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Vapor–liquid equilibria and heat effects of hydrogen fluoride
from molecular simulation

Donald P. Visco, Jr. and David A. Kofke
Department of Chemical Engineering, State University of New York at Buffalo, Buffalo, New York 14260

~Received 19 March 1998; accepted 2 June 1998!

The vapor–liquid coexistence densities, vapor pressure, and heat of vaporization of hydrogen
fluoride ~HF! is calculated via Monte Carlo simulation from three intermolecular potential models
that are found in the literature. The first is a pure pair potential based solely onab initio data, the
second is a semi-empirical pair potential which uses anab initio derived surface fitted with dimer
spectroscopic data, and the third is aneffectivepair potential that was fit to experimental data for the
condensed phase. As expected, the effective potential reproduces the saturated liquid densities more
accurately than the others do, while all the potential models predict the wrong slope and curvature
in the vapor pressure curve. The inability to reproduce the vapor pressure dependence on
temperature is connected to the models’ poor prediction of the heat of vaporization at temperatures
below 400 K. A biasing algorithm is introduced to study the superheated-vapor heat capacity,
density, association number, and oligomer distribution along three low-pressure isobars using both
the semi-empirical and effective pair potentials. It is found that both these potential models do
predict a peak in the heat capacity, however, they are at cooler temperatures and only about half the
magnitude relative to the experiment. When comparing the potential models to each other, it is
found that the semi-empirical pair potential predicts the onset of near-ideal gas conditions at about
30 K cooler than the effective pair potential. Additionally, the percentage of ring oligomers
predicted by both models is considerable at all but the highest temperatures. Both models also agree
that the monomer and cyclic tetramer are the two most important species at the nonideal states.
© 1998 American Institute of Physics.@S0021-9606~98!50134-1#
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I. INTRODUCTION

Hydrogen fluoride~HF! has enjoyed renewed impo
tance, in part because it is a raw material in the productio
hydrofluorocarbons~HFCs!, which are now used as replac
ment refrigerants for chlorofluorocarbons~CFCs!. While
there has been a substantial increase in the number of
lished experiments on HFC systems,1–8 surprisingly few new
results have been reported for HF1HFC systems,9 and none
have been published recently on pure HF. A likely reas
that data for HF-containing systems have not been forthc
ing is due to the highly caustic and toxic nature of hydrog
fluoride.

Instead, there has been a rise in the number of equat
of state~EOS! developed specifically for HF with clear ex
tensions to include HFCs~as inerts!.10–14 Most of these HF
engineering models combine a conventional cubic EOS w
an association model that describes the formation
hydrogen-bonded HF oligomers through the use of reac
equilibria constants. The choice and distribution of the o
gomers used in the association schemes for these and
models have varied widely. A common, simple sche
based partly on spectroscopic evidence15 and electron
diffraction16 studies assumes a monomer–hexamer mode
HF association with no distinction between the chain or r
or branched hexamer. Others have included the dimer an
trimer and/or tetramer in addition to the monomer a
hexamer.17 The exclusion of the pentamer seems to be
founded as new evidence has revealed that this oligome
4010021-9606/98/109(10)/4015/13/$15.00
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present.18 Still another model has chosen to include all o
gomers with a Poisson-like distribution that promotes
formation of hexamers.10 While these efforts have met with
varying degrees of success, their performance is affected
many factors, only one of which is the choice of associat
scheme. Consequently it is difficult to draw conclusio
about the truth of a given association scheme solely from
performance of a model built upon it.

Separate from these chemical models of HF is the sta
tical associating fluid theory~SAFT! approach,19 which in-
troduces a more detailed picture of the statistical mecha
of association. SAFT is built upon a molecular model, a
does not require an explicit association scheme as input.
plication of SAFT to HF has been attempted only recently14

and further development is under way. The present imp
mentations have done reasonably well in describing va
pressure, but have been found deficient in characterizing
effects.20 This shortcoming points to an inadequate descr
tion of association and, as with the chemical models, t
problem can be overcome most effectively by improving o
molecular picture of these phenomena.

The HF dimer contains only 20 electrons making it qu
amenable to anab initio study of hydrogen bonding, more s
than other strongly associating systems such as hydro
chloride or water. The usual route is to determine a dim
potential energy surface~PES! at some level of theory and fi
the results onto an analytic description of the surface. Th
equations are then used to extract various spectroscopic
5 © 1998 American Institute of Physics
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stants of interest to the investigator. These analytic desc
tions of the dimer PES can be used in molecular dynam
~MD! or Monte Carlo~MC! simulations to predict transpor
or thermodynamic properties of HF. Since this is specifica
a two-body potential, one can compare the results with
perimental data and estimate the importance of 31 body
effects for various quantities, to the extent that the PES
accurate.

Quite distinct from the ‘‘true’’ pair-wise potentials de
veloped viaab initio studies of HF areeffectivepair poten-
tials. These are usually based on condensed-phase
where the 31 body effects are absorbed into the paramet
of the potential model. Typically a limited set of thermod
namic properties~e.g., liquid density, enthalpy! are used to
establish the model parameters, and it is not unusual to
that other properties are not predicted with the same leve
accuracy~although the results are usually better than th
obtained from a purelyab initio potential!.

Of particular interest for HF is the oligomer distributio
because this is something that molecular simulation
uniquely positioned to provide and because the cluste
behavior has a profound effect on HF thermodynamic pr
erties. A good quantitative understanding of clustering c
guide engineering model development. However one has
assurance that oligomer distributions measured in simula
are true—the parameters of effective potentials cannot
expected to yield these distributions accurately because
are not fit to this property, which is for the most part expe
mentally inaccessible. Insteadab initio models that accoun
for higher than pair interactions may be the only alternati
Thus a viable route to the development of an effective
tential that accurately characterizes clustering might invo
verification against such high-qualityab initio studies. Ex-
perimentally the heat capacity, particularly in the vapor, p
vides a~limited! view of the clustering behavior. The vapo
phase heat capacity is marked by a sharp peak that seem
be connected to the formation of HF oligomers. A molecu
model that purports to describe the clustering behavior c
rectly should present heat capacities that are in quantita
agreement with this observation.

The history of the computer simulation of HF beg
about 2 decades ago with an MD study of the liquid by Kle
et al.21 who reported diffusion coefficients, internal energie
and radial distribution functions~RDFs!. Since that time
there have been several MD and MC simulations perform
on the liquid. The variations in these simulations include
development and use of different potential models,22–26 the
explicit inclusion of polarizability,27,28 and the inclusion of
corrections for the long ranged Coulombic interactions29

Additionally, Car–Parrinelloab initio MD simulations have
been performed on the pure liquid30 and a dilute aqueou
solution.31 Most researchers report internal energies a
RDFs with some including heat capacity results or oligom
information on the liquid. Simulations of HF vapor we
done on clusters of various sizes32,33 from which the entropy
and energy change as a function of cluster size is repor
No simulations currently exist for HF in the two-phase r
gion nor for the heat capacity of the superheated vapor.

The Metropolis Monte Carlo simulation method is d
Downloaded 14 Nov 2003 to 128.205.114.91. Redistribution subject to A
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signed to sample the Boltzmann distribution of
ensemble.34 Unfortunately, there are situations where o
cannot, at least during a simulation of reasonable len
sample configurations according to this distribution. Non
godicity may arise in potential models, like HF, that need
be directionally dependent with steep, narrow wells that
tempt to describe association. During the course of a sim
lation, however, these steep, narrow wells tend to trap
simulation into a small, confined area of configuration spa
Opposite to this and just as debilitating, is the problem t
the simulation never explores these low-energy configu
tions because it does not happen upon them. An effici
effective simulation of associating systems needs to be aw
of and account for these complimentary problematic sit
tions.

For this study, we determine the vapor–liquid equilibr
~VLE!, vapor pressure, and heat of vaporization from th
potential models: one ‘‘true’’ pair potential, one sem
empirical pair potential, and one effective pair potential. A
ditionally, we look at the volumetric behavior, oligomer di
tribution, and constant-pressure heat capacity predicted
the semi-empirical and effective pair potentials at so
superheated-vapor states. This article is organized as follo
In Sec. II we describe molecular simulation techniques u
to determine the VLE properties, review the model potenti
examined in this study, and discuss how vapor-phase
capacities are measured, with a brief description of a bias
method used to enhance the sampling of configurations
Secs. III and IV we present the VLE and superheated-va
results, respectively. Section V presents concluding rema

II. POTENTIALS AND METHODS

In this section we give details of the VLE and heat
vaporization study. First, each of the models will be given
cursory description; the reader is referred to the specific
per in which these models first appeared for more detail.

A. Potential models

1. W. L. Jorgensen, 1979 (J79)

The energy for this potential23 is given by

ui , j5(
Vi

(
W j

~qViqW j /r Vi,W j!

1(
Si

(
T j

S bST

r Si,T j
3 1

cST

r Si,T j
6 1

dST

r Si,T j
12 D , ~1!

wherei andj are HF molecules,qVi is the charge of siteV on
moleculei, qWi is the charge of siteW on moleculej, r Vi,W j

is the distance between sitesV on moleculei andW on mol-
ecule j, the atom parameters areb,c,d with the subscripts
indicating the type of atom,r Si,T j is the distance betwee
atomsSon moleculei andT on moleculej; these parameter
are recorded in Table I.

This pair potential is based on dimer energies calcula
from an STO-3G basis set with the HF bond length h
fixed at 0.917 Å. This is a three-site model with charges
the fluorine and hydrogen atom centers. The neutraliz
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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charge is placed 0.416 Å from the F atom away from the
atom along the bond axis. The spherical cutoff radius
been specified as 7.6166 Å and, as the potential was de
oped without any long-range correction for truncation,
such corrections were applied.

2. A. E. Barton and B. J. Howard, 1982 (BH82)

This PES is based on the form derived from theab initio
work of Yarkony and co-workers35 but is parameterized with
molecular-beam spectroscopic data for the dimer. The
potential is given explicitly in terms of four variables: th
distance between the center of mass of the two molecu
the two angles between the line connecting the center
mass and each bond axis; and the dihedral angle. Expo
tial terms are used to capture the repulsion in the poten
while the classical electrostatic interaction is given in ter
of spherical harmonics.24 We chose a cutoff radius of 9.5 Å
and included long-range corrections in terms of orientati
ally averaged dipole–dipole, dipole–quadrupole, a
quadrupole–quadrupole energies.36

3. M. E. Cournoyer and W. L. Jorgensen, 1984 (CJ84)

The interaction energy for this potential26 is given by

ui , j5(
Vi

(
W j

~qViqW je
2/r Vi,W j!1ArFF

2122CrFF
26, ~2!

wherei and j are two monomers,qVi is the charge of siteV
on moleculei, qW j is the charge of siteW on moleculej,
r Vi,W j is the distance between sitesV on moleculei andW on
molecule j ,e is the electrostatic charge, andA and C are
Lennard-Jones~LJ! parameters.

This effective pair potential has parameters determi
via MC iteration to liquid phase experimental data with
fixed HF bond length of 0.917 Å. This is a three-site mod
with a charge of10.725e on both the fluorine and hydroge

TABLE I. Potential parameters for J79.a The parameters correspond to e
ergy in kcal/mol.

Parameter

FF FH HH

b 50.4631 256.4092 62.3553
c 2153.412 10.0910 285.1490
d 61101.7 486.416 1521.03

qF qneutral qH

214.794 29.153 25.641

aSee Ref. 23.
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atom centers. The neutralizing charge is placed 0.166 Å fr
the F atom toward the H atom along the bond axis. The fit
parameters have values ofA53.03105 kcal Å12/mol andC
5425 kcal Å6/mol. A spherical cutoff radius of 8.0 Å wa
used for all the simulations of this potential. Followin
Cournoyer and Jorgensen,26 a long-range correction for only
the LJ part of the potential was included for interactio
beyond the cutoff.

B. Gibbs ensemble and Gibbs–Duhem integration
parameters

For the VLE study, the Gibbs–Duhem integration~GDI!
technique37 was used from high to low temperatures with t
initial state point obtained from a long Gibbs ensemble~GE!
simulation.38 The pressure from the GE simulations, used
initiate the GDI series, was calculated from the vapor vir
for the J79 and CJ84 potentials. The pressure determ
from the GE simulation of the BH82 potential, owing to i
more complicated nature, was calculated through a met
described in the Appendix.

Spherical cut-off was used in cubic boxes, and the cu
radius is listed with the description of the potentials belo
All cutoffs were determined with respect to fluorine–fluorin
atom distance. During the GE simulations, the ratio of v
ume moves, displacement moves rotation moves, and
ticle exchange moves was 2:N:N:8N, whereN is the num-
ber of particles in the corresponding phase. Furt
simulation details are given in Table II.

C. Superheated vapor study

A superheated vapor study on the BH82 and CJ84
tential models was performed to determine the constant p
sure heat capacity predicted via these models. Cons
pressure–constant temperature~NPT! Monte Carlo simula-
tions were done on 108 monomers with 5 million equilibr
tion and 10 million production configurations. During the
NPT simulations, the ratio of volume moves, displacem
moves, and rotation moves were 5:2N:2N. The heat capac-
ity values reported are based on all the production confi
rations contributing to one value. The error bars are base
blocks of 1 million configurations.~All error bars for all
averages in this work are61 standard deviation of the re
ported mean.!

Since the calculation of fluctuation properties is esp
cially sensitive to the exploration of configuration space, b
fore going further we should explore the question of whet
sampling problems prevent us from measuring the heat
pacity for these two models. In Fig. 1 we show the ene
TABLE II. Simulation parameters for the Gibbs ensemble and Gibbs–Duhem integration runs for each poten-
tial model ~configurations5Cfgs, iteration5Iter!.

Model

GE GDI

N
Equil
Cfgs

Prod
Cfgs Nliq Nvap

Pred
Iters

Cfgs
Pred Iter

Corr
Iters

Cfgs
Corr Iter

Prod
Cfgs

J79 250 5 million 25 million 230 20 1 1 million 10 1 million 1.5 million
BH82 250 5 million 25 million 218 32 1 500 000 6 500 000 500 000
CJ84 250 5 million 25 million 225 25 1 1 million 10 1 million 1.5 million
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



8
-

e
cu
he
ic
s

ea
th

t
ov
ra

t
o
t

e
ing

und
ro-
two,
m-
ap-
hat
ent.
al-

nifi-
on
for

nd

82

on-
ia
ith
sen

g
r.

e is

n to
ce

4018 J. Chem. Phys., Vol. 109, No. 10, 8 September 1998 D. P. Visco, Jr. and D. A. Kofke
contours between two planar HF molecules for the BH
model~a! and the CJ84 model~b!. These contours were cre
ated by first placing an F atom (F1) of one molecule at the
origin and making its H atom (H1) lie on the positiveX axis.
Next, we rotated a second F atom (F2) in circles of increas-
ing radius centered at the origin with its H atom (H2) point-
ing towards the origin (F1). From both sets of contours, on
can easily envision a scenario where the second HF mole
is caught in the potential well of the first molecule over t
course of many configurations. Of course a simulation wh
does not sample the configurations in the potential well
not extracting the correct thermodynamic information,a for-
tiori for fluctuation quantity calculations such as the h
capacity. Low density states are especially susceptible to
sampling problem.

One reasonable solution to this sampling problem is
run the simulation in a way that enables molecules to m
in and out of potential wells with some regularity. Seve
such biasing methods have been suggested recently in
literature, some more complex than others. The easies
implement39 simply conducts particle movement on tw
scales: intermolecular and intramolecular. Others such as

FIG. 1. Energy contours for two co-planar HF molecules from the BH
potential model~a! and the CJ84 potential model~b!. The contours are in
units of kcal/mol.
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association biased Monte Carlo40 method of Buschet al. and
the bond-bias Monte Carlo41 method of Tsangaris and d
Pablo biases the simulation so that bonding and unbond
moves are attempted more frequently than would be fo
using normal Metropolis moves; of course the bias so int
duced is removed when deciding acceptance. The latter
although more efficient than the former, are much more co
plicated to implement. We have chosen a middle ground
proach that modifies the bond-bias algorithms in a way t
leaves them less efficient yet less complicated to implem
We call our algorithm the monomer addition-subtraction
gorithm ~MASA!. It should be noted that MASA prohibits
the formation of branched oligomers as these species sig
cantly complicate the algorithm. This is a valid assumpti
for the present study as we are using this algorithm only
the superheated vapor; at this low density stateab initio stud-
ies indicate that branching is unimportant.42 The algorithm is
summarized via a flow diagram in Fig. 2; further details a
evaluation of this algorithm will be presented elsewhere.

FIG. 2. A flowsheet showing the logical structure of the monomer additi
subtraction algorithm~MASA!. To illustrate the types of acceptance criter
that are contained within this algorithm, we will walk through a step w
the probabilities of each move in parenthesis. If a monomer A is cho
~1/Ntot ; Ntot is the total number of oligomers, both chains and rings!, we
next pick a chain B of lengthk ~1/(Nc21); Nc is the total number of chains!
and an end of chain B~

1
2!. Then we place the monomer in the bondin

volume of the chosen end ofB (1/Veff). From here, three things can occu
The first is that a chain of lengthk11 is formed~one H bond!. Second is
that monomer A completes a ring of lengthk11 ~two H bonds!. Third is
that monomer A bridges two chains~two H bonds!. Thus, for example, if the
first scenario is encountered, the acceptance criteria for this mov
min@1,2PE(Veff /V)(Ntot)(Nc21)/(Ntot21) exp(2bDU)# where PE is the
probability that a particular end of the chain is chosen~here it is 0.49; note
that there is a finite probability of choosing a nonend molecule in a chai
satisfy detailed balance!. Note also that for the reverse move where we pla
a molecule in an unbonded position~breaking a bond!, the correct probabil-
ity is 1/(V2NVeff), yet at this low-density stateNVeff /V;1023 thus we
make the assumption that (V2NVeff);V.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The question of what constitutes the bonding volume
HF is nebulous at best. After the work of Cournoyer a
Jorgensen,26 we have used an energetic definition of the h
drogen bond. Figure 3 shows the energetics from NPT n
biased simulations of the superheated vapor at 270 K
96.1 kPa. Any interaction energy less than around22 kcal/
mol for BH82 ~a! and 23 kcal/mol for CJ84~b! can be
attributed to the hydrogen bonding interactions~here and
throughout this article we define all molar quantities on
‘‘apparent’’ basis, which ignores any oligomer formatio
that is, 1 mole520.0064 g!. With this definition, we can re-
visit the energy contours of Fig. 1 to associate the appro
ate energy limits with bonding volumes for each model. F
example, from Fig. 1~a!, we can envision two hemisphere
aroundF1 : one with an outer radius of 3.7 Å and a seco
with an inner radius of 2.6 Å which combined is a fair a
proximation of the22 kcal/mol contour. We will rotate this
area out of the plane to create a bonding volume which
half shell. Since Fig. 1~a! is in terms of F–F distances, w
simply subtract the bond length from the radii determin

FIG. 3. A histogram of the number of molecules over a range of dimer
tion energies for the BH82 model~a! and the CJ84 model~b!. The low
energy peak is due to hydrogen bonding while the peak near 0 is du
interactions with the bulk.
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above to give a more usefulF12H2 distance for our bonding
volume. The same procedure is used for the CJ84 poten

Armed with these definitions of bonding volumes, w
have performed nonbiased and biased NPT simulations
the superheated vapor for the CJ84 potential at 96.1 kP
explore the effects of adding the biased move. Additiona
we have performed biased NPT simulations at two ot
low-pressure states, 56.0 and 15.5 kPa on the CJ84 pote
We have also run biased NPT simulations for the sup
heated vapor on the BH82 potential along all three isob
mentioned above. For the biased simulations, we have
cluded random particle insertions within a simulation box,
addition to the MASA move, to allow for large displace
ments of a molecule. During these biased NPT simulatio
the ratio of volume moves, displacement moves, rotat
moves, insertion moves, and MASA moves we
5:2N:2N:2N:15N.

III. VLE RESULTS

Figure 4 shows the results of the VLE calculation
compared to published experimental data43–45 while Fig. 5
focuses on the saturated vapor density. As expected, th
fective pair potential compares favorably to experimen
data relative to the other two-body potentials for the sa
rated liquid. That BH82 does a better job at the satura
liquid densities than does J79 may make one suspect tha
exclusion of the long-range corrections to J79 is the culp
However, we have studied this model with the inclusion
long-range corrections and have found no substantial cha
in the liquid density. Jorgensen had not included any lo
range corrections in his constant volume–constant temp
ture simulations using this potential, and we wanted to ke
as close as possible to his original work in our evaluati
The effective potential also does a good job on the va

-

to

FIG. 4. Simulation coexistence densities as calculated from the pote
models compared to experimental data. Symbols are as follows: open
angles~J79!, filled squares~BH82!, open circles~CJ84!. Lines are as fol-
lows: solid line~Ref. 43!, dotted line~Ref. 44!, dashed line~Ref. 45!. Con-
fidence limits of the simulation data are smaller than their plotting symb
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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densities. Clearly the implicit inclusion of the 31 body in-
teractions is important for the vapor as well, although f
conclusions can be drawn from these data because o
large influence of the differing saturation pressures on
vapor densities. It is interesting to note that the CJ84 eff
tive potential appears to predict a lower critical temperat
than the other potentials, which puts it at odds with the
perimental data. It seems the extrapolation of the effec
potential to the high temperature and low density states
derestimates the attraction at these states. At moderate
peratures it is noted that the two-body potentials overe
mate the liquid density relative to the effective potential.

We look at the vapor pressure in Fig. 6. All of the mo
els predict a higher value for the vapor pressure relative
experiment12 at elevated temperatures, the two-body pot
tials being worse than the effective potential. All of the vap
pressure curves predicted by the models are concave d
while the experimental vapor pressure curve is concave
There is some region where the model curves and exp
mental curves cross. As seen in Fig. 7, this erroneous s
translates through the Clausius–Clapeyron equation to p
prediction of the heat of vaporization relative to experime
tal data.43,46,47

IV. SUPERHEATED VAPOR STUDY: RESULTS

In Fig. 8 we compare the results of the unbiased a
biased NPT simulations of the CJ84 model at 96.1 kPa
experiment.48 Both the unbiased and biased simulations p
dict the same peak in the heat capacity at around 290 K,
the biased simulations on the whole provide a mu
smoother curve than the unbiased simulations. Thus, it
concluded that the biased simulation, at least at this s
will allow for a more realistic determination of the heat c
pacities. Note that when comparing the biased and unbia

FIG. 5. Saturated vapor density as calculated from the potential mo
compared to experimental data. Symbols are as in Fig. 4. Lines ar
follows: solid line~Ref. 43!, dashed line~Ref. 12!. Confidence limits of the
simulation data are shown only where they are larger than the plo
symbol.
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simulations for certain properties~density and internal en
ergy!, most of the results were the same@within 61 standard
deviation of the mean~sdm!#. At the few states where this
was not true, it was observed that very long unbiased sim
lations were tending in the direction of the biased results
that state. In Fig. 9 we compare the constant-pressure
capacity of the BH82 model and the CJ84 model to that
the experiment at 96.1 kPa~a!, 56.0 kPa~b!, and 15.5 kPa

ls
as

g

FIG. 6. The vapor pressure from the potential models as compared to
perimental data. The experimental data are slightly concave up wherea
the simulation results are slightly concave down~best seen by looking along
the curves from a point near the plane of the paper!. Symbols are as in
Figure 4. The line is the experimental data as obtained from Ref. 12. C
fidence limits of the simulation data are shown only where they are la
than the plotting symbol.

FIG. 7. The heat of vaporization as calculated from the potential mod
compared to experimental data. Symbols are as in Fig. 4. Lines ar
follows: solid line ~Ref. 43!, dotted line~Ref. 46!, dashed line~Ref. 47!.
Confidence limits of the simulation data are shown only where they
larger than the plotting symbol.
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~c!. Both models underestimate the peak in the heat capa
by about half for all three pressures tested. Additiona
simulation shows that for both models the heat capa
peaks occur at temperatures lower than the experim
Comparing the simulation results to each other, it is obser
that the semi-empirical pair potential yields a peak at 30–
K cooler than the effective potential. To explore the reas
behind this, it is necessary to look at the densities predic
by both models at the same state. In Fig. 10 we show
superheated vapor densities and compare them to experi
at states where data exist. For a given temperature, ex
ment indicates a more dense vapor than either of the po
tial models. Comparing the two models to each other,
effective potential provides a larger density than the se
empirical model at a given state. The effect of the poor p
diction of the density by these potential models is seen
Fig. 11 which looks at the association number versus te
perature along the three isobars. The association numb
defined as the ratio of the number of HF molecules to
number of oligomers. Experimental values of the associa
number can be estimated by assuming an ideal gas of o
mers. The degree of association predicted by the pote
models is less than that predicted by the experiment. The
in association number has the character of a phase trans
and is therefore strongly connected to the peak in the h
capacity. One may postulate that better reproduction of
experimental superheated vapor density will aid in captur
the temperature at which the peak in the heat capacity
curs, with the height of the peak being a separate issue
plored next.

An interesting question arises, however, if we exam
the association number that coincides with the heat capa
peak for both potentials and experiment. From Table III
see that for the 96.1 kPa isobar all methods predict a sim
value of the association number at the heat capacity pea

FIG. 8. The heat capacity of the superheated vapor at 96.1 kPa as calcu
from biased~open circles! and non-biased~filled triangles! NPT simulations
from the CJ84 potential model compared to the experimental data of Re
~line!. Confidence limits of the simulation data are shown only where t
are larger than the plotting symbol.
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brief review of the terms that make up the heat capacity fo
mixture is required here to follow the argument further.

Without any knowledge of association, the pure comp
nent molar heat capacity at constant pressure is written

ted

48
y

FIG. 9. The heat capacity of the superheated vapor along three isobars
kPa ~a!; 56.0 kPa~b!; and 15.5 kPa~c!, as calculated from biased NPT
simulations of the BH82 model~filled squares! and the CJ84 model~open
circles! with the experimental data of Ref. 48~solid line!. The broken lines
connecting the symbols are drawn as guides for the eye. Error bars
shown only when larger than the plotting symbol.
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4022 J. Chem. Phys., Vol. 109, No. 10, 8 September 1998 D. P. Visco, Jr. and D. A. Kofke
FIG. 10. The superheated vapor density along three isobars, 96.1 kP~a!;
56.0 kPa~b!; and 15.5 kPa~c!, as calculated from biased NPT simulations
the BH82 model~filled squares! and the CJ84 model~open circles! with the
experimental data of Ref. 46~solid bow ties!. The broken lines connecting
the symbols are drawn as guides for the eye.
Downloaded 14 Nov 2003 to 128.205.114.91. Redistribution subject to A
FIG. 11. The association number~filled symbols, left axis! and percentage
of rings ~open symbols, right axis! along three isobars: 96.1 kPa~a!; 56.0
kPa~b!; and 15.5 kPa~c!, as calculated from biased NPT simulations of t
BH82 model~squares! and the CJ84 model~circles! with the experimental
data of Ref. 46~solid bow ties!. The broken lines connecting the symbo
are drawn as guides for the eye.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



his

is
a
-

as
rm
a-
ur
th
ug
he
ci
W

the
r at
that

for
eat
by
t is
ion
ect

gth

u-
ra-
een

n-
the

t a
w

s. In

in
ted.
ring
lat-

as
hain
The
e-
ig.

lar
also
er

the
t-
o-

-
del
te
vant
tion
le in

t of
al
ec-
ela-
de-
ant-
state
as a
er-
as a

ea

4023J. Chem. Phys., Vol. 109, No. 10, 8 September 1998 D. P. Visco, Jr. and D. A. Kofke
Cp5S ]h

]TD
P

, ~3!

whereh is the apparent molar enthalpy. For a mixture, t
becomes

Cp5
1

Napp
(
i 51

` S ]~NiHi !

]T D
P

, ~4!

whereNapp is the apparent number of moles,Ni is the num-
ber of moles of speciesi, andHi is the partial molar enthalpy
of speciesi.49 If we assume that the partial molar enthalpy
a function only of the number of hydrogen bonds, we c
write H150, andHi5( i 21)H2 for all higher species, as
suming only straight chains. Thus, Eq.~4! becomes

Cp5~1/Napp!FN2S ]H2

]T D
P

12N3S ]H2

]T D
P

13N4S ]H2

]T D
P

1¯G1~1/Napp!FH2S ]N2

]T D
P

1H2S ]~2N3!

]T D
P

1H2S ]~3N4!

]T D
P

1¯G , ~5!

Cp5S ]H2

]T D
P

~1/Napp!S (
i 51

`

iNi2(
i 51

`

Ni D
1~H2!~1/Napp!

]

]T S (
i 51

`

iNi2(
i 51

`

Ni D
P

. ~6!

If we utilize the definition of the association numberx, Eq.
~6! can be written as

Cp5S ]H2

]T D
P
S 12

1

x D2H2

]

]T S 1

x D
P

, ~7!

which is written more conveniently as

Cp5S ]H2

]T D
P
S 12

1

x D1~H2 /x2!S ]x

]TD
P

. ~8!

From the above it is clear that the heat capacity for
sociating systems can be examined as the sum of two te
the first term is a ‘‘conventional’’ heat capacity which me
sures the rate of change of an enthalpy with temperat
while the second term looks at the rate of change of
association number with temperature. Thus, it is not eno
to predict an accurate association number to get correct
capacity behavior; good representation of how the asso
tion number varies with temperature is required as well.

TABLE III. Relevant properties from simulation and experiment at the h
capacity peak for the 96.1 kPa isobar.

Cp peak temp.
K x

(]x/]T)P

K21

Expt. 305 1.96 20.098
BH82 250 2.13 20.058
CJ84 290 1.82 20.058
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can see from Table III that both potential models predict
same temperature derivative for the association numbe
the heat capacity peak temperature; both are about half
of the experiment. A better match with the experiment
this term would move the magnitude of the predicted h
capacity peak in the simulation studies towards that found
the experiment. Of course this simple qualitative argumen
made only to illustrate the importance of the associat
number and its temperature derivative in predicting a corr
heat capacity. The true dependence ofCp on x and]x/]T is
more complex than given from our argument~for example,
distinctions between a ring and a chain of the same len
complicates matters!.

It is interesting to look at the various oligomer distrib
tions predicted by both models over the range of tempe
tures and pressures simulated. The main difference betw
the models is that the effective potential has implicitly i
cluded greater than pair interactions, so a comparison of
models would give some insight into how these 31 body
effects influence cluster formation.

Returning to Fig. 11, it is seen that both models predic
large degree of ring formation at similar states, if we allo
for a temperature translation to better compare the model
Fig. 12 ~chains! and Fig. 13~rings! we give a more detailed
look at the distributions obtained for the relevant species
the CJ84 potential model along the three isobars simula
From these figures, it is clear that the monomer and the
tetramer are the most important mixture components, the
ter falling quickly to zero mole fraction at near-ideal g
states. Other species, such as the ring pentamer and c
tetramer and dimer are also important at some states.
dimer actually shows a peak indicating that it is an interm
diate species in the decomposition of larger clusters. In F
14 ~chains! and Fig. 15~rings! we look at the distributions
predicted by the BH82 potential model. Conclusions simi
to the CJ84 model regarding the species’ importance can
be made from the BH82 model. Also, the peak in the dim
distribution is more enhanced in the BH82 model than
CJ84 model. Additionally, the relative amount of ring te
ramer is much larger in this model than in the effective p
tential. This indicates that the 31 body interactions are re
pulsive; the absence of this repulsion in the BH82 mo
allows more of the tetramer to form. It is interesting to no
that these results indicate that the ring pentamer is a rele
species while the hexamer, long included in most associa
schemes attached to equations of state, is nearly negligib
both forms at most states.

V. CONCLUSION

We have presented the VLE, vapor pressure, and hea
vaporization for HF from MC simulation of three potenti
models, one of which was an effective potential. The eff
tive potential was simple and provided the best results, r
tive to experiment, of the three models tested. We also
veloped a biasing algorithm and determined the const
pressure heat capacity of HF in the superheated vapor
from nonbiased and biased NPT simulations at 96.1 kPa
function of temperature for the effective potential. We det
mined the heat capacity along this isobar and two others

t
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FIG. 12. The oligomer distribution for relevant chain species along th
isobars: 96.1 kPa~a!; 56.0 kPa~b!; and 15.5 kPa~c!, as calculated from
biased NPT simulations of the CJ84 model. The inset compares the m
mer mole fraction to the dimer mole fraction. The horizontal scale of
inset is the same as the figure enclosing it.
Downloaded 14 Nov 2003 to 128.205.114.91. Redistribution subject to A
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FIG. 13. The oligomer distribution for relevant ring species along th
isobars: 96.1 kPa~a!, 56.0 kPa~b!, and 15.5 kPa~c!, as calculated from
biased NPT simulations of the CJ84 model.
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FIG. 14. The oligomer distribution for relevant chain species along th
isobars: 96.1 kPa~a!, 56.0 kPa~b!, and 15.5 kPa~c!, as calculated from
biased NPT simulations of the BH82 model. The inset compares the m
mer mole fraction to the dimer mole fraction. The horizontal scale of
inset is the same as the figure enclosing it.
Downloaded 14 Nov 2003 to 128.205.114.91. Redistribution subject to A
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FIG. 15. The oligomer distribution for relevant ring species along th
isobars: 96.1 kPa~a!, 56.0 kPa~b!, and 15.5 kPa~c!, as calculated from
biased NPT simulations of the BH82 model.
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function of temperature using the biased NPT simulations
the effective and semi-empirical pair potentials. The N
simulations for both models showed a peak in the heat
pacity as a function of temperature but the peaks were m
smaller and occurred at lower temperatures relative to p
lished experimental data for HF.

From our biased NPT simulations we were able to
tract information about the density, degree of associat
and the composition of the superheated vapor at all the s
simulated. The results indicated that both potential mod
predict less association and a lower density than experim
It was found that the percentage of rings in the vapor w
very substantial for both models at low temperatures
quickly decreased as the temperature increased. Also,
ring tetramer is the important oligomer other than the mo
mer, which is consistent with the findings of oth
workers.32,33,50 Although the ring pentamer is often dis
counted in much modeling work we found it to be not ne
ligible, a finding which corroborates Quacket al.’s assertion
of its importance.18 Also, the hexamer was found to be u
important at most states.

From our work, we can conclude that a useful assoc
tion scheme for HF in the vapor phase would include,
most, the seven relevant species: monomer, dimer~chain!,
trimer ~chain!, tetramer~chain and ring!, pentamer~ring!,
and hexamer~ring!. Future work could include the use of th
association scheme in modifying existing equations w
specifications that distinguish between a chain and a r
We would also like to look at a recent dimer PES that
cludes higher order corrections,51,52 and potentials with ex-
plicit three-body forces.
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APPENDIX

The complicated nature of the BH82 potential makes
calculation of the pressure via the virial demanding. Thus
method very similar to that proposed by Harismiadiset al.53

which built on earlier work of Eppenga and Frenkel54 is
used. Note that the validity of this method was checked
calculating the pressures for the other potentials studie
this work ~J79 and CJ84! via this method. The pressure
calculated this way compared favorably~within 61 atm! to
the pressures calculated from the virial.

A useful equation which approximates the pressure
the GE is

bP5~1/DV!lnK S V8

V D N

exp~2bDU !L , ~A1!

whereP is the pressure,b is the reciprocal temperature,V is
the volume of statei, V8 is the volume of statej, DV5V8
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2V, DU is the energy change in going from statei to statej,
N is the number of particles in the phase of interest, and
^¯& signifies an ensemble average. We will also give
symbol Y to represent the argument of the logarithm in t
above equation. The above equation is accurate only
small DV and is utilized by Harismiadiset al. with a fixed
DV. We propose a similar method which will loosen up t
restriction of fixedDV and allow us to adhere better to th
goal of a smallDV when implementing the equation.

During the simulation, we create a histogram ofY as a
function of the DV chosen randomly along (2DVmax,
1DVmax), where the bin increments were 1 Å3. We then fit
the logarithm ofY for each bin divided by theDV of that bin
to a quadratic inDV. The zeroth degree constant of the qu
dratic determines the pressure. The corresponding statis
error in the average pressure comes from the errors in
average ofY for each bin, propagated into an error in th
constants of the quadratic.
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