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Abstract:Direct molecular dynamics simulations of the vapor–liquid interface of pure

thiophene systems have been performed in order to study the interfacial and bulk prop-

erties of this molecule. The simulations were carried out using a new force field

developed in this work. Vapor–liquid interfaces were simulated at temperatures

between 300 and 500K, and interfacial properties such as the coexistence densities,

vapor pressure, surface tension, and interfacial thickness were calculated. Experimental

liquid densities were measured at temperatures in the range of 293.31 and 352.44K,

and agreed well with the calculated results.
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INTRODUCTION

The petroleum oil produced in the southeast part of Mexico has a high level of

organo-sulfur compounds (1). The oil produced in the northeast part of this

region contains mainly alkylbenzothiophenes while in the southeast part alkyl-

dibenzotiophenes. If these compounds are not extracted from the refined oil

products like gasoline and diesel, they will damage animal health, crops,

timber, and even buildings through acid rain (2). The organo-sulfur

compounds start causing problems even during extraction in the oil wells,

where these compounds along with hydrogen sulfide and water molecules

adhere to the inner wall and eventually block the oil flow through the well

(3). Hydrodesulfurization processes are commonly used in refineries to hydro-

genate these organo-sulfur compounds and extract the sulfur in the form of

hydrogen sulfide. Such processes use bi- and tri-metallic catalysts often

made of Ni, Co and Mo (4, 5), and process conditions between 1.38–

20.70MPa and 560–700K, depending on the fuel processed (6). The actual

regulations in North America for sulfur content in fuels are 350 ppm in

gasoline (7), and 500, 5000 and 3000 ppm by weight (upper limit) for

highway diesel, non-road diesel and jet fuel respectively (8). By 2006 there

will be reductions in these levels and the new limits will be 30 ppm in

gasoline (7), 15 and 500 ppm by weight for highway and non-road diesels

respectively, and there will be no change in the levels of jet fuel (8). These

new regulations seem difficult to reach without new catalysts or processes

(6). Alternative approaches to separate the sulfur compounds from the fuels

are biodesulfurization (9, 10), catalytic oxidation combined with ultrasonica-

tion and solvent extraction (11), sonochemical decomposition (12), adsorption

with activated carbon (13), with hydrogels (14) and some studies had shown

that organo-sulfur compounds can be extracted selectively using supercritical

extraction processes (15).

In the literature, there are several theoretical studies dealing with the

structure and intermolecular interactions of thiophene and its derivates

(16–20). Density functional theory (DFT) and Restricted Hartree-Fock

(RHF) calculations have been employed by Kupka et al. (16, 17) and

Kochikov et al. (18) to study the geometry and the spectra (IR and

Raman) of 3-methylthiophene, thiophene and its mixture with acetonitrile;

they reported a good agreement with the experimental data in gas and

condensed phases. They also found that DFT calculations produced results

closer to experiment than the corresponding RHF calculations for bond

lengths, dipole moments, rotational constants and harmonic frequencies

(16). Dibenzothiophene had also been studied with these methodologies to

obtain the geometry, electronic structure, and polarizability of this

molecule and the results were compared with measured values; the study

found a difference of 3% with the experimental values (19). The intermole-

cular interactions of thiophene dimers have been evaluated with ab initio
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molecular orbital calculations and that study concluded that the substan-

tial attractive interaction between two molecules of thiophene is due to

electrostatic and dispersion interactions and there are no charge transfer

interactions (20).

To our knowledge, there are no reported studies of specific interaction

potentials for thiophene or its derivates. In this initial study we developed a

new interaction potential for thiophene, the smallest cyclic organo-sulfur

compound found in oil. This potential was developed performing DFT

calculations to find the parameters of a potential consisting of analytical

functions representing the electrostatic and intramolecular interactions.

This potential was used to simulate thiophene in the vapor– liquid equili-

brium region using the molecular dynamics methodology (21). Liquid

densities were also measured experimentally in this work in order to

support the evaluated results.

POTENTIAL MODEL

Thiophene molecules were modeled using a fully flexible atomistic potential.

As shown in Fig. 1, thiophene is cyclic with 1-sulfur and 4-carbon atoms in the

ring and 4-hydrogens bonded to the carbon atoms. The first 2-carbon atoms

bonded to the sulfur atom were labeled as C1, and the other 2-carbon atoms

bonded to C1 atoms, C2. Hydrogens were labeled H1 for those bonded to C1

atoms and H2 for those bonded to C2 atoms.

The geometry, electronic structure, and dipole moment have been

reported by Kupka et al. (16) using DFT calculations with the GAUSSIAN

98 software package (22) employing the hybrid potential B3PW91 and the

6-311þþG�� basis set. Compared to experimental measurements (23), the

maximum deviation reported in this work were 0.00087 Angstroms

(S2 C1) for bond distances, 0.58 (C12 S2 C1) for valence angles and

0.0408 D for the dipole moment. We used this equilibrium conformation

and varied bond distances (+10% from the equilibrium value), valence

angles (+10%) and dihedral angles (+908 from the equilibrium value), and

performed the same type of calculations but allowing the rest of the atoms

Figure 1. Snapshot of the thiophene molecule.
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to relax in order to obtain selected regions of the intramolecular potential

energy map of thiophene. The values of the obtained potential energy were

fitted to the following expressions of the intramolecular potential:

UBD rij
� �

¼ kBD rij � re
� �2

ð1Þ

UVA uijk
� �

¼ kVA uijk � ue
� �2

ð2Þ

UDA fijkl

� �
¼ kDA cos fijkl

� �
� cos fe

� �� �
ð3Þ

where UBD, UVA, and UDA are the potential energy of the bond distance,

valence angle and dihedral angle respectively. rij is the distance between

atoms i and j of the same molecule, uijk is the valence angle formed by con-

secutive atoms i, j, and k of the same molecule, fijkl is the dihedral angle

formed by consecutive atoms i, j, k, and l of the same molecule. re, ue and

fe are the equilibrium values of the bond distance, valence and dihedral

angles respectively. kBD, kVA, and kDA are the spring constants of the bond

distance, valence, and dihedral angles respectively.

The methodology employed in this work to obtain the parameters of

equations (1–3) produced only estimated values of those parameters

because, the internal coordinates are correlated and probably such simple

expressions will not fit the whole energy map of the molecule. A more

appropriated procedure will be first to obtain a grid of the whole potential

energy map in terms of combinations of the molecule’s internal coordinates,

and then use all the obtained points in the grid to fit appropriated expressions

of the intramolecular potential. If we propose to study at least 10 points for

each bond distance in the molecule, the total number of points to calculate

will be 109 considering only bond distances, and that is impossible in

terms of computational time. The influence of intramolecular forces to the

final values of the calculated properties is mixed because even intramolecular

forces contribute to the dynamics of the system, they do not contribute to the

calculations of properties like pressure or surface tension.

As a graphical example of our results, the calculated potential energies

divided by the Boltzmann constant (kB) as a function of the bond distance

C1 – C2 is shown in Fig. 2 with the best fitted curve of equation (1). Close

to the equilibrium separations, the function reproduced well the computed

energies, but for a separation of 210% from the equilibrium value, the

energy had a difference of �1000K. Figures 3 and 4 show the energies and

best fitted curves of the valence angle S – C1 – C2 and the dihedral angle

S – C1 – C2 – H2, respectively. Valence angles followed similar behavior,

close to the equilibrium value the function reproduced well the computed

energies, but for a valence angle of 210% from the equilibrium value, a

difference of �1000K is observed. The fitted curve for the dihedral angle

reproduced well the whole range of computed energies, with differences as

high as �100K at a dihedral angle 908 smaller than the equilibrium value.

It is expected that these differences will not affect the simulations due to
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the fact that the molecules are or tend to return to their equilibrium confor-

mation most of the simulation time. The best fitted parameters for equations

(1–3) are reported in Table 1 along with the corresponding equilibrium

values.

The intermolecular interactions were modeled as a function of effective

pair interactions:

UInter rij
� �

¼ 41ij
sij

rij

� �12

�
sij

rij

� �6
" #

þ
qiqj

4p10rij
ð4Þ

where UInter is the intermolecular potential energy, rij is the separation

between atoms i and j of different molecules. sij and 1ij are the parameters

of the Lennard-Jones potential. qi and qj are the point charges of the electro-

static potential.

Trokhymchuck and Alejandre (24) had reported that vapor– liquid

equilibrium calculations using a spherically truncated Lennard–Jones

potential are dependent on the cutoff radius employed in terms of bulk

coexistence densities and interfacial properties, and when a cutoff radius

of at least 5sij is used, as in this work, the errors in those properties are

negligible. The starting Lennard–Jones parameters were taken from the

Universal Force Field (UFF) (25) and the Lorentz-Berthelot mixing rules

were used for the cross interaction between unlike atoms. The initial plan

of this work was to use the information obtained from DFT calculations

(geometry, intramolecular parameters, and charges) and optimize the

Figure 2. Potential energy curve of thiophene as a function of the bond distance C1 –

C2. Circles represent results of DFT calculations and continuous line represents the

best-fitted curve to equation (1).
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Lennard-Jones parameters from the UFF and reproduce an experimental

result at low temperature, but as shown in the Results Section, the

original Lennard-Jones UFF parameters produced a good agreement with

the experimental point.

Figure 4. Potential energy curve of thiophene as a function of the dihedral angle

S – C1 – C2 – H2. Circles represent results of DFT calculations and continuous line

represents the best-fitted curve to equation (3).

Figure 3. Potential energy curve of thiophene as a function of the valence angle

S – C1 – C2. Circles represent results of DFT calculations and continuous line

represents the best-fitted curve to equation (2).
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Point charges were computed from the electronic density of the DFT

calculations with two common population analysis methodologies,

Mulliken (26) and Merz-Singh-Kollman (MSK) (27), and they are

reported in Table 2. Point charges were conformation dependent as shown

in Fig. 5 for those calculated with the MSK methodology. In Fig. 5a point

charges are plotted as a function of the bond distance C1 – C2, while in

Figs 5b and 5c point charges are plotted as a function of valence angle

S – C1 – C2 and dihedral angle S – C2 – C1 – H2, respectively. It is inter-

esting that when the bond distance C1 – C2 is varied, point charges

are mostly rearranged between those atoms, while when the valence angle

S – C1 – C2 is perturbed the arrangement of charges is mostly between

sulfur and hydrogen atoms, probably because variations in the valence

angle produces larger changes in the conformation of the molecule than

Table 1. Computed equilibrium values from DFT calculations and the best fitted

values for the parameters kBD, kVA and kDA of equations (1–3). Standard deviations

of the residuals between DFT results and fitted functions were computed using the

whole set of data (I) and the data corresponding to energies up to 1100K, (II)

Bond distance rij (Angstroms) kBD/kB (K)

Standard

deviation I

Standard

deviation II

S – C1 1.72279 142221 478.143 71.9032

C1 – H1 1.08019 215237 215.678 32.1133

C1 – C2 1.36561 280277 448.132 67.1454

C2 – H2 1.08288 210624 223.457 33.0041

C2 – C2 1.42411 215264 423.109 60.9344

Valence angle uijk (8) kVA/kB (K)

S – C1 – H1 120.000 8.90332 281.991 8.71045

S – C1 – C2 111.551 33.4448 470.444 22.7374

C1 – S – C1 91.7395 46.5497 468.789 21.2993

C1 – C2 – H2 123.323 9.24121 254.098 7.16780

C1 – C2 – C2 112.581 31.0999 480.101 23.0108

H1 – C1 – C2 128.477 8.60010 268.334 7.25092

C2 – C2 – H2 124.102 9.36099 271.786 7.35104

Dihedral angle fijkl (8) kDA/kB (K)

S – C1 – C2 – C2 0.00000 48795.2 351.393 33.4194

S – C1 – C2 – H2 180.000 19365.0 179.062 18.8206

H1 – C1 – S – C1 180.000 17698.9 173.674 17.4501

H1 – C1 – C2 – H2 0.00000 10133.5 98.4490 9.45671

H1 – C1 – C2 – C2 180.000 15145.0 123.870 12.4010

C1 – C2 – C2 – C1 0.00000 47912.6 345.069 34.1109

C1 – S – C1 – C2 0.00000 69891.0 569.471 68.7041

C1 – C2 – C2 – H2 180.000 18349.4 186.560 17.5601

H2 – C2 – C2 – H2 0.00000 10696.4 99.9811 6.50431
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the variation of one bond distance. The conformation dependency of point

charges can be accounted with a weighting factor but due to the fact that

our intramolecular potential behavior of Figs. (2)–(4) is almost symmetric

with respect to the minima, which correspond to the equilibrium confor-

mation, the new charges were not different from the original. Both set of

charges differ in magnitude and in the case of S and C1 atoms changed

sign, such differences had been associated with “buried atoms” in

calculations with sulfides and thiols, previously (28).

Figure 5. MSK point charges of thiophene as a function of a) the bond distance C1 –

C2, b) the valence angle S – C1 – C2 and c) the dihedral angle S – C1 – C2 – H2. Cir-

cles represent sulfur point charge, plus symbols the point charge of the first carbons

(C1) bonded to sulfur atom, continuous line the point charge of carbons (C2) bonded

to C1 carbons, discontinuous line the point charge of hydrogens (H1) bonded to C1

atoms and crosses the point charge of hydrogens (H2) bonded to C2 atoms.

Table 2. Computed equilibrium point charges from the

DFT calculations and the Mulliken (26) and MSK (27)

population analyses

Atom

Point charges (a. u.)

Mulliken MSK

S 20.2698560 0.0657921

C1 0.0157355 20.2476364

C2 20.3385865 20.1479459

H1 0.2799385 0.2057603

H2 0.1778405 0.1569252
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SIMULATION DETAILS

Molecular dynamics simulations (NVT-MD) were performed to study the

vapor–liquid interface in order to obtain the coexisting densities and

interfacial properties (interfacial thickness and surface tension) for pure

thiophene using the potential developed in the previous Section with both

set of charges. Additional simulations at the corresponding temperature and

vapor density were necessary to produce reliable vapor pressure results.

This procedure has been successfully employed to simulate pure, binary and

ternary non-polar (29, 30), polar (21, 31) polar–non-polar (32) and confined

(33) systems. All simulations were carried out using a multiple time step

algorithm at constant temperature (34); the fast and slow time steps used

were 0.1 and 1 fs respectively. The simulation cells contained 420

molecules of thiophene in the vapor–liquid and 256 in pure vapor. The simu-

lations were performed at temperatures in the range of 300 to 500K. The

dimensions of the simulation cell were Lx ¼ Ly ¼ 28.82 Å, and

Lz ¼ 201.77 Å for liquid–vapor equilibria, and for the pure vapor simulations

the dimensions varied with the vapor density. The cutoff radius for Lennard-

Jones interactions was 14.38 Å. Electrostatic interactions were handled by the

Ewald summation technique with a convergence parameter k of 5.6/Lx, and a
maximum value for the reciprocal lattice vector hmax of 10 (21). After an equi-

libration period of 150 ps, the averaged properties were then obtained from an

additional simulation run of 1 ns.

During simulation, density profiles were calculated in blocks of 10,000

time steps, and at the end the block profiles were averaged. The interfacial

thickness and coexistence vapor and liquid densities were obtained through

fitting averaged density profiles to a hyperbolic tangent function:

rðzÞ ¼ 0:5 rL þ rV
� �

� 0:5 rL � rV
� �

tanh
z� z0

d

j k
ð5Þ

where rL and rV are the liquid and vapor densities, z0 is the position of the

Gibbs’ dividing surface, and d is a parameter related to the thickness of the

interface. The actual value of the interfacial thickness t is 2.7192 times

the value of the parameter d (32).

The surface tension was calculated using the molecular definition of the

pressure tensor (21):

g ¼
LZ

2
kPZZl� 0:5 kPXXlþ kPYY lð Þ½ � ð6Þ

where Paa is the aa element of the pressure tensor. The factor 1/2 outside the
bracket takes into account the two interfaces in the system. Brackets for each

Paa indicate temporal averages. The element Paa of the molecular pressure
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tensor for additive pair potentials, as is the case of Lennard-Jones, is given by

VPaa ¼
XN
i

mi við Þa við Þa þ
X
i

X
j.i

X
a

X
b

riajb
� �

a
fiajb
� �

a
ð7Þ

where N is the number of molecules, V is the volume of the system, mi is the

molecular mass, (vi)a is the velocity of the center of mass in the a-direction,

(riajb)a and (fiajb)a are the distance and interaction force between the centers of

masses of molecules i and j in the a-direction. For pure component simu-

lations, long-range corrections to the surface tension due to Lennard-Jones

interactions beyond the cutoff radius can be estimated (21). For thiophene

the expression is given by

gLRC ¼ 12p rL � rV
� �2X9

a¼1

X9
b¼1

1abs
6
ab

ð1
0

ds

ð1
rC

dr coth
rs

d

� � 3s3 � s
� �

r3
ð8Þ

where rL and rV are the liquid and vapor coexisting densities. 1ab and sab

are the cross Lennard-Jones parameters. Contributions to the pressure

tension due to electrostatic interaction using the Ewald summation

technique have been already obtained by Alejandre et al. (21, 35) and were

used in this work.

EXPERIMENTAL MEASUREMENTS

Liquid densities of thiophene in the range of 293.31 to 352.44K were

measured experimentally in order to complement and compare them with

the simulation results reported. The apparatus used in this work has been pre-

viously described by Zúñiga-Moreno et al. (36). The measuring cell is

composed of a vibrating tube densitometer (Hastelloy C-276 U-tube) contain-

ing 1 cm3 of sample. The same experimental procedure detailed by Galicia-

Luna et al. (38) and by Zúñiga-Moreno and Galicia-Luna (36, 37) is used in

this work. The estimated uncertainties are +0.03K for temperatures,

+0.008MPa for pressures and +0.05% for liquid densities. Detailed pro-

cedures about calibrations of platinum temperature probes and pressure trans-

ducer are given in a previous paper by Zúñiga-Moreno and Galicia-Luna (36).

Water and nitrogen were used as reference fluids to calibrate the apparatus.

Reference density values of water and nitrogen were obtained with the

equations of state (EoS) of Harr et al. (39) and Span et al. (40) respectively.

The purity and origin of chemicals used in this work are given in Table 3.

They were used without any further purification except for a careful

degassing of water and thiophene as in a previous paper (36). New experimen-

tal liquid densities of thiophene at atmospheric pressure have been determined

at seven temperatures from 293.31 to 352.44K with an uncertainty lower than

+0.05% and are reported at Table 4. Experimental liquid densities had also
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been reported in the literature at temperatures from 293.15 to 303.15K

by Fawcett and Rasmussen (41) and at 293.15K by Triday and Rodriguez

(42). Our new experimental measurements from 293.31 to 352.44K

reported in this work agreed with interpolated values of those previously

reported and also agreed with results using an expression of the DIPPR

project (43).

RESULTS

Two different sets of NVT-MD simulations were carried out in the vapor–

liquid interface with the corresponding sets of point charges obtained from

the population analysis methodologies of Mulliken and MSK. From these

simulations, density profiles were obtained at each temperature and as

example the profiles at 300 and 500K are shown in Fig. 6 for both sets of

charges. It was not possible to simulate stable vapor–liquid interfaces

above 500K. From the density profiles it is clearly observed that bulk liquid

densities obtained with MSK are lower than those obtained with Mulliken

charges at the same temperature, while bulk vapor densities obtained with

MSK are higher than those obtained with Mulliken charges at the same temp-

erature. In terms of interfacial thickness, it is observed that MSK gives higher

values than those obtained with Mulliken charges at the same temperature. At

500K, all density profiles were almost smooth in the vapor part, while in the

Table 3. Purity and origin of pure compounds

Compound Reported purity (%) Supplier

Thiophene 99.0þ Aldrich

Water HPLC grade Aldrich

Nitrogen 99.995 Air products-infra

Table 4. Experimental liquid densities for

thiophene

Temperature (K) rL (g/cm
3)

293.31 1.06340

303.05 1.05168

312.84 1.03973

322.74 1.02745

332.65 1.01521

342.53 1.00295

352.44 0.99063
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liquid part variations as big as 0.25 and 0.14 g/cm3 for the profiles obtained

with Mulliken and MSK respectively, were observed. This is probably due

to the higher liquid density of Mulliken charges (�1.14 g/cm3). At that

density, molecules are probably more structured, producing those peaks

shown in the bulk liquid phases of Figure 6. In order to show that systems

really reached equilibrium configurations, the averages over 100 fs of the

potential energy per molecule at 300K using the MSK charges is shown in

Fig. 7. Once the systems reach the equilibration zone, the average potential

Figure 6. Density profiles of thiophene as a function of the position in the simulation

cell using a) Mulliken and b) MSK point charges. Top and bottom curves represent the

profiles at 300 and 500K respectively. Continuous lines represent the best-fitted curves

to equation (5).
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energy is 26.6669K with fluctuations of 0.0791K calculated as the standard

deviation.

Both sets of density profiles were fitted to equation (5) and the vapor and

liquid densities are reported in Table 5. The diagram temperature–density is

shown in Fig. 8 with both sets of densities. The employed Lennard-Jones par-

ameters with the MSK charges, reproduced the experimental saturated liquid

density at 300K within the simulation error and therefore, there was no need

to optimize them. The coexistence points of Mulliken charges will produce a

higher critical temperature than those obtained with MSK charges. For com-

parison, our experimental liquid results along with those of the DIPPR project

Figure 7. Averaged potential energy per molecule as a function of time for thiophene

using MSK charges at 300K. Each point represents the average potential energy over

100 fs.

Table 5. Simulation results for thiophene. Fitted liquid rL and vapor rV
densities, using Mulliken (26) and MSK (27) charges

T (K)

Mulliken MSK

rL (g/cm
3) rV (g/cm3) rL (g/cm

3) rV (g/cm3)

300.00 1.141 — 1.074 —

350.00 1.029 —

362.51 1.089 —

400.00 1.056 0.001 0.968 0.004

450.00 1.008 0.003 0.907 0.009

500.00 0.937 0.010 0.833 0.030
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are also shown in Fig. 8. Our calculated results for saturated liquid densities

using MSK charges at 300 and 350K are very close to the interpolated

values of our experimental liquid densities and agreed with those within the

deviation of the simulation results. The coexistence densities were also calcu-

lated using the Peng-Robinson equation of state (PR-EOS) (44), a common

EOS employed in petroleum engineering. The calculated densities using

PR-EOS are also shown in Fig. 8. Our simulation results using the MSK

charges agreed well with the PR-EOS results up to 400K. However, above

this temperature the coexistence curve predicted by PR-EOS deviates from

the simulation results underestimating liquid densities and overestimating

vapor densities at the same temperature. At 300 and 350K, PR-EOS

produced liquid densities with relative errors of �3% with respect to our

experimental interpolated results. The PR-EOS predicted a critical density

of 0.324 g/cm3, whereas Kobe et al. (45) reported an experimental value of

0.382 g/cm3. It is well known that equations of state predict critical

densities or volumes different from the experimental ones (46); to produce

reliable liquid density results away from the critical point, EOS have to over-

predict the critical density by �10% (46). In order to determine the real

behavior of the coexistence densities in thiophene, experimental measure-

ments, especially between 400K and the critical temperature are needed.

Figure 8. Temperature–density diagram for thiophene. Squares and circles represent

the densities calculated in this work using Mulliken and MSK point charges, respect-

ively. Continuous line represents the results using the Peng–Robinson equation of

state (44) and the triangle down symbol its predicted critical point. Plus symbols rep-

resent our experimental results reported in Table 4 and dotted line represents the results

of the DIPPR project (43). Triangle up symbol represents the experimental critical

point (45).
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The rest of the properties were calculated using only MSK charges because

they produced more reliable results for coexisting densities.

Vapor pressures were calculated using equation (7) with the contributions

due to electrostatic interactions of the Ewald Summation methodology

(21, 35) and are reported in Table 6 for temperatures between 400 and

500K. At temperatures below 400K, there are no molecules in the vapor

phase even for short periods of time as observed in the density profiles of

Fig. 6. The simulation results are shown in Fig. 9 and were compared with

those reported in the literature (41, 42, 47). The continuous line represents

the best linear regression, fitted using only experimental data. A comparison

of the simulation results with an extrapolation of the fitted line showed that

Table 6. Simulation results for pure thiophene using MSK charges. Average interface

thickness t, vapor pressure PV and surface tension obtained during simulation gSIM, the

long-range correction gLRC and the total value gTOT. Numbers between parentheses

indicate the precision of the total values

Temperature (K) t (Å) PV (atm)

gSIM
(mN/m)

gLRC
(mN/m)

gTOT
(mN/m)

300 4.526 — 28.74 (3.49) 4.68 33.42 (3.49)

350 6.231 — 24.19 (3.43) 4.11 28.30 (3.43)

400 8.462 3.16 (0.22) 18.74 (3.03) 3.59 22.33 (3.03)

450 11.73 11.03 (0.83) 13.62 (2.98) 3.35 16.97 (2.98)

500 14.86 30.02 (1.04) 10.04 (2.78) 2.51 12.55 (2.78)

Figure 9. Vapor pressure as a function of temperature for thiophene. Squares rep-

resent experimental data (41, 42, 47) and plus symbols represent results of this

work. Continuous line represents the linear regression of the experimental values.
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the simulation results had the same behavior and agreed well with the extrapo-

lated values. The interfacial thicknesses are also reported in Table 6. They

showed similar behavior as other simulation results for polar molecules,

where the interfacial thickness increased exponentially with temperature

(21, 31); no experimental data has been reported in the literature for this

property.

The simulation results for surface tension has two components, the

average of surface tension obtained using equation (6) and the contribution

due to long-range corrections calculated using equation (8), both contributions

are reported in Table 6 along with its total value. The total computed values

are shown in Fig. 10 with the experimental results reported by Jasper (48)

at 298.15 and 323.15K. The simulation result at 300K agreed within the

bar error with an interpolated value between the two experimental values.

The calculated values showed a regular behavior as other polar molecules

(21, 31), the surface tension decreased with the temperature almost linearly.

An expression commonly used in engineering to correlate surface tension

data is (49):

g ¼ A0 1�
T

TC

� �A1

ð9Þ

where the surface tension g and the parameter A0 are in mN/m; T and TC are

the temperature and critical temperature respectively in K and A1 is a dimen-

sionless parameter. Using TC as another fitting parameter in equation (9), the

best set of fitted parameters for the simulation results of the surface tension as

Figure 10. Surface tension as a function of temperature for thiophene. Squares rep-

resent experimental data reported by Jasper (48) and circles represent results of this

work. Continuous line represents the best fitting curve to equation (9).
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a function of temperature, are A0 ¼ 66.53mN/m, A1 ¼ 0.9354 and

TC ¼ 579.37K. Compared to the experimental critical temperature reported

by Kobe et al. (45), the predicted value has a relative error of 3.46%.

CONCLUSIONS

A new atomistic and fully flexible potential model was developed in this work

for the thiophene molecule. The potential model accounted for intra- and inter-

molecular interactions. The intramolecular part was modeled with three

expressions corresponding to the interactions of two, three and four bodies;

the parameters of these expressions were obtained trough fitting the intramo-

lecular expressions to the potential energy map, which was generated using

DFT calculations. These DFT calculations also produced the most stable

geometry and dipole moment of the molecule, which agreed well with exper-

imental results reported in the literature. The intermolecular part was modeled

with contributions due to electrostatic interactions and Lennard-Jones inter-

actions. Two sets of parameters for the electrostatic interactions (point

charges) were also obtained from the DFT calculations using two different

population analysis methodologies of the electronic density, Mulliken, and

MSK. These sets of point charges were not weighted with conformations of

the molecule because the potential energy map was symmetric with respect

to the equilibrium conformations. Lennard-Jones parameters were taken

from the Universal Force Field.

The new potential model was tested in the vapor–liquid region using

molecular dynamics simulations at the interface. Two different sets of simu-

lations were carried out with the Mulliken and MSK charges respectively.

From these simulations, density profiles at the interface at five temperatures

were obtained and from those profiles we calculated the coexisting densities

for each set of charges and the temperature–density diagram was built. Up

to 350K, no molecules were found in the vapor phase. Simulations with

MSK charges produced lower liquid and higher vapor densities than those

using Mulliken charges at the same temperature. In order to corroborate our

simulation results, new experimental liquid densities were measured from

293.31 to 352.44K and compared with our simulated results, results using

MSK charges are closer than those using Mulliken charges, and the results

using MSK charges agreed with our interpolated experimental results within

the bar errors. Using an equation of state commonly employed in petroleum

engineering, our results agreed up to 400K, but above this temperature the

equation predicted lower liquid and higher vapor densities.

The rest of the properties were calculated using only MSK charges. Inter-

facial thicknesses were also calculated from the density profiles, following a

regular behavior, which is consistent with previous simulations for other

polar molecules. Surface tension agreed with the available experimental

data at moderate temperatures; a correlation of our results to an expression
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commonly used in engineering produced an estimation of the critical tempera-

ture 3.46% higher than the experimental point. Independent simulations at the

corresponding vapor density and temperature produced reliable vapor pressure

data; those results agreed with extrapolated data from experimental values at

lower temperatures.

The new potential model developed with MSK charges reproduced well

the thermophysical properties studied in this work within the vapor–liquid

region. New experimental data is necessary to corroborate the coexisting

densities, vapor pressure and surface tension values produced in this work,

especially at temperatures from 400 to the critical point.

Future studies will simulate this compound with model oil compounds

and supercritical solvent mixtures in order to explore the possibilities of super-

critical extraction as a promising method for desulfurization of fuels. We will

also perform a systematic study to investigate the orientation and distribution

of this molecule close to the interface using a profile of radial distribution

functions along the inhomogeneous axis.

ACKNOWLEDGEMENTS

This research was sponsored by PROMEP-SEP (México), the Scientific
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