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a b s t r a c t

Amines have several important industrial properties and commercial applications, such as gas sweet-
ening and carbon capture; and the synthesis of: tranquilizers, decongestants, and azo dyes. For the
design of many engineering applications, it is important to calculate the density and viscosity of the
substances in order to determine how the fluids should be handled, stored, and discarded. In this work,
the accuracy of two common force fields for amines, TraPPE-EH and OPLS-AA, was evaluated with
respect to their predictions of liquid densities and fluidities for a large set of amine molecules including
primary, secondary and tertiary. We propose the use of the reciprocal of viscosity, the fluidity, as a more
accurate assessment of the predictions of viscosity at different temperatures. The fluidity was calculated
using molecular dynamics in the isothermal-isobaric ensemble (NPT) along with the Green Kubo
formalism. The simulation results were compared to available experimental information in order to
provide a quantitative study of the force fields accuracy as well as their transferability to amines and
thermodynamic conditions different to the ones used in their original parametrization. Overall, liquid
densities and fluidities are well reproduced by the TraPPE-EH force field with absolute average deviations
of 1.5% and 12%, respectively. However, important deviations were found for the OPLS-AA force field
corresponding to 3.6% and 28% for density and fluidity respectively. In order to obtain better estimations
of the fluidity, a temperature correction that accounts for the error in the liquid density predictions was
proposed. Once the temperature correction was included the average deviation of the fluidity decreased
to 10% for TraPPE-EH and to 18% for OPLS-AA.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Earth's temperature is the result of the balance between the
energy entering and leaving the atmosphere. The energy leaving
the atmosphere is regulated by the natural greenhouse effect,
which raises Earth's surface temperature. The concentration of
greenhouse gases has allowed a regulated climate and the exis-
tence of living ecosystems. However, Earth's atmospheric condi-
tions can vary over time, causing climate changes. Nowadays,
climate change is an evident phenomenon where the average
global temperature has gradually increased since the beginning of
the 20th century. Carbon dioxide (CO2) is one of the main
. Orozco), sbuiles@eafit.edu.
contributors to this climate change.
In order to mitigate carbon dioxide emissions, a vast number of

technologies are being explored. Processes, such as chemical ab-
sorption [1], physical absorption [2], adsorption in porousmaterials
[3,4], membrane separation [5], cryogenic distillation [6] and
biotechnological processes [7] have been explored extensively for
the separation of carbon dioxide. Nevertheless, the most mature
and readily applied technology for the separation of CO2 is chemical
absorption/desorption using aqueous amine solutions [8].

The performance of amine solvents in absorption and desorp-
tion columns is influenced by their physical properties. Properties
such as density and viscosity are required in thermal and hydraulic
calculations [9]. They are critical in process design because they
determine how the fluids should be handled, stored, and discarded.
For instance, amine viscosity has a direct effect on heat transfer
coefficients, which are required in the design of heat exchangers
and stripper columns. Viscosity also has a direct effect on pressure
drops, which are required for pumping and piping calculations [10].
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Moreover, density and viscosity are essential for calculating phys-
icochemical properties such as reaction rate constants, solubility
and diffusivity.

Therefore,reliable and accurate thermodynamic data for amines
covering awide range of temperatures, pressures and compositions
are required to improve existing designs for CO2 capture. Most
common fluid property models in process design and optimization
are equations of state or Gibbs free energy models, which generally
require parametrization to experimental data. However, experi-
mental data are often not available or might be difficult to obtain
for the specific systems under study [11].

Molecular simulations allow to estimate transport and ther-
modynamic properties requiring only a limited set of experimental
data to parametrize. Usually, the development of a force field for a
chemical family of molecules is based on fitting of either (i)
experimental data of a given set of properties or (ii) theoretical
predictions from ab-initio calculations. In both cases a relatively
small number of molecules is used for the training set, which is
considered to be able to provide accurate parameters for the entire
family of molecules.

There are few interaction potentials available in the literature
for the calculation of properties of amines using molecular simu-
lations. Rizzo and Jorgensen [12], following the Optimized Poten-
tials for Liquid Simulations all atom (OPLS-AA) philosophy,
developed parameters for primary, secondary and tertiary amines.
They reported the liquid density and vaporization enthalpy at one
temperature, obtaining good agreement with the experimental
data.Wick et al. [13], following the Transferable Potentials for Phase
Equilibria Explicit Hydrogens (TraPPE-EH) philosophy, proposed
another all-atom approach to study amines. Six different amines
were considered, including primary, secondary and tertiary amines.
Although the available experimental data for the fitting was scarce,
good agreement was obtained for the prediction of the critical
temperature and saturated liquid densities. The most comprehen-
sive study of amines to date has been performed by Orozco et al.
[14e17]. They developed parameters for primary, secondary and
tertiary amines, including polyamines, based on the Anisotropic
United Atom (AUA) approach. Their study included more than 20
different amine molecules and several properties such as liquid
densities, vapor pressures, vaporization enthalpies, normal boiling
points, critical densities, and excess properties. They also estimated
shear viscosities for 13 amines. They found an average deviation
with the experimental data of 2% in the densities and 11% in the
viscosities. Baskaya et al. [18] developed a transferable force field
for amines using a discontinuous potential, where the interactions
were considered constant in 4 different steps of diminishing depth
[19]. They reported the vapor pressures and liquid densities of 11
amines, including primary and secondary amines. The deviations
were around 13 and 4% for the vapor pressure and the liquid
density, respectively. Moreover, the liquid density errors increased
significantly with the chain length, in particular for chains larger
than pentylamine. Patel and Brooks [20] implemented a fluctuating
charge force field for amines adjusting the liquid phase density and
enthalpy of vaporization of methylamine. Bauel and Patel [21]
studied the extensibility of this force field by calculating the liquid
densities, enthalpies of vaporization, isothermal compressibilities,
isobaric heat capacities and self-diffusion coefficients for methyl-
amine, ethylamine and propylamine. The deviations of the pre-
dicted results were around 3% for the liquid density, however the
error increased with the molecule size.

Salomon et al. [22] adjusted the TraPPE-EH force field for the
polyamines hexamethylenediamine and diethylenetriamine. They
found that the liquid phase densities calculated at 298 K agreed
within 3% with the experimental results and that the viscosity of
the mixture of these amines and CO2 had a qualitative agreement
with the experimental results.
Although the AUA force field has shown to accurately predict

amine properties, the non-straightforward implementation of the
anisotropic force field in the most commonly used open source
molecular dynamics codes like Gromacs, LAMMPS and DL_POLY has
not allowed its widespread use. In this work the most commonly
used amine force fields (TraPPE-EH and OPLS-AA) are compared in
order to determine their accuracy for the prediction of viscosities and
densities at five different temperatures [23]. The equilibrium prop-
erties of amine molecules calculated by these widely used force
fields, to the best of our knowledge, have not been critically evalu-
ated on a large number of molecules. Additionally, predictions of
transport properties of amines using these potentials has not been
explored yet. A systematic study of these properties could help the
future establishment of molecular simulation as a mainstream tool
for chemical process design, in particular for the design of CO2
adsorption/desorption processes.

The widespread usage of molecular simulations as a general tool
for the calculation of thermodynamic and transport properties in
engineering applications requires critical validation of the force
fields [24]. Caleman et al. [25] performed molecular dynamics sim-
ulations of 146 organic liquids using OPLS-AA and GAFF force fields
to evaluate densities, enthalpies of vaporization, surface tension,
heat capacity at constant volume, thermal compressibility and
volumetric expansion coefficients. They established an online data-
base for the properties of the studied substances and found very
good agreement for the prediction of densities in OPLS-AA. However,
Zubillaga et al. found that the surface tensions reported in this
database were not correct because a small truncation distance was
used [26].

The objective of this work is to study the accuracy of both OPLS-
AA and TraPPE-EH force fields on a large set of molecules, con-
sisting of primary, secondary, tertiary and bifunctional amines. In
order to determine the force field that best describes the studied
properties a total of 19 amines were studied and compared to
available experimental information. The shear viscosity and liquid
densities are evaluated using molecular dynamics in the
isothermal-isobaric ensemble (NPT). For all cases the Green-Kubo
formalism is used for calculating the shear viscosity coefficients
of pure amine molecules [27].

2. Methods

2.1. Molecules and force fields

As aforementioned 19 different amines were studied in this
work. Namely, six primary amines, five secondary amines, six ter-
tiary amines and two bifunctional primary amines. Fig. 1 shows the
chemical structure and the abbreviations used for the studied set.

OPLS-AA and TraPPE-EH force field parameters were taken from
the works of Rizzo et al. [12] and Wick et al. [13] respectively.
Briefly, OPLS-AA force field considers: geometric mixing rules,
bond stretching and bending angles represented through a har-
monic potential and torsional angle interactions using a cosine
series expansion. Intramolecular interactions of atoms separated by
three bonds are scaled by a factor of 0.5 for both Coulombic and LJ
interactions, and atoms separated by more than three bonds do not
considered scaling factors. The TraPPE-EH force field considers: the
Lorentz-Berthelot mixing rules and rigid bonds. Bending angles are
also calculated using a harmonic potential and torsional angle in-
teractions are the same proposed by the OPLS-AA force field.

2.2. Simulation details

Simulations were performed at 5 different relative



Fig. 1. Molecular structures of the studied amines (A) primary, (B) secondary, (C) tertiary, and (D) bifunctional.
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temperatures, namely, 0.75, 0.80, 0.85, 0.90 and 0.95 times the
saturation temperature of each molecule at 100 kPa. These relative
temperatures were used instead of absolute temperatures for
comparison among the different molecules at similar thermody-
namic states. For all simulations, 343 molecules were initially
placed in a simulation box with a face-centered cubic (FCC) sym-
metry under periodic boundary conditions. Molecular dynamics
simulations were performed using GROMACS V5.1 [28e30]. Two
equilibration runs were carried out, the first one in the canonical
NVT ensemble during 100 ps with an integration time step of 1 fs,
and the second runwas performed in the NPTensemble during 1 ns
with a time step of 2 fs and 100 kPa. Production runs were per-
formed in the NPT ensemble for 15 ns with a time step of 2 fs using
the Noose-Hoover thermostat with a time constant for coupling of
10 ps and the Pahrinello-Raman barostat at 100 kPa, with
compressibility set to 4.5� 10�5 bar�1 and a time constant of 5 ps.
The cut-off radius for the LJ and the real space electrostatic in-
teractions were fixed to 12 Å and 14 Å for OPLS-AA and TraPPE-EH,
respectively. Long range corrections for energy and pressure were
also applied. Particle mesh Ewald was used to compute the long-
range electrostatic interactions, with a Fourier spacing equal to
0.1 nm and a tolerance of 1� 10�5.

The TraPPE-EH force field was originally parametrized using
rigid bonds, therefore the LINCS algorithmwas used to constrain all
bonds. On the other hand, the OPLS-AA force field parametrization
considers fully flexible molecules, and therefore no additional
constraints were employed.

For each temperature, four independent simulations of equili-
bration and production runs were computed in order to assess the
intrinsic errors of the calculations. Hence, the values presented
here correspond to the average of the obtained viscosities for the
four configurations with the corresponding standard errors re-
ported in the Supplementary Material.

The shear viscosity coefficient was calculated using the Green-
Kubo formalism, which relates the shear viscosity (h) to the time
correlation functions [27].

h ¼ <V >
kBT

Zt

0

<
X
ij

Pijðt � t0ÞPijðt0Þ> dt (1)

kWhere B is the Boltzmann constant, T is the temperature of the
system, and <V> the average volume of the simulation box. Angle
brackets denote an ensemble average over all time origins t0. In
order to improve the statistics, the auto-correlation function was
averaged over all independent off-diagonal tensor elements Pxy, Pyz
and Pxz. The terms (Pxx-Pyy)/2, and (Pyy-Pzz)/2 were also included due
to the rotational invariance of the molecule. The auto correlation
functionswere calculated from these stress components,whichwere
stored every 2fs, considering all configurations as a time origin.

3. Results and discussion

3.1. Densities

The density (r) in each simulation was calculated from the
constant mass (M) of the system divided by the average volume
(hVi):

r ¼ M
hVi (2)

Experimental datawere obtained from a correlation of saturated
liquid density as a function of temperature, using themodified form
of the Rackett equation [31,32].

r ¼ AB�
�
1� T

Tc

�n

(3)



Fig. 2. Comparison of experimental data and the calculated densities of TraPPE-EH
(circles, R2¼ 0.95), OPLS-AA (squares, R2¼ 0.61) and AUA [14e16] (triangles,
R2¼ 0.96) for the simulated amines at different temperatures for primary (red), sec-
ondary (blue), tertiary (green) amines and diamines (gray). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Where A, B, and n are regression coefficients; T is the temperature
and Tc is the critical temperature. This model predicts accurately
the variation of the saturated liquid densities over the entire tem-
perature range with an average error of 0.4% [31,33].

Although the simulations were performed at constant 100 kPa
of pressure instead of saturation conditions, the comparison is
performed against saturated liquid densities due to higher avail-
ability of experimental data at those conditions. However, it is ex-
pected that the results are similar due to the low compressibilities
of liquids and the low pressures under consideration.

The absolute average deviation (AAD) was defined as the ab-
solute difference between experimental and simulated values
divided by the experimental data (AAD ¼ jxexp-xsimj/xexp). The AAD
in density was 1.3% for TraPPE-EH (1.4%, 1.2% and 1.2% for primary,
secondary and tertiary amines, respectively) and 3.6% for OPLS-AA
(3.1%, 4.2% and 3.2% for primary, secondary and tertiary amines,
respectively). Results for the whole set of molecules are available as
Supplementary Material.

Fig. 2 shows a comparison between the simulated and the
experimental densities for all the studied amines including both
TraPPE-EH and OPLS-AA force fields, the AUA values reported by
previous studies are also included. Although the overall AAD was
low for both force fields, this value was not constant for either force
field. Changes in temperature show differences in the predicted
density trend. For instance, in TraPPE-EH, MET shows a larger de-
viation at low temperatures (1.5%) than at high temperatures (1.0%),
whereas molecules such as HEX show the opposite trend
(increasing from 1.2 to 2.6%). OPLS-AA exhibited much larger var-
iations (decreasing from 5.2 to 1.6% for MET) and the largest de-
viations were mostly observed at the lowest temperatures
(decreasing from 3.0 to 0.6% for HEX). These differences in the
prediction of densities at low temperatures may have a notorious
effect on properties such as viscosity where a substantial increase is
observed by decreasing the temperature.

OPLS-AA presents in general an overprediction of the experi-
mental data, this behavior is in agreement with the data reported
by van der Spoel et al. [28] for amines. This trend decreases with
temperature andmight be due to the way the parameters for OPLS-
AA were fitted for densities at a single fixed temperature. The
largest errors for OPLS-AA are found for diamines, which were not
explicitly considered in the parametrization. TraPPE-EH and AUA
present excellent agreement to experimental densities for all the
studied molecules at different temperatures. Despite the fact that
diamines were not considered in the parametrization of the
TraPPE-EH force field, liquid densities predictions of butanedi-
amine and pentanediamine are in very good agreement with the
experimental values.

3.2. Viscosities

As pointed out by Baskaya et al. [18], the lack of liquid phase
experimental data has hindered the development of force fields for
other functional groups in the same manner they were developed
for alkanes. Available experimental data for the transport proper-
ties of pure liquid amines is still scarce and present an intrinsic
error due to all the uncontrollable variables interfering with the
experiments.

This lack of experimental data requires an interpolation of
available data in order to calculate the AAD for the simulated
temperatures. For the amines considered in this work, a parame-
trization of the temperature dependence of the viscosity (hÞ was
performed based on available experimental data of viscosities
[34e36]. The viscosity of each amine was parametrized to the non-
linear regression given by equation (4), which has been proposed
for correlating viscosities of different substances [37].
h ¼ aþ b
T
þ cT þ dT2 (4)

Where a, b, c and d are the correlation parameters. In-
terpolations of the correlated data were used to compare the sim-
ulations to experimental data at the same temperature. It is
important to consider that the fit of several experimental samples



Fig. 3. Comparison of experimental data and the calculated fluidities of TraPPE-EH
(circles, R2¼ 0.87), OPLS-AA (squares, R2¼ 0.37) and AUA [14e16] (triangles
R2¼ 0.93) for the simulated amines at different temperatures for primary (red), sec-
ondary (blue) and tertiary (green) amines. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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has an associated AAD that for our case corresponds to 3.6%.
Although the viscosity is commonly used as a measurement of

the resistance of the gliding of molecules, for this work we propose
to use the fluidity, defined as the reciprocal value of the viscosity.
Fluid viscosity changes rapidly with temperature, therefore small
computation differences at low temperatures yield a larger error
than the differences at high relative temperatures. On the other
hand, for associating fluids such as amines, fluidity follows a
smooth curve with temperature [38].

A comparison between the simulated and experimental fluid-
ities for all the studied molecules is shown in Fig. 3. Deviations of
bifunctional (BU-DI and PE-DI) and asymmetrical (ME-ET, DM-ET,
and ME-DE) amines are excluded from this analysis due to the
lack of experimental data. The results for 12 amine molecules (4
primary, 4 secondary and 4 tertiary) previously reported for AUA
force-field [14e16] are also shown in Fig. 3. Numerical values of the
viscosity as a function of temperature and the experimental data for
each of the 19 amines are presented in the SupplementaryMaterial.

Trends reveal TraPPE-EH and AUA can predict accurately fluid-
ities of the studied amines. Whereas, OPLS-AA shows a systematic
underprediction. Moreover, unlike to what has been observed for
other force fields for amines [18,21], OPLS-AA and TraPPE-EH show
no increase in the AAD with increasing molecule size. This same
behavior independent of the molecule size was also observed for
AUA [14,15].

Absolute average deviations of fluidities for all the studied
amines were approximately 28% for OPLS-AA and 12% for TraPPE-
EH. For primary amines, deviations of 32% for OPLS-AA and 16%
for TraPPE-EH were observed; for secondary amines 24% for OPLS-
AA and 9% for TraPPE-EH; and for tertiary amines 26% for OPLS-AA
and 10% for TraPPE-EH. Given the greater availability of experi-
mental data for primary amines than for the other amines, de-
viations are larger for this set.

The deviations observed might be related to the force fields
parametrization strategy. In this regard both TraPPE-EH and OPLS-
AA have some similarities. For instance, both force fields have in
common the torsional potentials and partial charges. However,
some differences are also found. First, while OPLS-AA was only
parameterized from data at a single temperature, TraPPE-EH in-
volves attempts to fit the density at three temperatures (low
reduced temperatures, normal boiling point, and critical tempera-
ture). Second, while in OPLS-AA molecules are fully flexibles in
TraPPE-EH all bonds are considered rigid. Viscosity coefficients are
intimately related to the NMR relaxation times and given that
viscosity is in part related to the molecule flexibility, it might cause
that the more rigid the molecule the better viscosity predictions
[39].Third, the transferability of the alkane force field must be
considered in both cases, more specifically to the methyl and
methylene groups. It has been shown, for the united atom versions
of OPLS and TraPPE, that viscosity coefficients of alkanes are
underestimated over 30% with respect to experimental data
[40,41]. Therefore, deviations in amine viscosities, which depend
on those parameters, are also expected. Deviations in liquid den-
sities have been also reported by Chen et al. [42] for the OPLS-AA
for alkanes. They suggested that the development of independent
LJ parameters for the carbon atoms in methyl and methylene
groups might improve the results. Following a similar idea for the
amines, if better OPLS-AA predictions are required new parameters
for every amine group (NH2, NH, N) should be considered, since
they are currently the same.

OPLS-AA trends in Fig. 3 reveal a displacement in the abscissa,
which could indicate a deviation not in the fluidity prediction but in
the actual fluid temperature. This is consistent with the differences
reported in the phase equilibria of OPLS-AA for amines, where the
experimental data are shifted [13]. In liquids, molecules collide
frequently with more slowly moving molecules causing a loss in
motion, and therefore a resistance to the flow [38]. Increasing the
density either by lowering the temperature or increasing the
external pressure will increase this effect, thus decreasing the
fluidity. Therefore, if the density is overpredicted the fluidity will be
underpredicted.

The fraction of free volume is an important characteristic of
liquids [43,44], thus, small deviations in the liquid density can lead



Fig. 4. Comparison of experimental data to: fluidities (filled symbols), and corrected
fluidities using T* (open symbols) for TraPPE-EH (circles, R2¼ 0.90) and OPLS-AA
(squares, R2¼ 0.48). For primary (red), secondary (blue) and tertiary (green) amines.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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to large deviations in the prediction of transport properties.
Simulation temperatures were corrected to accurately predict
experimental densities. That is, the simulated temperatures were
not taken as the actual temperature values and an adjusted tem-
perature (T*) was used instead. T* was taken as the value of the
experimental temperature that matched the density predicted by
the simulations. This is proposed to adjust the simulated data by
correcting the simulation temperature to the proper experimental
density. Fig. 4 shows a comparison of the experimental and calcu-
lated fluidities implementing the T* correction. The calculated
Table 1
Absolute average deviations of the force fields with and without correction of temperatu

TraPPE-EH

Density (%) Fluidity (%) Fluidity correc

Primary amines 1.4 16.0 8.7
Secondary amines 1.2 9.4 6.6
Tertiary amines 1.2 10.3 7.4
Overall 1.3 12.2 8.4
values for each of the simulated molecules as a function of T* is
presented in the Supplementary Material.

It is seen in Fig. 4 how the temperature correction improves the
fluidity predictions (open symbols). As shown in Table 1 deviations
decrease once the temperature correction is included. This in-
dicates that the simulation temperature requires a correction in
order to obtain a more accurate prediction of fluidities.

This method could be used to correct the simulation tem-
peratures to the actual temperatures by comparing and adjusting
to the experimental densities, given that the availability of
experimental correlations for the density of different fluids is
much higher than the availability of data for transport properties
such as viscosity.

However, in cases where there are no available experimental
correlations and also for self-consistency of the simulations, it is
suggested that the force field parameterization includes viscosity
coefficients for the training set of molecules.

4. Conclusions

Molecular dynamics simulations were used to calculate the
densities and viscosities of 19 primary, secondary and tertiary
amines and they were compared to experimental data available in
the literature. The predictive capabilities of two different force
fields, TraPPE-EH and OPLS-AA, were assessed for amines and
thermodynamic conditions different to the ones used in their
training sets. The models were able to accurately predict the liquid
density of the molecules and qualitatively predict the behavior of
the fluidity. The results revealed that, at low relative temperatures,
the accuracy in the prediction of liquid density is critical for
obtaining accurate values of the fluidity.

The fluidity is presented as a more convenient property than the
viscosity for the evaluation and comparison of force fields at
different temperatures. The fluidity follows a smooth curve with
temperature, and thus is less subject to give different errors
depending on the temperature evaluated.

TraPPE-EH presented the best reproduction of the liquid den-
sities and fluidities for the 19 amine molecules, with an AAD of 1.3%
and 12.2%, respectively. In general both properties were well pre-
dicted for all the molecules even for those outside the initial
parametrization of the force field. OPLS-AA had a much larger
disagreement for fluidity 28.1%, which might be related to the de-
viations found for the liquid densities, AAD of 3.6%.

Moreover, a systematic underprediction of fluidities was
observed for OPLS-AA. The quantitative disagreement with
experimental results might be caused by mispredictions of the
saturation temperature of the molecules. This misprediction was
corrected by proposing a new method to evaluate simulations of
shear viscosities, the temperature of the simulations was cor-
rected by using a temperature*, which is the value of the experi-
mental temperature that matches the density predicted by the
simulations. Given that the availability of experimental data or
correlations for temperature are more widely available than vis-
cosity or fluidity data, this method could be used to improve the
re.

OPLS-AA

ted (%) Density (%) Fluidity (%) Fluidity corrected (%)

3.1 31.6 15.0
4.2 24.4 16.2
3.2 25.5 23.3
3.6 28.1 17.6
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results obtained by molecular dynamics simulations with
different force fields.
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