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Transferable step potentials are characterized for 39 carboxylic acids. The reference
potential is treated with discontinuous molecular dynamics, including detailed molecu-
lar structure. Thermodynamic perturbation theory is used to interpret the simulation
results and to provide an efficient basis for molecular modeling and characterization
of the attractive forces. Four steps are used for representation of the attractive forces
with only the first and last steps varied independently. The two middle steps are inter-
polated such that each site type is characterized by three parameters: the diameter, r,
the depth of the inner well, e1, and the depth of the outer well, e4. The depths of the
attractive wells are optimized to fit experimental vapor pressure and liquid density
data. Generally, the vapor pressure is correlated to an overall 43% average absolute
deviation (% AAD) and the liquid density to 5% AAD. The deviations tend to be larg-
est for the higher molecular weight acids. These deviations are larger than the errors
previously encountered in characterizing organic compounds, but carboxylic acids
present exceptional challenges owing to their peculiar dimerization behavior. Simulta-
neous correlation of vapor pressure, vapor compressibility factor, and phase equilibria
of water þ carboxylic acids place several constraints on the nature of the potential
model, with the parameters of the present model representing a reasonable tradeoff. In
other words, our model represents minimal deviations for vapor pressure, vapor com-
pressibility factor, and phase equilibria of all acids simultaneously while varying the
parameters r, e1, e4, e

CC(dimerizing site bonding energy), eAD(acceptor-donor bonding
energy), and KHB(hydrogen bonding volume) for the acid O¼¼ and OH site types. The
present model is characterized by one acceptor and one dimerizing site on the car-
bonyl oxygen and one acceptor and one donor site on the hydroxyl oxygen. The
acceptor and donor are capable of interacting with water while the dimerizing site is
not. With this model, the saturated vapor compressibility factor of acids with seven or
fewer carbons is near 0.5 while higher carbon ratios lead to a compressibility factor
approaching 1.0. To compensate for the high vapor pressure deviations of the transfer-
able potential model, a correction is introduced to customize the molecule-molecule
self interaction energy. This adaptation results in deviations of 3.1% for vapor pres-
sure of the pure acid database. To validate the behavior of the model for carboxylic
acids in mixtures, 33 binary solutions were considered. Acids in this database ranged
from formic to hexadecanoic. The average absolute deviation in bubble pressure for
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aqueous acid systems is 4.4%, 10.5% for acid þ acid systems, and 4.7% for acid þ
n-alkane systems without a customized interaction correction. When applying the cor-
rection, deviations were 2.4% for aqueous systems, 2% for acid systems, and 2.8% for
acid þ n-alkane systems. VVC 2009 American Institute of Chemical Engineers AIChE J, 56:

485–505, 2010

Keywords: molecular simulation, vapor pressure, compressibility factor, phase
equilibria

Introduction

Carboxylic acids have important roles in both the chemi-
cal and pharmaceutical industries. For example, aspirin is a
multifunctional type of carboxylic acid that is used for medi-
cal purposes. Also, carboxylic acids are important constitu-
ents of biofuels and are encountered in biochemical applica-
tions. For instance, lactic acid is used in producing renew-
able plastics.1 For all these applications, it would be
desirable to have a comprehensive model of the thermody-
namic properties of acids, to optimize their production and
efficacy. Unfortunately, acids form peculiar complexes that
make it difficult to formulate such a model.

Complexes are the results of specific chemical forces that
are acting between molecules. Isolation of the complexes is
impossible but their existence has been proved through spec-
troscopic observations. Hydrogen bonding and Lewis acid/
base interactions are two examples of this type of behav-
ior.2,3 The dimerization of acetic acid is a classic example of
association, in which case complexation occurs between
molecules of the same component. The peculiar feature of
association in carboxylic acids is that two hydrogen bonds
usually form simultaneously, resulting in a stable ring with
hydroxyl sites bound to carbonyl oxygens. The OAHAO
bond angle is nearly linear which means that the carboxylic
acid structure is close to a six-sided ring, not an eight-sided
ring, introducing little ring strain and stabilizing the dimer.4

This makes the dimerization quite strong but terminates the
chain reaction such that higher oligomers are few. If this
was the only possibility, then a simple model would be fea-
sible in which acids can only complex with other acids.5

This model could be represented by a special bonding site in
which the hydroxyl and carbonyl are lumped together. But
such a model would not explain the favorable interactions
between acids and water, or alcohols. Another possibility is
to assume that acid bonding sites can interact freely with
both acids and other bonding sites.6–10 Such a model
explains some behaviors accurately, but falls short in model-
ing others, as discussed below. Many other characterizations
have been considered with varying degrees of success, as
described in the background section. It is also worth men-
tioning that there are multiple crystalline polymorphs for
some of carboxylic acid crystals like cinchomeronic11 and
tetrolic acids.12 Also, a quite large number of carboxylic
acids have a chain motif instead of the dimer motif as men-
tioned by Gavezzotti et al.12 Note that considering these
solid systems is beyond the scope of the present work.

One of the most powerful theories of complexation is
Wertheim’s13 perturbation theory. This theory derives from a
rigorous analysis of cluster diagram expansions and a
renormalization recognizing that the change in fluid structure

is small even when the energy of the complex is large. In
Wertheim’s theory, the bonding is represented by small
attractive sites located near the surface of a large repulsive
site. This arrangement enforces the linearity of the bonding
angle and controls the entropy of bonding through the size
of the bonding site. The accuracy of this theory has been
demonstrated using molecular simulations.14,15 Wertheim’s
theory has been adapted for several models of complexation,
including ESD,16 SAFT,16,17 PC-SAFT,16,18–20 and CPA.18,21

Recently, we have been adapting Wertheim’s theory to char-
acterize complexation in a detailed molecular model of step
potentials for equilibria and discontinuous molecular dynam-
ics (SPEADMD),22 the subject of the present work. In
SPEADMD, a molecular simulation of the repulsive core of
the molecule is conducted, including the details of the
chains, branching, rings, and steric hindrance. This requires
roughly 8 h per compound to obtain the entire P(V,T) char-
acterization. The perturbations are then applied through the
theories that have been proved accurate, Wertheim’s theory
for complexes and Barker-Henderson theory23 for the dis-
perse attractive interactions.

In the case where a six-membered ring is formed, Wer-
theim’s theory has limitations. Wertheim’s theory does not
directly distinguish the locations of bonding sites on mole-
cules. Simply exaggerating the hydroxyl-carbonyl interaction
would not recognize the favorability of ring closure at low
density. The ring closure is key to forming dimers rather
than chains. Sear and Jackson24,25 have explored the funda-
mentals of ring formation within Wertheim’s theory, but no
practical model for acids has resulted.

In this work, we develop a model that recognizes strong
dimerization but allows for relatively weak acid chain oligom-

ers. In this way, the strong dimerization accounts for the speci-
ation of ring dimers at all densities while the remaining sites

account for the rare chain dimers, trimers, etc. The chain sites
also permit interaction with water and alcohols. By character-

izing chain site association as a weak interaction and chain
site solvation with water and alcohols as a strong interaction,

we hope to achieve a reasonable representation of the specia-
tion at all conditions of density and composition. The flaw in

this model is the failure to recognize that a closed ring and an
acid chain should not exist simultaneously when counting

bonds rigorously. Thus, for example, we would expect the
model to overestimate acid dimerization in dilute aqueous sol-

utions. On the other hand, the interactions in acids may not
conform to such strict bond counting anyway. So treating the

interactions in this manner is worth considering. After review-
ing the literature more extensively in the background section,

we characterize association for acids ranging from C1 to C19,
including the trend in vapor compressibility factor (ZsatV ) as
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well as vapor pressure. The section on mixtures presents the

characterization of solvation interactions using a preliminary

model of water. We find systematic deviations in the proper-

ties when applying transferable potential models, but the qual-

itative trend is correct over a broad range of conditions and

compounds, and quantitative results can be easily obtained by

customizing the dispersion energy for a particular compound.

In this article, transferability means that the optimized force

field parameter for smaller carboxylic acids can be applied to

higher ones.

The scope of this study is limited to thermodynamic prop-
erties. Transport properties will be studied in future works.
In general, SPEADMD yields acceptable correlations for
transport properties of the liquid phase for nonassociating
species. Extensions to acids must account for the lifetime of
the hydrogen bond and the decay of the autocorrelation func-
tion. Analyzing these effects would require explicit simula-
tion of the full potential because no transport theory is avail-
able comparable to the thermodynamic perturbation theory.
Nevertheless, it is unlikely that the current potential model
would be optimal for transport properties and such a multi-
property analysis would undoubtedly shed light on more
details of the potential model.

Background on Hydrogen Bonding in
Carboxylic Acids

Numerous studies of complexation in acids have contrib-
uted to our understanding of association and solvation in
acid systems. Tsonopoulos and Prausnitz26 analyzed the
vapor phase association of water and carboxylic acids. In
their work, the effect of dimerization and trimerization of
carboxylic acids in the vapor phase was considered and the
solvation between water and carboxylic acid was asserted to
be very weak. This assertion was validated by Wolbach and
Sandler,27–29 with quantum mechanical ab initio calculations
based on the Gibbs energy of formation of acid þ acid and
acid þ water dimerization. It was observed that the acid þ
acid dimerization is about 100 times stronger than acid þ
water solvation. Nevertheless, the Gibbs free energy was
negative for both cases. Later, Colominas et al.30 imple-
mented density functional theory (DFT) and ab initio model-
ing to find that the free energy of dimerization of carboxylic
acid in the gas phase varies from �2 to �4 kcal/mol while
the dimerization free energy in (1 M) water was clearly posi-
tive (�4–5 kcal/mol).

Modeling of carboxylic acid systems with SAFT style
equations of state was initiated by Huang and Radosz.17,31

They obtained reasonable values for vapor pressure devia-
tions without using transferable parameters. Kontogeorgis
and coworkers6–9,32 have tried to characterize an associated
model for pure carboxylic acid along with a solvation term
for mixtures like the acetic acid þ water system. They char-
acterized the correct trends but their results have higher
errors in VLE and LLE than Grenzheuser and Gmehling.5

Moreover, their association model varies with the system of
interest and they did not apply their carboxylic acid site
type, i.e., ‘‘1A,’’ for all systems containing carboxylic acids.
Recently, a comprehensive study on phase equilibrium of
mixtures containing acetic acid has been performed by

Muro-Suñé et al.33 They considered systems including gas
solubilities, solvation systems with water and alcohols, and
polar compounds like acetone and esters. Although their
nontransferable model gives excellent results for a large vari-
ety of systems using a simple 1A association scheme for
acetic acid, it fails to predict the pinch point in mixtures of
acetic acid þ water at rich water concentrations. Further-
more, the peculiar behavior of ZsatV has not been mentioned
in their work. The best SAFT and CPA family model for the
water þ acetic acid mixture has been proposed by Perakis
et al.34 This work demonstrated that the 3B (three site types)
model of water provided the most accurate correlation of
VLE and LLE. Perakis et al. also observed that the intermo-
lecular interactions between water and acetic acid lead to
strong solvation, overcoming the association of the water
molecules. There are two notable limitations in the work of
Perakis et al., however. The first one is that they have only
reported their model results for acetic acid without mention-
ing the behavior of ZsatV . The second shortcoming is again
related to the lack of a transferable approach for model
parameterization from smaller acids to larger ones. In this
work, we used a 4C (four hydrogen bonding site types)
model for water which has two acceptor and two donor sites
following Huang and Radosz.17,31 The 4C model was
reported to be the most accurate for many systems studied
by Gross and Sadowski,20,35 and we find that its accuracy
for mixtures with acid systems is satisfactory.

Regarding aspects of the SPEADMD model other than the
treatment of association, the SPEADMD model is based on
molecular simulation of the specific molecular structure at
hand, rather than a coarse grained model like tangent sphere
chains. Molecular modeling has many advantages over engi-
neering equations of state and group contribution methods.
There are several related studies of acids that apply molecular
modeling in detail. Kamath et al.,36,37 Clifford et al.,38 and
Schnabel et al.39 performed a detailed molecular simulation
combined with quantum mechanics analysis for liquid and
vapor density of pure carboxylic acids and also VLE of mix-
tures containing those acids based on soft potentials and point
charged force fields such as Lennard-Jones and Trappe-UA.
Their results have a relatively high error (�30% AAD) for the
vapor density of carboxylic acids and they did not report acid-
water solvation in their research. The SPEADMD model has
been developed and tested for roughly 500 compounds com-
prising 35 families. These families include thiophene, fluoro-
carbon, alcohol, amine, aromatic, and ring compounds to
name just a few examples.40,41 However, the carboxylic acid
family has presented a longstanding obstacle. With this back-
ground, we seek a molecular model with transferable poten-
tials that captures the key features of acid phase behavior.
These features should encompass the trend of ZsatV with molec-
ular weight as well as the VLE and LLE in mixtures with
acids, alkanes, alcohols, and water.

Transferable Potentials, Molecular Simulation,
and Equations of State

The SPEADMD model is based on simulation of each par-
ticular molecule combined with thermodynamic perturbation
theory (TPT). The molecules to be simulated are composed
of interaction sites that include both repulsive and attractive
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interactions, but only the repulsive interactions are simulated
explicitly, as these dominate the nature of the ensemble
averaged configurations. TPT is applied to expedite the
simulation and optimal characterization of the attractive
interactions. Numerous studies have confirmed the accuracy
of TPT when compared to the rigorous simulation of the
full potential model (with attractions and repulsions
included).42–44 To a reasonable approximation, the character-
izations of potential energy around each interaction site are
transferable from one molecule to another. For example, the
potential that describes a CH2 site in n-nonane can be
applied to a CH2 site in n-pentadecane with accuracy of
roughly 10% in vapor pressure and 2% in liquid density.
Simulations are conducted at 21 densities to permit accurate
interpolation between state points. Noting that TPT describes
the temperature dependence, the result is a complete equa-
tion of state for P(V,T). By comparing the P(V,T) properties
for each characterization of the potential function to experi-
mental data, an optimal set of potential models can be
obtained. This methodology has been described in more
detail by Elliott et al.,45 including preliminary predictions of
transport properties. The following subsections provide a
brief introduction to the key relations.

Transferable potentials

The potential models applied in SPEADMD have been
constructed to facilitate their implementation with TPT. Two
distinct forms of TPT make important contributions, one for
disperse interactions23 and one for complexes.13,46

For the disperse interactions, a series of multiple steps has
been found to provide satisfactory characterization of vapor
pressure, density, and phase behavior. The hard repulsive
core facilitates the analysis of the reference system. If a soft
reference were used, then reference simulations would be
necessary over a range of temperatures as well as densities.
Since most applications to phase equilibria occur in the
range of 300–500 K, assuming a constant reference diameter
over that range is reasonable. For disperse attractions, initial
efforts focused on simple 4-step potentials ranging from the
site diameter, r, to a distance of 2r.47,48 The steps in these
potentials occur at 1.2r, 1.5r, 1.8r, and 2.0r, which we des-
ignate as a 2580 potential model. Recent work has shown
that 11-step potentials ranging from r to 3r can be defined
that mimic continuous potentials like the Lennard-Jones or
Yukawa models and provide improved accuracy while reduc-
ing the number of attractive parameters to one per site
type.49 Since the 11-step potentials are relatively new and
have not been extended to the complete database, the present
work applies the linear 2580 model of Unlu et al.48

There are three parameters per site type in the linear 2580
model: the diameter, the depth of the inner well, and the
depth of the outer well. The depths of the intermediate wells
are linearly interpolated according to,

eijm ¼ ð4� mÞeij1 þ ðm� 1Þeij4
3

(1)

Also, Lorentz-Berthelot combining rules were used to cal-
culate mixed site–site interactions

eijm ¼ ðeimejmÞ1=2ð1� kssij Þ (2)

rij ¼ 1

2
ðri þ rjÞ (3)

where kssij represents the site–site interaction parameter which
corrects for deviations from this guideline. The present work
assumes kssij ¼ 0.

For the hydrogen bonding interactions in acids, blister
potentials consistent with Wertheim’s theory are applied.
The Wertheim theory with its TPT characteristics is imple-
mented for highly simplified models in which the associating
species are considered with hard repulsive cores combined
with a group of attractive sites. The associations are consid-
ered as off-center, square-well (SW) potentials with a well
depth of eHB and well width of 0.25r. The repulsive hard
spheres cannot overlap and hence the SW potential is suffi-
ciently short ranged that the formation of more than one
bond at the locations of any given sites is forbidden due to
steric incompatibility.15,50 An illustration of the hydrogen
bonding sites is given in Figure 1. Clearly, the dimer in this
figure has a free donor site, whereas both donor sites should
be consumed in forming a stable ring dimer. Thus, as men-
tioned earlier, in our model the strong dimerization accounts
for ring dimers and the excess donor sites account for the
chain dimers, trimers, etc. Wertheim’s theory has no provi-
sion for forming a closed ring relative to a linear chain
therefore our model treats these separately. Our goal is to
achieve a reasonable representation of the oligomer distribu-
tions (monomer, dimer, trimer, etc.) as a function of temper-
ature and density. We contend that a relatively narrow range
of oligomer distributions is consistent with the thermody-
namic observations and our model is capable of characteriz-
ing them. Once this range is characterized, other models
could be conceived that reproduce it in a more sophisticated
fashion. The pursuit of models that distinguish between
intermolecular and intramolecular bonding and ring closure
will be the subject of future research. The acceptor (A) and
donor (D) sites are similar in size to those of alcohols and

Figure 1. A blister potential model of association for
carboxylic acids.

A, D, and C-sites are combined with strong association for
C-sites and weak associations between A- and D-sites.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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amines,48,51 but their association energy is relatively weak
(2.1 kJ/mol). Sites of similar nature have been shown to pro-
vide reasonable estimates of the structures generated by
point charge models like the TIP4P52 and the TIP5P53,54

models, lending further credibility to the fundamental basis
of this approach. Note however that the effect of dipole–
dipole interaction is embedded in the perturbation theory im-
plicitly through the hydrogen bonding and dispersion terms.
The carboxylic (C) sites are peculiar to acids. They have a
much smaller bonding volume and a much larger bonding
energy (94 kJ/mol). Note that the C-type bonding energy
represents the formation of two hydrogen bonds. Even so,
this value of the bonding energy is exaggerated roughly by a
factor of two. The exaggeration in bonding energy is com-
pensated by the extra small bonding volume. Combined, this
description exaggerates the exothermic nature of the C-type
interaction, causing the extent of association to decrease
strongly with increasing temperature as evidenced by the ex-
perimental data for ZsatV . This combination was necessary to
mimic the strong dimerization in the vapor phase of the
smaller acids. The same estimates of bonding volume and
bonding energy were transferred to all carboxylic acids in
the current study. Many previous studies have treated acids
individually.

A slightly different specification applies to the interaction
energies of hydrogen bonding,

eHBij ¼ ðeHBi þ eHBj Þ
2

ð1� kAD;CCij Þ (4)

The kAD;CCij in this combining rule reflects the possibility
that solvation may be strong even when association is weak.
This behavior was prevalent in alcohol-amine interactions.22

This parameter is also very important in the presently pro-
posed model. Although the A-D associations in acids are
weak, their solvation with the A-D sites of water can be
strong if a large negative value for kADij is applied.

Discontinuous molecular dynamic simulation

The SPEADMD model is based on discontinuous molec-
ular dynamics (DMD).55–58 In principle, the same potential
models could be applied in Monte Carlo simulation, but
then the dynamics that could shed light on transport prop-
erties would require a separate simulation. Long term, we
seek a single model that can be applied consistently to all
properties. The discontinuous aspect of the simulation
derives from the discontinuous nature of the potential
model, especially the hard core repulsions of the reference
models. This necessitates that the dynamics be integrated
through the scheduling of individual collisions. To maintain
a consistent algorithm, a similar approach must be applied
to the intramolecular interactions. An efficient algorithm for
achieving this integration has been described by
Rapaport.56,59

The computer simulations are carried out based on
vibrating purely repulsive structure indicative united atom
(UAM) molecular models without considering the
OACAOAH dihedral angle. Note that the intermolecular
conformation of the A, D, and C sites in carboxylic acids

are controlled by a repulsive potential and these sites are
free to rotate with respect to each other and to OACAO
triad. The bond lengths are constrained to be near the
known values, e.g., 0.154 nm for a CAC single bond, and
bond angles restrained by comparable vibrating wells. The
depths of the wells and the diameters are given in Table 1.
Branches and rings are added directly to the potentials
based on the molecular structure and specified by the
bonded potential defined below

ubondedij ¼

1 r \ L12 � d12
0 L12 � d12 � r \ L12 þ d12
1 L12 þ d12 � r \ L13 � d13
0 L13 � d13 � r \ L12 þ d12
1 L13 þ d13 � r \ rintra
0 rintra � r

8>>>>>>>><
>>>>>>>>:

unon�bonded
ij

¼ udispij þ uHBij ¼

1 r \ r

�e1 � eHBij r � r \ 1:2r

�e2 1:2r � r \ 1:5r

�e3 1:5r � r \ 1:8r

�e4 1:8r � r \ 2:0r

0 r � 2:0r

8>>>>>>>><
>>>>>>>>:

(5)

Equation 5 in conjunction with Table 1, including the
bonded and nonbonded constraints construct the complete
potential. Note that since hydrogen bonding forms between
the two attractive sites within the cutoff distance rc, the
bonding to dimer formation has been restricted in the range

of r� 2dsite \ rc �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � ffiffiffi

3
p

rdsite þ d2site

q
� dsite after Jack-

son et al.,15 where rc is the cutoff distance for the hydrogen
bonding attractive potential, dsite is the distance of the hydro-
gen bonded attractive site according to Figure 1. The range
of hydrogen bonding interactions are 1 � r* \ 1.2 in this
work, where r* ¼ r/r is dimensionless radial distance. In
other words, the hydrogen bonded SW potential off-centered
by a distance dsite ¼ 0.4r and with a bonding range rc ¼
0.25r, in this article which satisfies the inequality criteria
(0.2r \ rc ¼ 0.25r � 0.28r). Thus, the O(carbonyl)AA
bond and O(carbonyl)AC bond lengths are 0.1 nm (0.4 �
0.25) and likewise the O(hydroxyl)AA and O(hydroxyl)AC
bond lengths are 0.1 nm (0.4 � 0.25). The distance between
the bonded interaction sites could be constrained at 0.155 �
0.015 nm, like the CAC distance in n-alkanes, and the angle
between neighboring bonds could be constrained at �110�.
The bonded constraints are characterized by covalently
bound neighbors, L12, and the next-nearest neighbors, L13,
that control the bond angles. The bond wells are specified by
bond radii as Lij ¼ Rijm þ Rijn, where Lij is the center of the
well, m and n specify the site type, and dij specifies the

breadth of the well based on dij ¼ Rd
ijm þ Rd

ijn. Therefore, the

bond angle wells for O..(C)..O are L13 ¼ 0.255 nm (0.125 þ
0.13), for O(carbonyl)..(C)..C is L13 ¼ 0.256 nm (0.126 þ
0.13), and for O(hydroxyl)..(C)..C is 0.251 nm (0.125 þ
0.126). The upper and lower values for these bonds are pro-
vided in a connectivity matrix, i.e., Table 2. rintra, influence
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dihedral distributions, especially in the sense that cis-confor-
mations are prevented. For instance, C¼¼O and CAO bond
lengths are 0.137 nm (0.075 þ 0.062) and 0.14 nm (0.075 þ
0.065) from Table 1. Note that the Note that the difference
between C¼¼O and CAO bond length is small to give the
best value for the minimized potential energy of the entire
molecule which is responsible for intramolecular interac-
tions. A more robust algorithm for controlling the dihedral
angle is beyond the scope of this work and will be reported
later in our force-biased simulation approach. Intramolecular
sites on the same molecule that are seven or fewer bonds
apart are considered bonded and nonbonded interactions are
the same for both intermolecular and intramolecular interac-
tions that are seven bonds apart. The conventional rule in
potentials that consider the dihedral angle explicitly (1–4
interaction) is to treat sites separated by four or more bonds
as nonbonded interactions. However, for the SPEADMD the
intramolecular force field is applied for the first seven bonds,
in order to permit detailed specifications for highly branched
and ring compounds.. Average MNDO (modified neglect of
direct overlap, a semiempirical quantum mechanical method)
optimization of the bond length and conformation for several
typical compounds of the given functionality has been per-
formed in order to determine values of L12 and L13 and to
minimize the potential energy for the overall molecule. One
can use also a general correlation between dij and Lij that is
proposed in the previous work22 as dij ¼ 0.05Lij. In this pa-
per, 21 packing fraction ranging from 0.01 to 0.56 are used
with 100 molecules per each density for simulation time of
2 ns. Note that periodic boundary condition and minimum
image convention are implemented in the simulation box.
Given a 2 ns of simulation time, the average number of con-
tacts between CC sites is 125(106) at high packing fractions
and is 35(106) at low packing fractions for acetic acid as an
example.

SPEADMD equation of state and hydrogen
bonding model

The simulations of each reference fluid lead to a complete
equation of state (EOS) specific to that particular molecular
structure. This EOS is essentially an interpolation between the
state points of the available simulations, which can only be
performed at a particular temperature, density, and
composition. We outline below the specific set of equations
for deriving the simulated properties and performing the inter-
polations.

Pure component EOS

SPEADMD applies the molecular simulation results for
contribution of repulsive forces in the Helmholtz free energy
(A0)and uses two version of the thermodynamic perturbation
theory (TPT): (1) Barker-Henderson60 TPT for the attractive
dispersion interactions (A1, A2) and (2) Wertheim theory of
association TPT for hydrogen bonding contribution (Aassoc).

A� Aig

RT
¼ A0þ A1

T
þ A2

T2
þ Aassoc

RT
(6)

Z0ðg;~xÞ ¼
X

i;j collided

~FijD~rij
3kBT

" #
þ M~vijD~vij

3kBT

� �
(7)

Note that Z0 can also be expressed in terms of packing
fraction by an algebraic equation whose coefficients are
determined from correlation of reference fluid compressibil-
ity factors.

Z0 ¼ 1þ z1gþ z2g2 þ z3g3

ð1� gÞ3 (8)

Table 2. Upper and Lower Bounds of the Connectivity Matrix and Bond Angle Wells for Site Types Specific to
Carboxylic Acids*

Type

Well 1 Well 2 Well 3

Low (nm) High (nm) Low (nm) High (nm) Low (nm) High (nm)

CH3A(C¼¼) acetic acid 0.143 0.158 0.237 0.262 0.275 1
ACH2A(C¼¼) n-aliphatic acids higher than acetic acid 0.144 0.159 0.238 0.263 0.276 1
¼¼C in an ester or acid 0.142 0.157 0.230 0.256 0.270 1
Associating sites
Type
AOHA 0.122 0.135 0.237 0.262 0.275 1
¼¼O 0.121 0.133 0.246 0.272 0.286 1

Other non-associating site types that are optimized as
part of this work
Type
CH3 ternary branch in 2,2-dimethyl propanoic acid 0.143 0.158 0.237 0.262 0.275 1
CH2-(halogen) in chloroacetic acid 0.144 0.159 0.238 0.263 0.276 1
CH in, e.g., i-butyric acid and i-valeric acid 0.145 0.161 0.243 0.269 0.283 1
[C\F bonded to a acidic perfluoro, e.g., trifluoroacetic acid 0.122 0.134 0.194 0.238 1
ACH aromatic CH, e.g., in benzoic acid 0.132 0.146 0.229 0.253 0.266 1
[AC¼¼ aromatic[C¼¼, e.g., in benzoic acid 0.132 0.146 0.230 0.254 0.267 1
¼¼CH2, e.g., in unsaturated carboxylic acids like

acrylic acid and methacrylic acid
0.127 0.141 0.252 0.279 0.293 1

OH in a secondary acid-alcohol like lactic acid 0.125 0.139 0.237 0.262 0.275 1
Cl primary chloro in, e.g., chloroacetic acid 0.188 0.208 0.271 0.299 0.314 1

*For example, for CH3A(C¼¼) Rd
12 ¼ (well 1high � well 1low)/2 ¼ 0.008 nm, R12 ¼ (well 1low þ Rd

12)/2 ¼ 0.075 nm, Rd
12 ¼ (well 2high � well 2low)/2 ¼ 0.012

nm, R13 ¼ (well 1low þ Rd
13)/2 ¼ 0.125 nm.
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A0ðg;~xÞ � Aig

kT

� �
T;V

¼
Zg

0

Z0� 1

g
(9)

First and second order perturbation coefficients (A1 and
A2) are to be computed from the general Barker and Hen-
derson relationship23

A1 ¼ �1

NkB

X
k

X
l

X
m

Nklmh ieklm (10)

A2 ¼ �1

2Nk2B

X
i

X
j

X
k

X
l

X
m

X
n

ðhNijmNklmi

� hNijmihNklmiÞ eijmek ln ð11Þ
where an ensemble average is used for Nijm which
represents the number of pairs in the mth well of the ij
interaction and N is the total number of molecules in the
simulation. Likewise, as shown for Z0, A2 can also be
calculated from a Pade approximation which is usually
preferred to a polynomial approximation as shown by Gray
et al.40

A2 ¼ a21gþ a22g2 þ a23g3 þ a24g4

1þ 500g4
(12)

Currently, the SPEADMD EOS applies hydrogen bonding
characterization in terms of sterospecific, short-range poten-
tials which is quite consistent with Wertheim TPT theory.13

Since our model uses multi-step potentials and hard spheres
do not overlap, the potential can be made sufficiently short
range that the formation of more than one bond at any given
site is prohibited.

The result for binary association of pure fluids in terms of
the Helmholtz energy can be expressed as

Aassoc

RT
¼ lnðXAÞ þ 1� XA

2
þ lnðXDÞ þ 1� XD

2

þ lnðXCÞ þ 1� XC

2
ð13Þ

Note that XA and XD are determined from the bonding
volume, XAD and bonding energy, eAD.

To give more elaborations on the reliability of TPT for
the extremely small association volume of the CC sites we
should consider the analysis that has been performed by
Busch and coworkers42–44 and Chialvo et al.61 As men-
tioned by Busch et al., carrying out explicit simulations for
the full potential model becomes increasingly difficult as
the strength of association increases. Traditional DMD and
traditional Metropolis Monte Carlo methods do not provide
reasonable statistics for carboxylic acids fluids which are
strongly associated. However, the accuracy of TPT has
been verified for larger bonding sites of varying size and
bond energy (Joslin et al.,62,63 Liu and Elliott4). Also,
Chialvo et al. found that the properties of polar and associ-
ated systems such as carboxylic acids are determined by
the repulsive interactions that can be used in perturbation
expansions. Hence, we have a reasonable basis for

extrapolating the theory to conditions where it is difficult
to verify.

Finally, to study the association of carboxylic acids in
both liquid and gas phases, we need to provide the structural
information based on the radial distribution function (Section
S.5 of the Supporting Information). We follow the procedure
of Slovak and Nezbeda64 based on TPT theory and define
the full radial distribution function (rdf) by

gij ¼ y0 e
uij
kBT

y0 ¼ grefij e
uref
ij

kBT

(14)

where, uij (¼ urefij þ uTPT1ij ), urefij , and uTPT1ij are full potential,
reference potential, and perturbed part of the potential,
respectively. uTPT1ij is composed of dispersion as well as
association parts, y0 is the background correlation function,
kB is the Boltzman factor, T is the temperature, and gref is
the reference fluid rdf. Briefly, this approach indicates a
sharp spike in the rdf when the dimer is formed, as one
would expect for a covalent dimer. This spike is
exaggerated relative to what would be measured experi-
mentally, partially because the bonding volume is set to an
artificially low value in this model. If the rdf was a concern,
it would be feasible to adapt this approach to correlate the
rdf more accurately by applying a more disperse representa-
tion of the hydrogen bonding potential, such that the
integral of the rdf yielded the same extent of dimerization
as implied by the model. Enhanced dimerization relative to
chain oligomerization is the key thermodynamic effect,
however, so we have focused on that property in the current
analysis.

Extension of the SPEADMD model to mixtures

Extensions of Wertheim’s theory to mixtures as well as
SPEADMD mixing rules are discussed in this subsection.
Wertheim theory of association can be extended to mixtures
according to the following relation

Aassoc

RT
¼

X
i

xi

"
NdAi lnðXA

i Þ þ 1�XA
i

2

� �
þ NdDi lnðXD

i Þ þ 1�XD
i

2

� �
þNdCi lnðXC

i Þ þ 1�XC
i

2

� �
#

ð15Þ

where XA
i is fraction of acceptors that are not bonded and Ndji

represents the degree (i.e., number of occurrences) of jth type
in the ith species.

Gray and Elliott65 provided a detailed analysis to obtain
the best mixing rule for our equation of state. They found
that the following equation gives the best results

AM ¼
P

i

P
j xixjAMijðbibjÞ1=2P

i xibi
(16)

In Eq. 16 M refers to the order of the perturbation
term (i.e., 0, 1, or 2), xi the mole fraction of the ith com-
ponent, and bi is the molar volume of the ith molecule.
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Notice that A0 effectively characterizes the athermal
entropy of mixing and A1 and A2 characterize the energy
of mixing.

In this work a self interaction parameter is defined to cor-
rect the vapor pressure error. The density-dependent binary
interaction parameter for both like and unlike species is
defined as

kij ¼ k0ij þ k1ijg for i ¼ j and i 6¼ j (17)

For pure fluids (i ¼ j), we have optimized both k0ii and k1ii
to minimize the vapor pressure error. This results in a new
model namely SPEADCI which has the capability of corre-
lating pure and mixture properties with low deviations. The
optimized values of k0ii and k1ii are given in Table 4 for all
carboxylic acids used in this work.

As discussed by Vahid et al.66 the SPEADMD model has
a relatively large deviation in vapor pressure prediction due
to transferability. Generally, transferability is a reasonable
approximation but still an approximation, which results in
deviation from experimental vapor pressure data. An alterna-
tive model (SPEADCI) can be formulated to customize the
SPEADMD model for specific compounds. In this alterna-
tive, we alter the strength of the attractive perturbation by
multiplying it by a customized interaction parameter by con-
sidering Aatt ¼ Aatt

trans(1�kii). The detail of the intermolecular
potentials is determined by estimation of A1ij since it has
been recognized on a molecule–molecule (m-m) perspective
in traditional thermodynamics. The energy of the mixture is
defined using the m-m method and A1ij as:

Alij ¼ ðA1i A1jÞ1=2ð1� kUij Þ (18)

It is also possible to describe the energy of mixing on a
site–site (s-s) basis as has been considered by Sans and
Elliott67 for perfluorinated mixtures. The binary interaction
parameter in the s-s perspective is more transferable, but still
needs a detailed global optimization to characterize for more
compounds. The mixture database used in this article is not
comprehensive enough for a global optimization and hence
this work only relies on the m-m analysis.

Results and Discussion

In this section, we provide a detailed discussion about char-
acterization of carboxylic acids with the new optimized site
types considered in this work. Also, the average absolute
errors for carboxylic acids studied in this article are reported.
Then, the peculiar vapor pressure and ZsatV trends for mono and
dicarboxylic acids are discussed. Also, in section S.5 of the

Supporting Information a discussion about the structural infor-
mation and radial distribution of formic and acetic acids with
current and other force fields as well as association in both liq-
uid and vapor phases is given. As pointed out earlier, our
model overestimates the association effects for small carbox-
ylic acids. Hence, the performance of our model is compared
to other force fields for carboxylic acids. Subsequently, VLE
of aqueous carboxylic acid systems as well as acid þ acid sys-
tems are evaluated with the current model. Finally, the LLE of
water with two carboxylic acids (butyric and undecanoic) is
considered with reference to separation processes.

Characterization of carboxylic acids

Linear aliphatic carboxylic acids greater than propionic
acid have the general formula of CH3(CH2)nCOOH. There-
fore, all of the previous site types that had been optimized
for all 35 families with our potential are considered transfer-
able in this work. There are some special site types that are
specific to carboxylic acid systems which are summarized in
Table 1. The objective function below was minimized to
obtain minimal deviations for vapor pressure, ZsatV and phase
equilibria of all acids simultaneously while varying the pa-
rameters r, e1, e4, e

AD, and KAD for the acid O¼¼ and OH
site types.

OBF ¼ BPcalc � BPexp
�� ��

BPexp
þ VPcalc � VPexp
�� ��

VPexp

þ
Zsat;calc
V � Zsat;exp

V

��� ���
Zsat;exp
V

ð19Þ
where BP is the mixture bubble pressure and VP is vapor
pressure.

Dimerization energy and bonding volume were con-
strained by the following relations to the carbonyl oxygen’s
acceptor-donor values:

eCC ¼ 3eADO¼¼ (20)

KCC ¼ KAD
O¼¼ (21)

Note that the association effects are stronger in smaller
acids because the aliphatic chains of higher acids dilute the
association so that long chain carboxylic acids exhibit trends
similar to high molecular weight n-alkanes. We also have
considered the effect of enhanced accessibility for small
acids due to steric hindrance and/or polarizability of the fluid
but no substantial improvement in vapor pressure deviation
was observed. This observation is consistent with our previ-
ous studies on amines41 and alcohols.48 The final value for
the bonding volume of all carboxylic acids after several opti-
mizations of the disperse interactions is KAD ¼ 2(10�4) nm3

for hydroxyl group and a very small value of KCC ¼ 2(10�8)
nm3 for the carbonyl group in carboxylic acids. The strength
of association is estimated by common rules68–71 21 kJ/mol
for hydroxyl groups but we found that 2.1 kJ/mol, i.e., an
order of magnitude less, provides a more accurate characteri-
zation of the balance between dimerization and chain
formation for acids. Also, we should use a large value for
the CC-type interactions i.e., eCC ¼ 94.1 kJ/mol. This large

Table 3. Summary of % Deviations for Five Acids: Acetic,
Propionic, i-Butyric, Pentanoic, and Octanoic

Method qL VP Tb Tc

Clifford et al. 0.73 61.08 3.86 0.53
Kamath et al. 1.70 120.97 4.80 1.29
SPEADMD 3.92 24.25 1.52 6.61
SPEADCI 6.91 4.97 0.11 4.37
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value combines with the small bonding volume to generate
significant dimerization at low temperature, but rapidly
weakening dimerization with increasing temperature, in
accordance with an exothermic reaction.

Kamath et al.36 and Clifford et al.38 used a point-charge
force field which overpredicts the vapor pressure with more
than 50% average absolute deviation (% AAD) for relatively
small carboxylic acids including acetic, propionic, i-butyric,

Table 4. Summary of Vapor Pressure Deviations for Carboxylic Acids Based on Conventional SPEADMD Model

Acid
Training Set Formula

SPEADMD SPEADCI
Parameters
in Eq. 17

Tmin gmax
No.
of Pts%P AAD %P Bias %P Max %P AAD %P Bias %P Max k0ii k1ii

n-aliphatic acids
Formic CH2O2 18.8 �1.2 �44.4 1.6 �0.06 �4.2 �0.24 0.56 281.6 0.49 20
Acetic C2H4O2 11.6 3 �30 2.2 \0.01 6.5 �0.09 0.23 289.8 0.50 20
Propionic C3H6O2 8.6 8.5 12.3 0.7 �0.02 �1.9 �0.06 0.12 252.5 0.50 20
Butyric C4H8O2 18 �18 �24.5 0.8 \0.01 2.3 �0.01 0.07 267.9 0.48 20
Pentanoic C5H10O2 48.5 �48.5 �62 1.6 \0.01 4.1 �0.01 0.12 239.1 0.48 20
Heptanoic C7H14O2 49.1 �49.1 �79 4.9 �0.19 10.3 �0.18 0.58 265.8 0.48 20
Nonanoic C9H18O2 36.1 �4.8 83.5 6.2 �0.43 13.4 �0.98 2.29 285.5 0.48 22
Decanoic C10H20O2 39.4 14.8 99.7 4.1 �0.22 9.3 �0.53 1.52 304.5 0.47 20
Undecanoic C11H22O2 44.7 �43.5 �79.2 7.1 �0.67 15.8 �0.42 1.28 301.6 0.49 20
Tetradecanoic C14H28O2 45.5 4.2 105.6 1.1 �0.02 2.6 �0.53 1.59 327.4 0.47 20
Hexadecanoic C16H32O2 57.5 29 149.2 3 �0.14 �9.3 �0.5 1.42 335.7 0.46 20
Octadecanoic C18H36O2 27.8 �0.4 57 0.3 \0.01 �1.1 �0.51 1.42 342.7 0.46 20
Nonadecanoic C19H38O2 27.7 �27.7 �48.6 0.2 \0.01 0.3 �0.39 1.06 341.2 0.46 2

Dicarboxylic acids
Adipic C6H10O4 63.2 1.1 160.6 5.9 �0.53 �15.2 �9.16 20.58 425.5 0.46 18
Pimelic C7H12O4 60.9 �60.9 �81.9 5.5 �0.48 �14.8 �20.62 47.12 379.1 0.47 20
Sebacic C10H18O4 40 �26.6 �74.9 5.2 �0.45 �14.8 �14.51 32.45 407.6 0.46 20

Unsaturated
aliphatic acids
Acrylic C3H4O2 8.5 8.5 12.1 0.5 \0.01 �1.4 �0.07 0.14 395.4 0.48 20
Methacrylic C4H6O2 20.3 �18.7 �39.6 2.9 �0.07 6.7 �0.23 0.7 288.1 0.48 20
Oleic C18H34O2 69.1 �69.1 �95.5 2.6 �0.08 �8.7 �0.37 1.18 286.5 0.49 20

Aromatic acids
Benzoic C7H6O2 40.8 �40.8 �66.9 2.8 �0.08 6.4 �0.35 0.93 286.1 0.52 20
Cinnamic C9H8O2 23.7 23.7 52.4 1 �0.01 2.3 �0.62 1.53 406.1 0.48 20

Chloro acids
Chloroacetic C2H3ClO2 6.8 0.5 15.1 1.3 \0.01 3.3 �0.13 0.31 333.1 0.48 20

Hydroxy acids
Lactic C3H6O3 0.4 0.4 0.4 0.1 \0.01 0.1 0.15 �0.3 289.9 0.53 1

Fluoro acids
Trifluoroacetic C2HF3O2 11.6 1.2 �26.3 1.3 �0.04 �3.4 �0.15 0.36 257.9 0.50 20

Branched saturated
aliphatic acids
2-ethyl butyric C6H12O2 69 �69 �70.2 0.7 �0.01 �1 �2.74 6.98 258.1 0.44 3
2-methylhexanoic C7H14O2 67.7 �67.7 �67.7 4.4 �0.22 7.5 �0.08 0.46 230 0.49 6
2,2-dimethyl
propanoic

C5H10O2 6.2 �1 16.9 1.8 �0.01 4.3 0.09 �0.21 309.8 0.47 20

i-valeric C5H10O2 3.9 3.7 11.5 1.2 \0.01 3.2 �0.07 0.14 243.8 0.50 20
Cyclic aliphatic acids
Cyclopentylacetic C7H12O2 37.2 �37.2 �44 2.4 �0.08 �5.2 �0.18 0.43 286.6 0.49 8

Average training set 33.6 �17.1 2.5 �0.13 500
Validation set
n-aliphatic acids
Hexanoic C6H12O2 44.9 �44.9 �72.8 6.4 �0.26 15.4 �0.12 0.39 269.2 0.48 20
Octanoic C8H16O2 51.2 �51.2 �81.5 6.2 �0.39 13.6 �0.26 0.8 289.6 0.48 20
Dodecanoic C12H24O2 38.5 �19.8 �72.8 2.1 �0.07 5.7 �0.52 1.61 317 0.49 20
Tridecanoic C13H26O2 43.6 �10.8 84.9 2.8 �0.1 7.3 �0.55 1.75 293 0.47 20
Pentadecanoic C15H30O2 53.7 14.1 137.2 1.5 �0.04 �3.8 �0.55 1.68 293.1 0.47 20
Heptadecanoic C17H34O2 55.3 24.4 141.7 3 �0.15 �9.7 �0.49 1.4 334.2 0.46 19

Dicarboxylic acids
Suberic C8H14O4 56.2 �56.2 �80.5 5.5 �0.56 15.3 �18.75 42.58 416.1 0.47 20
Azelaic C9H16O4 54.3 �18.5 107 5.5 �0.58 15.7 �8.53 18.91 379.6 0.48 15

Branched saturated
aliphatic acids
i-butyric C4H8O2 41.8 �41.8 �48.1 1.2 \0.01 3 0.05 �0.07 227.1 0.50 20
2-ethylhexanoic C8H16O2 62.6 �62.1 �97.3 0.2 \0.01 0.2 �0.13 0.55 213.1 0.43 20

Average validation
set

51.5 �23.4 3.4 �0.21 194

Average total 42.5 �20.3 3 �0.17 694

Experimental data are taken from DIPPR compilation.
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pentanoic, and octanoic acids. Also, Kamath et al.36 have
reported a large positive vapor pressure bias for various poten-
tials such as OPLS-AA and CHARMM. They mentioned that
these large errors contributed to the parameterization of the
various functional groups in the potential as well as molecular
aspect ratio L* ¼ L/r, where L is the site–site separating dis-
tance and r is the collisional diameter. We believe, however,
that all of these point-charge force fields suffer by neglecting
the distinct nature of dimerization as a reaction.

Table 3 summarizes the results for vapor pressure, critical
properties, normal boiling points, and liquid densities, com-
paring the SPEADMD model to the models of Kamath
et al.36 and Clifford et al.38 for five acids: acetic, propionic,
i-butyric, pentanoic, and octanoic. These five acids were
selected for comparison because they were included in all
three databases. Briefly, the SPEADMD model is less accu-
rate for liquid density and much more accurate for vapor
pressure. The average absolute error for liquid density for
the SPEADMD model is 4.4% for the entire carboxylic acid
family. This article is primarily devoted to phase equilibria
(VLE and LLE). Therefore, vapor pressure error receives
greater emphasis than liquid density. Liquid density may be
more important for transport properties.59,72

Critical properties are estimated according to the law of
rectilinear diameter73 in combination with a scaling exponent
b. The best scaling was found to be b ¼ 0.29 for acids with
chain length between 1 to 10 as well as all dicarboxylic
acids, and b ¼ 0.325 for higher acids, consistent with works
of Clifford et al.38 and Chen et al.74 Details of these proper-
ties are given in Section S.5.1 and Tables S3–S17 of the
Supporting Information.

Table 4 summarizes vapor pressure and density errors for
a large database of carboxylic acids based on the DIPPR
compilation, restricting the range of conditions to tempera-
tures at which experimental vapor pressures were available.
Note that the overall percent absolute average error (AAD%)
for vapor pressure is 34.7% for training compounds and
49.8% for validation compounds. Also, the small deviations
in liquid density support the site diameters that have been
chosen in this work. The total AAD% of the liquid density
is 4.3% which is small enough for our present carboxylic
acid model. Table 4 also shows the results of the customized
interaction model, i.e., SPEADCI, for the same database.
Note that the SPEADCI model corrects for vapor pressure
and the largest vapor pressure error is 5.9 AAD% while the
average vapor pressure error is 2.8 AAD%.

The results from Tables 3 show that the dicarboxylic acid
compounds have the largest vapor pressure errors. Also, a
strange jump in vapor pressure bias appears when the chain
length is increased from decanoic acid to undecanoic acid.
This is related to the discrepancy between the experimental
data of these two acids. Basically, the experimental data (that
are from two different sources) jump from decanoic acid to
undecanoic acid and hence, the bias has a significant decrease
in this transition. The model, on the other hand, has a smooth
transition behavior for the entire family of carboxylic acids.

Pure fluid analysis

A systematic analysis has been performed to correlate
vapor pressure and vapor density of carboxylic acids with

transferable potentials. The vapor pressure trends for pure
carboxylic acids are presented in Figure 2 as well as Table 4
based on the transferable SPEADMD model. According to
Table 4 and Figure 2, the vapor pressure curve becomes
steeper as the molecular weight of carboxylic acid becomes
larger. On the other hand, the vapor pressure bias is more
negative for larger compounds. This general behavior has
been previously observed by Unlu et al.48 for straight-chain
alcohols. Overall, the SPEADMD model underestimates the
heat of vaporization in accordance with the Clausius-Cla-
peyron equation given below

log
Psat

Pref

� �
ffi �DHvap

R

1

T
� 1

Tref

� �
(22)

Also, the vapor pressure results are more accurate at
higher temperatures, which is consistent with findings of
Kamath et al.36 and Clifford et al.38 The bias for dicarbox-
ylic acids is highly negative due to super strong association
in the vapor phase and as discussed later, these particular
multifunctional carboxylic acids behave like high molecular
weight monocarboxylic acids. The large negative bias also
means that we have overestimated the strength of association
which was necessary in order to obtain accurate VLE results
for carboxylic acid/water system.

The variations of ZsatV for several carboxylic acids are plot-
ted in Figure 3. As depicted in Figure 3 (Experimental data
are from Vargaftik et al.75 for acetic acid and from Miya-
moto et al.76 for propionic, butyric, and pentanoic acid) a
large negative deviation (Z \ 1) from ideal gas behavior

Figure 2. Vapor pressure prediction of SPEADMD
model for aliphatic carboxylic acid (training
compounds) systems ranging from C1 to
C16.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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occurs due to strong dimerization in small monocarboxylic
acids even at low pressures. Acids have this unusual tend-
ency to dimerize even at low pressures well below 1 bar.
Other common associated fluids such as alcohols, aldehydes,
esters, etc. have noticeable amounts of dimerization at nor-
mal pressures (close to 1 bar), but do not exhibit such small
ZsatV at lower pressures. Complex formation by association or
solvation is negligible at low pressures because the fraction
of dimerization goes to zero as pressure approaches zero for
nonacids.77 In smaller acids, the increasing dimerization due
to temperature decrease of the exothermic reaction over-
whelms the weakening dimerization from the saturated vapor
density decrease. It is also clear that the association dilutes
as the chain length increases. Hence, carboxylic acids with
higher molecular weights have higher compressibility factor
owing to weaker association. For higher acids, the saturation
temperature naturally is higher due to disperse interactions,
in addition to the dilution effect. Notice that there is there is
a significant difference between the experimental data and
predicted values of Zsatvap for acetic, propionic, butyric, and
pentanoic acid, however. This is attributed to the overesti-
mating of the association in the vapor phase in order to give
optimum results for vapor pressure, ZsatV , and VLE.

For more clarification, we have tested a larger bonding
volume and a smaller association energy for the CC interac-
tion consistent with the general guidelines,71 previous simu-
lations,78–80 and experiments81–83 (KAD ¼ 2(10�5) nm3, eCC

¼ 62 � 2 kJ/mol) and demonstrated the results in section S2
of the Supporting Information (Tables S1, S2, Figure S8) in
order to explain the best possible tradeoff of the parameter-
ization of the current model. Although the results for the
vapor compressibility factor are improved especially for ace-
tic acid, the vapor pressure (36.9% AAD for vapor pressure
of C1–C5), and VLE results (11.4% AAD for bubble pressure

of aqueous carboxylic acid mixtures) are not reliable and the
VLE diagrams are not qualitatively correct. Furthermore, at
this stage, it seems that the four site water model used in
this work (eHB ¼ 13.3 kJ/mol, KAD ¼ 1.8(10�3) nm3) needs
to be revised in the future in a manner that a more reasona-
ble hydrogen bonding energy for carbonyl oxygen can be
used. For instance, Müller et al.84 and McCallum et al.85

have used a higher hydrogen bonding energy along with a
lower hydrogen bonding volume (eHB ¼ 31.6 kJ/mol, KAD ¼
1.2(10�4) nm3) in their four site water model. Their model
has been evaluated for adsorption of water on activated car-
bon containing acetic acid not for bulk binary mixture of
carboxylic acids þ water, however. Their model needs to be
tested and compared with more advanced models86–89 sup-
ported with X-ray and neutron scattering measurements of
the structure of liquid water.90,91 We refer the reader to Ap-
pendix A for the discussion about the interesting and pecu-
liar behavior of dicarboxylic acids in their vapor compressi-
bility factors.

Figure 4. Vapor–liquid coexistence curves for acetic
acid.

Several potential models are compared against experimental
data that are taken from Vargaftik and coworkers.75 [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 3. Variation of saturated vapor compressibility
factor for C2–C8 aliphatic acids.

Experimental data from Vargaftik et al.75 and from Miya-
moto et al.76 for acetic acid ~, butyric l, and pentanoic
acids ~. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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A comparison of various force fields against experimental
data is illustrated in Figure 4 for acetic acid’s ZsatV . The
SPEADMD model is the best one in predicting both liquid
and vapor phase properties. For other acids, the general
behavior is the same and the results are given in the Sup-
porting Information (Figures S2–S7). The main reason for
the excellent behavior of the SPEADMD model in both
phases is attributed to having Wertheim’s theory in its
background, which is specifically designed for chemical
reaction that occurs during hydrogen bonding. Other models
are basically point-charge approaches in which the strong
hydrogen bonding has not been treated explicitly. The asso-
ciation in these point-charge approaches has been imple-
mented implicitly through assigning special charges to each
site type. Some of these models exhibit strong dimerization
but most do not, as illustrated in Figure 4. However, if one
allows a point-charge model to have several parameters
that use various sets of partial charges for acid–acid and
acid–water intermolecular interactions, then one could also
improve the agreement with experiment implicitly. Overall,
the SPEADMD EOS has qualitative rather than quantitative

capability to predict ZsatV , (due to overestimating the
strength of association). But the coverage of mixture VLE
and multiple acids with a single transferable model is dis-
tinctive. Possible sources of further improvement might
include combined point charge þ reactive modeling, an
enhanced quantum mechanical approach, or altering the
bonding sites as in the 1A scheme of Muro-Suñé and
coworkers.6–9,32,33

Finally, the heat of vaporization of acetic acid should
exhibit a maximum when plotted against temperature (Figure
S16 of the Supporting Information), but this is not encom-
passed by the present model. This maximum in Hvap is
related to the maximum in ZsatV , as described by the Cla-
peyron equation. It is possible to represent this maximum by
choosing a smaller value for the eCC of acetic acid, but such
a low value of eCC cannot be transferred to other acids to
achieve a generally optimal characterization of vapor pres-
sure. Once again, the current model represents a broadly ap-
plicable basis for all carboxylic acids, but customized
descriptions for specific acids can be envisioned with adapta-
tions of parameters like eCC.

Table 5. Detailed VLE Results for Carboxylic Acid Mixture Systems

System % AAD P

ID1 ID2 Component 1 Component 2 NDP SPEADMD SPEADCI NRTL

Carbox/Water
1921 1251 Water Formic acid 139 6.18 1.99 0.71
1921 1252 Water Acetic acid 381 2.77 1.29 0.72
1921 1253 Water Propionic acid 147 6.20 4.35 1.90
1921 1256 Water Butyric acid 62 5.19 4.30 2.76
1921 1277 Water Acrylic acid 44 4.64 4.44 1.56
1921 1278 Water Methacrylic acid 35 4.95 1.79 1.13

Average Carbox/Water 808 4.36 2.39 1.15
Carbox/Carbox

1251 1252 Formic acid Acetic acid 198 6.02 2.85 1.60
1251 1253 Formic acid Propionic acid 58 5.48 1.71 1.14
1251 1256 Formic acid Butyric acid 5 9.71 1.54 1.32
1251 1258 Formic acid Pentanoic acid 45 14.33 3.68 2.08
1252 1253 Acetic acid Propionic acid 104 2.37 0.97 0.88
1252 1256 Acetic acid Butyric acid 6 8.53 3.85 2.84
1252 1277 Acetic acid Acrylic acid 48 2.61 0.84 0.52
1253 1256 Propionic acid Butyric acid 57 7.15 1.02 0.85
1253 1258 Propionic acid Pentanoic acid 48 13.48 1.87 1.42
1253 1870 Propionic acid Trifluoroacetic acid 19 4.58 1.79 0.86
1256 1260 Butyric acid i-butyric acid 10 8.69 1.76 1.59
1256 1261 Butyric acid i-valeric acid 9 17.00 3.97 2.85
1258 1260 Pentanoic acid i-butyric acid 48 11.08 1.35 1.15
1262 1265 Hexanoic acid Octnanoic acid 83 24.92 2.40 1.32
1265 1254 Octanoic acid Decanoic acid 18 20.06 1.51 1.32
1269 1271 Dodecanoic acid Tetradecanoic acid 26 32.92 2.03 1.77
1271 1272 Tetradecanoic acid Hexadecanoic acid 24 27.08 1.89 1.45

Average Carbox/Carbox 814 10.51 2.01 1.31
Carbox/N-Alkane

1252 1 Acetic acid Methane 46 3.47 3.19 2.55
1269 1 Dodecanoic acid Methane 15 2.37 1.24 1.83
1252 11 Acetic acid n-Hexane 9 7.12 3.77 2.85
1253 11 Propionic acid n-Hexane 9 5.66 3.33 1.68
1252 17 Acetic acid n-Heptane 65 4.07 2.34 1.49
1253 17 Propionic acid n-Heptane 42 1.45 1.29 1.17
1256 17 Butyric acid n-Heptane 30 7.44 3.64 2.44
1258 17 Pentanoic acid n-Heptane 65 7.52 3.69 2.51
1252 27 Acetic acid n-Octane 39 3.12 2.36 1.85
1253 27 Propionic acid n-Octane 54 5.32 3.04 1.52

Average Carbox/N-Alkane 374 4.75 2.79 1.99
Average Total 1996 6.54 2.39 1.48

NDP, number of data points.70–139
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Mixture results

We have considered 33 binary systems of carboxylic acids
þ water, carboxylic acid þ carboxylic acid, and acids þ n-
alkane. In our data collection, an electronic database, i.e.,
EVLM92 has been referenced, which contains the citation of
the experimental data from the year of 1888 until 2004. The
Korean database93 and DECHEMA94 series as well as litera-
ture data70,76,95–139 were referenced.

The results of VLE calculations are presented in Table 5
where a two parameter NRTL model is used to compare
with SPEADMD and SPEADCI. The total absolute devia-
tions in bubble pressure are 4.4% for SPEADMD, 2.4% for
SPEADCI, and 1.1% for NRTL based on carboxylic acids/
water systems while for carboxylic acids/carboxylic acids
systems these errors are 10.5%, 2%, and 1.3% for
SPEADMD, SPEADCI, and NRTL, respectively. Also, to
perform a more systematic test of transferability we have
analyzed binary mixtures with a nonassociated compound

such as an n-alkane. The total absolute deviations in bubble
pressure are 4.7% for SPEADMD, 2.8% for SPEADCI, and
2% for NRTL in this situation. The total AAD% of bubble
point pressure is 6.5% for SPEADMD, 2.4% for SPEADCI,
and 1.5% for NRTL. The results of the SPEADCI approach
are close to the NRTL model and the deviations are similar
in magnitude to the deviations in correlating the pure com-
ponent vapor pressure. Table 5 indicates that VLE accuracy
diminishes as we go to higher molecular weight acids. This
observation is also consistent with the vapor pressure corre-
lation. VLE graphs for selected carboxylic acid mixtures are
provided in Figures 5 and 6. As discussed earlier, the
SPEADMD model approximately correlates the overall vapor
pressures of carboxylic acids because of transferability. The
SPEADCI approach could be used to refine precision in
cases when data were available. Figure 5 shows the VLE
phase diagram for the water þ formic acid system over a
broad range of temperatures and pressures. Formic acid is
the simplest and smallest carboxylic acid, with strong associ-
ation in both liquid and vapor phases. Formic acid has an
extremely small critical compressibility factor of Zc ¼ 0.149
which verifies this strong association. This acid most likely
forms a cyclic dimer rather than polymeric chain aggregates
in the vapor phase. Notice that a strong solvation of the car-
boxylic hydroxyl in acids with water is observed for all
water/carboxylic acids systems with the solvation energy of
eHBij ¼ 67.1 kJ/mol and solvation binary interaction of kADij ¼
�0.8 for carboxylic hydroxyl-water interactions and kADij ¼ 0
for carbonyl oxygen-water interactions in Eq. 4. This system
has been studied by Grenzheuser et al.5 with the PHC equa-
tion of state and UNIQUAC activity coefficient model. They
obtained excellent result (0.7% PAAD) within the same
range of temperatures and compositions but their model suf-
fers from lack of transferable potentials, physicochemical
consideration of hydrogen bonding, and neglecting the asso-
ciation term in the liquid phase.

Figures 6 and S9 of the Supporting Information present
the solvation of acetic acid in water from considerably low
pressure, 0.27 bar, to an elevated high pressure of 21.7 bar.
This system exhibits positive deviations from ideality. This
system has also been considered by several authors including
Grenzheuser and Gmehling,5 Kouskoumvekaki et al.,140

Wolbach and Sandler,29 and Perakis et al.34 These authors
used a one site association model (1A) for carboxylic acids
and their association model for water is not consistent and
varies with the system of interest. The best binary interaction
parameter is kij ¼ �0.052, with 2% PAAD for SPEADCI.
Figure 6a is instructive regarding the presence of a pinch
point at low acetic acid concentration, which constrains the
recovery of acetic acid from water. The strong solvation
between water þ acetic acid (carboxylic hydroxyl with
water) can be described by Eq. 4 with a large negative value
for kADij ¼ �0.95 for carboxylic hydroxyl-water interactions,
kADij ¼ 0 for carbonyl oxygen-water interactions, and eHBij ¼
68.2 kJ/mol at T ¼ 462.1 K. Note that a higher solvation
energy and a more negative value for the solvation binary
interaction parameter has been chosen to mimic the pinch
behavior of this mixture in a robust fashion. Figure S22 of
section S.6 of the Supporting Information shows the general
qualitative trend of the VLE of water þ acetic acid using
the old values for solvation interactions (used for Figures 5

Figure 5. VLE predictions for the water 1 formic acid
binary system (kij 5 20.06) using the
SPEADMD (solid blue lines) and SPEADCI
(dashed red lines).

Data are from Gmehling et al.94 [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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and 6b) at 462.1 K. Muro-Suñé et al.33 underestimate the
solvation strength by considering a zero value for kADij . Also,
it seems that the multiple association site type scheme con-
sidered in this work, gives quantitative results when com-
pared with the VLE graph which is presented by Muro-Suñé
et al. It is worthwhile mentioning that our model gives satis-
factory results with considering only one binary interaction
parameter whereas Muro-Suñé et al. model gives qualitative
results based on a one parameter van der Waals mixing rule.
Furthermore, when they use a local composition excess
Gibbs energy Huron-Vidal mixing rule with the cost of more
adjustable parameters at broad ranges of temperature, the
improved results are still qualitative when the relative vola-
tility approaches unity. The water þ acrylic acid system is
interesting since it has relatively large deviations of bubble
pressure error for both SPEADMD and SPEADCI equations
of state. This large error is attributed to the unusually strong
association of the acrylic acid. Figure S10 of the Supporting
Information shows positive deviations from ideality.

In mixtures containing two carboxylic acids, the associa-
tion is still complicated because of the solvation that occurs
between the two acids. The solvation energy in this case is
94 kJ/mol for CC acid/acid interactions with kCCij ¼ 0 in for
CC interactions in Eq. 4. Acid/acid mixtures generally have
ideal solution behavior except for systems containing formic
acid. Figure S11 of the Supporting Information shows the
VLE graph for formic acid þ acetic acid system at low pres-
sures. SPEADMD fails to predict the vapor pressure of for-
mic acid as obvious in Figures S11 and S12 of the Support-
ing Information. This behavior is expected due to formic
acid high tendency to associate in both phases especially
vapor phase. Figure S11 of the Supporting Information is
another example that verifies the strong association of formic
acid in the vapor phase.

Figure S13 of the Supporting Information illustrates the
phase diagram of the mixture of two highly associated acids,

i.e., acetic acid and acrylic acid. There is ideal solvation
between these two acids and both SPEADMD and SPEADCI
give satisfactory results.

As we go to higher molecular weight acids such as butyric,
pentanoic…decanoic, and so on, the behavior of mixtures
moves toward ideal solution behavior, similar to n-alkanes.
This is expected because the association effect becomes
weaker as the chain length grows. Note that for these high mo-
lecular weight acids the vapor pressure prediction of the
SPEADMD model has a large error and the SPEADCI model
is preferable. Examples of such binary carboxylic acid þ car-
boxylic acid mixtures are given in Figures S14 and S15 of the
Supporting Information. An interesting system is propionic þ
pentanoic acid which has generally positive deviations from
Raoult’s law but small negative deviations in the pentanoic
acid rich region. This is a special characteristic of carboxylic
acid þ carboxylic acid binary mixtures and is related to con-
siderable formation of heterodimer according to Tamir
et al.112–114 and Clifford et al.122,141

Finally, in order to test the reliability of the model for pre-
dicting liquid–liquid equilibria (LLE), two typical systems of
i-butyric acid þ water and undecanoic acid þ water were
considered and presented in Figures B1 and B2 of Appendix.
Both SPEADMD and SPEADCI give satisfactory results
with a negative value of binary interaction parameter kij �
�0.1. Also, the correlation of models for extremely immisci-
ble system such as undecanoic acid þ water gives a reasona-
ble value of kij � �0.05.

Conclusions

With this work, we characterize the anomalous behavior
of carboxylic acids resulting from their strong association in
both liquid and vapor phases by using simultaneous phase
equilibria and chemical reaction according to an adaptation
of Wertheim’s theory for carboxylic acids. Simultaneously

Figure 6. VLE prediction for the water 1 acetic acid binary system (kij 5 20.052) using the SPEADMD (solid blue
lines) and SPEADCI (dashed red lines).

Experimental data are taken from Freeman et al.97 (a), Othmer et al.105 and Gmehling et al.94 (b). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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correlating the vapor compressibility factor, its trend with
molecular weight, and VLE behavior for acid and alcohol
mixtures necessitates compromises in terms of theoretical
and experimental accuracy. For example, the vapor pressure
errors are three times larger than other SPEADMD potentials
when applying a completely transferable model of acid
bonding, and larger still for dicarboxylic acids. In order to
correct for the vapor pressure and obtain acceptable phase
equilibria results for mixtures, customized interaction model
(SPEADCI) can be employed for pure fluids. Also, solvation
is observed to be substantial for acid þ water and acid þ
acid systems. Despite these compromises, the SPEADCI
model is comparable in accuracy to the best available meth-
ods for acids, even while those methods may be specialized
to ignore one or more of the peculiar behaviors of acid sys-
tems. Having a universal model helps to clarify the true na-
ture of the molecular interactions in acids and sets the stage
for further refinements that enhance precision without sacri-
ficing the accuracy of the global perspective. Finally, the
future study should focus on extending the SPEAD model to
systems with long-range interactions such as polar fluids
which have some important properties like dielectric con-
stant. This goal is achievable by implementing a field-biased
approach into our simulation method and treating Coulombic
interactions through Ewald summation. This goal is the sub-
ject of current research. With such methods we would be
able to study self-assembly aggregation phenomena at inter-
faces as has been done by Chen et al.142
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Notation

%AAD ¼ (100/#Pts) � R |calculated � measured|,
where #Pts refers to the number of measured
points

A0 ¼ reference part of the thermodynamic
perturbation theory (TPT)

A1 ¼ first-order term of the TPT, attractive-
dispersion Helmholtz energy

A2 ¼ second-order term of the TPT, attractive-
dispersion Helmholtz energy

Aassoc ¼ association Helmholtz energy computed
from Wertheim theory

BP ¼ bubble point pressure
dsite ¼ distance of the hydrogen bonded attractive

site, nm
Fij ¼ site-site force, N
gij ¼ pair correlation function, radial distribution

function
DHvap ¼ heat of vaporization, kJ/mol

i, j ¼ site types
kB ¼ Boltzman factor 	 1.381 � 10�23 J/K
kij ¼ molecule-molecule binary interaction

parameter
kADij ¼ site-site solvation interaction parameter
kssij ¼ site-site binary interaction parameter

KAD ¼ AD hydrogen bonding volume, nm3

KCC ¼ CC hydrogen bonding volume, nm3

L ¼ site-site separating distance, nm
Lij ¼ Rijm þ Rijn, nm Lij ¼ the center of the bond well, nm L12-covalent

bounded neighbors, nm
L13 ¼ next nearest neighbors, nm
M ¼ mass, kg

MNDO ¼ modified neglect of direct overlap

NA ¼ number of proton acceptors per bonding site
ND ¼ number of proton donors per bonding site
NC ¼ number of carboxylic sites per bonding site
Nd ¼ number of hydrogen bonding segments per

molecule
Nijm ¼ number of pairs in the mth well of the ij

interaction and N is the total number of
molecules in the simulation

P ¼ pressure, MPa
rc ¼ cutoff distance for the hydrogen bonding

attractive potential, nm
Rijm ¼ the bond radii of site type m, nm
Rd
ijm ¼ the radius of the ijth well on the mth site

type, nm
Drij ¼ site-site distance, nm
rdf ¼ radial distribution function

SPEADMD ¼ step potential equilibria and dynamics,
molecular dynamic version

SPEADCI ¼ step potential equilibria and dynamics with a
customized interaction parameter

T ¼ temperature, K
TPT ¼ thermodynamic perturbation theory
uij ¼ potential energy
VP ¼ vapor pressure
v ¼ molecular velocity, nm/s

XA ¼ mole fraction of molecules NOT bonded at
site A

YCC ¼ carboxylic attractive energy parameter ¼
exp (beCC) � 1

y0 ¼ background correlation function of the
reference fluid

Z0 ¼ reference fluid compressibility factor
Z ¼ compressibility factor

Greek letters

aCC ¼ carboxylic affinity factor ¼ gYCC(1 � g/2)/
(1 � g)3

b ¼ rectilinear critical scaling power
dij ¼ Rd

ijm þ Rd
ijn ¼ the breadth of the well

eijm ¼ site type potential energy of the mth well
eADij ¼ bonding energy of an acceptor on the ith

site with a donor on the jth site, kJ/mol
eHB ¼ hydrogen bonding energy, kJ/mol
eCC ¼ hydrogen bonding energy of dimerizing

sites, kJ/mol
g ¼ packing fraction
r ¼ site type diameter, nm

Superscripts

assoc ¼ association
AD ¼ acceptor-donor site
CC ¼ carboxylic-carboxylic site
disp ¼ dispersion
HB ¼ hydrogen bonding
sat ¼ saturated

Subscripts

liq ¼ liquid
ref ¼ reference
V ¼ vapro

vap ¼ vaporization in the enthalpy formula
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Appendix A: Dicarboxylic acids’ peculiar behavior

Figure A1 shows that dicarboxylic acids have larger com-
pressibility factors in comparison with monocarboxylic acids
at low reduced temperatures which may seem surprising at
first glance. Similar to higher acids, the compressibility

Figure A1. Variation of saturated vapor compressibility
factor for dicarboxylic acids.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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factors of dicarboxylic acids approach unity because their
saturation temperatures are so high. These systems have
higher saturation temperatures and lower saturated-vapor

packing fractions as depicted in Figure A2. The affinity fac-
tor [aCC ¼ gYCC(1 � g/2)/(1 � g)3] reflects the combined
influences of temperature and density. Figure A3 shows the
strength of association vs. reduced temperature which
emphasizes that dicarboxylic acids behave similar to high
molecular weight monocarboxylic acids.
Note that Figures 3, A1–A3 show that our model overesti-

mates the energy of hydrogen bonding but as mentioned ear-
lier this is inevitable since this large hydrogen bonding
energy is required for robust VLE predictions. These figures
show that as the affinity factor (a) and saturated-vapor pack-
ing fraction (gsatvap) decreases, the strength of association
(YHB) increases which means that the dicarboxylic acid com-
pounds have a strong association in both liquid and vapor
phases. Also the right hand side of the Figure A2 shows that
the general behavior of gsatvap is similar for acetic acid and
benzene. This is related to the vapor pressure and compressi-
bility factor of benzene and acetic acid according to the fol-
lowing equation

gsatvap ¼
Pb

ZRT
(A1)

where b is the volumetric size parameter. According to
general databases the critical temperature of benzene and
acetic acid are close to each other and the compressibility
factor of benzene is close to unity since it does not
dimerize. Moreover, it is a low molecular weight com-
pound and its vapor pressure is higher than acetic acid
but the compressibility factor for acetic acid is lower than
benzene. All of these effects will result in a similar
behavior of the saturated-vapor packing fraction vs.
reduced temperature.

Figure A2. Behavior of the saturated-vapor packing fraction at different temperatures for various carboxylic acids
families.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure A3. Plot of the affinity factor vs. reduced tem-
perature for various carboxylic acids fami-
lies.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Appendix B: Liquid-liquid equilibria graphs

Manuscript received July 27, 2008, and revision received May 6, 2009.

Figure B2. LLE graph for the undecanoic acid 1 water
binary system (kij 5 20.05) using the
SPEADMD (solid blue lines) and SPEADCI
(dashed red lines).

Experimental data are from Naumova et al.141 [Color
figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure B1. LLE graph for the i-butyric acid 1 water bi-
nary system (kij 5 20.1) using the
SPEADMD (solid blue lines) and SPEADCI
(dashed red lines).

Experimental data are taken from Rothmund et al.137 ~,
Friedlaender et al.138 *, and Soares et al.139 (*). [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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