is the internal energy per mol and
V is the molar volume. The energies and molar volumes of each phase were determined from the same
histogram data collected for the VLE calculations. The predictions of simulation for heat of vaporization
were found to be in excellent agreement with the experimental values of 21.51 kJ/mol at 248.2 K(34), and
18.51 kJ/mole at 298.15 K(35) for each of the force fields that also yielded an accurate description of the
vapor pressure as a function of temperature. Inspection of the Clapeyron equation

dP sat

dT
=

∆Hv

T (Vg − Vl)
(10)

illustrates why. In cases where the saturated liquid and vapor densities and the vapor pressure are in close
agreement with experiment over a wide range of temperatures, then the heat of vaporization must also
agree with experimental results.

4.4 Ab Initio Calculations

Ab initio calculations are commonly used to determine partial charges for use in atomistic force fields.
Due to the wide range of partial charge distributions presented in this work, an effective comparison can
be made without reparameterization of the force fields.

The geometry of dimethyl ether was optimized at the HF/6-31+g(d,p) and MP2/6-31+g(d,p) levels
of theory and basis set. The partial charges for the CH3 and O pseudo-atoms were determined through
the application of the CHELPG methodology to the electrostatic potential energy surfaces determined by
ab initio calculations(36; 37; 38). These calculations were performed with the Gaussian 03 software(39).
The CHELPG scheme was selected for comparison as it has recently become the method of choice for
the determination of partial charge distributions for a number of atomistic force fields(12; 40; 41; 42; 43).
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Calculations were performed in vacuum at the HF/6-31+g(d,p) and MP2/6-31+g(d,p) levels of theory and
basis set, which resulted in partial charges of qO = −.445 (HF) and qO = −.433 (MP2). These results fall
on the edge of the region where the force field is able to fit both the saturated liquid density and vapor
pressure. Although these partial charges yield a good description of the phase behavior and vapor pressure
for dimethyl ether, the best reproduction of experimental data by the proposed force fields occurs for
Model 14, where the magnitude of the partial charges are approximately 10% larger than those predicted
by ab initio calculations at the HF/6-31+g(d,p) level. These results are similar to differences between
empirical “best fit” and ab initio derived partial charges determined in the parameterization of H2S(11)

4.5 Radial Distribution Functions

In order to determine the effect of dipole moment on the liquid structure of dimethyl ether, NPT simu-
lations were performed at 300 K and 1 bar. The radial distribution functions (RDF) were extracted from
the configurations saved during the simulations. Figure 5 and Figure 6 show the RDF for methyl-oxygen
and oxygen-oxygen interactions for each of the parameter sets. The data show that optimizing εO and σO

to reproduce the vapor-liquid coexistence curve and vapor pressure for each set of partial charges results
in identical radial distribution functions.

5 Conclusions

A suite of 16 parameter sets have been optimized for dimethyl ether, each corresponding to a specific dipole
moment from 0 to 2.4 D. The data demonstrate clearly the non-uniqueness of potential parameters. All 16
parameter sets could be optimized to reproduce the saturated liquid density, while only 6 parameter sets
were capable of reproducing the vapor pressure to within 1% of experiment in addition to the saturated
liquid densities. Parameter sets that were able to reproduce saturated liquid densities and vapor pressures
were also found to yield excellent predictions of the heat of vaporization as a function of temperature. All
of the models were able to reproduce Tc and ρc to within 5% of experiment, and a handful of parameter sets
were able to predict Tc and ρc for dimethyl ether with less than 1% error. Regarding the accentric factor,
comparison of simulation data to experiment revealed that a significant increase in the dipole moment
was necessary to reproduce the experimental value of ω = 0.19. Radial distribution functions, determined
from NPT simulations, showed that the changing the dipole moment had no effect on the liquid phase
structure.

Based on these results, it is clear that saturated liquid densities should not be used alone in the parame-
terization of force fields. The inclusion of the vapor pressure in the parameterization is an effective means
for reducing the number of candidate parameter sets, since the vapor pressure and acentric factors are
strong functions of the dipole moment. On the other hand, the heat of vaporization ∆Hv, a target param-
eter used commonly in the development of force fields for biological systems, was not found to provide any
additional insight beyond what could be gleaned from the saturated densities and vapor pressure. Despite
the inclusion of vapor pressure in this work, there were still 6 viable parameter sets. In previous studies,
the use of binary mixtures to provide additional constraints on the parameter space has been shown to be
effective in the parameter optimization process(10; 11). In addition to binary mixture phase behavior, it
would be of interest to identify other pure component properties that would be effective in reducing the
number of candidate parameter sets. Quantities of interest for further study include the surface tension as
well as the viscosity.
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Table 1. Parameters for non-bonded interactions used in this work.

Force field ε(K) σ (Å) q(e)
All Models CH3 98.0 3.75 qc = 0.5|qO|
Model 1 O 110.0 2.8 0.0
Model 2 O 95.0 2.95 -0.1
Model 3 O 95.0 2.93 -0.2
Model 4 O 77.0 3.15 -0.3
Model 5 O 74.0 3.1 -0.35
Model 6 O 72.0 3.0 -0.4
Model 7 O 57.0 3.3 -0.433
Model 8 O 57.0 3.15 -0.445
Model 9 O 58.0 3.1 -0.45
Model 10 O 55.0 3.1 -0.47
Model 11 O 47.0 3.1 -0.51
Model 12 O 47.0 3.0 -0.52
Model 13 O 43.0 3.1 -0.53
Model 14 O 40.0 3.1 -0.54
Model 15 O 35.0 2.8 -0.58
Model 16 O 23.0 3.2 -0.62
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Table 2. Predicted normal boiling points, critical properties and acentric factor for dimethyl ether. All data sets show statistical uncertainties

similar to those presented for Model 14.

Tb Tc ρc Pc ω
(K) (K) (kg/m3) (bar)

Experiment(44) 249 400.2 275 52.8 0.19
Model 1 236.47 405.76 280.34 62.32 0.07
Model 2 237.33 406.58 278.76 61.56 0.07
Model 3 237.15 406.16 279.77 62.43 0.08
Model 4 241.25 403.59 276.02 55.05 0.11
Model 5 240.99 408.39 277.44 61.21 0.10
Model 6 241.81 407.12 279.13 62.19 0.12
Model 7 246.21 411.66 274.01 59.67 0.13
Model 8 243.17 399.27 274.81 53.55 0.16
Model 9 243.27 406.57 276.26 60.94 0.14
Model 10 244.61 407.81 276.31 60.80 0.14
Model 11 246.67 407.70 275.51 59.61 0.16
Model 12 246.69 406.74 276.14 59.96 0.17
Model 13 247.91 407.84 274.95 59.42 0.17
Model 14 247.90±0.3 400.57 ±0.2 273.71±0.2 53.17±0.1 0.20±0.001
Model 15 250.11 397.77 272.91 51.03 0.24
Model 16 255.33 410.14 270.19 55.36 0.23
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Figure 1. Vapor Liquid coexistence curves predicted by simulation for dimethyl ether. Experiment(44) is represented by a ’solid line’.
Plot (I) contains model 1(squares), model 2 (circle), model 3 (triangles) and model 4 (diamonds). Plot (II) contains model 5(squares),

model 6 (circle), model 7 (triangles) and model 8 (diamonds). Plot (III) contains model 9 (squares), model 10 (circle), model 11
(triangles) and model 12 (diamonds). Plot (IV) contains model 13(squares), model 14 (circle), model 15 (triangles) and model 16

(diamonds).
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Figure 2. Clausius-Clapeyron plot for dimethyl ether. Experiment(44) is represented by a ’solid line’. Plot (I) contains model
1(squares), model 2 (circle), model 3 (triangles) and model 4 (diamonds). Plot (II) contains model 5(squares), model 6 (circle), model 7

(triangles) and model 8 (diamonds). Plot (III) contains model 9 (squares), model 10 (circle), model 11 (triangles) and model 12
(diamonds). Plot (IV) contains model 13(squares), model 14 (circle), model 15 (triangles) and model 16 (diamonds).
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Figure 3. Acentric factor versus dipole moment for all 16 models of dimethyl ether where the experimental accentric factor vs dipole
moment is symbolized by a “solid circle”(30).
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Figure 4. Heat of vaporization as a function of temperature for dimethyl ether. The experimental data(35) is denoted as red circles.
Plot (I) contains model 1(squares), model 2 (circle), model 3 (triangles) and model 4 (diamonds). Plot (II) contains model 5(squares),

model 6 (circle), model 7 (triangles) and model 8 (diamonds). Plot (III) contains model 9 (squares), model 10 (circle), model 11
(triangles) and model 12 (diamonds). Plot (IV) contains model 13(squares), model 14 (circle), model 15 (triangles) and model 16

(diamonds).
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Figure 5. Radial Distribution between CH3 and Oxygen for dimethyl ether. Plot (I) contains model 1(squares), model 2 (circle),
model 3 (triangles) and model 4 (diamonds). Plot (II) contains model 5(squares), model 6 (circle), model 7 (triangles) and model 8

(diamonds). Plot (III) contains model 9 (squares), model 10 (circle), model 11 (triangles) and model 12 (diamonds). Plot (IV) contains
model 13(squares), model 14 (circle), model 15 (triangles) and model 16 (diamonds).
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Figure 6. Radial Distribution between Oxygen and Oxygen for dimethyl ether. Plot (I) contains model 1(squares), model 2 (circle),
model 3 (triangles) and model 4 (diamonds). Plot (II) contains model 5(squares), model 6 (circle), model 7 (triangles) and model 8

(diamonds). Plot (III) contains model 9 (squares), model 10 (circle), model 11 (triangles) and model 12 (diamonds). Plot (IV) contains
model 13(squares), model 14 (circle), model 15 (triangles) and model 16 (diamonds).


