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Two new procedures based on quantumrCOSMO calculations and on molecular
mechanicsrdynamics simulations, respecti®ely, for estimating the PHSCT EOS parame-
ters and to predict VLE beha®ior for binary mixtures are presented. The quality of the
predictions achie®ed with both methods, in conjunction with the confined computa-
tional time aspects in®ol®ed, can be considered satisfactory so that these strategies can
be judged as promising routes toward an on-line coupling between molecular and pro-
cess simulation.

Introduction
Modern industry faces the challenge of designing, and

Ž .hence producing, molecules or molecular ensembles having
Žwell-defined chemico-physical characteristics such as phar-

.maceuticals, polymers, and additives by fast and economical
processes. The recent progress in computer architecture and
molecular-simulation software have transformed the theoreti-
cal models from topics of exquisite academic interest into
practical tools for molecular and process design, and thus of
industrial relevance. Notwithstanding the progressively in-
creasing importance of molecular simulation in several indus-
trial sectors, still very few articles can be found in the current
literature documenting the potential of such applications in

Žchemical engineering Gubbins and Quirke, 1996; Vv. Aa.,
.1998 .

ŽIn our previous articles Belloni et al., 2000; Fermeglia and
.Pricl, 1999a,b,c , we reported some examples on how molecu-

lar and process simulations can be successfully bridged via
Ž .recourse to the equation-of-state EOS theory, both for sim-

ple and long-chain molecules. The problem of estimating pa-
rameters for EOSs is an important issue in the analysis and
synthesis of chemical processes, and in the use of process
simulators. Indeed, once we realize that, in modern process
simulators, more than 75% of the code implemented is dedi-
cated to physical-property calculations and predictions and
that the data banks storing pure-component as well as binary
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interaction parameters are continuously used, the important
role physical-property availability plays in process simulation
becomes evident. Nonetheless, there are cases in which
chemical engineers need to input EOS parameters for small
molecules that have not yet been synthesized, for compounds
that may be highly toxic or explosive under the current test-
ing conditions, or for long-chain polymers for which experi-
mental data cannot be easily obtained. Furthermore, in the
calculation of rate-controlled processes, it is sometimes nec-
essary to estimate the equilibrium condition with a high de-
gree of accuracy, and again experimental evidence in such
conditions may not be available.

The basic machinery of the procedure for bridging molecu-
lar and process simulation via EOS theory we proposed con-
sists of the application of molecular mechanicsrdynamics
techniques for the determination of physically based EOS pa-
rameters. Thus, we developed a strategy to calculate the per-

Ž . � �turbed hard-sphere chain PHSCT EOS parameters A , V ,
� Ž .and E Fermeglia et al., 1997, 1998 and the lattice fluid

Ž . � � � ŽLF EOS parameters P , � , and T Sanchez and La-
.combe, 1976 . In the case of the PHSCT EOS, the proposed

method essentially consists of the rough estimation of the
molecular surface areas and volumes, related to the corre-
sponding EOS parameter A� and V �, by a combination of

Ž .molecular mechanics MM and graphical algorithms, whereas
the third, energetic parameter E� can be obtained from

Ž .molecular dynamics simulations MD in the gas state. For
the LF EOS, the procedure consists in determining PVT data
sets via MD simulations at different decreasing tempera-
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tures. The two EOS parameters P� and �� can be directly
obtained by data extrapolation to 0 K, whereas the third pa-
rameter T� can be evaluated by inserting P�, ��, and a set
of simulated PVT data into the EOS expression.

The aim of the present article is to extend these techniques
to the prediction of phase equilibria for mixtures. To this end,
we resorted once again to the PHSCT EOS, and in particular

Ž .to its extended version for mixtures Fermeglia et al., 1998 ,
and used a set of well-known binary systems as standard tests.
In detail, we propose two alternative procedures to derive
the PHSCT EOS parameters. The first method is based on
the description of the solvation phenomena at a molecular
level using the conductor-like screening model for real sol-

Ž . Ž .vents COSMO-RS Klamt and Schuurmann, 1993 . The sec-¨¨
ond procedure is the natural extension of the method pro-
posed in our previous work, and is based on molecular me-
chanicsrdynamics experiments.

The two methods presented in this article are briefly sum-
marized as follows:

�
3Method 1: DMO rCOSMO-RS calculations can be used

to predict the activity coefficients and to obtain the PHSCT
EOS parameters A� and V � for each pure component; the
third PHSCT EOS parameter E� for the pure components
can be found by fitting a single experimental vapor pressure
value. Finally, the binary interactions parameters k of thei j
EOS can be obtained from the activity coefficients found for
each binary mixture;

�
� �Method 2: In this case, A and V can be calculated

� Ž .using MMrQM techniques. E can be found either by a
again fitting the EOS to one single experimental vapor-pres-

Ž .sure value, or b MD simulations in the gas state. In this
latter case, the parameters k are found by performing NPTi j
simulations of equimolar mixtures of each binary in the gas
state.

As we discuss later in more detail, the quality of the pre-
diction, in conjunction with the relatively fast calculation time
for the simulation, can be considered extremely satisfactory,
so that the strategies proposed here can be judged as promis-
ing possible routes for the on-line coupling of molecular and
process simulations.

Theory
PHSCT EOS for mixtures

The EOS considered in this work is based on the simpli-
Žfied PHSCT EOS Song and Mason, 1991; Song et al.,

.1994a,b, 1996 , in which the molecule is considered to be
constituted by chains of freely jointed tangent hard spheres.
All the theoretical details concerning the simplified version
of the PHSCT EOS, and the relevant strategy to calculate
the corresponding sets of parameters A�, V �, and E� for
pure components have been reported in detail elsewhere
Ž .Fermeglia and Pricl, 1999a,b . It is appropriate to recall here
only the meaning and the relevant expression for the EOS
parameters. First the parameter A� represents a characteris-
tic surface area, and is defined as

A�s� r� 2N , 1Ž .A

where N is Avogadro’s constant, r is the number of effectiveA
hard spheres per molecule, and � is the separation distance

between segment centers at the minimum in the pair poten-
tial. Second, the parameter V � is a characteristic ®olume, de-
fined as:

V �s �r6 r� 3N ; 2Ž . Ž .A

and finally a characteristic cohesi®e energy E� is

E�s r �rk R , 3Ž . Ž .g

where R is the gas constant; k is Boltzmann’s constant; andg
E� is constructed by multiplying the potential well depth �
between two nonbonded segments of the molecule by the to-
tal number of segments per molecule.

The extension to mixtures of the PHSCT EOS is straight-
forward, and can be obtained by applying mixing rules to the
EOS parameters for the pure components; this leads to the

Ž .following equation Song et al., 1994b

m mP
qs1q � x x r r b g d y x r y1Ž .Ž .Ý Ýi j i j i j i j i j i i�kT i , j i

m�
q� g d y1 y x x r r a , 4Ž .Ž . Ýii ii i j i j i jkT ij

where x sNrN is the number fraction of molecules; r isi i i
Ž q.the number of segments for the ith component; and g di j i j

is the ij pair radial distribution function of hard-sphere mix-
tures at contact. The accurate statistical-mechanical expres-

Ž q .sion for g d of Boublik-Mansoori-Carnahan-Starlingi j i j
Ž . Ž .BMCS Boublik, 1970; Mansoori et al., 1971 has been used
in the model

� � 21 3 1i j i j
g � , � s q q , 5Ž .Ž .i j i j 2 31y� 2 21y� 1y�Ž . Ž .

where � is the packing fraction

m�
�s x r b , 6Ž .Ý i i i4 i

and � is given byi j

1r3 mb b �i j 2r3� s x r b . 7Ž .Ýi j k k kž /b 4i j k

Each binary molecular pair is characterized by a set of two
Ž . Žparameters: a the attractive force parameter and b thei j i j

.second cross-virial coefficient of hard-sphere mixtures , re-
spectively. These two parameters can be obtained by exten-
sion of the corresponding equations for pure components, as

2� kT
3a s � � F 8Ž .i j i j i j až / ž /3 �i j

2� kT
3b s � � F , 9Ž .i j i j i j bž / ž /3 �i j
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where F and F are two empirical expressions determineda b
from the thermodynamic properties of argon and methane

Ž .over a large range of T and P Song et al., 1996 .
The proposed combining rule for � is based on the addi-

tivity of hard-sphere diameters without any interaction pa-
rameter:

� q�i j
� s . 10Ž .i j 2

For the energetic parameter � , a binary interaction param-
eter k is introduced in the combining rule asi j

� s � � 1yk . 11Ž .Ž .'i j i j i j

From a practical standpoint, it is more convenient to trans-
form Eq. 4 from a number basis to a segment basis, that is

mP
qs1q � � � b g dŽ .Ýr i j i j i j i j� kTr i , j

m m1 �rqy � 1y g d y � � a , 12Ž .Ž .Ý Ýi ii ii i j i jž /� kTi ij

where

Nr
� s 13Ž .r V

N r x ri i i i
� s s 14Ž .mi Nr x rÝ j j

j

m

N s N r . 15Ž .Ýr i i
i

Further, since analytical expressions for all the thermody-
namic properties can be obtained in a modular and efficient
way by partial differentiation of the Helmholtz energy sur-
face with respect to either the number of moles, the tempera-

Ž .ture, or the volume Mollerup and Michelsen, 1992 , we fi-
nally rewrite Eq. 12 in terms of Helmholtz energy, thus ob-
taining

m 0 m mA � Ai is q � � � b WÝ ÝÝr i j i j i jN kT r kTNr i ii i j

m m m1 �ry � 1y Q y � � aÝ ÝÝi ii i j i jž /r kTii i j

m � �i iq ln � kT , 13Ž .Ý rž /r ri ii

where A0 is the pure-component ideal gas term

�1 I 3� r i j1
W sW � ,� s g d� s q IŽ . Hi j i j i j i j r 22� � 2 �0r

� 21 i jq I 14Ž .332 �

d�� r r
Q sQ � ,� s g y1 syln 1y�Ž .Ž . Ž .Hi j i j i j i j �0 r

� � 23 1i j i jq q 15Ž .2 22 4� 1y�Ž .
m�r

�s � b 16Ž .Ý i i4 i

1r3
b b �i j r 2r3� s Ý� b 17Ž .i j k kž /b 4i j

1 � nyi

I sy I q 18Ž .n ny1 ny1ny1 1y�Ž .

and

I syln 1y� . 19Ž . Ž .1

The chemical potential for a component in the mixture is
obtained by partial differentiation of the residual Helmholtz

Ženergy with respect to the number of moles Fermeglia et al.,
.1998

0 m m 	 W
 
 i jk ks q2 r � � b W q � � b NÝ Ýk r i ik ik i j i j rž /kT kT 	 Nkis1 ijs1

m m1 	 Q 2 r �ii k ry r y1 Q y � 1y N y � aŽ . Ý Ýk kk i r i ikž / ž /r 	 N kTi kis1 is1

�kqln � kT . 20Ž .kž /rk

This procedure has been followed in this article for develop-
ing the model and writing the thermodynamic routines of the
computer programs used for the calculations.

Determination of PHSCT EOS parameters by COSMO
calculations

The first-principles quantum mechanical methods are ca-
pable of correctly describing the electronic and geometrical
structures of solute molecules, including polarization effects
due to the presence of the solvent. In a quantum mechanical
approach, however, only a number of solvent molecules can
be considered explicitly, due to the high computational cost.

Ž .The use of density functional theory DFT , as implemented
for instance in the DMol3 program, allows us to treat larger
molecular systems than in ab initio methods such as

Ž .Hartree-Fock or Mø�eller-Plesset perturbation theory MP2 .
However, even within the framework of the DFT, a simpli-
fied model has to be used, and the most successful theories
used so far are all based on the polarizable continuum model
Ž . Ž .PCM proposed originally by Miertus et al. 1981 . In this
model, the solute molecule is embedded in a dielectric con-
tinuum of permittivity g. The dielectric continuum is polar-
ized by the charge distribution of the solute, which results in

wa charge distribution on the cavity surface also called solvent
Ž .xaccessible surface SAS . For a given charge distribution

within the cavity, the surface screening charges are then cal-
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culated by solving the Poisson equation, and hence used as a
perturbation included in the Hamiltonian for electronic
structure calculations of the solute. The new, perturbed den-
sity of the solute is used again for Poisson calculations, and
the procedure is iterated until self-consistency is achieved. At
costs comparable to gas-phase calculations, these methods are
capable of giving a surprisingly good description of the prop-
erties and the energetics of molecules in various solvents, in-
cluding water. Despite the considerable success of PCM-
based models, they are hardly justifiable from a theoretical
point of view, mainly because the electric fields on the molec-
ular surfaces of fairly polar solutes are so strong that the ma-
jor part of the solvent polarizability, that is, is the reorienta-
tion of static dipoles, no longer behaves linearly, as it does in
the macroscopic limit, but is almost at saturation.

Starting from these considerations, quite recently Klamt
Ž .and his coworkers 1993, 1995, 1998 have proposed a new

theory, called the conductor-like screening model for real sol-
Ž .®ent COSMO-RS , based on screening in conductors, which

is non-iterative and allows for the calculation of accurate gra-
dients without cavity shape constraints. The COSMO-RS the-
ory takes the ideally screened molecules as starting points for
the description of molecules in solution. The deviations from
ideal screening, which occur in any real solvent, are de-
scribed as pairwise misfit interactions of the ideal screening
charges on contacting parts of the molecules in the fluid. Since
COSMO-RS does not depend on experimental data or any
parameterization for the solvent, it efficiently enables the cal-
culation of the chemical potential of almost any solute in al-
most any solvent. Thus, it is capable of treating almost the
entire equilibrium thermodynamics of fluid systems and, in
our opinion, can constitute a powerful alternative to
grouprfragment-based methods like, for instance, UNIFAC.

In this work, we use the COSMO version as implemented
3 2 Žin the DMol suite of Cerius v. 3.9 from Molecular Simula-

.tions Inc., USA . This choice relies on the fact that DFT cal-
culations yield ground-state properties as reliable as
Hartree-Fock calculations with higher-order correlation cor-
rections, but at much lower cost. Even at the default level,
these have sufficiently good tails to reliably reproduce quan-
tities such as dipole moments and polarizabilities, which are
of crucial importance for any solvation calculation.

In the new procedure proposed in this work, the entire set
of parameters of the PHSCT EOS version for mixtures can
be obtained from DMol3rCOSMO in the following fashion.
First, from the values of the area and volume of the dielectric
cavity in which the solute molecule is embedded, normalized

Ž .with respect to methane rs1 , the relevant r and � values
can be calculated and, accordingly, the pure component pa-
rameters A� and V � can be obtained by means of Eqs. 1 and
2. The third, energetic parameter of the pure component set
E� can then be evaluated by inserting A�, V � and the corre-
sponding experimental vapor-pressure value into the EOS ex-

Ž .pression for pure-components Fermeglia et al., 1998 . The
choice of using the experimental values of vapor pressure in
determining the value of the E� parameter is because, in this
investigation, we focused on mixtures. Accordingly, by elimi-
nating errors in the limiting value of the VLE phase dia-
grams, we can isolate the effect of the binary interactions
and, thus, propose an effective method for calculating the
binary interaction parameter, as describe hereafter.

Indeed, beside the pure-component parameter sets, the
PHSCT EOS version for binary mixtures requires the knowl-
edge of the binary interaction parameter k . For the estima-i j
tion of this last parameter, we suggest a procedure that is
similar to that implemented in process simulators, in which
the parameters of a given model are estimated from a known
set of parameters of another model. Therefore, we regressed
the simulated activity coefficient data of each binary system
obtained as a result of COSMO-RS calculations, using the
PHSCT and the relevant pure-component parameter sets just
obtained, by means of a computer program based on the
maximum-likelihood method. For both E� and k determi-i j
nation, as well as for the subsequent VLE prediction, we de-
veloped ad hoc in-house Fortran codes, paying particular at-
tention to reducing CPU time and to improving the reliability
of the search procedure.

Determination of PHSCT EOS parameters by MMrrrrrQM
and MD calculations

The second, alternative procedure we propose is based on
the application of molecular mechanicsrdynamics techniques.
As we reported elsewhere, these types of virtual experiments
can be very effectively used for the a priori determination of
EOS parameters, provided these have a well-defined physical

Ž .meaning Fermeglia and Pricl, 1999b,c . Accordingly, the
three PHSCT EOS parameters for the pure components can
be estimated as follows. The two parameters � and r can be
estimated from the values of molecular areas and volumes,
calculated via a modified Connolly algorithm and normalized

Ž . � �with respect to methane rs1 . Then, A and V can be
obtained again by means of Eqs. 1 and 2.

The third, energetic EOS parameter E� for the pure com-
ponents can then be calculated in two different ways. Follow-
ing the first route, similar to that employed for COSMO-based
calculations, E� can be evaluated by inserting A�, V �, and
the corresponding experimental vapor-pressure value into the
EOS expression for pure components. Alternatively, the pa-

� Ž .rameter �rk, appearing in the expression of E Eq. 3 , can
Žbe obtained from MD simulations in the gas state Ts800

.K as the ratio of the equilibrium value of the nonbonded
contributions of the potential energy and the kinetic energy
at the given temperature

Enonbonded� pots T . 21Ž .
k Ekin

� ŽThus, E is easily calculated again via Eq. 3 Fermeglia and
. nonbondedPricl, 1999b,c . In Eq. 21, E is the intermolecularpot

component of the potential energy; simple order estimation
gives that Enonbonded is proportional to � and E is propor-pot kin
tional to kT in the low-density and high-temperature limit.

Once the � for the pure components are known, we cani
obtain the values for the combined terms � from Eq. 10.i j
Further, knowing the � and extracting the combined termsi
� from an MD experiment carried out on the correspondingi j
binary mixture in the gas state, we can estimate the value of
the binary interaction parameter k directly from Eq. 11. Ini j
this second pathway we do not make use of any experimental
data, and it can therefore be considered as a ‘‘pure predic-
tion’’ method.
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Table 1. Calculated Structural Molecular Parameters and Selected Chemicophysical Data for All the Pure Components

˚Ž .Bond Length A � H I.P. 
form
Ž . Ž . Ž . Ž .Compound Bond Angle � kcalrmol eV Debye

Methanol
Ž .C
H 1.100 1.0936
Ž .C
O 1.419 1.424
Ž . Ž . Ž . Ž .O
H 0.945 0.9451 y57.03 y57.15 11.00 10.85 1.62 1.70

Ž .HCH 108.4 108.63
Ž .COH 108.5 108.53

Ethanol
Ž . Ž .C
H CH 1.100 1.103
Ž . Ž .C
H CH 1.092 1.092

Ž .C
C 1.514 1.512
Ž . Ž . Ž . Ž .C
O 1.427 1.431 y64.22 y66.34 10.68 10.47 1.68 1.69
Ž .O
H 0.976 0.971

Ž .COH 105.8 105
Ž .CCO 107.9 107.8
Ž .HCC 111 110.5

1-Butanol
Ž .C
H 1.108 1.107
Ž .C
C 1.531 1.531

Ž . Ž . Ž . Ž .HCH 107.1 107 y79.95 y78.22 10.26 10.06 1.70 1.66
Ž .CCC 113.5 113.8
Ž .HCC 111.1 111.0

Trichloromethane
Ž .C
Cl 1.752 1.758
Ž . Ž . Ž . Ž .C
H 1.098 1.10 y28.99 y24.64 11.70 11.37 1.15 1.1

Ž .ClCCl 110.8 111.3

Cyclohexane
Ž .C
H 1.117 1.119
Ž . Ž . Ž .C
C 1.537 1.536 y38.53 y37.38 10.09 9.86 0.00

Ž .CCC 111.1 111.3

n-Hexane
Ž .C
H 1.107 1.107
Ž . Ž . Ž .C
C 1.530 1.531 y46.82 y47.49 10.08 10.13 0.00

Ž .HCH 107.3 107
Ž .CCC 113.7 113.8

Benzene
Ž . Ž . Ž .C
H 1.100 1.101 20.0 19.74 9.65 9.25 0.00
Ž .C
C 1.398 1.399

Chlorobenzene
Ž .C
H 1.089 1.083
Ž .C
C 1.401 1.400
Ž . Ž . Ž .C
Cl 1.728 1.737 14.82 9.36 9.06 1.61 1.69

Ž . Ž .CC Cl C 121.5 121.7
Ž . Ž .CC H C 119.7 120

Hexafluorobenzene
C
F 1.344

Ž . Ž .C
C 1.391 y231.1 228.3 10.4 9.906 0.00
FCC 120.0
CCC 120.0

Pyridine
Ž .C
H 1.089 1.081
Ž .C
C 1.393 1.394
Ž .C
N 1.340 1.340

Ž . Ž . Ž . Ž .HCC 121.6 121.3 32.02 33.56 9.32 9.25 2.17 2.215
Ž .CCC 118.9 118.5
Ž .CNC 116.1 116.8
Ž .NCC 123.9 123.9
Ž .HCN 115.8 115.9

1,4-Dioxane
Ž .C
H 1.106 1.112
Ž .C
C 1.510 1.523
Ž .C
O 1.428 1.423 y94.97 10.2 0.00

Ž .COC 111.6 112.4
Ž .OCC 110.4 109.2

Note: Available experimental data are reported in parentheses for comparison.
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Simulation Details
All simulations were performed on a Silicon Graphics Ori-

Žgin 200 microprocessor MIPS RISC 10000, 64-bit CPU, 128-
. 2 Ž .MB RAM . The commercial software Cerius v. 3.9 from

Molecular Simulation Inc. was used for MMrQM and MD
simulations. The generation of accurate model structures of
several pure organic substances was conducted as follows. For
each compound, the molecule was built and its geometry op-
timized via energy minimization using the COMPASS force
field, the first ab initio force field that has been parameter-
ized and validated using condensed-phase properties in addi-
tion to various ab initio and empirical data for molecules in

Ž .isolation Sun, 1998 . The bond terms of the COMPASS FF
potential energy function include a quartic polynomial both
for bond stretching and angle bending, a three-term Fourier
expansion for torsions, and a Wilson out-of-plane coordinate
term. Six cross terms up through third order are present to
account for coupling between the intramolecular coordinates.
The final two nonbonded terms represent the intermolecular
electrostatic energy and the van der Waals interactions, re-
spectively; the latter employs an inverse 9th power term for
the repulsive part rather than the more customary 12th power
term.

The molecules were modeled to have a total charge equal
to zero, and the distribution of the partial charge within each
molecule was determined by the charge-equilibration method

Ž .of Rappe and Goddard 1991 . Energy was minimized by up´
to 5,000 Newton-Raphson iterations. Following this proce-

Ž .dure, the root-mean-square rms atomic derivatives in the
˚low-energy regions were smaller than 0.01 kcalrmol A.

Long-range nonbonded interactions were treated by applying
suitable cutoff distances, and to avoid the discontinuities
caused by direct cutoffs, the cubic spline switching method

Ž .was used Brooks et al., 1985 . Van der Waals distances and
energy parameters for nonbonded interactions between het-
eronuclear atoms were obtained by the sixth-power combina-

Ž .tion rule proposed by Waldman and Hagler 1993 .
The gas-phase reference energies for all the structures of

the data sets were obtained from nonlocal DFT VWN-BP
Ž .gas-phase optimization, applying the DNP basis v.4.0.0 of

DMol3 as implemented in the Quantum 1 platform of Cerius2,
˚and a real space cutoffs5.50 A. All structures were then

Žreoptimized in a continuum conductor that is, with

Table 2. Areas A and Volumes V of Dielectric Cavities� and
Corresponding PHSCT EOS Parameters A� and V�

� �A V A V
2 3 y9 2 3˚ ˚Ž . Ž . Ž . Ž .Compound A A 10 cm rmol cmrmol

Methanol 68.11 48.83 4.102 25.76
Ethanol 88.24 70.22 5.314 33.03
1-Butanol 124.7 114.1 7.514 41.73
Trichloromethane 116.9 105.2 7.043 39.44
Cyclohexane 132.2 127.1 7.963 43.14
n-Hexane 157.3 146.3 9.476 52.22
Benzene 121.9 110.3 7.344 41.04
Chlorobenzene 140.9 132.8 8.488 46.43
Hexafluorobenzene 163.3 159.9 9.833 52.79
Pyridine 117.7 105.7 7.091 39.75
1,4-Dioxane 120.7 110.5 7.268 40.34

Note: As obtained from DMol3rCOSMO calculations.

Table 3. PHSCT EOS Energetic Parameter E� as Obtained
by Inserting Experimental Vapor Pressure P 0, Temperature

T and Corresponding Set of A� and V � Parameters� in the
PHSCT for Pure Components

�0P T E
3Ž . Ž . Ž .Compound bar K bar dmrmol

Methanol 0.169 298 58.023
Methanol 0.445 318 57.207
Methanol 0.554 323 56.992
Methanol 3.467 373 55.070
Ethanol 0.0786 298 64.842
1-Butanol 0.00872 298 88.159
Trichloromethane 0.265 298 68.419
Trichloromethane 0.693 323 68.786
Cyclohexane 0.130 298 77.204
n-Hexane 0.444 318 78.588
Benzene 0.127 298 73.420
Benzene 0.362 323 73.799
Chlorobenzene 0.0160 298 89.528
Hexafluorobenzene 0.117 298 84.328
Pyridine 0.638 373 81.173
1,4-Dioxane 0.161 323 78.821

Note: They are listed in Table 2. Experimental data from Dechema
Chemistry Data Series.

3 Ž .DMol rCOSMO and f g s1, using a number of segments
.s92 . The values of the area and volume of the dielectric

cavity in which the solute molecule is embedded can be ex-
tracted directly from the corresponding COSMO files. Fi-
nally, the phase-equilibrium properties of each binary mix-
ture considered necessary for the determination of the EOS
parameters according to the procedure reported earlier, were
again obtained from the COSMO files generated by DFT cal-
culations using the new software COSMOtherm from COS-

Ž .MOlogic v. C1.0, Leverkusen, Germany .
The estimation of the molecular surface areas and vol-

umes, required for the determination of the PHSCT EOS pa-
rameters A� and V � by MMrMD techniques, was per-

Žformed via the Connolly dot algorithm Connolly, 1983a,b and
.1985 , corrected to account for quantum effects using the

Ž .method proposed by Rellick and Becktel 1997 . In this way,
no assumption was made about the value of the radii of indi-

Ž .vidual atoms or groups of atoms Fermeglia and Pricl, 1999b .

Table 4. Binary Interaction Parameter k for the Systemsi j
Considered: Corresponding VLE Prediction vs.

Experimental Data�

Ž .Mixture T K k RMSD P RMSD yi j

Methanolrethanol 298 0.0010 0.11 0.44
Methanolr1-butanol 298 0.0250 0.52 2.49
Trichloromethanermethanol 298 0.0503 1.34 4.77
Methanolrcyclohexane 298 0.0987 3.89 8.72
n-Hexanermethanol 318 0.0765 3.90 12.5
Methanolrbenzene 298 0.0605 3.46 7.92
Methanolrpyridine 373 0.0206 1.10 0.63
Methanolrhexafluorobenzene 298 0.0676 2.69 7.61
Methanolr1,4-dioxane 323 0.0252 3.99 2.37
Benzenerchlorobenzene 298 0.0013 0.012 0.14
Trichloromethanerbenzene 323 0.0096 0.24 0.25

Note: Experimental data from Dechema Chemistry Data Series.
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For the calculation of the � parameters of the pure com-i
ponents, 256 molecules were confined in a cubic box with
periodic boundary conditions; in order to minimize the arti-
fact of periodicity for liquids and gases, a cutoff distance was
set equal to half the box length. The resultant structures were
relaxed via MM, again using the COMPASS FF; in this case,
the Ewald technique was employed in handling nonbonded
interactions. To obtain values of the mixture terms � , andi j
hence of the binary interaction parameter k , the same simu-i j
lation conditions were used for the corresponding equimolec-
ular binary mixtures.

Ž .Each constant pressure-constant temperature NPT
molecular dynamics run was started by assigning initial veloc-
ity for the atoms according to a Boltzmann distribution at
2�T , where T was set equal to 800 K, a value well above the
critical temperature for all the compounds considered. Tem-
perature was controlled via weak coupling to a temperature

Ž .bath Andersen, 1980 , with coupling constant � s0.01 ps,T
whereas pressure was kept constant by coupling to a pressure

Ž .bath Berendsen et al., 1984 , with relaxation time � s0.1P
ps. The Newton molecular equations of motion were solved

Ž .by the Verlet leapfrog algorithm Verlet, 1967 , using an inte-
gration step of 1 fs. Since the partial charges assigned by the
charge equilibration method are dependent on structure ge-
ometry, they were updated regularly every 100 MD steps dur-
ing the entire MD runs.

Each MD simulation was performed using the COMPASS
force field and consisted of a system equilibration phase, dur-
ing which the equilibration process was followed by monitor-
ing the behavior of both kinetic and potential energy and the

time evolution of density, and a successive data-collection
phase. Since the energy components as well as density have
ceased to show a systematic drift and have started to oscillate
about steady mean values around 30r35 ps, equilibration

Žphases longer than 50 ps that is, 50,000 MD steps with time
.steps1 fs and data-acquisition runs longer than 300 ps were

judged not necessary to enhance data accuracy.

Results and Discussion
The validity of any molecular simulation rests on the suit-

ability and accuracy of the equations used for the molecular
potentials. Although the accuracy of a prediction may be esti-
mated by considering the approximations and simplifications
of the model and computational procedure, the final test lies
in a comparison of theoretically predicted and experimentally
measured properties. Table 1 shows the results of this com-
parison in terms of geometrical parameters and of other gen-

Žeral chemicophysical-properties such as dipole moment, ion-
.ization potential, and enthalpy of formation obtained for the

pure components considered in our work. From an inspec-
tion of this table we can conclude that, for all the compounds
considered, the agreement is more than satisfactory.

Results from COSMO-based calculations
Table 2 reports the values of the areas A and volumes V

of the dielectric cavities, in which the solute molecules ana-
lyzed are embedded as obtained from DMol3rCOSMO calcu-
lations. The determination of the relevant values of the

October 2001 Vol. 47, No. 10AIChE Journal 2377



� Ž . � Ž .PHSCT EOS parameters A Eq. 1 and V Eq. 2 is then
straightforward, and the corresponding values are also shown
in Table 2. Table 3 reports the values of the third, energetic
PHSCT EOS parameter E�, as obtained by inserting the val-
ues of the corresponding A� and V � parameters listed in
Table 2, along with the corresponding experimental vapor
pressure and temperature, in the PHSCT EOS expression for
pure components.

The k values necessary to the complete characterizationi j
of any binary system were then obtained by fitting the activity
coefficient data predicted from COSMO-RS calculations on
the relevant mixtures performed by COSMOtherm, as de-
scribed in the previous section. The pertinent values are re-
ported in Table 4.

Once the entire sets of PHSCT EOS parameters for all
pure components as well as the corresponding binary interac-
tion parameters were available, they were inserted into the
PHSCT EOS, and the corresponding VLE behavior of the
systems considered were predicted. Table 4 shows the results
of the comparison between experimental and predicted VLE

Ž .behavior in terms of root-mean-square deviation rmsd , de-
fined as

2exp calcM yMŽ .i i
rmsds100 , 22Ž .Ý) 2expN MŽ .i i

where M exp is the experimental value of a generic propertyi
M, M calc is the corresponding calculated value, and N is thei

total number of data points, whereas some graphical exam-
ples are given by Figures 1 to 4 for the trichloromethaner
methanol, benzenerchlorobenzene, methanolr1,4-dioxane,
and methanolrhexafluorobenzene systems, respectively. In
particular, Figures 1a to 4a show a graphical representation
of the quality of prediction obtained using COSMOtherm,
while Figures 1b to 4b illustrate the quality of the calculation

Ž .obtained from PHSCT see Table 4 .
In terms of rmsd, the overall quality of the results shown in

Table 4 and in the pertinent figures is rather good. Neverthe-
less, from a detailed inspection of both Table 4 and all the
graphics reported here, it is evident that the prediction of the
phase behavior ranges from very good for several systems to
a quality that is unsatisfactory from the standpoint of process
design usability for a couple of systems considered. In partic-
ular, the virtual data predicted by COSMO are very good for

Ž .all systems except for methanolr1,4-dioxane see Figure 3a
Ž .and methanolrbenzene see Table 4 . On the other hand, the

Ž .PHSCT EOS nicely fits most systems see Figures 1b to 4b
except methanolrbenzene and methanolrcyclohexane, for
which the model shows its inherent inability to reproduce po-

Žlar
nonpolar interaction and association phenomena see
.Table 4 . A global comparison between these sets of figures

shows the effects introduced by the EOS in the calculations.
Further, it is worthwhile noticing the computational time

involved in the production of these results. The cost of col-
Žlecting one vapor
liquid equilibria data point that is, one

.temperature and composition for just one binary mixture has
been estimated to be about U.S. $2,600 and to take 2 days
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Ž .Gubbins and Quirke, 1996 , whereas the entire process, from
molecule building and modeling through quantum calcula-
tions to EOS parameter estimation and VLE prediction takes
less than 10 h in the computational environment described
earlier and for the biggest molecules considered. In these cal-
culations, the rate-determining step is the DMol3 calcula-

Ž .tions see Figure 5 . Further, this time could be reduced by
the availability of a database containing all the precalculated
DMol3 gas-phase and COSMO files for common compounds.
In that case, the time of the molecular modeling would be of
the same order of magnitude as that involved in process sim-
ulation, so that it should be possible to create an on-line liai-
son between the two simulation techniques.

Results from MMrrrrrMD-based calculations
The first step in our second, alternative procedure consists

of the calculation of the molecular surfaces A and volumes V
Žvia a modified Connolly algorithm Fermeglia and Pricl,

.1999b . Figure 6a and 6b shows two examples of the Connolly
surfaces obtained for pyridine and 1-butanol, respectively,
whereas Table 5 reports the corresponding numerical values
of these quantities obtained for all pure components consid-
ered. A comparison of these values with the corresponding
data reported in Table 2 shows that these latter are always
greater than the former; however, the difference is rather
small. This is an expected result, considering the algorithm
by which the A and V values of Table 5 were obtained. In-
deed, we employed a method based on semiempirical molec-
ular orbital calculations, according to which the electron den-
sity distribution of the molecule is determined using the AM1

Ž .algorithm, and the volume and hence the surface of the
molecule is then calculated as a function of the percentage of
the total calculated electronic density.

The determination of the two related PHSCT EOS param-
eters A� and V � is then straightforward, and the relevant
values are also listed in Table 5.

According to the first route proposed for the calculation of
the third EOS pure-component parameter E�, the a priori
calculated parameters reported in Table 5 were then inserted

( )Figure 6. Example of a Connolly surface obtained for a
( )pyridine; b 1-butanol.

in the PHSCT EOS expression for pure components together
with the corresponding experimental values of temperature T

0 Ž .and vapor pressure P see Table 6 . The third column of
Table 6 shows the value of E� thus obtained. The second
path to E� makes no use of experimental data, and consists
in the determination of the ratio �rk by MD simulations, as
described in detail in the Theory section of this article. Once
the value of �rk is known for each compound, E� is also
known by virtue of Eq. 3, and the corresponding values are
listed in the fourth column of Table 6.
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Table 5. Molecular Surface Areas A and Volumes V
Obtained from a Modified Connolly Algorithm and

Corresponding PSHCT EOS Parameters A� and V �

� �A V A V
2 3 y9 2 3˚ ˚Ž . Ž . Ž . Ž .Compound A A 10 cm rmol cmrmol

Methanol 66.52 42.75 4.005 26.54
Ethanol 88.30 64.79 5.319 32.99
1-Butanol 115.1 72.44 6.929 46.39
Trichloromethane 112.5 92.41 6.774 39.69
Cyclohexane 131.7 124.1 7.929 43.39
n-Hexane 157.3 138.9 9.477 53.58
Benzene 121.8 109.4 7.335 41.11
Chlorobenzene 141.2 134.1 8.501 46.33
Hexafluorobenzene 160.5 145.5 9.668 53.95
Pyridine 117.7 105.4 7.087 39.78
1,4-Dioxane 118.1 97.81 7.111 41.50

Finally, the values of the binary interaction parameter ki j
for all the systems considered, again obtained from an MD
calculations conducted on the mixture, using the appropriate

Žpure-component parameter sets and Eq. 11 see earlier for
.details , are reported in Table 7. This table also reports the

Ž .results, in terms of rmsd Eq. 22 , of the comparison between
the VLE predicted by the PHSCT EOS and the correspond-
ing experimental data. The third and fourth columns refer to
the results obtained with the EOS parameter sets calculated

Žvia the first route proposed that is, using the experimental
�.vapor pressure value for the determination of E , whereas

columns 6 and 7 refer to the results based entirely on MD
simulations. For the sake of comparison, some graphical ex-
amples are also reported in Figures 1c to 4c. By analyzing
these figures, we can conclude that the best results are un-
doubtedly obtained from the application of the procedure
based on MD calculations involving the experimental infor-
mation on the pure-component vapor pressures. Nonetheless,
if we consider the alternative procedure, and take into ac-
count the relatively short times and the low costs required to
obtain the pure-component sets and the binary interaction
parameter values of the PHSCT EOS for each system consid-

Ž .ered from molecular building to MD simulations , and the
fact that no single experimental data are required, the results
yielded by the second route, entirely based on MMrMD sim-
ulation, are, in our opinion, to be considered more than satis-
factory. The additional error introduced in this case can be
sensibly ascribed to the temperature dependence of the ener-

� ( )Table 6. PHSCT EOS Energetic Parameter E a by
Inserting Experimental Vapor Pressure P 0,

Temperature T and Corresponding Set of A� and V �

( )Parameters Table 5 in PHSCT EOS for Pure
( )Components; b Straight from MD Simulations

� �0 Ž . Ž .Compound P T E a E b
3 3Ž . Ž . Ž . Ž .bar K bar dmrmol bar dmrmol

Methanol 0.169 298 56.253 56.193
Methanol 0.445 318 55.354 56.193
Methanol 0.554 323 55.119 56.193
Methanol 3.467 373 53.001 56.193
Ethanol 0.0786 298 64.948 65.039
1-Butanol 0.00872 298 76.019 76.101
Trichloromethane 0.265 298 64.921 65.100
Cyclohexane 0.130 298 76.411 76.586
n-Hexane 0.444 318 74.675 74.749
Benzene 0.127 298 73.216 73.113
Benzene 0.362 323 73.586 73.113
Chlorobenzene 0.0160 298 89.844 89.968
Hexafluorobenzene 0.117 298 80.891 80.945
Pyridine 0.638 373 81.058 80.940
1,4-Dioxane 0.161 323 75.175 75.344

getic parameter E�, which is not accounted for in this ver-
Ž .sion of the PHSCT EOS Fermeglia and Pricl, 1999 .

Since the MD-based methods are effectively pure predic-
tions, and since the COSMO virtual data are excellent for
nine systems out of eleven, the slightly worse results obtained
with these techniques are absolutely justifiable, since the same
EOS was used in all cases.

Conclusions
This article reports the results obtained with two new pro-

cedures for estimating EOS parameters from computational
chemistry, one based on COSMO solvation calculations and
one on MMrMD experiments. Except for two systems,
COSMO-based calculations showed satisfactory results in
most cases, which is mainly ascribed to the inherent incapac-
ity of the PHSCT EOS in treating polarrnonpolar and associ-
ated systems. The MD-based predictions show a comparable,
if slightly better quality, especially in the case in which the
third energetic EOS parameter E� for the pure components
was tuned on the corresponding experimental vapor-pressure
values.

The new, original methods proposed in this work give good
results, are relatively inexpensive, absolutely general, and can

Table 7. Binary Interaction Parameters k and Corresponding VLE Prediction vs. Experimental Data�
i j

Ž .Mixture T K k RMSD P RMSD y RMSD P RMSD yi j

Methanolrethanol 298 0.0891 0.15 0.25 0.15 0.50
Methanolr1-butanol 298 0.0073 0.095 1.06 0.19 1.13
Trichloromethanermethanol 298 0.0414 1.79 5.03 2.56 5.13
Methanolrcyclohexane 298 0.1084 4.66 9.60 6.33 14.2
n-Hexanermethanol 318 0.0738 5.13 14.2 5.31 14.1
Methanolrbenzene 298 0.0891 2.05 6.53 2.28 6.49
Methanolrpyridine 373 0.0183 0.84 1.69 1.06 2.17
Methanolrhexafluorobenzene 298 0.0794 2.48 7.85 5.22 7.88
Methanolr1,4-dioxane 323 0.0441 0.62 2.41 6.70 2.24
Benzenerchlorobenzene 298 0.0010 0.035 0.18 0.12 0.74
Trichloromethanerbenzene 323 y0.0100 0.25 0.25 3.47 0.50

�Experimental data from Dechema Chemistry Data Series.
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be applied in principle to any equation-of-state, provided the
parameters have a well-defined physical meaning. The over-
all quality of the results obtained, both in terms of VLE pre-
diction capabilities and computational time involved, allow us
to conclude that bridging between molecular and process
simulation, as well as for mixture calculations, is now well
established through the direct determination of the parame-
ters of a physically based EOS model. We expect such meth-
ods, including the use of better EOS, improved intermolecu-
lar potentials, and faster quantum-mechanical methods, will
be implemented in the near future.
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