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The transferable potentials for phase equilibria (TraPPE) force field is extended through the
development of a non-polarizable five-site ammonia model. In this model, the electrostatic
interactions are represented by three positive partial charges placed at the hydrogen position
and a compensating partial charge placed on an M site that is located on the C3 molecular
axis and displaced from the nitrogen atom toward the hydrogen atoms. The repulsive and
dispersive interactions are represented by placing a single Lennard–Jones site at the position
of the nitrogen atom. Starting from the five-site model by Impey and Klein (Chem. Phys.
Lett. 1984, 104, 579), this work optimizes the Lennard–Jones parameters and the magnitude
of the partial charges for three values of the M site displacement. This parameterization is
done by fitting to the vapor–liquid coexistence curve of neat ammonia. The accuracy of the
three resulting models (differing in the displacement of the M site) is assessed through com-
putation of the binary vapor–liquid equilibria with methane, the structure and the dielectric
constant of liquid ammonia. The five-site model with an intermediate displacement of
0.08 Å for the M site yields a much better value for the dielectric constant, whereas differ-
ences in the other properties are quite small.
Keywords: Ammonia; Monte Carlo simulation; Transferable force field; Vapor–liquid equi-
librium.

Ammonia is not only an important chemical intermediate, but also an ex-
ample of a small molecule that can self-associate via hydrogen bonding.
Thus, ammonia has been the topic of numerous experimental, theoretical,
and molecular simulation studies. When molecular simulation is utilized to
predict the thermophysical properties of a specific chemical system, then
its success relies on the availability of accurate molecular models, whereas
simpler models are more appropriate to delineate the phenomenological

Collect. Czech. Chem. Commun. 2010, Vol. 75, No. 5, pp. 577–591

Trappe Force Field for Ammonia 577

© 2010 Institute of Organic Chemistry and Biochemistry
doi:10.1135/cccc2009540



properties of a class of compounds. Many excellent examples of the latter
class of models have been proposed by Nezbeda and co-workers1–5.

The first specific molecular models for ammonia were developed in the
1980s. Initially, Jorgensen and Ibrahim6 and Hinchliffe et al.7 developed
four-site models to reproduce sets of dimer energies determined from elec-
tronic structure calculations. Both of these models made use of experimen-
tal information to set the N–H bond length and H–N–H angle and placed
four partial charges on the atomic sites and one repulsive-dispersive site on
the position of the nitrogen atom. In 1984, Impey and Klein8 constructed a
rigid five-site ammonia model with one Lennard–Jones site placed at the ni-
trogen position, three charge sites placed at the hydrogen positions and
one additional charge site, called M site, located on the C3 molecular axis,
0.156 Å toward the hydrogen atoms. The N–H bond length and the H–N–H
bend angle of the Impey–Klein model were chosen in accordance with ex-
perimental data9, and the Lennard–Jones parameters and the location of
the M site were optimized to reproduce the N–N radial distribution func-
tion determined by Narten10. All of these early models use a rigid geometry,
but a flexible four-site model has also been proposed by Rizzo and Jorgensen11

with the nonbonded parameters primarily fitted to the experimental liquid
density and heat of vaporization at 240 K and 1 atm; hydrogen bond
energetics with water and the free energy of hydration relative to methyl-
amine were also taken into consideration for further parameterization.

Although these early models have been used to study many different
aspects of liquid ammonia, their capability for predicting accurate vapor–
liquid coexistence curves had not been assessed until more recently. In 1999,
Kristof et al.12 explored both four- and five-site ammonia models, the latter
with an N–M distance of 0.1907 Å close to the geometry used by Impey and
Klein8. The vapor–liquid coexistence curves for both models developed by
Kristof et al. show great improvement in reproducing the experimental
vapor–liquid coexistence curve compared to Impey and Klein’s model. The
pair distribution functions in the liquid state predicted by these models are
also in fairly good agreement with experimental X-ray and neutron diffrac-
tion results. Although the four-site model recommended by Kristof et al.
satisfactorily reproduces the vapor pressure and critical temperature, the
critical density is 5% too low, and the dielectric constant of liquid phase is
found to be 50% too high.

Prompted by this disagreement, we have explored whether a five-site
model with a different displacement for the M site might yield improved re-
sults13. In this study, the complexity of the ammonia model follows that of
the Impey and Klein model, i.e., the model uses a rigid geometry, a fixed set

Collect. Czech. Chem. Commun. 2010, Vol. 75, No. 5, pp. 577–591

578 Zhang, Siepmann:



of partial charges, and only a single Lennard–Jones site to account for the
repulsive–dispersive interactions. Three different choices of the N–M dis-
tance were investigated and for each choice the three nonbonded parame-
ters were fitted to the vapor–liquid coexistence curve of neat ammonia.
Such a parameterization approach is sufficient for many molecules, particu-
larly for non-polar molecules14–20 or for polar molecules when some of the
parameters can be transfered from other molecules21–25. However, it was
previously noted that fitting to the vapor–liquid coexistence curve of the
neat compound is not sufficient when the compound is not a part of a ho-
mologous series and both Lennard–Jones and partial charges need to be
determined from scratch. In these cases, additional data such as binary
vapor–liquid equilibria26 or solid–fluid equilibria27 can be used to empiri-
cally optimize the parameters. Indeed, it is also found here that multiple
parameter sets for ammonia perform nearly equally well, and additional
optimization criteria, such as the binary vapor–liquid equilibrium of
ammonia–methane mixture and the dielectric constant of liquid ammonia
are considered for the determination of the final selection. It should also be
noted that Eckl et al.28 have recently developed a four-site model by opti-
mizing only the two Lennard–Jones parameters and using a geometry and
charge distribution obtained from electronic structure calculations; this
model significantly outperforms the four-site model by Kristof et al.

SIMULATION METHODS

The development of the TraPPE model started with the geometric parame-
ters of the Impey and Klein model8 for the atomic positions, i.e., the N–H
bond length is set to 1.0124 Å and the H–N–H bend angle is 106.68°. Given
the divergent findings on the necessity of a separate M-site (i.e., four-site
versus five-site representation)8,12, the current work explored three values
for the displacement of the M site located on the C3 molecular axis toward
the hydrogen atoms: 0.0, 0.08, and 0.16 Å leading to models called here
M-0, M-8, and M-16, respectively. The first corresponds to a four-site
model, the third is close to the parameter found by Impey and Klein8, and
the other value is an intermediate choice. A single Lennard–Jones site is
placed at the position of the nitrogen atom to represent the dispersive and
repulsive interactions, and partial charges at the three hydrogen atoms and
the M site are used to represent the first-order and induced polarization
contributions of the electrostatic energy29. This description of the inter-
molecular interactions results in three adjustable parameters: the partial
charge for a hydrogen atom (qH = –qM/3), the Lennard–Jones diameter (σ)
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and well depth (ε) for the nitrogen atom. It should be noted here that the
increase in the computational cost of the energy (force) calculation is mini-
mal when changing from a 4-site model to a (4+1)-site model (4 partial
charges + 1 Lennard–Jones site) because the number of distance evaluations
increases only from 16 to 17 for a pair of molecules and the cost of the
computation of the long-range electrostatic component does not change.
In contrast, the 5-site model investigated by Kristof et al.12 contains
5 partial charges and, hence, 25 site–site distances need to be computed.

For each of the three M site locations, the three nonbonded interaction
parameters were optimized by fitting to the vapor–liquid coexistence curve
using a stepwise mesh approach. That is, suitable lower and upper bounds
for each parameter are deduced from previous ammonia models and experi-
ence. This parameter space is then covered by a 43 mesh with even spacing.
Relatively short simulations are then performed for each of the mesh points
to find the region of parameter space (here, one or two cubes) that yields
the best results for a fitness function (see below). This region of parameter
space is then again divided into a similar mesh and another set of some-
what longer simulations is performed to locate a smaller region of im-
proved fitness. This may be followed by another iteration with finer mesh
and longer simulations. Usually, a total of three or four of these iterations is
sufficient to find a set of parameters that satisfies a the fitness function
within an acceptable tolerance. The advantages of this stepwise mesh ap-
proach are that is very well suited for a massively parallel implementation
and not likely to get trapped in local minima in parameter space, but the
total computer time required is in many cases larger than for optimization
schemes that employ a series expansion around an initial parameter set20,28.

In the development of the TraPPE force field the fitness function is the
sum of the mean unsigned percentage errors for the critical temperature,
the normal boiling point, the saturated liquid density, and the saturated
vapor pressure (usually weighted with a prefactor of 0.1 to account for the
larger uncertainties in this property) where the latter two properties are av-
eraged over multiple temperatures and only these average errors enter into
the fitness function. The initial parameter ranges and the optimized param-
eters of the three models (M-0, M-8, and M-16) are listed together with the
parameters of previous models in Table I. It should be noted here that the
optimized charges for model M-0 are identical to those found by Kristof
et al.12 for their four-site model, while the Lennard–Jones well depth of
models M-0 and M-8 is close to that of the optimized model by Eckl et al.28.
As one might expect, the mesh data also indicate that increasing the N–M
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distance without adjusting the qH and Lennard–Jones parameters results in
a downward shift of the vapor–liquid coexistence curve due to the decrease
in the dipole moment and, hence, reduction of the first-order electrostatic
interactions.

Due to the rigid nature of the ammonia model (and also of the TraPPE-
EH methane model16), the potential energy of the simulated systems
includes only the intermolecular pairwise-additive Lennard–Jones and
Coulombic terms (the latter using the permittivity of the vacuum). The
Lennard–Jones parameters for unlike pairs (the methane model consists of
Lennard–Jones sites on the carbon atom and the C–H bond centers) are de-
termined from the standard Lorentz–Berthelot combining rules29. The sim-
ulations employed a spherical potential cutoff, rcut = 14 Å, and analytic tail
corrections for the Lennard–Jones interactions30,31. The Coulombic inter-
actions were computed using the Ewald summation technique with tin foil
boundary conditions31 with the real-space cutoff set equal to rcut and the
Ewald sum convergence parameter set to 3.5/rcut. Finally, to avoid un-
physically strong interactions of the unprotected polar hydrogen atoms
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TABLE I
Comparison of nonbonded parameters for ammonia models

Parameter range dN–M, Å ε/kB, K σ, Å qH, e

0.0 150–215 3.36–3.40 0.33–0.36

0.08 150–205 3.36–3.42 0.37–0.45

0.16 150–220 3.36–3.45 0.42–0.50

Optimized models dN–M, Å ε/kB, K σ, Å qH, e

M-0 0.0 180 3.40 0.345

M-8 0.08 185 3.42 0.41

M-16 0.16 210 3.41 0.46

Other models dN–M, Å ε/kB, K σ, Å qH, e

Impey and Klein8 0.156 140 3.40 0.462

Kristof et al.12 0.0 170 3.385 0.345

Eckl et al.28 0.0 182.9 3.376 0.3331



with the unprotected M site (neither carries a repulsive potential term) or
the charged nitrogen site (for model M-0), a minimum separation of 1.0 Å
was also enforced between any two sites (i.e., the corresponding hard-
sphere potential is added to all site-site interactions). Models using a single
Lennard–Jones site on or near the heavy atom but multiple displaced
charges on the hydrogen atoms or other positions (additional examples are
the well-known SPC, SPC/E, TIP3P, and TIP4P water models) exhibit the
severe problem that the minimum dimer configuration with an energy of
–∞ is one where the hydrogen atom of molecule A coincides with the nitro-
gen (or oxygen) atom of molecule B. Although there exists a large energy
barrier that separates the physically relevant hydrogen-bonded structure
from this unphysical minimum, an efficient Monte Carlo algorithm such as
the one used here has no trouble finding the unphysical minimum. The
hard-sphere potential removes the unphysical minimum energy structure
but does not affect any physically relevant structures.

The canonical (constant-NVT) and isothermal-isobaric (constant-NpT)
versions of the Gibbs ensemble32,33 were used for simulations of the satu-
rated vapor–liquid coexistence curves for neat ammonia and the binary
ammonia–methane mixture, respectively. For the canonical Gibbs ensem-
ble simulation, a system size of 500 ammonia molecules (with the excep-
tion of the highest temperature where 1000 molecules were used) was
selected to ensure that the linear dimension of the liquid phase is larger
than 2rcut with the total volume adjusted to result in a vapor phase contain-
ing at least 20 molecules. Phase space was sampled through rigid-body
translations and rotations, volume exchanges between the two boxes, and
particle transfers using the configurational-bias Monte Carlo methodol-
ogy34–37. Simulations were carried at six different temperatures: 200, 250,
300, 350, 375, and 390 K. The simulation lengths varied throughout the pa-
rameter optimization, but the production periods for the optimized models
consisted of 106 Monte Carlo cycles, where one cycle consists of 500 (or
1000) randomly selected attempted moves.

The critical temperatures (Tc) and critical densities (ρc) were estimated us-
ing the saturated density scaling law38 and the law of rectilinear diameters39

with a universal scaling exponent40 of β* = 0.325. The critical pressure (Pc)
was estimated from a fit of the high-temperature saturated vapor pressures
to the Antoine equation41, and the normal boiling point (Tb) was deter-
mined via a fit of the low-temperature saturated vapor pressures to the
Clausius–Clapeyron equation42.

The system used for the NpT Gibbs ensemble simulations of the binary
vapor–liquid coexistence curve consisted of 500 ammonia and 500 TraPPE-
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EH methane16 molecules. Simulations were carried out at T = 273.15 K and
p = 50, 100, 150, and 200 atm. At least 105 and 106 Monte Carlo cycles were
used for equilibration and production, respectively. The initial configura-
tion consisted of neat ammonia and neat methane phases. Each phase was
first allowed to equilibrate with the external pressure bath to achieve the
correct density under the corresponding temperature and pressure condi-
tion; particle swap moves for both types of molecules were then turned on
to equilibrate the chemical potentials between the phases.

In addition to the calculations of the vapor–liquid equilibrium properties,
single-phase Monte Carlo simulations were carried out to compute the di-
electric constant of liquid ammonia, thereby allowing for a further evalua-
tion of the optimized models. The simulations used systems consisting of
500 ammonia molecules. For each model, a long simulation in the isobaric-
isothermal ensemble43 was used to determine the liquid density at T =
239.8 K and P = 1 atm (the experimental normal boiling point). This was
followed by a long simulation (2 × 106 Monte Carlo cycles) in the canonical
ensemble30 at the equilibrium density. The dielectric constant was com-
puted from the fluctuation of the total system dipole moment, M 31. The
running averages of both 〈M2〉 – 〈M〉2 and 〈M2〉 were monitored constantly
during the simulation. After both variables converged, the final result of
the dielectric constant was computed44.

RESULTS AND DISCUSSIONS

The pure component saturated vapor–liquid coexistence curves for the am-
monia models are shown in Fig. 1. All three models developed here and the
four-site models by Kristof et al.12 and Eckl et al.28 reproduce the saturated
liquid densities up to 375 K extremely well. Kristof et al.8 and Eckl et al.28

also carried out simulations near 385 and 395 K and found slight under-
estimations of the saturated liquid densities. These deviations are also re-
flected in slight underestimations of the critical temperature and densities
(Table II), whereas the three models developed here very slightly overesti-
mate the critical temperature (by about 0.3%, but within the statistical un-
certainty) and the critical density are overestimated by 1.7, 0.9, and 3.8%
for models M-0, M-8, and M-16. Model M-0 yields a slightly higher critical
temperature than the Kristof et al.8 and Eckl et al.28 models because its ε
value is higher (stronger dispersive interactions) than that for the Kristof
model and its qH value is higher (stronger first-order electrostatic interac-
tions) than that for the Eckl model (see Table I).
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The saturated vapor pressure lines for the different ammonia models are
shown in the form of a Clausius–Clapeyron plot in Fig. 2. Again, the per-
formance of the models by Kristof et al.12, Eckl et al.28, and of the three
models developed here is quite impressive over most of the vapor–liquid re-
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FIG. 1
Comparison of the vapor–liquid coexistence curves predicted by different ammonia models:
M-0 (red right triangles), M-8 (green up triangles), M-16 (blue left triangles), Kristof et al.12

(cyan circles), and Eckl et al.28 (magenta squares). The experimental coexistence densities45

and critical point46 are shown as solid lines and star, respectively. Statistical uncertainties are
smaller than the symbol size

ρ, g cm–3

T,
K

TABLE II
Comparison of the critical properties, boiling point, and liquid-phase dielectric constant (at
239.8 K) for different ammonia models. Subscripts denote the uncertainty in the last digit(s)

Model Tc, K rc, g cm–3 Pc, MPa Tb, K εD µ, D

M-0 4062 0.2393 11.75 2421 374 1.90

M-8 4062 0.2334 11.14 2411 222 1.78

M-16 4072 0.2444 13.56 2401 121 1.47

Kristof et al.12 401.7 0.224 11.2 – 3510 1.90

Eckl et al.28 402.2 0.228 10.5 237 – 1.94

Experiment46,47 405.7 0.235 11.3 239.8 22.4 1.47



gion. Model M-16 slightly overestimates the saturated vapor pressure and
the deviations become higher as temperature increases, resulting in an
overestimation of the critical pressure by 20%. Model M-8 yields the best
agreement with experiment (with the data at 200 K being the exception).
The critical pressure and normal boiling point predicted with this model
show excellent agreement (deviations of 2 and 0.5%, respectively), whereas
model M-0 yields both an overestimation of the critical pressure (by 4%)
and of the normal boiling point (by 1%), i.e., the slope of the Clausius–
Clapeyron line is too large in magnitude for this model. At elevated temper-
atures, the model of Kristof et al. yields excellent vapor pressures, but simu-
lation data12 are not available at temperatures close to the normal boiling
point. The model by Eckl et al.28 appears to overpredict the saturated vapor
pressures at low temperatures (by about 20% at 240 K) and, hence, the nor-
mal boiling point is underestimated by about 3 K.

Overall, model M-8 and the Eckl et al.28 model yield slightly better pre-
dictions of the neat vapor–liquid equilibrium properties than the Kristof
et al.12, M-0, and M-16 models.
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FIG. 2
Comparison of the saturated vapor pressure (p in kPa) lines predicted by different ammonia
models. Symbols as in Fig. 1. The experimental data47 are shown as solid line. Statistical uncer-
tainties are smaller than the symbol size
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The calculation of a binary vapor–liquid coexistence curve with a non-
polar second compound is a good way to assess whether a newly developed
force field for a polar compound possesses a good balance between
dispersive and first-order electrostatic interactions26,48. The permanent di-
pole moments for different models are listed in Table II. All of the four-site
models (Kristof et al.12, Eckl et al.28, and M-0) have dipole moments close to
1.9 D, i.e., about 30% higher than the experimental gas-phase dipole mo-
ment48 but in line with the expectations from induced polarization for liq-
uid ammonia28. For the models developed here, it is clear that an increase
in the M-site displacement leads to a decrease in the dipole moment for the
optimized model, and the dipole moment for model M-16 coincides with
the experimental gas-phase value. Correspondingly, the Lennard–Jones well
depth for the optimized models is found to increase with increasing M-site
displacement (see Table I). Thus, the balance of dispersive and first-order
electrostatic interactions shifts systematically for these models.

A projection of the binary phase diagram for ammonia + methane at T =
273.15 K in the P–x plane is shown in Fig. 3. The three models developed
here are all able to reproduce the experimental data50 reasonably well. The
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FIG. 3
Comparison of the P–x diagram for the binary mixture of ammonia + methane predicted by
different ammonia models. Symbols as in Fig. 1. The experimental data50 are shown as stars
and dashed line. Statistical uncertainties are smaller than the symbol size

xCH
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mean unsigned errors in the composition (molfraction) are 0.010, 0.014,
and 0.012 for models M-0, M-8, and M-16, respectively. Although these ab-
solute errors are quite small, the relative error are much higher, but care
must be taken because the relative error depends on whether it is computed
for the minority or majority component in a given phase. All three models
significantly underestimate (on average by factors of 1.6, 2.1, and 1.9, re-
spectively) the methane molfraction in the ammonia-rich phase, whereas
the molfraction of ammonia in the methane-rich phase is underestimated
by factors of 1.1 and 1.2 for models M-0 and M-8, respectively, and over-
estimated by a factor of 1.1 for model M-16. The statistical uncertainties
in the computation of the molfraction of the minority component are
about 15 and 10% for the ammonia- and methane-rich phases; therefore
the differences between the models are mostly within the uncertainties
(and the error in the methane molfraction does not follow the order of the
permanent dipole moments for the ammonia models). However, the under-
estimation of the methane molfraction by a factor close to 2 is significant.
Nevertheless, this factor of 2 is in the acceptable range for solvation of a
non-polar compound in a strongly polar compound when non-polarizable
models are used. In fact, it is close to the change in the free energy of solva-
tion that one can estimate for this case from the Born model for solvation
in a continuum dielectric51 and that have been computed from molecular
simulations comparing polarizable and non-polarizable methane models in
explicit water52,53.

For non-polarizable models with similar geometry, the dielectric constant
(εD) of a neat fluid phase is approximately proportional to the square of the
permanent dipole moment (µ) of the molecular model. Thus, the computa-
tion of the liquid-phase dielectric constant is also a good test to evaluate
whether the ammonia models developed here give a good description of
the first-order electrostatic interactions. Kristof et al.12 already noted that
their four-site model with µ = 1.90 D results in a large overestimation (by
about 60%) of εD for the liquid phase at 240 K, albeit the statistical uncer-
tainty of their result is quite large (see Table II). Our model M-0 with the
same geometry and permanent dipole moment yields a value of εD = 37 ± 4
that is in good agreement with εD for the model by Kristof et al.12. The
liquid-phase dielectric constant was not calculated by Eckl et al.28, but
based on the dipole moment one may expect that their model would also
significantly overestimate εD. Models M-8 and M-16 yield εD values of 22 ±
2 and 12 ± 1, respectively. That is, the ratios are larger than what one
would expect from µ2 but the geometry (placement of the charge sites) also
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changes between these models. The prediction of εD for model M-8 is in
excellent agreement with the experimental value48 of 22.4, whereas εD for
model M-16 is much too small. Thus, the computation of εD strongly sup-
ports that model M-8 gives the best representation of the electrostatic inter-
actions among the models evaluated here.

Traditionally, force fields have often been parameterized to reproduce
structural information obtained from X-ray or neutron diffraction experi-
ments. This is usually done by fitting to the partial radial distribution func-
tions (RDFs) deduced from the experimental partial structure factors (PSFs).
Although this procedure allows for visual comparison in real space and de-
tailed structural information can be gleaned from partial RDFs, there are
significant approximations and uncertainties in the conversion of a PSF to
the corresponding RDF 54,55, and a more reliable approach would be the
computation of the PSFs from the simulation trajectory. However, a quanti-
tative mapping can only be made when the electronic densities are avail-
able from the simulations54 which is not the case for force field based
simulations. Thus, RDFs can only serve as a guide for the validation of the
ammonia models developed here.
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FIG. 4
Comparison of nitrogen–nitrogen (top), nitrogen–hydrogen (middle), and hydrogen–
hydrogen (bottom) radial distribution functions near T = 275 K. The circles and diamonds rep-
resent neutron56 and X-ray10 diffraction results, respectively. The black, red, green, and blue
lines depict the data from first principles simulations57 and for models M-0, M-8, and M-16,
respectively
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Figure 4 shows a comparison of the partial RDFs obtained for the three
models developed here to those deduced from the X-ray diffraction experi-
ments by Narten10 and the neutron diffraction experiments by Ricci et al.56.
The most important observation from the RDFs is the extremely close
agreement found among the three models. Given this close agreement, the
partial RDFs are obviously not well suited to select between models M-0,
M-8, and M-16. Furthermore, these partial RDFs are also in very close agree-
ment with those obtained by Kristof et al.12 and Eckl et al.28. Although it
appears at first hand that the partial RDFs are lacking many of the struc-
tural features of the experimentally deduced RDFs, many of them are either
due to intramolecular features (the peak at r = 1.6 Å in the hydrogen–
hydrogen RDF), due to H/D exchange effects (the peak at r = 1.7 Å in the
nitrogen–hydrogen RDF), or believed to be artifacts of the data treatment
(the shoulder at r = 3.8 Å in the nitrogen–nitrogen RDF). An excellent dis-
cussion of the structural features of liquid ammonia together with PSFs and
RDFs obtained from first principles molecular dynamics simulations has
been given by Diraison et al.57. For the present work, it is important to note
that the partial RDFs obtained for the empirical force fields are much closer
to those from the first principles simulations than the experimentally
deduced RDFs. Nevertheless, it is clear that models M-0, M-8, and M-16
slightly overestimate the height of the first peak in the nitrogen–nitrogen
RDF and slightly underestimate the hydrogen-bonding shoulder (r ≈ 2.4 Å)
in the nitrogen–hydrogen RDF.

CONCLUSIONS

With the aim to develop a rigid non-polarizable ammonia model for the
TraPPE force field, this work explored the parameterization of three five-site
models with a single Lennard–Jones site at the position of the nitrogen
atom and 4 partial charges placed at the location of the hydrogen atoms
and an additional M site. Three different displacements of the M site were
investigated. Model M-8 with an intermediate displacement of the M site is
found to perform slightly better for the vapor–liquid equilibrium properties
of neat ammonia and significantly better for the liquid-phase dielectric
constant than the other two models. In contrast, neither the calculation of
the binary vapor–liquid coexistence curve with methane nor the partial ra-
dial distribution functions show a significant difference between the three
models. Thus, model M-8 is selected for incorporation as non-polarizable
model into the TraPPE force field. The ongoing development of polarizable
force field58 may lead to a better description for mixtures of polar and non-
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polar compounds but will also lead to a substantial increase in the compu-
tational cost.
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