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Résumé — Propriétés d’équilibre et de transport d’amines primaires, secondaires et tertiaires par

simulation moléculaire — Grâce à la mise en œuvre de techniques de simulation moléculaire

telles que le Monte-Carlo et la dynamique moléculaire, nous présentons ici différents résultats

de simulation de propriétés thermodynamiques et de transport pour des amines primaires,

secondaires et tertiaires. Ces calculs utilisent pour représenter les amines un champ de force

récemment proposé basé sur l’approche des Atomes Unifiés Anisotropes (AUA). Différentes

amines ont été ainsi étudiées, parmi lesquelles la n-ButylAmine (amine primaire), la

di-n-ButylAmine (amine secondaire), la tri-n-ButylAmine (amine tertiaire) et la 1,4-ButaneDiAmine

(multi-amine). Des simulations conduites dans l’ensemble isotherme-isobare (NPT) nous ont permis

d’accéder aux propriétés de transport (coefficients de viscosité) de ces molécules en fonction de la

température. Nous avons également étudié différentes propriétés d’équilibre de ces mêmes

constituants (diagrammes de phase liquide-vapeur, enthalpies de vaporisation, pressions de vapeur

saturante, températures d’ébullition, températures et densités critiques) grâce à la mise en œuvre de

calculs Monte-Carlo dans l’ensemble de Gibbs NVT. Nous avons aussi calculé les enthalpies d’excès

des mélanges eau-n-ButylAmine et n-heptane-n-ButylAmine par simulation Monte-Carlo NPT.

Nous présentons également des calculs de tensions superficielles de la n-ButylAmine et des fonctions

de distribution radiale. Enfin, nous nous sommes intéressés aux constantes de Henry physiques du

protoxyde d’azote (N2O) et de l’azote (N2) dans des solutions aqueuses de n-ButylAmine. D’une

manière générale, nous avons obtenu un bon accord entre les informations expérimentales

disponibles et nos résultats de simulation pour l’ensemble des propriétés étudiées, témoignant de la

capacité de prédiction du champs de force AUA pour les amines.

Abstract — Equilibrium and Transport Properties of Primary, Secondary and Tertiary Amines by

Molecular Simulation — Using molecular simulation techniques such as Monte-Carlo (MC) and

molecular dynamics (MD), we present several simulation results of thermodynamic and transport

properties for primary, secondary and tertiary amines. These calculations are based on a recently

proposed force field for amines that follows the Anisotropic United Atom approach (AUA). Different

amine molecules have been studied, including n-ButylAmine, di-n-ButylAmine, tri-n-ButylAmine

and 1,4-ButaneDiAmine for primary, secondary, tertiary and multi-functional amines respectively.

For the transport properties, we have calculated the viscosity coefficients as a function of temperature
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using the isothermal-isobaric (NPT) ensemble. In the case of the pure components, we have

investigated different thermodynamic properties using NVT Gibbs ensemble simulations such as

liquid-vapor phase equilibrium diagrams, vaporization enthalpies, vapor pressures, normal boiling

points, critical temperatures and critical densities. We have also calculated the excess enthalpies

for water-n-ButylAmine and n-heptane-n-ButylAmine mixtures using Monte-Carlo simulations in

the NPT ensemble. In addition, we present the calculation of liquid-vapor surface tensions of n-Butyl-

Amine using a two-phase NVT simulation as well as the radial distribution functions. Finally, we have

investigated the physical Henry constants of nitrous oxide (N2O) and nitrogen (N2) in an aqueous

solutions of n-ButylAmine. In general, we found a good agreement between the available experimental

information and our simulation results for all the studied properties, ratifying the predictive capability

of the AUA force field for amines.

INTRODUCTION

World energy consumption is constantly increasing and

is primarily based on fossil fuels such as oil, coal and

gas. However, besides being one of the main energy

sources, they are also considered to be the foremost

cause for so-called greenhouse gas emissions and subse-

quently global warming. Nowadays, many efforts are

directed at reducing these greenhouse gas emissions

and CO2 capture and storage processes are of particular

interest. Different technological alternatives have been

proposed where the most widely accepted are pre-

combustion, oxyfuel combustion and post-combustion

processes. Pre-combustion involves removal of CO2

prior to combustion, to produce hydrogen. Unlike the

classical combustion process, where air is used as the

oxygen source, in the oxyfuel process the combustion

is carried out using pure oxygen. In pre-combustion

capture, the carbon present in the fuel is separated.

Finally, in the post-combustion process, the effluent

gas stream is treated with an aqueous solution of

amines where the carbon dioxide is physcially and

chemically absorbed.

Different solvents have been proposed as candidates

for such a process based on experimental results. How-

ever, a detailed microscopic understanding of the man-

ner in which these systems behave is not available at

present. Such a microscopic vision is essential in order

to be able to improve and optimize these processes in a

systemic way. Here, molecular simulation can play a

key role in elucidating the molecular mechanisms.

Despite the fact that experiments are per se irreplaceable,

many advantages of molecular simulation can be men-

tioned. Among them is the possibility to avoid the uncer-

tainties produced by uncontrolled external factors

therefore allowing the system to be analyzed under spe-

cific and well defined situations. It is also possible either

to simulate the systems under extreme conditions, for

instance at high pressures, temperatures, in toxic envi-

ronments, or to carry out simulations of hazardous

materials or very expensive or even hypothetical sub-

stances.

The main requirement to obtain accurate predictions

from molecular simulations is to have a force field able

to reproduce different properties at different conditions

with a reduced set of parameters. When the same set of

force field parameters can be applied without any mod-

ification for different molecules and for different proper-

ties, we define the force field as being transferable. In

general, a force field can be considered as an empirical

approximation that tries to represent the total energy

of a set of molecules from a classical point of view. More

details about force fields will be discussed later on.

For some time now, IFP Energies nouvelles has devel-

oped transferable force fields based on the Anisotropic

United Atom (AUA) approach. The first AUA force

field was proposed and applied by Toxvaerd [1] for

hydrocarbons. Later on, this force field was improved

and reparameterized by Ungerer et al. [2] in a force field

known as AUA4. The AUA4 force field for hydrocar-

bons has been extended to additional chemical groups.

Parameters have subsequently been developed for func-

tional groups such as sulfides and thiols [3], cyclic

alkanes [5], olefins [4], benzene and styrene [6], polyaro-

matics and napthenoaromatics [7], aromatic hydrocar-

bons including electrostatic interactions [8], thiophenes

[9], alcohols and polyalcohols [10, 11], polycyclic aro-

matics [12], ketones and aldehydes [13], ethers and glycol

ethers [14], carboxylate esters [15] and recently for pri-

mary, secondary and tertiary amines [16, 17]. This exten-

sion of the AUA4 force field is the model that has been

used in this present work. It is important to point out

that, along with the AUA approach, there also exist

additional transferable force field approaches, namely:

– All Atom (AA), where all the atoms belonging to the

molecule are taken into account with a force center for

each atom;

– United Atom (UA), where only one force center per

functional group is considered, this force center being

located at the center of the main atom of the group.
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Apart from the AUA4 force field for amines, other

molecular models to study this family of molecules have

been proposed. For example, Rizzo and Jorgensen [18]

and Wick et al. [19] proposed the OPLS-AA (Optimized

Potential for Liquid Simulations - All Atom) and the

TraPPE-EH (Transferable Potential for Phase Equilib-

ria Explicit Hydrogens) respectively, both of them being

based on the all atom approach. Additional attempts to

model some specific amine molecules without explicitly

considering transferability can also be found in the liter-

ature. A detailed discussion of the available molecular

simulation works on amines proposed in the literature

can be found in references [16] and [17]. It is worth men-

tioning that a previous AUA4 force field was proposed

by Boutard et al. [20] in 2005 to model primary amines.

In their work, a different set of charges was proposed for

each of the three studied amines, obtaining average devi-

ations between calculated and experimental values

around 4-6% for liquid densities and 40-60% for vapor

pressures.

In this work, our new AUA4 force field for amines

[16, 17] will be applied to predict the behavior of differ-

ent amine molecules. Up to now, the transferability of

our force field has been checked for 20 different amines

including linear and branched molecules. Furthermore,

the transferability toward multifunctional amines

including highly complex molecules such as DiEthylene-

TriAmine (DETA) has also been studied obtaining very

good accuracy. In addition, there are no restrictions in

our force field towards including more molecules and

therefore the study can be extended to an even bigger

set of molecules thanks to the different torsional poten-

tials that have been fitted. So far, the main contributions

of our AUA4 force field for amines can be summarized

as follows: firstly, its ability to accurately predict both

thermodynamic and transport properties at the same

time; secondly, it has been tested on a big set of different

molecules including different structures without the lim-

itation to linear chains; thirdly, the model allows us to

study important industrial applications such as CO2 cap-

ture and natural gas sweetening processes. However it is

not restricted to these two domains and can also be

applied to many others because of the wide use of amines

in the industry. Finally, considering that our force field is

based on the united atom approach, less force centers

need to be included compared with the commonly used

all atom potentials.

The aim of this contribution is to present the role and

power that molecular simulation can play when predict-

ing thermodynamic and transport properties, in particu-

lar: surface tensions, excess properties, and Henry

constants of gases in an amine aqueous solution.

The article is organized as follows. First in Section 1,

we present the physical description of our model. Sec-

ond, the simulation methods used to calculate thermody-

namic and transport properties are detailed in Section 2.

Then in Section 3, we show the capability of the force field

for the estimation of different properties such as densities

of coexisting liquid and vapor phases, excess properties,

Henry constants, surface tensions, viscosity coefficients

and several inter and intra molecular radial distribution

functions. Finally, the main conclusions are given.

1 FORCE FIELD FEATURES

The AUA4 force field for amines divides as usual the

total energy U of the system into two parts made up

by bonded and non-bonded interactions as given by

Equation (1):

U ¼ UBonded þ UNon-bonded ð1Þ

All bonds are considered to be rigid, so that the bon-

ded energy is again divided into two different contribu-

tions given by:

UBonded ¼ UBending þ UTorsion ð2Þ

The first term in Equation (2) represents the associ-

ated energy with bond angle deformations at small dis-

placements from equilibrium. This energy is known as

the bending energy and is expressed as an harmonic

potential as a function of the angle h, which is the angle

between two successive bonds:

UBending ¼ 1

2
kBendingðcos h� cos hoÞ2 ð3Þ

The last term in Equation (2) represents the torsional

energy originating from sets of four connected atoms, as

a function of the dihedral angle:

UTorsion ¼
X8
i¼0

ai½cos v�i ð4Þ

where the v angle has been defined such that

v ¼ /þ 180, / being the dihedral angle and ai the corre-
sponding Fourier coefficients.

Non-bonded interactions (Eq. 5) are represented by

contributions from the van der Waals force and the elec-

trostatic force. For the van der Waals interactions, a big

variety of potentials is available (e.g., MIE, Bucking-

ham, hard sphere, square well, etc.). We have used in

this work the Lennard-Jones (6,12) potential given by

Equation (6), where e is associated with the energy and

r the size of the force center:
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UNon-bonded ¼ U van-Waals þ UElectrostatic ð5Þ

U van-Waals ¼ 4�ij
rij
rij

� �12

� rij
rij

� �6
" #

ð6Þ

Besides the proposed molecules, we have also included

the study of the nitrogen-nitrogen intramolecular dis-

tances for additional multifunctional molecules, namely,

1,2-EthaneDiAmine (EDA) and 1,3-PropaneDiAmine

(PDA). For EDA an extra-term representing the 1-4

Lennard-Jones intramolecular interactions is also inclu-

ded.

Electrostatic interactions are calculated via a

Coulombic force:

UElectrostatic ¼
qiqj

4p�0rij
ð7Þ

where qi represents the partial charge of the i-th force

center and e0 the vacuum permittivity. For the case of

multifunctional amines, intramolecular electrostatic

interactions were also considered following the local

dipole approach proposed by Ferrando et al. [11].

Figure 1 gives a schematic representation of the

AUA4 force field for primary, secondary and tertiary

amines, using methyl, di-methyl and tri-methylamine

as examples. As shown, all amino groups have in com-

mon four partial charges (red filled circles) located on

the nitrogen and the three neighbor atoms. As usual,

explicit hydrogens were considered by way of partial

charges and without Lennard-Jones parameters. For

the case of the methyl or methylene groups, the force

centers are located according to the AUA4 rules for

hydrocarbons [21]. The amino group force center is also

located according to the AUA rules, namely:

– for primary amines (methylamine in Fig. 1), since two

hydrogens are present, the force center is located on

the bisector of the HNH bending angle at a distance

(d) from the nitrogen;

– for secondary amines, since only one hydrogen is pres-

ent, the force center is located on the N–H bond at a d
displacement from the nitrogen atom; and finally;

– for tertiary amines since no hydrogens are present in

the amino group, no AUA4 displacement (d) is requi-
red and therefore the force center is located on the

nitrogen atom.

We would like to emphasize that our extension of the

AUA4 force field for amines is made up of only three

new adjustable parameters (r, e and d), which corre-

spond to the dispersion-repulsion in the case of primary

and secondary amines. For tertiary amines, only two

new adjustable parameters are needed corresponding

to r and e of the nitrogen atom. The set of partial char-

ges for primary amines corresponds to the TraPPE-EH

force field while for secondary and tertiary amines the

sets of partial charges have been specially developed

for the AUA4 force field and were based on Density

Functional Theory (DFT) calculations [16, 17].

Interactions between the different force centers were

obtained using the Lorentz-Berthelot combining rules:

eij ¼ ffiffiffiffiffiffiffiffiffi
eiiejj

p ð8Þ

rij ¼ 1

2
ðrii þ rjjÞ ð9Þ

δCH3

δCH 3

δ
CH

3

δ
CH

3δCH 3

δN

δN

δ
C

H
3

Figure 1

Schematic representation of the AUA4 force field for pri-

mary (top), secondary (left) and tertiary (right) amines.

Green filled circles represent the Lennard-Jones force cen-

ters while red filled circles represent the partial charges.

TABLE 1

Partial charges

Force center q (e) References

CH2, CH3, CH

+0.180 if bonded

to 1� amine

[16]

+0.176 if bonded

to 2� amine

[17]

+0.230 if bonded

to 3� amine

0 elsewhere

[17]

N (1� amine) �0.892 [19]

N (2� amine) �0.730 [17]

N (3� amine) �0.690 [17]

H (1� amine) +0.356 [19]

H (2� amine) +0.378 [17]
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The Lennard-Jones parameters for the amino groups

were obtained through a numerical optimization [16]

while all the L-J parameters for the hydrocarbons were

taken from the AUA4 potential [21]. Tables 1 and 2 sum-

marize the partial charges and the L-J parameters used in

our model respectively. Bond lengths and bending angles

are given in Tables 3 and 4.

Table 5 shows the torsional potentials used in this

work, all of them belong to the AUA4 force field for ami-

nes works.

For all the multifunctional molecules studied in this

work, it was necessary to calculate the intramolecular

electrostatic interactions, using the local dipole

approach [11]. This approach was already used in our

previous works on primary, secondary and tertiary ami-

nes for multifunctional amines such as ethylenediamine

and ethylenetriamine, among others. The advantages

when using the local dipole approach are basically that

neither additional interaction terms nor scaling factors

need to be considered.

Water Model and Gas Models

In order to include water molecules in our mixtures, we

have chosen the TIP4P/2005 model [23]. Many of the

non-polarizable water models have been evaluated in a

recent review by Vega and Abascal [24]. In this work, dif-

ferent water properties such as dielectric constants, melt-

ing properties, phase equilibrium diagrams among others

were calculated. They have found that the TIP4P/2005

model corresponds to the one that best predicts on aver-

age the water behavior for all these properties. For N2O

and N2, the molecular models proposed by Lachet et al.

[25] and Delhommelle [26] were chosen respectively.

Table 6 summarizes the force field parameters used for

water and for the two studied gases. As can be observed

in the table, the N2O model proposed by Lachet et al.

[25] is made up of three force centers and three partial

charges located on the atoms. In addition, this molecule

has a N1-N2-O angle equal to 180 degrees. On the other

hand, the model for water is made up of one force center

located on the oxygen and three partial charges, two of

which are located on the hydrogens and one in a point

M which is located on the bisector of the H-O-H angle

TABLE 2

Non-bonded Lennard-Jones parameters

Force center e (K) r (Å) d (Å) References

CH3 120.15 3.607 0.216 [21]

CH2 86.29 3.461 0.384 [21]

CH 50.98 3.363 0.646 [21]

N (1� amine) 137.46 3.415 0.170 [16]

N (2� amine) 120.66 3.172 0.497 [17]

N (3� amine) 47.00 2.600 0 [17]

H (N) 0 0 0 [16]

TABLE 3

Bond lengths

Bond r0 (Å) References

H–N 1.010 [18]

C–Na 1.429 [16]

C–Nb 1.463 [22]

C–C 1.535 [2]

a Value for primary amines.
b Value for secondary and tertiary amines.

TABLE 4

Bending parameters

Angle kBending (K) h0 (deg) References

CHx–N–H 39 642 109.50 [18]

H–N–H 47 681 106.40 [18]

C–C–N 63 630 109.47 [18]

CHx–CH2–CHx 74 900 114.00 [2]

CHx–CH–CHx 72 700 112.00 [2]

CHx–NH–CHx 57 128 112.30 [22]

CHx–N–CHx 57 128 111.00 [22]
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at a distance of 0.1546 Å from the oxygen. The H-O-H

angle of the TIP4P/2005 model corresponds to the exper-

imental one and is equal to 104.52�. Finally, the N2

model is made up of three charges, two located on the

nitrogen atoms and one on the mid point of the N–N

bond.

2 COMPUTATIONAL METHODS

Several different molecular simulation techniques were

used in this work. In the following the simulation details

as well as the procedure are briefly given. All simulations

were performed using the in-house GIBBS Monte-Carlo

(MC) code developed by IFPEN and Orsay University

[21], except the viscosity coefficients which were calcu-

lated using the molecular dynamics code NEWTON

developed at Orsay University [27].

2.1 Thermodynamic Equilibrium Properties

To calculate the thermodynamic equilibrium properties

such as vaporization enthalpies, vapor pressures and

liquid densities, Gibbs ensemble MC simulations at con-

stant volume and temperature (NVT) with periodic

boundary conditions and the minimum image conven-

tion were used [28]. With regards to the L-J interactions

between force centers, a spherical cutoff equal to half of

the simulation box was applied, while for long-range

electrostatic interactions the Ewald procedure was cho-

sen [29] with a maximum of 7 vectors in each direction

of reciprocal space and with the scaling parameter

a ¼ 2 in reduced units.

Configurational phase space was sampled by means of

different MC moves, namely, translations (15%), rota-

tions (15%), configurational bias regrowths (15%), inter-

nal rotations (15%) (i.e. the rotation of a force center

around its nearest neighbors), transfers with insertion

bias (39.5%) and volume changes (0.5%). The amplitudes

of translations, rotations and volume changes were

adjusted during the simulation to achieve an acceptance

ratio of 40% for these moves.

Most of the simulations were performed using

10 million Monte-Carlo Steps (MCS) for the equilibra-

tion part and 80 million MCS for the production part,

where one MCS corresponds to a simple MC move.

TABLE 5

Torsion parameters ai (K)

Torsion a0 a1 a2 a3 a4 a5 a6 a7 a8 References

CHx-CH2-N-H 154.98 869.66 902.48 �586.25 �651.38 �607.86 253.22 149.74 102.90 [16]

CHx-CH2-NH-CHx 134.01 1 028.60 1 427.94 �1 739.77 �960.76 �106.72 693.93 �177.42 �170.38 [17]

CHx-CH2-N-CHx 189.01 979.05 1 482.82 �1 436.82 �1 465.09 �1 219.26 913.04 541.13 16.99 [17]

CHx-CH2-CH2-N 816.65 2 509.94 9.01 �3 609.00 �54.51 286.01 �104.22 �133.18 279.10 [16]

CHx-CH2-CH2-CHx 1 001.35 2 129.52 �303.06 �3 612.27 2 226.71 1 965.93 �4 489.34 �1 736.22 2 817.37 [21]

TABLE 6

Force field parameters for N2O, water, and N2

Site e (K) r (Å) q (e) Bond length (Å) References

N1 (N2O) 78.107 3.116 �0.3400 N1 – N2 = 1.1282 [25]

N2 (N2O) 34.647 2.927 +0.6800 N2 – O = 1.1842 [25]

O (N2O) 65.891 3.044 �0.3400 [25]

O (H2O) 93.2 3.1589 0.0 O – H = 0.9572 [23]

H (H2O) 0.0 0.0 +0.5564 [23]

M (H2O) - - �1.1128 [23]

N (N2) 36.0 3.300 �0.5075 N – N =1.098 [26]

+1.015 [26]
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Nearly all the studied systems contained a total of 300

molecules, except for temperatures close to the critical

point, where the size of the system was increased up to

600 molecules.

2.2 Molecular Dynamics

Viscosity coefficients were calculated using molecular

dynamics. In this case, the equations of motion were

integrated by means of the velocity Verlet algorithm with

constrained bonds using the Rattle algorithm [30]. The

simulations were performed in the NPT ensemble using

both the Berendsen barostat and thermostat. Equilibra-

tion runs of 1 ns were used while 5 ns were applied for the

production part. In both cases, the integration time step

was 2 fs. A Verlet nearest neighbor list was also included

in order to improve the performances of the simulations.

In all cases, 300 molecules were placed in a cubic box

with periodic boundary conditions. To estimate the vis-

cosity coefficients, both the Einstein and Green-Kubo

formalisms were applied. In order to calculate the viscos-

ity coefficients, four different and independent initial

configurations were used, hence the values presented

here correspond to the average of the obtained results

for the four different configurations together with the

corresponding standard deviations.

2.3 Excess Enthalpies

Using MC simulations in the NPT ensemble, we

have calculated the excess enthalpies of two different sys-

tems, namely, n-ButylAmine+water and n-ButylAmine

+ n-heptane. We have used the same moves as the ones

used in the Gibbs ensemble with 300 molecules and a

total of 250 million MCS. The aforementioned

TIP4P/2005 potential was used as the water model.

The excess enthalpies, HE, for a binary system were

calculated at each mixture composition by means of

Equation (10):

HE ¼ H � x1H1 � ð1� x1ÞH2 ð10Þ

with H the enthalpy defined as:

H ¼ U ext þ U int þ K þ PV ð11Þ

whereU ext is the intermolecular potential energy,U int the

internal potential energy, K, P, V are the total kinetic

energy, pressure, volume of the system respectively. Hi

is the enthalpy of the pure component i and x1 the molar

fraction of component 1. We assume that the kinetic

energy of themixture can be obtained from themole aver-

age of the pure component contributions. Thus, two inde-

pendent simulations need to be carried out in order to

estimate the configurational enthalpies for the pure com-

ponents H1 and H2. Then, at a fixed composition of

the binary mixture, the total configurational enthalpy

H can be determined and therefore the corresponding

excess enthalpy is calculated from Equation (10). For

both mixtures, nine different compositions were calcu-

lated ranging between 0.1 and 0.9 in steps of 0.1.

2.4 Henry Constants

In order to calculate Henry constants of gases in an

aqueous solution of amine, KH, we have performed

MC simulations in the isothermal-isobaric ensemble

(NPT) at two different temperatures, namely 303 K

and 313 K, and atmospheric pressure. For all cases, a

simulation of 550 MCS was carried out using the

same moves as in the Gibbs ensemble, except transfer

moves that have been replaced by test insertion moves.

Four hundred molecules (368 water molecules and 32

n-ButylAmine molecules) were used, which corresponds

to an amine molar fraction of 8%. The so-called Widom

particle insertion algorithm was used to calculate the gas

chemical potential [29, 31].

The Henry constant (KH) is related to the excess chem-

ical potential (lE) by means of Equation (12):

lE

kBT
¼ ln

KH

qkBT
ð12Þ

where kB represents the Boltzmann constant, T the tem-

perature of the system and q the density of the

solvent.

Thus, if the chemical potential is calculated, then the

Henry constant can be directly estimated. According to

the Widom particle insertion formula [31], the chemical

potential is calculated from an ensemble average

(Eq. 13):

lE ¼ �kBT ln
PV

kBTðN þ 1Þ exp ��U

kBT

� �� �
NPT

ð13Þ

where DU is the potential energy difference due to the

insertion of the test molecule, P, N and V correspond

to the pressure, total number of particles and volume

of the system.

2.5 Surface Tensions

In order to check the accuracy of theAUA4 force field for

amines in predicting interfacial properties, the surface

tension cof n-ButylAmine has been calculated at different

temperatures. The simulations have been carried out in
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the NVT ensemble in a rectangular parallelepiped box.

We have considered a system with two planar liquid-

vapor surfaces lying in the x,y plane and the z-axis in

the direction normal to the surface. Since the geometry

of the system has a heterogeneity along the axis normal

to the interface (z-axis), we calculated the long-range cor-

rection to the repulsion-dispersion energy as a function of

z by splitting the cell into slabs. The total long-range cor-

rection energy,ULRC , was then calculated by summing up

all the local contributions of each slab.TheULRC termwas

then included in the total energy of the system to be used

in the Metropolis scheme. Tail corrections to the surface

tension have also been accounted for using the expres-

sions given by Biscay et al. [32]. More detailed descrip-

tions of these models and long-range corrections can be

found elsewhere [33-36].

Two different methods have been used to calculate

surface tensions. The first one is the Irving-Kirkwood

(IK) method [37] based on the mechanical definition of

the surface tension. The second method used is the

Test-Area (TA) method [38], based upon a thermody-

namic route and expressing the surface tension as a

change in the free energy for a change in the surface area.

The initial configuration of the system was prepared

from equilibrated bulk liquid and bulk vapor phases,

the bulk liquid phase being surrounded by two bulk

vapor phases along the z direction. The Lx and Ly

dimensions of the resulting simulation box were fixed

to 40 Å, and the Lz dimension to 300 Å. A total of 789

to 932 molecules were used depending on the tempera-

ture. The Ewald sum technique was used to calculate

the electrostatic energy, with a number of reciprocal vec-

tors equal to 8 along the x and y axis, and equal to 60

along the z axis. The MC moves and attempt probabili-

ties used during the simulations are: translation (25%),

rigid rotation (25%), flip (25%) and configurational-bias

regrowth (25%). A typical simulation consists of an

equilibration run followed by a production run of

around 150 MCS each.

3 RESULTS

Using the AUA4 transferable force field for amines, i.e.

the original parameters without any modifications, we

have studied the behavior of one primary amine

(n-ButylAmine), one secondary amine (di-n-Butyl-
Amine), one tertiary amine (tri-n-ButylAmine), and

one multifunctional amine (1,4-ButaneDiAmine). With

regards to the thermodynamic equilibrium properties,

vapor-liquid phase equilibrium diagrams, vaporization

enthalpies and vapor pressures were studied. Figures 2,

3 and 4 give the phase equilibrium diagrams, vaporiza-

tion enthalpies and vapor pressures respectively.
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Liquid-vapor phase equilibrium diagrams. a) n-ButylAmine, b) Di-n-ButylAmine, c) 1,4-ButaneDiAmine, d) Tri-n-ButylAmine. The

circles represent the simulation results while the dashed line corresponds to experimental data [39, 40].
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Nearly all the experimental information was taken

from the DIPPR [39] and NIST [40] databases. It should

be noted that some of these values are based on predic-

tions, this is the case of both vaporization enthalpies

and vapor pressures for tri-n-ButylAmine based on the

Clapeyron equation and Riedel’s method with numerical

uncertainties of 5% for both of them. The associated

experimental uncertainties for other molecules are

around 1% for liquid densities (qL), 5% for vaporization

enthalpies (DH) and 5% for vapor pressures (Pv). No

experimental data were found for 1,4-ButaneDiAmine.

Absolute Average Deviations (AAD=jX exp�X calcj
X exp 100%)

were calculated for all the studied molecules obtaining:

1% for qL, 3.5% for DH and 9% for Pv.

3.1 Critical Points and Normal Boiling Points

The critical temperature (Tc) and critical density (qc)
were calculated from the scaling law defined by Equation

(14) and the law of rectilinear diameters (Eq. 15).

qL � qV ¼ AðTc � TÞb� ð14Þ

qL þ qV
2

¼ qc þ BðTc � TÞ ð15Þ

where qL and qV correspond to the coexisting liquid and

vapor densities, b� is a characteristic universal exponent

(for this work b� = 0.325 [29]), A and B are adjustable

parameters.

Normal boiling points (Tb) have been calculated by

means of the Clausius-Clapeyron equation. Table 7 sum-

marizes the obtained values.

Nearly all the comparisons were done with experimen-

tal information [39], except for the values with star

superscripts (*), which correspond to predictions [39]

where the associated uncertainties are stated to vary

between 3% and 10%.

From Table 7, it is possible to see how the force field is

able to reproduce the correct trend, i.e., the increasing on

both the normal boiling point and critical temperature as

the number of carbons increases from primary to tertiary

amines. Considering the associated uncertainties on the

experimental data, for all the studied molecules, the

obtained simulation results are in excellent agreement

with them, which ratifies the accuracy of the AUA4 force

field for amines.

3.2 Excess Enthalpies

In 2004, one of the proposed problems for the second

fluid simulation challenge [41] was to determine the
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Vaporization enthalpies. a) n-ButylAmine, b) Di-n-ButylAmine, c) 1,4-ButaneDiAmine, d) Tri-n-ButylAmine. The circles represent the

simulation results while the dashed line corresponds to experimental data [39, 40].
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excess properties of n-ButylAmine + water and

n-ButylAmine + n-heptane. In this competition, two

different force fields were presented. The first one

was an all atom potential proposed by Dai et al. [42]

and the second was the work that has already been

mentioned proposed by Boutard et al. [20] based on

a AUA approach. In the first case, calculations were

done using molecular dynamics, while in the second

one Monte Carlo simulations were used. One interest-

ing characteristics of these mixtures is related to the

fact that the excess enthalpies have a different sign in

both systems, i.e. when n-ButylAmine is mixed with

water a negative sign of the excess enthalpy is

expected, while with n-heptane a positive excess

enthalpy is observed. Both models managed to get

the correct behavior for the n-ButylAmine + n-hep-
tane system, but unfortunately neither of them man-

aged to obtain the right behavior for n-ButylAmine

+ water mixture, i.e., for this system, these two mod-

els predicted a positive sign for the excess enthalpies.
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Vapor pressures. a) n-ButylAmine, b) Di-n-ButylAmine, c) 1,4-ButaneDiAmine, d) Tri-n-ButylAmine. The circles represent the

simulation results while the dashed line corresponds to experimental data [39, 40].

TABLE 7

Critical coordinates and normal boiling points, comparison between experimental or predicted values and calculations using the

AUA4 force field for amines

Molecule Tc (K) qc (kg/m
3) Tb (K)

Exp. Sim. Exp. Sim. Exp. Sim.

BA 5325 5343
*23611 2537 3514 3475

DBA 602.35 6126
*25212 2468 4325 4306

TBA 64430 6538
*25260 2658 4875 4806

BDA na 6386 na 2928 na 4258

* DIPPR predicted values. Experimental values taken from DIPPR and NIST databases [39, 40], na = not available. BA = n-ButylAmine,

DBA = Di-n-ButylAmine, TBA = Tri-n-ButylAmine, BDA = 1,4-ButaneDiAmine. The subscripts give the statistical uncertainties of the last

digit(s).
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In view of these results, we felt it was important to

check the ability of our new AUA4 force field to predict

excess enthalpies. As can be inferred from the previous

paragraph, determining these kind of properties is con-

sidered to be a challenge from a molecular simulation

point of view due to the fact that the interactions

between unlike molecules are actually difficult to cap-

ture, especially in the case of non-polarizable force fields.

In addition, given that for the CO2 processes mentioned

in the introduction, amines are always used in aqueous

solutions, the intermolecular potentials need to capture

the correct mixture behavior. In other words, the excess

enthalpies are important because they reflect the differ-

ence of molecular interactions between the pure compo-

nents and the unlike components. If this property is not

well predicted then the Henry constants will probably

also be incorrect or unreliable because the interactions

in the solvent are poorly described.

Figure 5 shows a comparison between our excess

enthalpy predictions and the experimental information

[43-45] taken from the DETHERM database [46] for

the n-ButylAmine + water system. It is worth pointing

out that differences between experimental values can

be found. Although all of them show the same qualita-

tive behavior, there are significant discrepancies. As

can be seen from this figure, our force field is able to

reproduce the correct behavior. It should be noted that

both the water and the n-ButylAmine models are non-

polarizable without any adjustment for this mixture.

From a quantitative point of view, our results are in

excellent agreement with the experimental values of

Mato and Berrueta [45]. With regards to the n-heptane
+ n-ButylAmine mixture, as can be seen in Figure 6,

our force field predictions overestimate the excess

enthalpies but are able to reproduce the order of magni-

tude correctly. Nevertheless, from a qualitative point of

view, the positive deviation from ideality is well repro-

duced which in itself is a significant achievement.

3.3 Surface Tensions

Figure 7 shows experimental (DIPPR) and calculated

liquid-vapor surface tensions for n-ButylAmine for tem-

peratures ranging from 300 K to 475 K.

Results using both IK and TA methods are in good

agreement between themselves as well as with experiments,

althoughaveragedeviations are of 10.7% for the IKmethod

and 8.4% for the TA method. This result is particularly

remarkable if we recall that surface tension values were

not used to parameterize this force field, and it thus high-

lights its transferability to other properties.

Figure 8 shows the density profile along the z-axis

(normal to the interface) at 400 K for the same n-Butyl-
Amine system. It is possible to fit such a profile to the

hyperbolic tangent function given by:

qðzÞ ¼ 1

2
ðql þ qvÞ �

1

2
ðql � qvÞ tanh

2ðz� z0Þ
d

� �
ð16Þ

giving a direct estimate of the liquid (ql) and vapor (qv)
densities and an approximate idea of the interface

thickness d. The parameter z0 gives the position of the
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interface. When fitting the density profile given in

Figure 8, values of 626.4 and 9.9 kg/m3 were found for

ql and qv which are in excellent agreement with the ones

obtained using the Gibbs ensemble technique (625.6 and

10.9 kg/m3). An interface thickness of 10.1 Å was also

obtained.

3.4 Henry Constants

It is well known that CO2 sorption by means of amine

solvents involves chemical reactions. Nevertheless, in

this work these reactions are not going to be considered

and only the physical solubility through the Henry con-

stant, will be calculated. In order to do that the N2O

analogy will be used.

In addition, the Henry constants of N2 will also be cal-

culated. Since we have demonstrated in the previous sec-

tion that our force field successfully reproduces the

behavior of the n-ButylAmine + water mixture we will

predict the Henry constants in this mixture.

We have calculated the physical Henry constants of

(N2O) and (N2) in an aqueous solution of n-ButylAmine.

Simulations were carried out in the isothermal-isobaric

ensemble (NPT) at one atmosphere and simulating two

different temperatures 303 K and 313 K respectively.

32 molecules of n-ButylAmine and 368 of water were

used which corresponds to a molar concentration of

amine of 8%.

In order to determine the Henry constants, we

employed the Widom test particle method in simulations

of 550 million MCS. Table 8 summarizes the obtained

results using the AUA4 force field for amines. Unfortu-

nately experimental Henry constants are only available

for alkanolamines, but not for monofunctional amines.

From the table, it can be seen that the Henry constant

increases as temperature increases for both gases, we also

observe the small solubility of N2 compared with N2O.

3.5 Transport Properties: Viscosity Coefficients

Molecular dynamic simulations were carried out at five

different temperatures and atmospheric pressure. In

order to calculate the viscosity coefficients, both the

Green-Kuboand theEinstein formalismswere employed,

obtaining equivalent numerical values within the statisti-

cal uncertainties. Figure 9 shows a comparison between

the experimental (grey filled circles) and the simulated

(black filled squares) viscosity coefficients for the studied

molecules given in centipoises (cP). Four aminemolecules

were studied, namely: n-ButylAmine, Di-n-ButylAmine,

Tri-n-ButylAmine and 1,4-ButaneDiAmine. Experimen-

tal informationwere taken directly from thework of Shah

et al. [49], however, no experimental information was

found for 1,4-ButaneDiAmine. We found absolute aver-

age deviations of 20%, 8% and 10%, for n-ButylAmine,

Di-n-ButylAmine and Tri-n-ButylAmine respectively. It

is important to mention that for primary amines the

results are consistent with the transferability of the

AUA4 force field for hydrocarbons and with previous

calculations for short amines such as n-PropylAmine

[16]. For Di-n and Tri-n-ButylAmine results are in very

good agreement with the experimental data.
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3.6 Radial Distribution Functions

Molecular simulation allows us to explore the structure

of matter through the radial distribution function

(gXY). This function tells us the number of neighboring

atoms (Y) around a particular one (X) in a defined vol-

ume. If atoms X and Y belong to different molecules,

we talk about an intermolecular radial distribution func-

tion, on the other hand, if X and Y belong to the same

molecule, we can define a histrogram of distances in

order to find out about the possible molecule conforma-

tions.

In the following a comparison between the liquid

structure of primary, secondary and tertiary amines is

presented. To the best of our knowledge, there is no

available experimental information to compare with,

except for methylamine which was already studied in

previous works [16]. Hence, the discussion will be merely

qualitative.

3.6.1 Intermolecular gXY

Figure 10 shows the radial distribution functions at atmo-

spheric pressure for a) the primary amine n-ButylAmine

at 270 K, b) the secondary amine Di-MethylAmine at

250 K, c) the tertiary amine Tri-MethylAmine at 298 K,

and d) the multifunctional amine 1,4-ButaneDiAmine

(BDA) at 313K. For n-ButylAmine a), a similar behavior

to the one presented by methylamine in a previous work

was found [16]. That is to say, two peaks in the gNH are

found, the first one at �2.4 Å which might indicate the

presence of a hydrogen bondwith a coordination number

of 1 and the second peak around�3.6 Å that corresponds

to the second solvation shell. In addition, a well defined

peak can be seen around �3.4 Å for the gNN that yields

a coordination number of 4. For Di-MethylAmine b),

maxima are located in the same positions as for

TABLE 8

Henry constants for (N2O) and (N2) in an aqueous solution of

n-ButylAmine (8% mol), P = 1 atm

Gas Temperature (K) KH (MPa)

N2O 303 168.3

313 206.1

N2 303 4 318.4

313 4 948.1
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n-ButylAmine, but are smaller in magnitude. Integration

of the first peaks for gNH and gNN yields coordination

numbers of �0.8 and �3.8 respectively. For Tri-Methyl-

Amine c), it is possible to identify a first solvation shell

which is represented by the well defined peak at �5.3 Å

yielding a coordination number of 3.6. It is important

to mention that in our model this molecule has no hydro-

gen so that it does not have the possibility to form hydro-

gen bonds, at least as a pure component. This might be

considered as a disadvantage of the AUA approach com-

pared to an all atom, nevertheless, hydrogen bond forma-

tion was also not found for tertiary components

according to the results presented byRizzo and Jorgensen

[18] using the OPLS-AA model. This could be expected

because the nitrogen in tertiary amines is well hidden by

the three bonded carbons and there is probably no signif-

icant interaction with the hydrogens belonging to the hy-

drocarbonated part of the molecule which in addition are

not charged. With regards to 1,4-ButaneDiAmine, see

Figure 10d, a similar behavior to that of n-ButylAmine

can be observed.

It is important to mention that intramolecular interac-

tions can play an interesting role in bifunctional

molecules and in the next section, we center our discus-

sion on this aspect.

3.6.2 Intramolecular Interactions: Multifunctional Amines

An interesting feature involving multifunctional amines

is the ability to form intramolecular hydrogen bonds.

It is known form previous works based on both ab-initio

calculations [50, 51] and experiments [51, 52] that for 1,2-

EthaneDiAmine (EDA) in the gas phase the most stable

conformation presents an intramolecular hydrogen

bond and corresponds to the gauche conformation (with

respect to the C-C bond). This result has been also

recently reported by Bryantsev et al. [53] through a com-

putational conformational study that included bifunc-

tional aliphatic amines in the gas phase and in aqueous

solutions. Batista de Carvalho et al. [51] have carried

out Raman spectroscopy experiments on EDA in the

solid state, pure liquid and aqueous solutions. They have

found that the most stable conformer in the solid and in

the gas phase corresponds to the gauche conformation

while in aqueous solutions the trans conformation was

the preferred one, followed by a very small population
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in the gauche conformation. Such behavior has been also

found by Bryantsev et al. [53] using Density Functional

Theory (DFT) and by Gubskaya and Kusalik [54]

performing molecular dynamics in pure liquid

EDA. Concerning 1,3-PropaneDiAmine (PDA) and

1,4-ButaneDiAmine (BDA), Bryantsev et al. [53] have

also found by means of DFT that the trans conforma-

tion is favored for PDA and BDA and there is no intra-

molecular hydrogen bond formation. However for these

last results, there is no experimental data that confirm

their results.

Histograms of the nitrogen-nitrogen intramolecular

distances are shown in Figure 11 for the three dia-

mines (1,2-EthaneDiAmine, 1,3-PropaneDiAmine and

1,4-ButaneDiAmine) at 380 K and atmospheric pres-

sure. For 1,2-EthaneDiAmine, the distribution exhibits

two distinct peaks: the first one (�3 Å) corresponds to

a gauche conformation of the N-CH2-CH2-N dihedral

angle, which favors the formation of an intramolecular

hydrogen bond. About 7% of the molecules in the bulk

are found in a gauche conformation. The second peak

(�3.6 Å) corresponds to a trans conformation of the

molecule. For 1,3-PropaneDiAmine and 1,4-ButaneDi-

Amine, the main peaks of the distribution are located

around 4.2 and 5.3 Å respectively, which suggests the

absence of intramolecular hydrogen bond for both

molecules. The last peaks of these distributions (�6.1

and �4.8 Å respectively) correspond to a geometry in

which all the dihedral angles of the molecule are in trans

conformation. Integration shows that about 11% and

8% of the molecules in the bulk adopt a trans conforma-

tion for PDA and BDA respectively.

CONCLUSIONS

In this molecular simulation work, predictions of differ-

ent thermophysical properties have been shown based on

our recently proposed AUA4 force field for primary, sec-

ondary and tertiary amines. Using both molecular

dynamics and MC methods, we have taken advantage

of several molecular simulation techniques such as:

Gibbs ensemble, Widom test particle insertion, Einstein

and Green Kubo formalisms, Irving-Kirkwood and

Test-Area approaches. The properties we have investi-

gated in this work are: liquid-vapor phase diagrams,

vaporization enthalpies, vapor pressures, critical densi-

ties, critical temperatures, normal boiling points, surface

tensions, excess enthalpies, Henry constants and viscos-

ity coefficients. We can conclude that:

– the very good to excellent agreement with experiments

obtained in the studied properties ratifies the predic-

tive capability of our force field. Including this work,

up to now, this force field for amines has been tested

on a total of 25 different amines. Besides all the previ-

ously studied properties, we have included here new

calculations on surface tensions and Henry constants.

To our knowledge, none of the currently available

force fields has been tested on so many properties as

this one;

– for the thermodynamic equilibrium properties we

have obtained in general global average deviations

from experiments of 1% for liquid densities, 3.5%

for vaporization enthalpies and 9% for vapor pres-

sures. Estimations of the normal boiling points were

predicted with less than 1% error as compared with

experimental values;

– concerning the viscosity coefficients, a very good

accuracy is obtained for secondary and tertiary

amines and a fair good agreement for short linear pri-

mary amines. For the latter case (short linear primary

amines), it should be noted that these deviations are of

the same magnitude as the ones obtained for short lin-

ear alkanes;

– our force field is able to correctly reproduce the sign of

the excess enthalpy for n-ButylAmine when this mol-

ecule is mixed with water and n-heptane, obtaining

negative excess values for the first case and positive

ones when mixed with n-heptane;

– Henry constants of N2O and N2 were also calculated

in a mixture of n-ButylAmine + water. However, to

our knowledge, no experimental information is avail-

able to compare with;
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Figure 11

Histograms of the N-N intramolecular distances (380 K

and atmospheric pressure) for 1,2-EthaneDiAmine

(EDA), 1,3-PropaneDiAmine (PDA) and 1,4-ButaneDi-

Amine (BDA).
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– for surface tensions the results derived from the two

different investigated methods were equivalent

obtaining global average deviations of around 10%.

In the same manner, the viscosity coefficients

obtained by both the Green Kubo and the Einstein

methodologies were consistent. Finally, additional

results on the liquid structure were presented and

compared with previous works mostly based on simu-

lations. For the case of intramolecular conformations

it was possible to compare our simulation results with

available experimental data for 1,2-EthaneDiAmine

but not for longer diamines.
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