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Abstract

The Transferable Potentials for Phase Equilibria-United Atom (TraPPE-UA) force field
for hydrocarbons is extended to alkenes and alkylbenzenes by introducing the following
pseudo-atoms: CHa(sp?), CH(sp?), C(sp?), CH(aro), R-C(aro) for the link to aliphatic side
chains, and C(aro) for the link of two benzene rings. In this united-atom force field. the
nonbonded interactions of the hydrocarbon pseudo-atoms are solely governed by Lennard-
Jones 12-6 potentials, and the Lennard-Jones well depth and size parameters for the new
pseudo-atoms were determined by fitting to the single-component vapor-liquid phase equi-
libria of a few selected model compounds. Configurational-bias Monte Carlo simulations in
the NV T version of the Gibbs ensemble were carried out to calculate the single-component
vapor-liquid coexistence curves for ethene, propene, 1-butene, trans- and cis-2-butene. 2-
methylpropene, 1.5-hexadiene, 1-octene, benzene, toluene, ethylbenzene, propylbenzene.
isopropylbenzene. o-, m-, and p-xylene, and naphthalene. The phase diagrams for the
binary mixtures of (supercritical) ethene/n-heptane and benzene/n-pentane were deter-
mined from simulations in the NpT Gibbs ensemble. Although the TraPPE-UA force field
is rather simple and makes use of relatively few different pseudo-atoms, its performance.

4s judged by comparisons to other popular force fields and available experimental data. is

very satisfactory.
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1. Introduction

Unsaturated hvdrocarbons are ubiquitous as reacrants. intermediates. or products
in many processes in the (petro)chemical industries, and the rigidity and distinct con-
formation of unsaturated carbon-carbon bonds is exploited by many biological systems.
However, despite the importa_nce of unsaturated hydrocarbons little attention has been
devoted to the development of appropriate molecular-mechanics-type force fields for these

svstems that are transferable over a wide range of temperature, pressure, and composition.

The popular OPLS united-atom force field developed by Jorgensen et al.! contains
the Lennard-Jones (LJ) parameters (and also the torsional parameters) for some of the
pseudo-atoms required for modeling of unsaturated hydrocarbons. In particular, these
OPLS-UA force field parameters were fitted to liquid densities, heats of vaporization, and
liquid structures of 1-butene, cis-2-butene, 2-methylpropene, and benzene (at 7 = 298.15 K
and p = 101.3 kPa) determined from isobaric-isothermal ensemble Monte Carlo simula-
tions. Using a similar procedure, Jorgensen et al.?= also determined force field parameters
(LJ well depths and LJ diameters plus partial charges) for an all-atom description of the
unsaturated hyvdrocarbons. However. over the past few vears it has become clear that
simulations over a wider range of physical conditions (temperature and pressure) are re-
quired to vield force fields for a given system that strike a good balance between enthalpic
and entropic contributions to the free energy and that are thus transferable to different

physical conditions.®:?

Recently, Spyriouni et al.® proposed a united-atom model for medium-sized a-olefines
(denoted here as the SET force field) that yields very good predictions for many thermo-
physical properties (critical constants, vapor pressures, heats of vaporization, and second
virial coefficients) over the entire fluid phase regime. To further test their a-olefine force

field, Spyriouni et al.® carried out calculations for binary mixtures of 1-butene (or 1-hexene)
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with n-hexatriacontane which was modeled using the n-alkane force field of Dodd and
Theodorow.” In addition, in an earlier publication® results for binary mixtures of ethene
with heavy saturated alkanes were reported. Although their results for the pure olefines
and their mixtures with n-alkanes are very satisfactory, we would like to emphasize here
that the SET force field parameters used were not transferable from one type of molecule
to another. In particular, the CHy(sp?) parameters are different for this pseudo-atom
in ethene and in the a-olefines. and the saturated methylene and methyvl group param-
eters differ between ethane, longer n-alkanes, and a-olefines (see Table 1). This implies
that one needs to determine all different types of pseudo-atoms separately for every class
of molecules. and therefore could not use a group-contribution-like concept to build new

molecules.

A few vears ago. this group has started an effort to develop the transferable potentials
for phase equilibria (TraPPE) force fields.®~!! Saturated alkanes were the main focus in
the first three papers in this series, and a computational efficient united-atom force field
(TraPPE-UA) was developed for linear and branched alkanes.%-!® In addition, an explixit-
hvdrogen version (TraPPE-EH) for the linear alkanes was presented that is computationally

more expensive, but yields slightly better predictions for phase equilibrium properties.!?

The purpose of the TraPPE force fields is not only to be able to reproduce thermo-
phvsical properties over a wide range of physical conditions, but also to keep the models
as transferable as possible by minimizing the number of different (pseudo-)atoms needed
for any particular molecule and by using the same parameters for a given (pseudo-)atom
in all tvpes of molecules. In particular, for the united-atom version this requires further
explanation. Our philosophy in defining a given pseudo-atom is that it mimicks the inter-
actions of its core electrons plus a share of the valence electrons that make its bonds to
the neighboring atoms. Actually, the contribution of the valence electrons far outweighs

the contribution of the core electrons to the molecular polarizabilty.!?:!3 For example, the
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pseudo-atom for a methyl group. that is connected to another carbon arom. accounts for
the three C-H bonds and a share of one C-C bond (plus its core clectrons). Thus the
same pseudo-atom is used for the methyl group in ethane. propane, or propene. However.
the pseudo-atom for a methyl group connected by a single bond to an oxygen atom (sav.
in methanol) is different because it mimicks the interactioﬁs of three C-H bonds and a
share of one C~O bond. Clearly differences in electronegativity between C and O atoms
lead to intramolecular charge transfer and require the use( of partial charges and. mayvbe,
also of different LJ parameters. The next manuscript in this series will focus on oxygen

functionalities. !4

To model linear and branched alkenes and alkylbenzenes (and aromatic hydrocarbons
consisting of multiple benzene rings) we need to introduce three new pseudo-atoms with
sp? geometry [CHa(sp?), CH(sp?), and C(sp?)] and three new aromatic pseudo-atoms
[CH(aro), R—C(aro) for the link to aliphatic side chains, and C(aro) for the link of benzene
rings]. The remainder of this manuscript is organized as follows. The details of the
TraPPE-UA force field for alkenes and alkvlbenzenes are described in the next sectiomn.
Thereafter, we briefly outline the simulation methods. Results for vapor-liquid equilibria

of pure systems and binary mixtures are discussed in section 4.

2. Models

The TraPPE-UA force field utilizes pseudo-atoms located at the sites of heavy atoms
{in this case, only carbon atoms) whose nonbonded interactions are described by pairwise-

additive LJ 12-6 potentials

NN
upy(ri;) = 465 (ﬁ) - (T—]) (1)
ij i7

where 7;;, €;;, and o;; are the bead-bead separation, LJ well depth, and LJ diameter,

respectively, for the beads ¢ and j. As is customary, these LJ potentials are used only
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for the interactions of pseudo-atoms belonging to different molecules or belonging to the
same molecule, but whose interactions are not accounted for by any of the intramolecu-
lar. bonded potentials: fixed bond lengths for neighboring pseudo-atoms, harmonic bond
bending potentials for pseudo-atoms separated by two bonds, and dihedral potentials for
pseudo-atoms separated by three flexible bonds. Since the benzene rings are treated here
as rigid units, the dihedral potential for a pseudo-atom that is in £ position (separated
by two bonds) to a benzene ring accounts for all the 1-4, 1-5 and 1-6 interactions with
the pseudo-atoms of the benzene ring. Furthermore, napthalene is treated as a fully rigid

molecule and therefore all intramolecular L] interactions are excluded.

The LJ parameters for methyl, methylene, and methine groups with sp® can be taken

directly taken from our work on linear and branched alkanes,®:°

since they are always
bonded to another carbon atom for all molecules studied here. The new LJ parameters
for the vinylic groups were determined from calculations of the vapor-liquid equilibria of
the following compounds: ethene for CHy(sp?), cis-2-butene for CH(sp?), 2-methylpropene
for C(sp?), benzene for CH(aro), toluene for R-C(aro), and napthalene for C(aro). The
set of TraPPE-UA LJ parameters used here and the corresponding parameters for the
OPLS-UA model developed by Jorgensen et al.! and the different models by Theodorou

8

and co-workers®~8 are listed in Table 1. The LJ parameters for the interactions of unlike

pseudo-atoms are calculated using the standard Lorentz-Berthelot combining rules!®:16

1
0ij = 5 (04 + 35) €ij = \/€u€j; (2)

A spherical potential truncation for pairs of pseudo-atoms separated by more than 14 A
was enforced, and analytic tail corrections (for energies, pressures, and chemical potentials)
were employed.!7:18 For the saturated and unsaturated hydrocarbons, all pseudo-atoms are
connected to pseudo-atoms with the heavy atoms of the same electronegativity, thus partial

charges are not needed here for the TraPPE-UA force field. Similarly, partial charges are
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not used in the OPLS-UA representation,! whereas the OPLS-AA model for benzene?
makes use of partial charges at the carbon and hydrogen sites. In this case. the Ewald
summation technique is employed to calculate the long-range Coulombic interactions with

the Ewald parameters set to x x L =5 and K. = 5.

As mentioned above, a set of bonded interactions governs bond stretching, bond angle
bending, and torsional motions. In the TraPPE-UA force field all bond lengths are fixed
and aromatic rings are treated as rigid units. The bond lengths for the three different
types of carbon-carbon bonds (single bond, double bond, aromatic ring bond) are listed

in Table 2.

A harmonic potential is used to control bond angle bending

5 (6~ 6y)? 3)

Ubend = 5

where 6, 6y, and kg are the measured bending angle, the equilibrium bending angle, and
the force constant, respectively. Table 3 contains a list of the 8y and kg parameters9:20

used here (see also ref. 10 for additional TraPPE-UA bending parameters).

The torsional potentials used to restrict the dihedral rotations around bonds connect-
ing two methylene pseudo-atoms and around bonds connecting a methylene pseudo-atom

with a CH(épz) were taken from the OPLS-UA force field!
tors = oc1 (1 + ¢08(6)] + ¢2[1 — cos(26)] + cs[1 = cos(3¢)] (4)

with the Fourier coefficients listed in Table 4 (additional torsional potentials for TraPPE-

UA branched alkanes can be found in ref. 10).

Although trans- and cis-2-butene are treated as rigid molecules in the OPLS-UA force

field. a harmonic torsional potential is used for the TraPPE-UA force field

d
Utors = _22 (d) - ¢O)2 (5)
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In this case. the dop and ¢g parameters (see Table 4) were obtained by fitting to the energies

of fully relaxed structures calculated with the M) x representation of PC-Model.?! A simple
cosine function is used for dihedral rotations around bonds connecting an sp® carbon with
an aromatic carbon

Utors = €0 (1 — cos(2o+er) (6)

with parameters derived using PC-Model (see Table 4).

3. Simulation Details

A combination?? of the Gibbs ensemble Monte Carlo (GEMC) technique®~%® and
the configurational-bias Monte Carlo (CBMC) method!®-26-2° was used to determine the
vapor-liquid coexistence properties for single—componém systems and binary mixtures. To
facilitate the particle swap moves that are required to sample the partitioning of molecules
between the two coexisting phases, we have used three different approaches. Coupled-
decoupled CBMC!® can be used without modifications for particle swaps of the semi-
flexible alkenes (where only the bond lengths are held rigid). However, the aromatic
molecules contain larger rigid portions which require special attention. For completely
rigid molecules (benzene, toluene, the xylenes. and naphtalene), the CBMC part of the
swap move proceeds as follows: (i) randomly select a trial position (or positions, see below)
" in the insertion box for the first bead of the molecule to be swapped (usually one of the
pseudo-atoms in the benzene ring), (ii) calculate the energies and Boltzmann weights for
Tichoice Tandom orientations of the rigid molecule (keeping the position of the first bead as
the origin). (iii) randomly select with a probability proportional to its Boltzmann weight
one of the ncpoice Orientations as the trial position. and (iv) determine nepoice—1 oOrientations
and their energies and Boltzmann weights for the trial molecule in the removal box, and (v)
accept or reject the biased swap move according to the regular CBMC acceptance rules.??

Finally, if the aromatic molecule consists of a rigid ring and semiflexible alkyl chain parts

8




(ethvlbenzene, propylbenzene, and isopropylbenzene), then the particle swap starts with
an orientational-bias insertion of the rigid part of the molecule which is followed by a

coupled-decoupled CBMC growth of the semiflexible part.

Five different types of Monte Carlo moves were employed here: translational, rota-
tional. conformational (using coupled-decoupled CBMC), CBMC particle swap, and vol-
ume moves. The type of move was selected at random with the fraction of CBMC particle
swap and volume moves adjusted to yield roughly one accepted move per 10 Monte Carlo
cycles and with the remainder of moves equally divided between translations, rotations,
and conformational changes. Computational efficiency was improved by utilizing a biased
insertion with 10 trial sites for the first interaction site in a CBMC particle swap,3%-3! an
additional center-of-mass based cutoff which avoids computing unnecessary distances,? and
a shorter potential truncation (regmc = 5 A) for use during split-energy CBMC moves3?

which is then corrected to the full potential {ro,; = 14 ‘Z\) with tail corrections in the

acceptance rule.

The NVT-GEMC simulations for single-component systems were carried out using
400 and 300 molecules for the alkenes and alkylbenzenes, respectively. For all of these
simulations at least 25,000 Monte Carlo cycles were carried out for the equilibration periods

and between 50,000 to 200,000 cycles were used for the production runs.

To estimate the critical temperatures T, and densities p., the density scaling law (with
B = 0.32)*3 and the law of rectilinear diameters®® were used. Normal boiling points Ty
were determined from fits of the vapor pressures to the Clausius-Clapeyron equation. No
finite-size or crossover effects were considered here for locating the critical point, but we
checked that the density differences obey the scaling law over the range of temperatures
studied here (which typically range from 0.5T¢ to 0.97;). If more accurate estimates of the

critical properties are desired, then one has to use more elaborate simulation techniques.3®
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However, one might argue that the approximate nature of the simple united-atom force
fields used here. does not justifythe additional effort. Furthermore, no significant dif-
ference has been found between critical points of linear alkanes determined from GEMC
simulations with a protocol similar to that used here® and from grand canonical Monte

Carlo simulations with histogram reweighting and mixed-field scaling analysis.®®

Simulations using the isobaric version of the Gibbs ensemble?* were carried out to
determine the pressure-composition diagrams for binary systems. The total numbers of
molecules used were 400 and 300 for the ethene/n-heptane and benzene/n-pentane simula-
tions, respectively, and the overall mole fractions were adjusted to yield similar numbers of
molecules in the two simulation boxes. The equilibration and production periods consisted
of at least 25,000 and 50,000 Monte Carlo cycles, respectively. In addition, NVT GEMC
simulations were also performed to determine the corresponding saturated vapor pressures

of pure benzene and pure n-pentane.

4. Results and Discussion

A. Vapor-Liquid Phase Equilibria for Alkenes. Following a similar strategy as
employed in the development of the TraPPE-UA force field parameters for saturated
alkanes,®''® simulations were performed first for ethene to determine suitable LJ parameters
" for the CHy(sp?) pseudo-atom. The vapor-liquid coexistence curve (VLCC) for ethene cal-
culated using the OPLS-UA force field! is shown in Figure 1. Considering the usually fair
performance of this force field for the n-alkanes,® the results for ethene are disappointing: in
particular, the orthobaric liquid densities and the critical temperature are underestimated
by about 23% and 16%, respectively. It should be noted here, that Jorgenson et al.! did
not carry out separate calculations for ethene, but determined the CHy(sp2) parameters
from simulations of 1-butene. We carried out GEMC simulations for ethene to determine

suitable LJ parameters for the CHs(sp?) group, emphasizing agreement with experimen-
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tal saturated liquid densities and the critical temperature in the fitting procedure. The
resulting TraPPE-UA LJ diameter is 0.7% smaller and L well depth is 5.9% smaller than
the corresponding OPLS-UA paramters (see Table 1). The VLCC of ethene calculated for
the TraPPE-UA force field is shown in Figure 1 and the corresponding numerical data are
listed in Table S1. Whereas the experimental saturated liquid densities are reproduced |
with a mean unsigned error of 0.3%, the saturated vapor densities (and correspondingly
also the saturated vapor pressures) are consistently overestimated. Although the normal
boiling point is underestimated by about 3%, agreement for the critical temperature and
critical density is very good. The deviations from the experimental VLCC are also reflected
in the heats of vaporization (not shown), where the TraPPE-UA force field gives satisfac-
tory results at higher temperatures (as should be expected from the good prediction of the
critical temperature), but yields too small heats of vaporization at the lower temperatures.
It has to be emphasized here, that similar problems were also observed for the saturated
alkanes.% 1% Thus we would like to argue that this problem is caused mainly by the over-
simplified united-atom representation of the molecular shape and should not be attributed
to the neglect of special interactions for the unsaturated bonds. Better agreement with
experiment might be obtained by adjusting the separation of the two pseudo-atoms in
ethene, that is placing the interaction sites further apart than the length of a C=C double
bond, as is done in the SET force field for ethene®, the Toxvaerd anisotropic united-atom
force field®” and the Gibbs99 exp-6 force field®® for the alkanes, and as has been sug-
gested much earlier fr’om calculations of radial distribution functions for ethane by Byrnes
and Sandler.®® Thus although placing all pseudo-atom interaction sites at the positions
of carbon nuclei, as is done in the OPLS-UA and TraPPE-UA force fields, is the conve-
nient choice. it may not be the optimal choice for a given molecule. Nevertheless, we feel
that this choice is still the best option for a general united-atom force field because it
greatly enhances the transferability to different molecules, whereas searching for improved

pseudo-atom separations will invariably lead to different “bond” lengths for methyl-methyl
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and methyl-methylene®® or CHa(sp?)-CHa(sp?) and CHa(sp?)-CH(sp?). Finally. we would
expect that using an explicit-hydrogen representation for the alkenes (which gives a much
better representation of the molecular shape) one can obtain much better agreement be-
tween simulation and experiment albeit at a much higher computational cost. This has

been convincingly demonstrated for the linear alkanes.!*

The other pseudo-atom needed for the modeling of alkenes are the CH(sp?) and C(sp?)
groups. Here we performed GEMC calculations for cis-2-butene and 2-methylpropene
to determine the LJ parameters for these sites retaining the CHz(sp?) parameters from
ethene and the methyl group parameters from the TraPPE-UA force field for the saturated
alkanes.®® Another option would have been to use propene in the fitting procedure, but
we decided on cis-2-butene because of its greater abundance of CH(sp?) pseudo-atoms.
These molecules were also used by Jorgensen et al.! in the determination of the OPLS-UA
force field. The OPLS-UA and TraPPE-UA parameter for these group are listed in Table 1.
Since the methyl group parameters of the OPLS-UA and TraPPE-UA force fields differ, the
CH{(sp?) LJ parameters are necessarily also different; for example, while the methyl group
well depth is about 10 K smaller for the OPLS-UA force field, its CH(sp?) group well depth
1s about 10 K larger. Th.e differences for the C(sp?) group are much more pronounced. but
it should be noted here that the OPLS-UA force field employs a different set of methyl
" group parameters when this group is connected to a carbon branch point.! The VLCC of
cis-2-butene and 2-methylpropene calculated for the TraPPE-UA force field are shown in
Figure 2 (see also Table S1). Again. agreement with experiment for the saturated liquid
densities and the critical temperatures is very good, whereas vapor densities and pressures
are overestimated and the normal boiling points are underestimated. Calculations for
the OPLS-UA force field were not performed, but a comparison of the TraPPE-UA and
OPLS-UA LJ <‘liameters demonstrates that the OPLS-UA will yield liquid densities for

cis-2-butene that are significantly too low (as has been observed in isobaric-isothermal
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ensemble simulations?).

9 s . . .
The force field parameters for the three sp-tvpe preudo-atoms (in conjunction with

the previously developed saturated methyl and methvlene pseudo-atoms®1%) were then
tested for their transferability to other alkenes. VLCC for some a-olefines are compared in
Figure 1 (see also Table S1) and the corresponding thermodynamics properties are listed
in Table 5. Agreement with the experimental data for propene, 1-butene, and 1-octene is
satisfactory (good agreement in saturated liquid densities and critical temperatures, but
again an overprediction of the saturated vapor pressures). It is rather encouraging that the
thermodynamic properties of these three a-olefines are reproduced with similar accuracy as
those of ethene and cis-2-butene used for the fitting of the CHa(sp?) and CH(sp?) pseudo-
atoms. This outcome should not have been taken for granted because of the different nature
of carbon-carbon ¢ and 7 bonds that might affect the transferability of pseudo-atoms
between saturated and unsaturated hydrocarbons. The OPLS-UA force field performs
much better for 1-butene than for ethene and propene (and from comparison of these three
alkene, one might expect that agreement will worsen for longer a-olefines as it does for
longer n-alkanes®), but 1-butene was used in the OPLS-UA fitting procedure. Performance
of the SET force field for 1-octene is comparable to that of the TraPPE-UA force field, but
small differences are noticeable which result from the different fitting strategies. Whereas
agreement with experimental vapor pressures was part of the development of the SET force
ﬁefd, the TraPPE-UA force field was fitted emphasizing the saturated liquid densities.
As has been discussed by Errington and Panagiotopoulos®® and by us.!! the united-atom
representation using LJ potentials and realistic carbon-carbon bond lengths for the pseudo-
atom separations is apparently not flexible enough to describe with sufficient accuracy the
molecular shape and the temperature- and density-dependences of the cohesive interactions

in liquid alkanes or alkenes. Thus compromises have to be made in the development of

computationally efficient united-atom force fields. Finally, the results for 1-butene obtained
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for the SET force field® deviate more significantly from experiment than those for 1-octene.
This lets us to speculate that modeling CHz(sp?) and CHa(sp®) pscudo-atoms with the
same parameters, as is done in the SET force field (see Table 1), restricts the transferability

of the parameters to a-olefines of only a certain length range.

Since the CH(sp?) pseudo-atom parameters were fitted for cis-2-butene, it is instru-
mental to test that these parameters can also be applied to the trans-isomers. The VLCC
of trans-2-butene is shown in Figure 2 and its thermodynamic properties are listed in
Table 5. Agreement with experiment is very encouraging, in particular. the TraPPE-UA
force field predicts correctly that the critical temperatures of the two 2-butene isomers
differ by a large amount (7 K in the experiments*? versus 9 K in the simulations). whereas
the difference in normal boiling points is small (3 K and 2 K, respectively). The differences
in saturated liquid densities are similarly well described (see Table S1). The liquid-phase
radial distribution functions (RDFs) for cis- and trans-2-butene are compared in Figure 3.
Overall the structural differences between the two isomers are rather small. In particu-
lar, the methyl-methyl and CH(sp?)-CH(sp?) RDFs for both isomers are very similar, but
more noticeable differences are observed for the methyl-CH(sp?) RDF. Given the small
differences in RDFs. it is remarkable that the difference in bulk thermodynamic properties
are well reproduced. Finallv. the VLCC for 1.5-hexadiene was also calculated. Agreement
with the rather limited experimental data (orthobaric vapor and liquid densities at low
temperatures and normal boiling point) for this molecule is satisfactory and shows that
the TraPPE-UA force field can be directly applied to non-conjugated poli-enes. However,
one might expect lesser agreement for the special cases of conjugated poly-enes which were

not simulated here.

B. Vapor-Liquid Phase Equilibria for Alkylbenzenes. Simulations were carried

out first for benzene which is treated in the OPLS-UA and the TraPPE-UA force fields
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as a rigid, planar hexagon containing six identical CH{aro) pseudo-atoms. Although the
OPLS-UA! force field vields satisfactory orthobaric vapor and liquid densities at 300 K
(very close to the thermodynamic conditions of 7" = 2935.15 K and p = 101.3 kPa which
were used in the fitting procedure for this force field). the agreement with e;xperiment
worsen with increasing temperature (see Figure 5), and the OPLS-UA vields a critical
temperature that is about 80 K too high. Thereafter, we tested the OPLS-AA force field?
for benzene which uses additional LJ interaction sites at the hydrogen positions and partial
charges at all carbon and hydrogen nuclei. Again, agreement at the lower temperatures is
satisfactory, but the saturated vapor and liquid densities at higher temperatures are too
low. The resulting critical temperature and density are 25 K and 0.043 g/mL lower than

their experimental counterparts.

VLCC calculations for benzene and toluene were used to determine the TraPPE-UA
parameters for the aromatic CH(aro) and R-C(aro) groups. The resulting LJ parameters
for CH(aro) are relatively similar to those for the CH(sp?) pseudo-atoms used for the
alkenes, and also the parameters for the R-C(aro) and C(sp?) pseudo-atoms are rather
close (see Table 1). This observation supports the view that the valence electrons of the
C-H bonds dominate the bolarizability of hydrocarbons.!'~!3 The VLCCs of benzene and
toluene are well reproduced by the TraPPE-UA force field. As was also found for the
alkanes and alkenes, agreement with experimental saturated liquid densities is very good -
(less than 1% deviation over the entire temperature ranges), but vapor pressures and
densities are again overpredicted. Although the normal boiling points are underestimated
by about 3%, the critical temperatures are very close to their experimental counterparts.
Recently, Errington and Panagiotopoulos*® proposed a semiflexible united-atom model for
benzene using Buckingham exp-6 potential functions. This exp—6 model yields excellent
agreement for both vapor and liquid-phase properties, but it is specific to benzene and its

transferability to other alkylbenzenes has not yet been tested.
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The center-of-mass and carbon-carbon RDFs for benzene are compared for the OPLS-
UA. OPLS-AA, and TraPPE-UA force fields in Figure 6. Whereas the two united-atom
representations give nearly indistinguishable RDF's, those for the OPLS-AA model differ
markedly. In particular, the first peak in the center-of-mass RDF is shifted to shorter
separations despite the lower liquid density for the OPLS-AA model. In addition. we
observe a second and third peak at 9.5 and 11.5 A, respectively, whereas the united-atom
models show only one broad second peak centered around 10 A. In a similar fashion, the
carbon-carbon RDF for the OPLS-AA atom model shows more structural features and a

shoulder at the smallest separation that is absent for the united-atom models.

The VLCCs of ethylbenzene, propylbenzene, isopropylbenzene. and the three xvlene
isomers were calculated (see Figures 7 and 8) to evaluate the transferability of the CH(aro)
and R-C(aro) pseudo-atoms. The TraPPE-UA force field performs remarkedly well for the
ethylbenzene and the two propylbenzene isomers which have very similar saturated liquid
densities around 400 K (see Table S1), but differ substantially in normal boiling points
and critical temperatures (see Table 5). Again, we would like to emphasize here that
this good agreement should not be taken for granted because these alkylbenzenes involve
unlike interactions between aromatic groups, CH(aro) and R-C(aro). and saturated groups.
CH,(sp®) and CH(sp®), that were not considered while fitting the aromatic groups. In
particular, the aromatic 7 clouds result in a non-negligible quadrupole moment for the
benzene rings that is not treated explicitly here but simply treated in an effective way by

the LJ sites on the aromatic rings.

The VLCCs of the three xylene isomers are less well reproduced. Whereas the cal-
culated orthobaric liquid densities are within 1% of experiment for all other molecules
considered here, the results for the xylenes deviate by about 2% with the largest devia-
tions observed for m-xylene at higher temperatures. In addition, the relative ordering of

the liquid densities is not predicted correctly. Whereas the experimental liquid densities
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scale as 1.02 : 1.00 : 0.99 for o-, m—. and p-xylene, respectively, the simulations yield
1.00: 1.00 : 0.98. In a similar fashion, the experimental critical temperatures and normalj
boiling points of m- and p-xylene are close, but the TraPPE-UA force field predicts smailer
differences between o- and m-xylene. An explanation for these problems is not obvious.
but one might speculate that the close vicinity of the methyl groups in o-xvlene might
affect the polarizibility of these groups or the planarity and bond bending angles involving

the methyl groups.

Finallv. calculations for naphtalene were carried out to obtain the L.J parameters for
the C(aro) pseudo-atom that connects between benzene rings. The calculated orthobaric
liquid densities and critical temperature are in good agreement with experiment.*? but
the calculated boiling temperature is about 5% too low (experimental vapor densities
were not found in the literature). This problem might be attributed to treating an entire
naphtalene as a rigid unit, while it is actually somewhat flexible.® This is an issue that
should be addressed before extending the calculations to larger aromatic poly-cyles for

which experimental VLCC data are not available.

C. Binary Mixtures of Alkanes with Ethene or Benzene. To assess the trans-
ferability of the new TraPPE-UA force field for alkenes and alkylbenzene, we carried out
" isobaric Gibbs ensemble simulations for two binary mixtures. The 433 K isotherm for the
mixture of (supercritical) ethene and n-heptane is shown in Figure 9 and the corresponding
numerical results are listed in Table S3. Agreement with experiment is very satisfactory
and of similar quality as TraPPE-UA calculations for the mixture of (supercritical) ethane
and n-heptane. Thus the unlike interactions between the saturated and vinylic pseudo-
atoms are well accounted for and we apparently do not require special # — = interactions
to treat alkenes and their mixtures with alkanes with satisfactory accuracy. Of course.

we should not ignore that the saturated vapor pressures calculated with the TraPPE-UA
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for both pure ethene and pure n-heptane are slightly too high, but these small shifts are

marked by the large pressure scale of the phase diagram for the supercritical mixture.
Analysis of RDF's and their number integrals (not shown) supports a picture of the super-
critical phase with random mixing of the supercritical ethene solvent and the n-heptane
solute, that is there is no evidence for clustering of solvent molecules around a solute. In
general, this supercritical solvent/solute system behaves very similar to the related binarv
mixture of ethane and n-heptane which has been discussed in more detail in a previous

publication.**

The pressure-composition diagram for the mixture of n-pentane and benzene at T' =
318.15 K is shown in Figure 10. Since the vapor pressures of both n-pentane and ben-
zene are overestimated by about 50% at this relatively low temperature and because both
molecule have relatively similar vapor pressures, the calculated pressure-compositions dia-
gram differs substantially from experiment. In fact, the calculated phase diagram is close
to its experimental counterpart at 10 K higher temperature. as should be expected from the
offsets in normal boiling points (see Table 5). Nevertheless, from a plot of the vapor- ver-
sus liquid-phase mole fraction of n-pentane (see Figure 10). it is apparent the TraPPE-UA
force field yields much better predictions of the separation factors. The separation factors
determined from Raoult’s law for ideal binary mixtures using either the experimental or
* the calculated pure-phase vapor pressures are also shown in Figure 10. As can be seen.
the simulations predict correctly positive deviations from Raoult’s law (higher vapor-phase
mole fractions of n-pentane) at low n-pentane concentrations in the liquid phase and neg-
ative deviations from Raoult’s law at high n-pentane concentrations. Recently, Lisal et
al.*> proposed a simulation procedure for multi-component phase equilibria which involves
rescaling of the chemical potentials of the constituents to account for differences in the
experimental and calculated vapor pressures of the pure phases. Clearly, this procedure

could also be used here to improve agreement with experiment. However, we would like
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to refrain from such re-scaling procedures which require knowledge of experimental quan-
tities. and prefer to use more accurate. but more expensive all-atom and/or polarizable
models to improve the accuracy of the predictions. 't Finally. analysis of the number
integrals of the RDFs shows random mixing for the n-pentane/benzene mixture over the

entire range of pressures or compositions (see Figure 11).

5. Conclusions

The TraPPE-UA force field is extended to linear and branched alkenes and alkylben-
zenes by the introduction of six new pseudo-atoms. The performance of the TraPPE-UA
force field for the prediction of thermophysical properties is in general very satisfactory.
but the main shortcoming of this simple united-atom force field remains the slight over-
prediction of saturated vapor pressures which was also observed for saturated alkanes.®-!°
The TraPPE-UA pseudo-atoms are transferable from one molecule type to another using
the standard Lorentz-Berthelot combining rules for Lennard-Jones interactions of unlike
pseudo-atoms. Whereas the popular OPLS-UA force field clearly does not perform with
the same accuracy as the TraPPE-UA force field. the performance of the SET force field
is comparable, but some limits of the transferability of the SET parameters are evident.
The improved performance of the TraPPE-UA force ﬁeldr does not come at higher compu-
tational costs nor does it require the use of a larger number of pseudo-atoms (or param-
eters). In fact, to describe alkanes and alkenes the OPLS-UA force field uses 11 different
pseudo-atoms, compared to 6 and 7 pseudo-atoms for the TraPPE-UA and SET force
fields (where the latter is limited to a-olefines). In addition, the TraPPE-UA force field
is also parametrized for alkylbenzenes and for poly-cylic aromatic systems, whereas the
required pseudo-atom parameters are missing in the OPLS-UA force field. Finally, the
TraPPE-UA force field was also used to calculate the pressure-composition diagrams of

two binary mixtures and the results are promising without requiring any special binary
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nixing parameters.
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FIGURE CAPTIONS

Figure 1. Vapor-liquid coexistence curves for ethene, propene. 1-burene. and I-octene.
Calculated coexistence densities and extrapolated critical points for the TraPPE-UA.
OPLS-UA,! and SETS® force fields are shown as open circles, squares. and diamonds. re-
spectively. Experimental coexistence data and critical points are depicted by solid lines

and stars.*!

Figure 2. Vapor-liquid coexistence curves for 2-methylpropene. cis-2-butene. and
trans-2-butene. Calculated coexistence densities and extrapolated critical points for the
TraPPE-UA force field are shown as open circles, squares, and diamonds. respectively.
Experimental coexistence data and critical points are depicted as solid lines and a plus for
2-methylpropene, dotted lines and a star for cis-2-butene, and dashed lines and an inverted

triangle for trans-2-butene.*!

Figure 3. Intermolecular segment-segment radial distribution functions for cis-2-butene
at T = 322 K (solid lines) and trans-2-butene at T = 323 K (dashed lines). The radial
distribution functions are shown for CH-CH, CH-CHj (displaced vertically by 1 unit).

and CH3-CHj3 pairs (displace vertically by 2 units).

Figure 4.  Vapor-liquid coexistence curves for 1,5-hexadiene. Calculated coexistence

densities and extrapolated critical point are shown as open circles. Experimental orthobaric

liquid densities are depicted by.the solid line.

Figure 5. Vapor-liquid coexistence curves for benzene, toluene, and naphtalene. Cal-
culated coexistence densities and extrapolated critical points for the TraPPE-UA. OPLS-
UA,! and OPLS-AA? force fields are shown as open circles, squares, and diamonds. re-
spectively. Experimental coexistence data and critical points are depicted b}j solid lines

and the star.4!
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Figure 6. Center-of-mass and carbon-carbon (displaced vertically: by 1 unit) radial
distribution functions for benzene at T = 400 K. Solid. dotted. and dashed line stvles are

used to depict the results for the TraPPE-UA. OPLS-UA. and OPLS-AA force fields.

Figure 7.  Vapor-liquid coexistence curves for ethvlbenzene, propylbenzene. and iso-
propylbenzene. Calculated coexistence densities and extrapolated critical poinrs are shown
as open circles, squares, and diamonds, respectively. Experimental coexistence dara and
critical points*? are depicted as solid lines and a star for ethylbenzene. dotted lines and a

plus for propylbenzene. and dashed lines and an inverted triangle for isopropvlbenzene.

Figure 8. Tapor-liquid coexistence curves for o-. m-. and p-xylene. Calculated coex-
istence densities and extrapolated critical points are shown as open circles. squares. and
diamonds, respectively. Experimental coexistence data and critical points?! are depicted
as solid lines and a star for o-xylene. dotted lines and a plus for m-xvlene. and dashed

lines and an inverted triangle for p-xvlene.
o 8

Figure 9.  Pressure-composition diagram for the 433 K isotherm of the binary mixture
consisting of supercritical ethene and n-heptane calculated using the TraPPE-UA force

field (diamonds). The solid line represents the experimental results.’

Figure 10.  Pressure-composition (top) and z1/y; (bottom) diagrams for the 318.15
K isotherm of the binary mixture consisting of n-pentane and benzene calculated using
the TraPPE-UA force field {circles). The solid lines represents the experimen:al resules.
The z,/y; values determined from Raoult’s law for ideal binary mixtures using either the
experimental or the calculated pure-phase vapor pressures are depicted by the dashed line

and squares, respectively.

Figure 11.  Number integrals calculated from center-of-mass radial distribution func-

tions for the liquid phases of the binary n-pentane/benzene mixture at t = 318.15 K
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and p = 1.76 MPa (top) and p = 0.898 MPa (bottom). Number integrals are shown for
n-pentane swrrounding n-peutane (solid lines), n-pentane surrounding benzene (squares),

benzene swrounding benzene (dashed lines), and benzene surrounding n-pentane (circles).
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Tables

Table 1: Comparison of the Lennard-Jones Parameters for the OPLS-UA,!

SET,*~% and TraPPE-UA Force Fields

OPLS-UA SET TraPPE-UA

pseudo-atom  molecule oclA] ¢/ks[K] o[A] €¢/kg [K] o[A] €/kp [K]
CH; (sp3)  ethane 3.775 1041  3.64 1122 375 98.0
' CHj (sp3)  n-alkane  3.905 881 394 4932 375 98.0
CHs (sp3)  isobutane  3.910 805 N/A N/A 375 98.0
CHs (sp3)  l-alkene 3.905 881 3915 47.66 3.75  98.0
CH, (sp3)  n-alkane 3.905 594 394 4932 395  46.0
CH; (sp3) 1-alkene 3.905 59.4 3915 47.66  3.95 16.0
CH (sp3) isobutane 3.850  40.3 N/A N/A 4.65 10.0
CH, (sp2) ethene - 3850 785 3.63 91.4  3.675  85.0
CH, (sp2)  1l-alkene 3850 785 3905 89.93 3.675  85.0
CH (sp2) 2-alkene 3.800 57.9 3.915 8189 373 470
C (sp2) isobutene 3.750  52.8 N/A N/A 3.85 20.0

CH (aro) benzene 3.750 554 N/A  N/A 3695 505
R-C (aro) alkylbenzene N/A  N/A N/A N/A 3.88 21.0
C (aro link) napthalene @ N/A  N/A N/A N/A 3.70 30.0




Table 2: Bond Lengths for the TraPPE-UA Force Field

bond type ro Al
CH, - CH, 1.54
CHg(aro) ~ CH,(aro) 1.40
CH, = CH, 1.33

Table 3: Equilibrium Bond Angles and Force Constants for the TraPPE-UA
Force Field

bend type 6o deg] ko/kp [K]
CH, - CHa(sp®) - CH, 114 62500
CH, - CH(sp®) - CH, 112 62500
CH,(sp?) = CH(sp?) - CH, 119.7 70420
CH.(sp?) = C(sp?) - CH, 119.7 70420
CH, - C(sp?) - CH, 119.7 70420

_ CH_(aro) - CHy(aro) ~ CH, 120 rigid
CH;(aro) - CHy(aro) — CH,(aro) 120 rigid
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Table 4: Torsional Potential Parameters for the TraPPE-UA Force Field

torsion type co/ks (K] cai/ks [K] co/ks [K] c3/kp [K]
CH; - CH, - CH, -~ CH, 0.0 355.03 -68.19 791.32
CH; - CH, - CH = CH, 688.5 86.36 -109.77 -282.24
do [K] ¢o [rad]
CH; -CH=CH-CH, (cis) 12400 7r
CH, - CH=CH- CH, (trans) 13400 0
eo [K] ey [rad]
CH_(aro) - C(aro) — CHz — CH, 131 s
CH,(aro) - C(aro) — CH(sp?) - CH, 167 5m/3
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Table 5: Comparison of Thermodynamic Properties Calculated for the

TraPPE-UA Force Field and Measured Experimentally?*!:4?

LK plg/ml] T K]

Molecule caled exptl caled exptl caled exptl
ethene 283 2823 0.215 0.214 164 1694
propene 362  365.6 0.230 0.223 217 2254
1-butene 414 419.6 0.241 0.234 256 266.9
2-methylpropene 418 417.9 0.237 0.235 258 266.3
cis-2-butene 435 435.6 0.246 0.240 264 276.9
trans-2-butene 426 428.6 0.238 0.236 262 274.0
l-octene 567 N/A 0638 N/A 383 3944
1,5-hexadiene 496 N/A 0251 N/A 329 332.7
benzene 565 562.2 0.304 0.302 341 353.2
toluene 594 594.0 0.298 0.309 370 3838
ethylbenzene 620 617.2 0.287 0.284 394 409.4

propylbenzene 647 638.3 0.284 0.273 424 4324
isopropylbenzene 643 631.1 0.276 0.280 423 425.6

o-xylene 633 630.3 0.289 0.288 400 417.6
m-xylene 627 617.1 0.297 0.284 400 412.3
p-xylene 617 616.2 0.283 0.281 396 4115
napthalene 750 7478 0.312 0314 465 491.1
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Table S1: Numerical Results of the Gibbs-Ensemble Simulations for Alkenes
Using the TraPPE-UA Force Field; Experimental Results taken from Refs. 21

and 22

molecule T [K] P [kPa] Pliq [g/mL] Prap |g/mL]
caled exptl caled exptl caled exptl
ethene 144 27 16.8 0.602 0.603 0.00065 0.00040
164 95 72.8 0.575 0.575 0.0020 0.0015
184 280 222 0.545 0.546 0.0056 0.0043
205 690 556 0.513 0.513 0.0127 0.0103
225 1280 1128 0.480 0.476 0.0263 0.0206
245 2390 2038 0.436 0.434 0.0447 0.0385
propene 182 16 8.1 0.660 0.661 0.00046 0.00023
213 88 554 0.624 0.624 0.0022 0.0014
245 310 228 0.582 0.584 0.0069  0.0050
276 760 637 0.539 0.540 0.0160 0.0134
308 1870 1467 0.485 0.487 0.0410 0.0314
1-butene 245 64 39.8 0.648 0.650 0.0018 0.0011
271 190 119 0.618 0.620 0.0049 0.0031
296 400 278 0.588 0.589 0.0100 0.0069
- . 322 770 579 0.552 0.554 0.0188 0.0141
347 1320 1047 0.516 0.516 0.0324 0.0256
373 2300 1784 0.467 0.470 0.0617  0.0458
l-octene 346 33 207 0.676 0.670 0.0013 0.0008
393 130 97.0 0.630 0.627 0.0048 0.00352
441 390 N/A 0.580 0.580 0.013¢ N/A
494 1120 N/A 0.512 0.521 0.0413 N/A
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Table S1: Continued

molecule T [K] P [kPa] Pliq [g/mL] Pyap [g/mL]
caled exptl caled exptl caled exptl
2-methylpropene 253 81 58.7 0.642 0.642 0.0022 0.0016
274 190 136 0.618 0.618 0.0049 0.0035
299 410 310 0.586 0.588 0.0101  0.0077
329 820 701 0.545 0.548 0.0195 0.0170
350 1360 1138 0.514 0.516 0.0331 0.0280
cis-2-butene 245 47 249 0.676 0.675 0.0013 0.0007
295 290 193 0.620 0.620 0.0072  0.0047
322 360 N/A 0.587 0.587 0.0013 N/A
373 1840 N/A 0.513 N/A 0.0453 N/A
trans-2-butene 247 38  31.7 0.651 0.655 0.0016 0.0009
272 145  93.7 0.623 0.628 0.0038 0.0024
323 670 480 0.562 0.568 0.016 0.011
348 1197 888 0.525 533  0.029 0.021
1,5-hexadiene 289 21 202 0.702 0.697 0.00073 0.00069
324 9 76.5 0.669 0.663 0.0028 0.0023
350 180 N/A 0.640 N/A 0.0064 N/A
400 660 N/A 0.587 N/A 0.0194 N/A
450 1885 N/A 0.488 N/A 0.0594 N/A
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Table S2: Numerical Results of the Gibbs-Ensemble Simulations for Alkylben-
zenes Using the TraPPE-UA Force Field; Experimental Results taken from

Refs. 20 and 21

molecule T K] P [kPa Pliq |g/mL] Pvap |g/mL]
caled exptl caled exptl caled exptl
benzene 300 25 14.0 0.866 0.872 0.00078 0.00044
350 130 91.7 0.814 0.818 0.0037 0.0025
400 480 352 0.760 0.760 0.0124  0.0090
450 1130 970 0.692 0.694 0.0280 0.0243
500 2400 2164 0.612 0.610 0.0616 0.0578
525 3270 3057 0.550 0.552 0.0869  0.0898
toluene 400 220 155 0.757 0.761 0.0065 0.0043
450 600 483 0.704 0.706 0.0167 0.014
500 1460 1166 0.638 0.639 0.0416 0.033
530 2130 1832 0.587 0.586 0.0623 0.0545
560 3060 2694 0.522 N/A  0.0965 0.0923
ethylbenzene 397 101 719 0.770 0.771 0.0035 0.0025
447 380 253 0.718 0.721 0.0100 0.0750
497 870 669 0.659 N/A  0.0239 0.0205
- ) 580 2532 2292 0.528 N/A 0.0851 0.0834
propylbenzene 350 10.0 6.72 0.809 0.814 0.00041 0.00027
400 53  40.6 0.765 0.769 0.0020 0.00154
450 205 N/A 0.726 N/A 0.0076 N/A
500 340 N/A 0672 N/A  0.0177 N/A
550 1150 N/A 0.596 N/A 0.0389 N/A
600 2106 N/A 0522 N/A 00777 NJ/A
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Table S2: Continued

molecule T K P [kPa] Pliq ‘g mL] Pvap |g/mL]
caled exptl caled exptl caled exptl

isopropylbenzene 400 59 49.7 0.769 0.767 0.0022 0.00187
450 164 N/A 0.715 0.718 0.0055 N/A

500 530 N/A 0.669 N/A 00176 N/A

550 1242 N/A 0.608 N/A 0.0430 N/A

53 1872 NJ/A 0.566 N/A 0.0701 N/A

o-xvlene 400 100 621 0.775 0.785 0.0029 0.0020
450 310 223 0.726 0.736 0.0091 0.0068

500 740 593 0.670 0.680 0022  0.018

550 1590 1320 0.604 0.613 0.0505 0.041

595 2840 2431 0.513 0.522 0.0845 0.087 |

m-xylene 398 90 68.0 0.775 0.771 0.0031 0.0024
451 340 259  0.723 0.720 0.0100 0.0082

503 900 707 0.665 0.658 0.0270 0.022

547 1600 1414 0.607 0.592 0.0547  0.046

582 2530 2285 0.540 0.515 0.0926 0.0835

p-Xylene 397 104 67.6 0.762 0.767 0.0041 0.0025
452 370 268 0.705 0.711 0.0120 0.0082

499 800 664 0.651 N/A 0.0250 0.020

553 1750 1544 0.566 N/A 0.0517 0.0507

584 2600 2346 0.504 N/A 0.1016 0.0875

napthalene 550 440 N/A 0.769 0.771 0.0138 N/A
600 9200 N/A 0.721 0.718 0.0284 N/A

650 1590 N/A 0.655 0.655 0.0495 N/A

700 2600 N/A 0.570 0.572 0.0852 N/A
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Table S3: Compositions for the Binary Mixtures of Ethene/n-Heptane at T =
133 K and Benzene/n-Pentane at T' = 318.15 K Calculated for the TraPPE-UA

Force Field

System p [MPa]  21q  Zvap
ethene/n-heptane 1.379  0.064 0.534
2.758 0.166 0.732
6.895 0.441 0.831
8.274 0.509 0.828

n-pentane/benzene .49 0 0
0.898 0.161 0.448
1.265 0.281 0.621
1.564  0.469 0.770
1.763  0.670 0.869
2.04 1 1
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