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Abstract
The present paper reports the results obtained from MD calculations on the following systems: Ž1.
chloro-fluoro-hydrocarbons ŽCFHs. of widespread use in the refrigerant industry Že.g., R22, R32, R123, etc..
and Ž2. selected polymers of industrial applications. In the case of CFHs, force field and quantum-mechanical
techniques were employed in molecular modeling and for the calculation of geometrical and chemico-physical
parameters. The Connolly surface algorithm, corrected for quantum-mechanical effects, was used in the
evaluation of molecular surfaces and volumes. From these data, the parameters of the perturbed hard sphere
chain equation of state, V U and AU , were obtained. The third parameter, EU , was calculated from extensive MD
simulations under NPT conditions. For polymers, a more complicated preliminary procedure was necessary to
model realistic amorphous polymeric chains. The Lattice Fluid equation parameters were then calculated from
thorough MD simulations both under NVT and NPT conditions. The predicted thermophysical properties of
both classes of substances are then discussed and compared with the relevant experimental data, were available.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
During the last decades, computer experiments based on molecularrquantum mechanics ŽMMrQM.
calculations and molecular dynamics ŽMD. simulation techniques have opened avenues in the
calculations and predictions of both equilibrium and nonequilibrium thermophysical properties of
small molecules and of long polymeric chains as well. The method of MD solves Newton’s equations
of motion for a given molecular system, which results in trajectories for all the atoms in the system.
)
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From these atomic trajectories, a plethora of thermophysical properties can then be calculated as time
averages from the relevant microscopic relationships expressed in terms of molecular positions and
momenta.
The major contributions a microscopic consideration can afford are Ž a. the understanding and Ž b.
interpretation of experimental results; Ž c. semiquantitative estimates of experimental results and, last
but not least, Žd. the possibility to interpolate or extrapolate experimental data into regions that are
only difficultly realizable, if at all, in the laboratory.
Further, from this type of virtual experiments it should be possible, in principle, to extract the
characteristic parameters of some equation of state Ž EOS. , thus avoiding tedious experimental effort
for determining PVT isotherms and vapour pressure as a function of temperature. As an exploratory
work to combine the technique of molecular mechanicsrmolecular dynamics techniques and the EOS
theory, we developed a strategy to calculate the perturbed hard sphere chain Ž PHSCT. EOS
parameters AU , V U and EU for CFHs and, for polymers, the Lattice Fluid ŽLF. EOS parameters P U
and r U. Even though specific equations of state have been considered in this work, the proposed
procedure holds an absolutely general character and can be applied to any equation of state, provided
the pure component parameters have a sound and well defined physical meaning.
In our opinion, this procedure could be of great help in integrating molecular dynamics techniques
and process simulators, particularly in those cases where EOS parameters must be obtained for
molecules with scarce if not absent experimental data sets available.
2. Experimental
All calculations were run on a Silicon Graphics Origin 200 Ž microprocessor MIPS RISC 10000, 64
bit CPU, 128 MB RAM.. The commercial software Cerius 2 from Molecular Simulation was used for
both MMrQM and MD simulations. The CFHs molecules were built and their geometry optimized
via MM using the COMPASS force field. The COMPASS FF is an augmented version of the CFF
series of forcefields w1x, and is the first ab initio forcefield that has been parametrized and validated
using condensed-phase properties in addition to various ab initio and empirical data for molecules in
isolation. 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 of Rappe´ et
al. w2x Energy was minimized by up to 5000 Newton–Raphson iterations. Following this procedure,
the root-mean-square atomic derivatives in the low energy regions were smaller than 0.05 kcalrmole
Å. Long-range nonbonded interactions were treated by applying suitable cut-off distances, and to
avoid the discontinuities caused by direct cutoffs, the cubic spline switching method was used. Other
chemico-physical parameters were obtained by the semi-empirical quantum-mechanical algorithm
MOPAC Žv. 6.0., using the AM1 method and the BFGS procedure with the PRECISE option selected
to ensure an adequate convergence criterion. Following this protocol, the maximum residual internal
coordinate forces on the optimized coordinates were always less than 3 = 10y4 harteerbohr. The
stopping criterion for the SCF iterative process required a density matrix convergence of less than
10y8.
The calculation of molecular surfaces were performed used the so-called Connolly dot surfaces
algorithm w3x. Accordingly, a probe sphere of a given radius, representing the solvent molecule, is
placed tangent to the atoms of the molecule at thousands different positions. For each position in
which the probe does not experience van der Waals overlap with the atoms of the molecule, points
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lying on the inward-facing surface of the probe sphere become part of the molecule solÕent-accessible
surface. According to this procedure, the molecular surface generated consists of the van der Waals
surface of the atoms which can be touched by a solvent-sized probe sphere Ž thus called contact
surface ., connected by a network of concaÕe and saddle surfaces Ž globally called reentrant surface . ,
that smooths over crevices and pits between the atoms of the molecule. The sum of the contact and
the reentrant surface form the so-called molecular surface Ž MS .; this surface is the boundary of the
molecular Õolume Ž MV . that the solvent probe is excluded from if it is not to undergo overlaps with
the molecule atoms, which therefore is also called solÕent-excluded Õolume. Finally, performing the
same procedure by setting the probe sphere radius equal to zero, the algorithm yields the Õan der
Waals surface Ž WS ..
If the Connolly algorithm can be considered a good technique for calculating molecular surfaces,
the same procedure has been proved to be less accurate for the determination of molecular volumes.
Indeed, it has been observed that the molecular volumes derived using algorithms based on van der
Waals radii are generally 30% lower than the experimentally determined volumes for small molecules
w4x. Accordingly, for the calculation of the CFHs molecular volumes, we employed a method based on
semiempirical molecular orbital calculations. First, the electron density distribution of the molecule
was accomplished using the AM1 algorithm. The software calculates the electron density of the
molecule at each point of a grid covering the molecule, allowing the grid size and the space between
grid points to be varied. Since the orientation of the molecule within the gird can also be varied, the
errors that occur from using a grid of a specific spacing and size can be quantified. The electron
density value for each point of the grid was then used to calculate the volume of each molecule as a
function of the percentage of the total, calculated electronic density, according to a calculation
technique proposed by Rellick and Becktel w4x. In this way, no assumption was made about the value
of the radii of individual atoms or groups of atoms. Fig. 1 reports an example of a Connolly surface
for the refrigerant R123.
For the calculation of the thermophysical properties of CFHs, 256 molecules were confined in a
cubic box with periodic boundary conditions; in order to minimize the artifact of periodicity for
liquids and gases, a cut-off distance was set equal to half the box length. The resultant structures were
relaxed via MM, using the COMPASS FF; in this case, the Ewald technique was employed in
handling nonbonded interactions.

Fig. 1. Connolly surface obtained for R123.
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Temperature was controlled via weak coupling to a temperature bath w5x, with coupling constant
t T s 0.01 ps, whereas pressure was kept constant by coupling to a pressure bath w6x, with relaxation
time t P s 0.1 ps. The relevant equations of motion were solved by the Verlet leapfrog algorithm,
using an integration step of 1 fs. Each MD run consisted in a system equilibration phase, during
which the equilibration process was followed by monitoring the behavior of both kinetic and potential
energy and the time evolution of density, and a successive data collection phase. For the CFH liquid
state simulation, the energy components as well as density have ceased to show a systematic drift and
have started to oscillate about steady mean values around 30 ps. Even smaller times were required to
equilibrate the vaporrgas phase. Accordingly, equilibration phases longer than 50 ps and data
acquisition runs longer than 300 ps were judged not necessary to enhance data accuracy.
In the case of polymers, the constitutive repeating unit was first built and modeled via the
COMPASS FF and then polymerized to a DP s 100. Six different amorphous structures for each
polymeric chain were generated via the Rotational Isomeric State algorithm Ž RIS. , at T s 300 K,
packed into a cubic simulation box with 3-D periodicity and relaxed via the PCFF FF to minimize
energy and avoid atom overlaps. The PCFF is an ab initio class 2 forcefield, in which the resulting
energy surfaces are scaled using experimental data to reduce the systematic errors due to the
approximations in the ab initio methods w7x. The bond terms of the PCFF functional form include a
quartic polynomial both for bond stretching and angle bending, a three-terms Fourier expansion for
torsions and a Wilson out-of-plane coordinate term. Six crossterms up through 3rd 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, respectively; the
latter employs an inverse 9th power term for the repulsive part rather then the more customary 12th
power term. The relaxed structures were subjected to simulated annealing Ž5 repeated cycles from 300
K to 1000 K and back. to overcome the local minimum energy barriers using a NVT-MD conditions.
At the end of each annealing cycle, the structures were relaxed via FF, allowing the box dimensions
to vary. The conformation corresponding to minimum energy was extracted for further simulation. A
long single chain instead of many shorter chains was selected for simulation in order to avoid the
unusual distribution of free volumes due to chain several chain ends.
From the fully relaxed models of the corresponding polymeric chains, isothermal-isobaric MD
experiments were run from 300 to 50 K at intervals of 50 K; the information at 0 K, needed for the
polymer pure component parameters estimation, was then collected by extrapolation. The NPT MD
runs at each temperature were performed under the same conditions described for the CFHs
molecules. Also in this case, a preliminary run of 50 ps was sufficient to equilibrate the system and a
data collection phase extended up to 300 ps was considered adequate to obtain the required
information.

3. Theory
A very brief description of the equations of state considered in this work and commonly employed
in process simulators Ži.e., the simplified PHSC theory and the Lattice Fluid theory. will now be
presented.
The equation of state used for CFHs is based on the simplified PHSCT w8–11x in which the
molecule is considered being constituted by chains of freely jointed tangent hard spheres. The PHSCT
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Table 1
Molecular geometries and general properties for a selected list of CFHs. Available experimental values are reported in
parenthesis for comparison
CFHs
R32
C–H
C–F
FCF
HCF

1.099 Ž1.093.
1.355 Ž1.357.
108.38 Ž108.38.
109.58 Ž108.78.

R143a
C–H
C–F
C–C
FCF
CCH
HCH

1.091 Ž1.081.
1.338 Ž1.340.
1.510 Ž1.494.
108.08
111.28 Ž1128.
107.98

R22
C–H
C–F
C–Cl
FCF
FCCl
HCCl

1.267
1.368
1.809
109.28
112.58
105.18

I.P. ŽeV.

m ŽD.

DH form Žkcalrmole.

12.02 Ž12.71.

2.041 Ž1.978.

y106.0 Žy108.0.

13.10 Ž12.90.

2.329 Ž2.347.

y172.6 Žy177.9.

12.3 Ž12.2.

1.47 Ž1.42.

y114.2 Ž115.3.

I.P.s ionization potential.

EOS has been developed starting from the modified Chiew equation of state for hard-sphere chains as
the reference term w12x, a van der Waals type perturbation term and the Song–Mason method to relate
equation of state parameters to the intermolecular potential w8x. More details on this model, as
developed for applications to refrigerant and hydrocarbons, we refer to our previous papers w13,14x.
The relevant equation in terms of pressure is expressed as:
P

ž /
r kT

s 1 q r 2 br g Ž dq . y Ž r y 1 . g Ž dq . y 1 y

r 2a r
kT

Ž1.

where P is the pressure, T the absolute temperature, r s NrV the number density, N the number of
molecules, V the volume of the system, k the Boltzmann’s constant, d the hard-sphere diameter and
g Ž dq. the pair radial distribution function of hard spheres at contact. Three parameters appear in Eq.
Ž1. , all with a well defined physical meaning: respectively, the number of effective hard spheres per
molecule Ž r ., the intermolecular potential-well depth between a nonbonded pair of segments Ž a. and
the segmental diameter Ž b .. To obtain an engineering-oriented equation of state, a redefinition of the
EOS parameters has been performed w13x, expressing the parameters with quantities reflecting the
size, shape and energetic interactions of the fluids considered as follows:
V U s Ž pr6 . rs 3NA

Ž2.
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Fig. 2. Comparison between simulated Žfilled symbols. and experimental Žopen symbols. PVT behavior for R32. Ža.
T s 298.16 K; Žb. 473.16 K. Experimental data from Ref. w20x.

where NA is Avogadro’s constant; a characteristic surface area, AU :
AU s p rs 2 NA

Ž3.

and a characteristic ‘cohesive’ energy, EU
EU s r Ž ´rk . R g

Ž4.

where R g is the gas constant.
According to our procedure, the three EOS parameters can be estimated as follows: from the values
of molecular areas and volumes calculated via the corrected Connolly algorithm and normalized with
respect to methane Ž r s 1., the relevant r and s values can be calculated and, accordingly, AU and
V U can be obtained by means of Eqs. Ž 2. and Ž 3.. The parameter ´rk is obtained from MD as the
ratio of the equilibrium value of the potential and kinetic energy at the given temperature; thus, EU is
easily obtained by Eq. Ž 4. . An alternative way to estimate EU is to insert the calculated AU and V U
into Eq. Ž1., together with a PVT data set generated by MD.

Table 2
Simulated PVT data for R32 at T s 298.16 K and T s 473.16 K
T s 298.16 K Žsubcritical.

T s 473.16 K Žsupercritical.

P Žatm.

V Žccrg.

Phase

P Žatm.

V Žccrg.

16.1
11.6
6.45
3.17
1.38
1.30
1.17
1.10
0.98
0.87

19.44"0.11
33.78"0.34
60.23"0.72
96.15"1.4
20.76"0.10
24.30"0.10
40.24"0.32
58.57"0.56
85.70"1.3
156.5"2.0

v
v
v
v
l
l
l
l
l
l

121.2
75.0
49.6
20.7
12.8
0.0588
0.0200
0.00237

5.30"0.056
9.52"0.14
15.8"0.10
71.4"1.0
100"2.0
2083"14
4255"16
17 544"130
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Table 3
Calculated molecular areas, volumes and PSHCT EOS parameters for a selected list of CFHs
CFHs

˚2.
A ŽA

˚ 3.
V ŽA

AU
Ž10y9 cm2 rmol.

VU
Žcm3 rmol.

EU
Žbar dm3 rmol.

E1U
Žbar dm3 rmol.

R22
R32
R123

91.1"0.3
69.3"0.1
154"0.3

58.7"0.2
50.1"0.1
128"0.2

5.47
4.16
9.27

36.2
20.6
54.1

36.80
32.58
69.94

37.4
34.8
64.6

In order to assert the general validity and applicability of the procedure proposed in this work, a
different equation of state for polymers, i.e., the Lattice Fluid model w15–17x, has been used,
Žalthough the PHSCT could be applied also to macromolecules. .
The Lattice Fluid theory may be considered a generalization of the classical lattice theory, where
vacancies are allowed. The theory gives rise to a compressible equation of state that accounts for
lower critical solution temperatures behavior, thus justifying thermally induced phase separations. The
equation of state is expressed as follows:
r 2
P
T
r
r
q U q U ln 1 y U q Ž 1 y 1rr . U s 0
Ž5.
U
r
P
T
r
r
where T U , P U and r U are characteristic parameters and r ™ ` for polymers: P U corresponds to the
cohesive energy density at 0 K and r U is related to the specific volume at 0 K, ÕU. Both values have
been calculated by means of the extrapolation procedure describe in the experimental session. The
characteristic temperature T U is obtained by inserting P U and r U and simulated PVT data in Eq. Ž5..

ž / ž / ž / ž ž //

ž /

4. Results and discussion
Table 1 reports the results obtained from MMrQM calculations for a selected list of the CFHs
examined; the experimental data are reported for comparison, where available. As can be seen form
this table, the agreement between experimental and calculated values, both in the case of geometrical
parameters and of other general chemico-physical properties, is excellent. An example of simulated
PVT behavior for a given refrigerant Ž i.e., R32. is given in Fig. 2Ž a. and Ž b. , where experimental data
are also shown for comparison. Again, the agreement between simulated and experimental data is
satisfactory, and seems to confirm the validity of the choice of the simulation conditions and
forcefield. For the sake of completeness, Table 2 reports the numerical values of the simulated data.

Table 4
Predicted vapor pressure and volumetric properties for a selected list of CFHs
CFHs
R22
R32
R123

PVT

VLE

P range ŽMPa.

T range ŽK.

AD r Ž%.

Range P 0 ŽMPa.

AD P 0 Ž%.

AD V L Ž%.

Ref.

0.5–2.0
0.12–9.2
10.1

250–340
253–333
30–120

1.59
3.74
–

0.177–1.982
0.347–2.21
1.200–210.2

4.62
4.33
3.30

1.16
2.66
4.29

w21x
w22x
w23x

ADsaverage deviation.
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Table 5
Calculated LF EOS parameters for polystyrene and polyethylene. Experimental data from Ref. w24x ŽPS. and from Ref. w25x
ŽPE.
U

P ŽMPa.
ÕU Žccrg.
T U ŽK.
P range ŽMPa.
T range ŽK.
AAD Ž% volume.

Polystyrene

Polyethylene

437
0.861
629.57
0.1–200
393–469
1.15

377
0.934
437.63
0.1–200
413–473
3.84

AADsaverage absolute deviation.

The results of the calculation of PHSCT EOS parameters for three CFHs are reported in Table 3,
along with the relevant molecular areas and volumes. The last two columns report the energetic
parameter values Ž EU and E1U . calculated according to the two different procedure described above.
As can be seen in Table 4, which shows the predicted vapor pressure and volumetric properties for
a selected list of CFHs by means of the PHSCT EOS, the representation of the experimental data is
more than satisfactory. These results were obtained with E1U ; in the case of EU much larger errors,
especially for P 0 Žup to 80% in the entire T range., were observed. This is essentially due to the
degree of empiricism of the equation of state, which is dumped by the small adjustment of the
energetic parameter to the simulated data. Similar attempts to predict energetic parameters by means
of generalized correlations w14,18x showed comparable results and, in these cases, the energetic
parameter was tuned by using true experimental data. In the present procedure no experimental data
were used.
4.1. Polymers
Table 5 reports the characteristic parameters obtained for the polymers considered in this work
according to the procedure explained in the experimental session. A set of PVT data for different
isotherms and different polymers have been generated by means of molecular dynamics w19x and these
data have been used for tuning the characteristic temperature T U. The Lattice Fluid model ŽEq. Ž4..
with the parameters reported in Table 5 has been used for estimating PVT properties in a wide
temperature and pressure range, and the percent deviations between the predicted and experimental
data are also reported in Table 5. The results obtained can be considered, in our opinion, rather
satisfactory.
5. Conclusions
This paper reports results obtained through a new procedure for estimating EOS parameters from
computer simulations. The problem of estimating reasonable parameters for EOS is a very important
issue in the analysis and synthesis of chemical process and in the use of process simulators. In many
cases, for instance, chemical engineers need to input EOS parameters for molecules that have not yet
been synthesized Žas in the case of a particular chloro-fluoro-hydrocarbon. , or for long chain
molecules for which experimental data cannot be easily obtained Ždue to peculiar process or
experimental conditions.. Furthermore, in the calculation of rate controlled processes, it is sometimes
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necessary to estimate the equilibrium condition with a high degree of accuracy, and again experimental data in such conditions may not be available.
The new, original method proposed in this work gives good results and is relatively inexpensive.
The suggested procedure is absolutely general and can be applied in principle to any equation of state,
provided the parameters have a physical meaning. The tuning of the energetic parameter to a
generated data account for the degree of empiricism introduced at a certain stage in the development
of any equation of state. Further work is in progress to extend the method to other equation of state
and to enlarge the data base test substances.

6. List of symbols
a
AU
b
d
EU
g Ž dq.
k
NA
P
PU
r
Rg
V
VU
T
TU

intermolecular potential well-depth between a nonbonded pair of segments, Eq. Ž 1.
characteristic surface area, parameter in PHSCT EOS, p rs 2 NA , Eq. Ž3.
segmental diameter, Eq. Ž1.
hard sphere diameter, Eq. Ž 1.
characteristic cohesive energy, parameter in PHSCT EOS, r Ž ´rk . R g , Eq. Ž4.
pair radial distribution function of hard spheres in contact, Eq. Ž1.
Boltzmann’s constant
Avogadro’s number
pressure
cohesive energy density at 0 K, parameter in LF EOS, Eq. Ž5.
number of effective hard spheres per molecule, Eq. Ž1.
gas constant
volume
characteristic molecular volume, parameter in PHSCT EOS, Žpr6. rs 3NA , Eq. Ž2.
absolute temperature
characteristic temperature, parameter in LF EOS, Eq. Ž 5.

Greek symbols
´
intermolecular potential well-depth, Eq. Ž 4.
m
dipole moment
nU
specific volume at 0 K, 1rr U
r
density
rU
density at 0 K, parameter in LF EOS, Eq. Ž5.
s
intermolecular potential well-depth distance, Eqs. Ž 2. and Ž 3.
tT
temperature bath coupling constant
tP
pressure bath relaxation time
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