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A new set of united-atom Lennard-Jones interaction parameters forn-alkanes is proposed from fitting to
critical temperatures and saturated liquid densities. Configurational-bias Monte Carlo simulations in the Gibbs
ensemble were carried out to determine the vapor-liquid coexistence curves for methane to dodecane using
three united-atom force fields: OPLS [Jorgensen, et al.J. Am. Chem. Soc. 1984, 106, 813], SKS [Siepmann,
et al.Nature1993, 365, 330], and TraPPE. Standard specific densities and the high-pressure equation-of-
state for the transferable potentials for phase equilibria (TraPPE) model were studied by simulations in the
isobaric-isothermal and canonical ensembles, respectively. It is found that one set of methyl and methylene
parameters is sufficient to accurately describe the fluid phases of alln-alkanes with two or more carbon
atoms. Whereas othern-alkane force fields employ methyl groups that are either equal or larger in size than
the methylene groups, it is demonstrated here that using a smaller methyl group yields a better fit to the set
of experimental data. As should be expected from an effective pair potential, the new parameters do not
reproduce experimental second virial coefficients. Saturated vapor pressures and densities show small, but
systematic deviation from the experimental data.

1. Introduction

n-Alkanes are nonpolar, flexible chain molecules that are
composed of only two types of segments, namely, methyl and
methylene groups.n-Alkanes are the basic feedstock for all
chemical industries and are one of the main building blocks
for biological molecules. Therefore, a wealth of experimental
thermophysical data exists for then-alkanes, and they are the
logical starting point when developing and testing force fields
to describe intermolecular interactions. Two different ap-
proaches for dividing alkanes into interaction sites are usually
followed when building a transferable, molecular force field.
The first approach is to treat each hydrogen and carbon atom
as an interaction site,1 and these two types of interaction sites
might, in principle, be sufficient to describe all alkanes (methane,
linear, and branched). The second approach is to unite each
carbon and its bonded hydrogens into a single interaction site,2

which leads to the introduction of CH4, CH3, CH2, CH, and C
pseudoatoms. The former approach is obviously more realistic
and is believed to be more appropriate for the solid state and
close to the triple point, but the latter reduces the number of
interaction sites by a factor of roughly 3 and thus the
computational burden by an order of magnitude. A somewhat
intermediate alternative would be to use anisotropic (not
spherically symmetric) potentials centered at carbon atoms,3 or
to displace the position of the pseudoatom interaction site away
from the carbon atom position.4

The motivation for this work was to find an optimized set of
Lennard-Jones (LJ) methyl and methylene parameters for the
normal alkanes using a conventional united-atom description.
Molecular simulations for three sets ofn-alkane parameters
(force fields) are described in this paper. Here we should
mention also other recent united-atom alkane force fields for
which simulations were not performed.5,6 The popular OPLS

(optimized potentials for liquid simulations) united-atom model
of Jorgensen et al.7 was parametrized using isobaric-isothermal
Monte Carlo simulations to give accurate liquid densities and
heats of vaporization for short alkanes at atmospheric pressure.
The OPLS force field contains different LJ parameters for
methyl groups in ethane, for methyl groups in all other
n-alkanes, and for the methylene groups (σCH3

ethane * σCH3 )
σCH2, εCH3

ethane* εCH3 * εCH2, for a total of five LJ parameters).
Siepmann, Karaborni, and Smit (SKS) subsequently used
configurational-bias Monte Carlo in the Gibbs ensemble to
compute the vapor-liquid coexistence curves (VLCC) of
n-alkanes containing from 5 to 48 carbons.8-10 They found that
the OPLS force field overestimated the critical temperatures of
the n-alkanes and proposed a new force field (SKS),9 which
gave improved results for medium to longn-alkanes. However,
the SKS force field overestimates the critical temperatures of
the shorter alkanes. The SKS force field uses the same LJ
diameter, but different magnitudes of the well depth, to account
for methyl and methylene groups (σCH3 ) σCH2, εCH3 * εCH2,
for a total of three LJ parameters). The third molecular model
used is the new transferable potentials for phase equilibria
(TraPPE) force field. As for the SKS force field, the TraPPE
force field is based on calculations of VLCC. For the TraPPe
force field, however, the methyl group LJ parameters were
obtained first from simulations of ethane and then retained for
the longer alkanes. The methylene group parameters were fitted
to the VLCC ofn-octane. This strategy results in different sizes
and well depths of the methyl and methylene beads (σCH3 *
σCH2, εCH3 * εCH2, for a total of four LJ parameters).
The OPLS, SKS, and TraPPE force fields are built around

the following set of constraints: one common C-C bond length,
one common C-C-C bond angle and bending force constant,
and one common dihedral potential. These force fields are all
subsets of a 10-parameter united-atomn-alkane model that
would have five different pseudoatoms (two methyl pseudo-* Corresponding author: siepmann@chem.umn.edu.
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atoms for CH3-CH3 and CH3-CH2 and three methylene
pseudoatoms for CH3-CH2-CH3, CH3-CH2-CH2, and CH2-
CH2-CH2). While it would be possible, but rather tedious, to
fit such a model for the linear alkanes, this approach is not
feasible for a more general force field because all LJ parameters
require to be fitted for all combinations of bonded neighbors.
For example, in the case of branched alkanes, a ternary CH
pseudoatom has four distinct neighbors, which could be either
CH3, CH2, CH, or C segments. Thus, more than 10 different
CH pseudoatoms would be required. Therefore, we feel that a
more general force field has to sacrifice minor gains in accuracy
for simplicity at this point, and the TraPPE pseudoatom
parameters do not depend upon their neighbors.
This paper is organized as follows. First we briefly describe

the three alkane force fields and the simulation methods used.
Then we report and discuss single-component data obtained for
the three force fields, including VLCC, critical points, boiling
points, standard specific densities, high-pressurePVTbehavior,
second virial coefficients, radial distribution functions, and
conformational statistics. A report on results for simulation of
multicomponent phase equilibria (octane/dodecane boiling point
diagram at 20 kPa, (supercritical) ethane/heptane pressure-
composition diagram at 366 K, and helium to heptane free
energies of transfer for pentane and hexane at standard condi-
tions) using a preliminary version of the TraPPE force field
was published elsewhere.11 The second paper in this series12

will describe the extension of the TraPPE force field to branched
alkanes. Eventually, the TraPPE force field should include a
wide range of organic functional groups.

2. Models

The OPLS, SKS, and TraPPE alkane models are based on
the united-atom description. In all three cases, the nonbonded
interactions between pseudoatoms, which are separated by more
than three bonds or belong to different molecules, are described
solely by pairwise-additive Lennard-Jones 12-6 potentials,

whererij, εij, andσij are the separation, LJ well depth, and LJ
size, respectively, for the pair of atomsi and j. The LJ
parameters for interactions between like pseudoatoms (either
CH4, CH3, or CH2) are listed in Table 1. Unlike interactions
are computed using standard Lorentz-Berthelot combining
rules13,14

Pseudoatoms are connected by bonds with a fixed length of
1.53 Å for the OPLS model and 1.54 Å for the SKS and TraPPE
force fields. In all cases, bond angle bending is governed by a
harmonic potential

with the force constant proposed by van der Ploeg and
Berendsen;15 that is, kθ/kB) 62 500 K rad-2, where kB is
Boltzmann’s constant. The equilibrium angleθ0 is set to 112°
for OPLS and 114° for SKS and TraPPE. In all cases, the
motion of the dihedral anglesφ is governed by the OPLS united-
atom torsional potential,7

with c1/kB) 355.03 K,c2/kB ) -68.19 K, andc3/kB) 791.32
K.

3. Simulation and Analysis Methods

A. Vapor-Liquid Coexistence Curves.A combination16,17

of the Gibbs ensemble Monte Carlo (GEMC) technique18-20

and the configurational-bias Monte Carlo (CBMC) method21-24

was used to determine the VLCC. Since GEMC and CBMC
are now well established, only the simulation details specific
to this work are discussed. The isometric (NVT) version of the
Gibbs ensemble utilizes two simulation boxes that have no
explicit interface, but are kept in thermodynamic contact by
exchanging volume and molecules between the boxes. In the
case of flexible chain molecules, three additional types of Monte
Carlo moves involving only individual molecules are necessary
to sample the remaining degrees of freedom of the combined
systems: (i) translation of the center-of-mass (COM), (ii)
rotation about the COM,25 and (iii) configurational-bias regrowth
to change the internal conformation. During the course of the
Markov chain, the type of move to be attempted is selected
with fixed probability from the five available moves. These
probabilities were adjusted to yield approximately one accepted
volume move (with the maximum volume displacement adjusted
to give a 50% acceptance rate) and one accepted molecule
exchange move per 10 MC cycles (one cycle consists ofN
moves, whereN is the total number of molecules), with the
remainder of the moves equally divided between translation,
rotation, and (for molecules with more than two pseudoatoms)
CBMC. For the latter three types, the chain to be moved is
selected at random. The maximum displacements for transla-
tions and rotations are adjusted independently in each box to
give a 50% acceptance rate, with an absolute maximum of twice
the potential truncation (see below) for translations andπ for
rotations. The absolute maxima are usually reached in the vapor
box at lower temperatures, and therefore the acceptance rates
can be higher than 50% in the vapor-phase box. CBMC
conformational changes and swaps between boxes are carried
out using six to eight trial sites per step in order to sample the
gauche and trans states at a reasonable computational expense.
Either (i) the positions of the trial sites were selected randomly
from a unit sphere followed by a Boltzmann rejection step to
account for the bending and torsional potentials,10,26or (ii) the
bond angle was drawn first from a modified Gaussian distribu-
tion, followed by Boltzmann selection of the torsional angle.27,28

A 5-fold increase in the molecule exchange acceptance rate was
realized by performing a biased selection of the first interaction
site from 10 random trial positions.29,30

The Lennard-Jones interactions were truncated atrcut ) 14
Å and analytical tail corrections were applied.31 A hard inner
cutoff was also used such that if two interaction sites were within
2 Å of each other, then the move (volume, translation, or
rotation) was immediately rejected, or the weight of the trial
site (in CBMC molecule exchange or conformational moves)

TABLE 1: Comparison of the Lennard-Jones Parameters
for the OPLS,7 SKS,9,10 and TraPPE Force Fields

OPLS SKS TraPPE

pseudoatom ε/kB [K] σ [Å] ε/kB [K] σ [Å] ε/kB [K] σ [Å]

CH4 147.9 3.73 N/A N/A 148 3.73
CH3 (ethane) 104.1 3.775 114 3.93 98 3.75
CH3 (n-alkane) 88.1 3.905 114 3.93 98 3.75
CH2 59.4 3.905 47 3.93 46 3.95

u(rij) ) 4εij[(σij

rij )
12

- (σij

rij )
6] (1)

σij ) (σii + σjj)/2 (2)

εij ) xεiiεjj (3)

ubend) kθ(θ - θ0)
2/2 (4)

utors) c1[1 + cosφ] + c2[1 - cos(2φ)] + c3[1 + cos(3φ)]

(5)
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was set to zero. In addition, a third cutoff based on the COM
separation was used to further improve computational efficiency.
Consider two molecules A and B each of which has a maximum
distance from its COM to any of its own pseudoatoms (dCOM
(A) anddCOM (B)). If the COM of A and B are separated by
more thanrcut + dCOM(A) + dCOM(B), then clearly none of their
pseudoatoms can lie withinrcut, so the individual distances
between all these sites need not be computed. A molecule being
grown utilizing the CBMC algorithm does not yet have a COM,
so the COM truncation is done in a slightly different way.
Consider the growth of interaction sitei on molecule A. The
interactions with the sites of molecule B are not computed if
the distance from sitei to the COM of molecule B is greater
than rcut + dCOM(B). At the start of the simulation, dCOM is
computed for all molecules and stored in an array. For a given
molecule, this distance need only be updated after a successful
conformational change (CBMC move or CBMC exchange). For
the simulations reported here, the COM-based potential trunca-
tion yields a speedup of more than a factor of 2. In general the
efficiency of this additional center-of-mass cutoff will increase
with decreasing density, increasing ratio between the length of
the simulation box andrcut, and increasing number of interaction
sites per molecule.
The simulations were carried out for system sizes ranging

from 400 molecules for methane to 200 molecules forn-
dodecane. In addition, a system of 1600n-octane molecules
was also simulated and compared to the results for a 200
n-octane system in order to assess finite-size effects. The total
volume of the two simulation boxes was adjusted so that the
liquid phase contained approximately twice as many molecules
as the vapor phase. Simulations were equilibrated for at least
5000 MC cycles, during which the chemical potentials, the
pressures, and the difference in the number of molecule
exchanges were monitored. The production periods consisted
of 5000 to 10 000 (OPLS and SKS) or 25 000 (TraPPE) MC
cycles. Standard deviations of the ensemble averages were
computed by breaking the production runs into five blocks. One
thousand MC cycles take approximately 12, 62, and 914 min
of CPU time on an Intel Pentium II (at 300 MHz) for systems
of 400 ethane, 200n-octane, and 1600n-octane molecules,
respectively.
The critical properties are extrapolated from weighted linear

fits of the subcritical simulation data to the density scaling law32

for the critical temperatureTc,

to the law of rectilinear diameters33 for the critical densityFc,

and the Clausius-Clapeyron equation34 for the critical pressure
pc,

whereFliq andFvap are the saturated liquid and vapor densities;
T andp are the temperature and pressure (obtained from the
molecular virial31); A, B, C andC ′ are constants, andâ is the
critical exponent, which deserves special attention (vide infra).
The normal boiling temperatureTb is also estimated from eq 7.
B. Specific Densities and High-Pressure Equation of

State. Simulations in the isobaric-isothermal ensemble35were
used to determine the specific densities ofn-pentane,n-octane,

andn-dodecane at 298 K and 1 atm. Four types of moves were
selected randomly with a fixed probablity of performing a
volume move of 0.002, and the remainder equally distributed
between CBMC, translation, and rotation. The simulations were
carried out for 220 (n-pentane), 128 (n-octane), and 180 (n-
dodecane) molecules. Simulations in the canonical ensemble
were performed to study the high-pressurePVT behavior of
n-pentane andn-decane. The MC moves were equally divided
between CBMC, translation, and rotation. The simulations were
carried out for 512n-pentane and 256n-decane molecules. The
isobaric-isothermal and canonical ensemble simulations con-
sisted of at least 10 000 MC cycles for equilibration and 10 000
MC cycles for production.
C. Second Virial Coefficients. The second virial coef-

ficient, B(T), of a fully flexible molecule is given by36,37

whereUinter and r12 are the intermolecular interaction energy
and the distance between the COM of molecules 1 and 2, and
〈‚‚‚〉R1,R2 denotes the canonical ensemble average sampled over
conformations of molecules 1 and 2, which are Boltzmann
weighted solely on their intramolecular energies. We evaluate
this average by utilizing two simulation boxes, each containing
a single chain which samples conformational space via rotational
and CBMC moves. After every 10 Monte Carlo cycles the
intermolecular energy for the current two chain conformations
is evaluated for COM separations from 0 to 500 Å with a 0.05
Å step size. Once the ensemble average has been computed,
the second virial coefficient is determined via numerical
integration using the trapezoid rule.38 The values reported herein
were calculated from four separate runs of 10 000 cycles each.

4. Results and Discussion

A. Vapor-Liquid Coexistence Curves. The vapor-liquid
coexistence curve (VLCC) (see Figure 1 and Table S139) and
the critical properties (see Table 2) calculated for the OPLS
methane parameters are in excellent agreement with experiment.
Using â ) 0.32, the reduced critical temperature (T*c ) Tc/ε)
and number density (F*c ) Fcσ3) are 1.294( 0.009 and 0.311
( 0.006, respectively. These differ slightly from the earlier

Fliq - Fvap) B(T- Tc)
â (6)

1/2(Fliq + Fvap) ) Fc + A(T- Tc) (7)

ln p) C+ C′
T

(8)

Figure 1. Vapor-liquid coexistence curves for methane,n-propane,
n-butane, andn-dodecane. Experimental coexistence data44 and critical
points45 are shown as long dashed lines and stars. Simulated coexistence
densities and extrapolated critical points for the TraPPE force field
shown as filled diamonds.

B(T) ) -2π∫[〈exp[-Uinter(r12)/kBT]〉R1,R2
- 1]r12

2 dr12 (9)
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simulation results for Lennard-Jonesium reported by Smit and
Frenkel40,41of T*c ) 1.316( 0.006 andF*c ) 0.304( 0.006 for
â ) 0.32, but are in better agreement with Panagiotopoulos
results42 for Lennard-Jonesium (using a potential truncation at
5σ) of T*c ) 1.281( 0.005 andF*c ) 0.32( 0.01 forâ ) 1/3.
The differences between Smit’s and our results might originate
from the fact that we do not include simulation data in the
immediate vicinity of the critical temperature in our analysis,
as suggested by Panagiotopoulos,42 whereas Smit used simula-
tion data forT* ) 1.30 and 1.31.
The errors reported herein are only the statistical errors, and

systematic errors associated with the precise value ofâ and
originating from finite-size effects are not taken into account.42,43

To illustrate the former uncertainty, we have determined the
critical exponent for then-alkanes using the experimental
coexistence densities44 (over a range of temperatures similar to
the simulation data) and critical temperatures.45 Theâ values
range from 0.340( 0.002 for methane to 0.307( 0.002 for
n-octane. Usingâ ) 0.34 to analyze our methane simulation
data yieldsT* ) 1.311( 0.009, a value that is 1.3% higher
than the theâ ) 0.32 result. Using this, we estimate a
systematic error due to the uncertainty inâ of roughly 1%. From
comparison of Panagiotopoulos’ GEMC data42 and Wilding’s
finite-size scaling study43 for Lennard-Jonesium, we estimate
that the use of finite simulation sizes might also contribute
roughly 1% to the systematic error. To investigate finite-size
effects in GEMC simulations of chain molecules, we have
carried out calculations for 200 and 1600n-octane molecules.
Over the entire range of temperatures studied, the results for
the two system sizes agree to within their statistical accuracies.
The temperature dependence of the density order parameter is
shown in Figure 2. ForT e 0.95Tc, there is no evidence of a
crossover from nonclassical Ising-like to classical mean-field
behavior. The results fall on a straight line forâ ) 0.32, while
deviations from the straight line are clearly evident forâ )
0.5. However, it should also be noted that the accuracy of the
GEMC simulations is not sufficient to determine a more precise
value of the scaling exponent. Following from this discussion,
it is clear that the LJ well depth for a given pseudoatom cannot
be determined from GEMC simulations beyond an accuracy of

1%. Thus, the OPLSεCH4 value was rounded to 148 K for the
TraPPE force field to emphasize the practical limits of fitting
this parameter.
The VLCC of ethane was calculated first for the OPLS and

SKS force fields (see Figure 3, Tables 2 and S1). The SKS
force field, which was designed for the longer alkanes,
overestimatesTc by 20% and underestimatesFc by 12%. The
saturated liquid densities calculated for the SKS force field are
too low at low temperatures and too high once the experimental
critical point is approached. The OPLS force field performs
significantly better for ethane, giving perfect agreement forFc,
and a Tc that is only 6% too high. At least for lower
temperatures, the OPLS force field predicts accurate liquid
densities. It is worth noting that the methyl group LJ parameters
of the OPLS force field are different depending on what group
the methyl bead is bonded to (see Table 1). It can easily be
seen that the OPLS CH3 parameters for longer alkanes would
give less good agreement with the experimental data.
The goal for the fitting of the TraPPE force field parameters

was to give agreement with the experimental critical properties,

TABLE 2: Normal Boiling Points and Critical Properties
Obtained from the Simulations (Using a Critical Exponentâ
) 0.32). Subscripts Show the Statistical Uncertainty of the
Final Digit. The Experimental Boiling and Critical Points
Are Taken from Teja et al.45

alkane
force

field/expt Tb [K] Tc [K]
Fc

[g/mL]
pc

[MPa] Zc

methane OPLS 111.59 191.413 0.1603 4.511 0.287
expt 111.6 190.6 0.162 4.6 0.288

ethane OPLS 1901 3232 0.2034 5.611 0.316
SKS 2102 3653 0.1815 6.439 0.3521
TraPPE 1771 3042 0.2063 5.14 0.302
expt 185 305 0.203 4.9 0.285

propane TraPPE 2221 3682 0.2213 4.41 0.2878
expt 231 370 0.217 4.3 0.281

n-butane TraPPE 2612 4234 0.2316 4.14 0.293
expt 273 425 0.228 3.8 0.274

n-pentane OPLS 3273 5175 0.2267 3.613 0.279
SKS 3263 5104 0.2236 3.89 0.297
TraPPE 2962 4702 0.2384 3.71 0.2879
expt 309 470 0.230 3.4 0.271

n-octane OPLS 4424 6565 0.2359 2.823 0.3730
SKS 4171 6075 0.2286 3.04 0.304
TraPPE 200 3882 5683 0.2405 2.73 0.273
TraPPE 1600 3862 5702 0.2392 2.61 0.261
expt 399 569 0.232 2.5 0.259

n-dodecane TraPPE 4802 6675 0.2356 2.32 0.303
expt 489 658 0.226 1.8 0.251

Figure 2. Finite-size effects forn-octane using system sizes of 200
(circles) and 1600 (crosses) molecules. Data points and linear regres-
sions for the 200 molecule system size are shown forâ values of 0.5
(dotted line) and 0.32 (dashed line). Extrapolated critical points using
â ) 0.32 are shown on thex-axis.

Figure 3. Vapor-liquid coexistence curves for ethane,n-pentane, and
n-octane. Experimental coexistence data44 and critical points45 are shown
as long dashed lines and stars. Simulation results and extrapolated
critical points are shown for OPLS (circles), SKS (squares), and TraPPE
(diamonds).
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and coexistence densities to within the statistical accuracy of
the simulations. As will be discussed below, this goal appears
to be unattainable for the 12-6 Lennard-Jones united-atom
model studied. The critical temperature and the saturated liquid
densities were chosen as the primary criteria for determining
which set of parameters was selected. The TraPPE methyl
group parameters were fitted to yield the experimental critical
temperature and to minimize the root mean square (rms)
deviation between the simulated and experimental saturated
liquid densities for ethane. Table 3 shows that the TraPPE
simulation results for ethane give a rms deviation from
experiment (0.0026 g/mL), which is close to the average
standard deviation (0.0027 g/mL) obtained from dividing the
simulations into five blocks. For the selected set of Lennard-
Jones parameters, the critical temperature and liquid densities
are in excellent agreement with experiment (see Figure 3 and
Table S1), butFc and pc are too high, while the boiling point is
too low (Table 2). These discrepancies are further discussed
at the end of this section.
Following the philosophy that there should be only one set

of CH3 LJ parameters for alln-alkanes, the TraPPE methyl
parameters were then combined with the SKS methylene
parameters and tested forn-octane. This hybrid model agreed
fairly well with experiment. To search for the optimal set of
CH2 LJ parameters, a systematic variation of the methyleneσ
from 3.91 to 3.97 Å usingε/kB ) 47 K was performed. These
results are reported in Table 3. As one would expect, the critical
density decreases with increasingσ. However, the critical
temperature increases with increasingσ. This at first surprising
result is caused by fixing the bond length while increasingσ,
i.e., increasing the overlap between pseudoatoms. As has
already been demonstrated by Tildesley and co-workers,45 the
critical temperature of a LJ dimer is a function of the ratio
between bond length andσ (or the amount of overlap). This
complicates the fitting procedure, as a change inσ now requires
a corresponding change inε in order to maintain the critical
temperature. However, no additional simulations are required
since the VLCC can be scaled manually by the ratio of the
experimental to simulated critical temperature.47 The rms
deviations for these scaled saturated liquid densities are listed
in Table 3. A value ofσ ) 3.95 Å for methylene was selected,
and the corresponding scaledε/kB is 46 K. At first it might be
surprising that the LJ diameter of a methyl pseudoatom is
smaller than that of a methylene group. However, it has to be
pointed out that the incremental volume of a methyl group
remains much larger than the incremental volume of a methylene
group as proposed by Bondi48 because

of the large overlap between a methylene pseudoatom and its
two neighbors. Furthermore, it is plausible that the diameter
of a methylene pseudoatom containing two long C-C bonds
and two (relatively) short C-H bonds might be larger than that
of a pseudoatom containing a single long C-C bond and three
short C-H bonds.
The VLCC for ethane,n-pentane, andn-octane were com-

puted for all three force fields. The results reported here for
the OPLS and SKS force fields differ from those reported
previously by us.8,10 The reasons for this are as follows: (i)
tail corrections andrcut) 14 Å were used here in the simulations
for the OPLS force field, whilercut ) 11.5 Å and no tail
corrections were used previously; and (ii) there was an error in
the earlier version of our program, which resulted in a systematic
underestimation of the tail corrections by a factor ofσ3 for the
SKS model.49 Adding the tail corrections shifts the critical
temperatures by approximately 4% whenrcut ) 14 Å(≈3.5σ)
is used.
Clausius-Clapeyron plots used to determine the critical

pressures and the normal boiling points are shown in Figure 4.
The critical and normal boiling temperatures, the critical
densities, and the critical pressures are depicted as functions of
the alkane length for all three force fields in Figures 5-7. The
OPLS force field yields good results for the short alkanes, but
increasingly overestimates the critical and boiling temperatures
as the alkane length increases. The SKS force field predicts
too high critical temperatures for all alkanes, but improves as
the chain length increases. The TraPPE force field gives a good
description of the VLCC and the critical points for the entire
range of alkanes.
As should be expected, the trends inTb andTc are very similar

for the individual force fields. However, the ratio of the
simulated to experimentalTb is always lower than the corre-
sponding ratio forTc (see Figure 5). For the TraPPE force field
the T c

sim/T c
exp ratio is close to unity, while the boiling points

are consistently underestimated. Since this pattern holds for
all three force fields, it appears that this is not caused by the
specific set of parameters. The chain-length dependence ofFc
andpc are shown in Figures 6 and 7. The TraPPE force field
gives too highFc, SKS gives too lowFc, and the OPLS values
scatter around the experimental values. The theoretical work
of Vega and MacDowell50 predicted that the critical pressure
increases to a maximum and then decreases as chain length

TABLE 3: Critical Densities, Temperatures, and Root Mean
Square Differences between the Simulated and Experimental
Liquid Coexistence Densities for the Combinations ofσ and
E Used To Determine the Final TraPPE Parameters.
Statistical Uncertainty of the Final Digit Is Given as a
Subscript

εCH3/kB
[K]

σCH3
[Å]

εCH2/kB
[K]

σCH2
[Å]

Tc
[K]

Fc
[g/mL]

rms
[g/mL]

ethane
98 3.73 N/A N/A 3043 0.2055 0.0044
98 3.75 N/A N/A 3042 0.2063 0.0026
98 3.77 N/A N/A 3023 0.2035 0.0090

n-octane
98 3.75 46 3.95 5683 0.2405 0.0044
98 3.75 47 3.91 5716 0.2439 0.0117
98 3.75 47 3.93 5765 0.2405 0.0152
98 3.75 47 3.95 5817 0.2379 0.0112
98 3.75 47 3.97 5845 0.2347 0.0161

Figure 4. Clausius-Clapeyron plots of the saturated vapor pressure
versus the inverse temperature. The experimental data are shown as
dashed lines. Circles, squares, and diamonds are used for the simulation
data obtained for the OPLS, SKS, and TraPPE force fields, respectively.
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increases for any model of linear, overlapping Lennard-Jones
spheres. However, the position of this maximum depends on
the difference of the interaction energies of methyl and
methylene beads. Unfortunately, the large uncertainty associated
with determining the critical pressures masks any differences
that may exist between the force fields. All three force fields
consistently predict too high critical pressures, but capture the
general trends inpc with a maximum around ethane.
While the overall agreement with experiment in VLCC and

critical properties obtained for the TraPPE force field is a
considerable improvement over the OPLS and SKS force fields,
it is clear that also the TraPPE model is not able to reproduce
all properties to within the statistical uncertainties. Using the
set of constraints listed in the Introduction, a four-parameter
united-atom Lennard-Jones model optimized for critical tem-
peratures and saturated liquid densities yields (slightly) too high
critical densities and critical pressures and too low boiling points.
These all result from having too high vapor densities (or too
low heats of vaporization). Puzzling is the fact that no problems
are observed for methane. At the moment, we can only
speculate about the origin of this deviation. It could be caused

by the use of the Lennard-Jones potential function,51,52 the
neglect of explicit three-body interactions, or the united-atom
description.52

B. Specific Densities and High-Pressure Equation of
State. The specific densities at standard conditions forn-
pentane,n-octane, andn-dodecane were calculated for the
TraPPE model in the isobaric-isothermal ensemble and are
listed in Table 4. The calculated liquid densities agree to better
than 1% with experiment. Thus for octane and dodecane the
TraPPE model yields satisfactory densities at temperatures much
lower than those used in the GEMC simulations.
Following Toxvaerd’s reports4,53on the failure of united-atom

models to reproduce the high-pressure equation of state, we have
computed liquid pressures for “isochores” ofn-pentane and
n-decane using the TraPPE model in the canonical ensemble,
as listed in Table 5. To allow for a direct comparison with
experimental results, where the volume of the high-pressure
vessel changes withT andp, we have performed our simulations

Figure 5. Ratio of simulated to experimental45 critical temperatures
(filled symbols) and normal boiling points (open symbols) versus chain
length for the OPLS (circles), SKS (squares), and TraPPE (diamonds)
force fields. The two sets of TraPPE results forn-octane correspond to
the different system sizes (see also Table 2).

Figure 6. Critical densities versus chain length for the OPLS (circles),
SKS (squares), and TraPPE (diamonds) force fields. Experimental data
shown from the compilations of ref 44 (dashed line) and ref 45 (solid
line). For clarity, error bars are only shown for the TraPPE force field.

Figure 7. Critical pressures versus chain length for the OPLS (circles),
SKS (stars), and TraPPE (diamonds) force fields. Experimental data45

are shown as a solid line.

TABLE 4: Liquid Densities at Standard Conditions and the
Average Root Mean Square Deviation between Simulated
and Experimental Saturated Liquid Densities for the
TraPPE Force Field

molecule
Fliq,std (TraPPE)

[g/mL]
Fliq,std (expt)
[g/mL]

rms devation
[g/mL]

methane N/A N/A 0.0018
ethane N/A N/A 0.0026
propane N/A N/A 0.0035
n-butane N/A N/A 0.0026
n-pentane 0.6232 0.6262 0.0040
n-octane 0.7053 0.7025 0.0044
n-dodecane 0.7542 0.7487 N/A

TABLE 5: Pressure versus Temperature Data Computed
from Canonical Simulations for “Isochores” of n-Pentane
and n-Decane Using the TraPPE Model. Experimental
Pressure versus Temperature Data Are Shown along with
the Recommended Corrected Densties.54,55 Subscripts Show
the Statistical Uncertainty of the Final Digit

molecule T [K] F [g/mL]
p(TraPPE)
[MPa]

p(expt)
[MPa]

n-pentane 313.15 0.673 60.06 60.5
443.15 0.666 154.211 160.1
543.15 0.661 215.57 225.3

n-decane 313.15 0.741 212 35.7
453.15 0.733 1174 153.1
553.15 0.728 1753 224.7
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at exactly the corrected molar volumes listed in the experimental
papers.54,55 While agreement with experiment forn-pentane is
acceptable, the results forn-decane are obviously too low. It is
unclear which approximation used in the TraPPE model causes
these deviations.
C. Second Virial Coefficients and Compressibility Fac-

tors. The calculation of second virial coefficients reveals some
of the limitations inherent to the relatively simple alkane models
used here. While the TraPPE LJ parameters give a more
accurate VLCC for ethane, they do not reproduce the experi-
mental56 second virial coefficients as well as the OPLS force
field (see Table 6). The TraPPE force field consistently
underestimates the magnitude of the second virial coefficient
for all alkanes over the entire range of temperatures. The main
reason for this disagreement is that the TraPPE force field has
been parametrized to reproduce the VLCC and, in particular,
the saturated liquid densities using simple LJ pair potentials,
that is, the specific sets ofε andσ values yieldeffectiVe pair
potentials and not thetruepair potentials. These effective pair
potentials implicitly include many-body effects. For nonpolar
species the dominant many-body term is the Axilrod-Teller
triple dipole term,57 which is repulsive in nature, can be
accounted for with a potential of ther-6 form,58 and is often
found to be approximately 10% of the leading two-body term.31

Thus by design a good effective pair potential should under-
estimate the magnitude of the second virial coefficient, since
Uinter in eq 9 is not the true pair potential. The use of effective
pair potentials might be sufficient to rationalize the differences
(10-20%) between experimental data and the TraPPE force
field at the higher temperatures. However, the much larger
disagreement at the lower temperatures (e.g., pentane at 173 K
and hexane at 207 K) cannot be explained solely by the
difference between effective and true pair potentials. We can
only speculate that at these low temperatures, which are close
to the melting temperatures, the united-atom description might
not be sufficient in detail to account for the structures of the
alkanes. It remains to be seen whether all-atom models will
perform better in this respect. Here it should be noted that a
recent united-atom LJ alkane model that uses four different
pseudoatoms (eight LJ parameters)59 yields better results for
the second virial coefficients of the shorter alkanes.
The second virial coefficients calculated for the OPLS and

SKS force fields are more difficult to compare to their
experimental counterparts because differences arising from the
use of effective pair potentials compete with the fact that both

force fields are overbound, i.e., yield too highTc. For example,
the OPLS force field underestimates the magnitude of the second
virial coefficient for pentane at 247 K and overestimates it at
395 K, while the values for octane are too large over the entire
range of temperatures.

Sheng60 has previously calculated the second virial coefficient
for hexane using the SKS force field, and the results are also
listed in Table 6. The large disagreement of roughly a factor
of 2 between Sheng’s data and our calculations is very puzzling,
but cannot be resolved here. In Sheng’s method, the two
molecules are both placed in a single box and allowed to sample
phase space with the acceptance rate of the Monte Carlo moves
based solely on intramolecular interactions. The Mayer function
(eq 9) is then evaluated periodically.60

The compressibilty factors were computed for each temper-
ature and at the critical point, as listed in Table S1 and Table
2. The TraPPE results generally agree with experiment to within
the error bars, but overall are slightly too high. The critical
compressibilities are not precise enough to determine whether
they follow the experimentally observed trend of decreasing with
increasing chain length.

TABLE 6: Comparison of the Second Virial Coefficients for
Somen-Alkanes. The Experimental Data Are Taken from
Dymond and Smith56 for Ethane and from Smith and
Srivastava44 for the Other Alkanes. The Column SKS*
Gives the Results Calculated by Sheng.60 The Unit for the
Second Virial Coefficient is mL/mol. Subscripts Show the
Statistical Uncertainty of the Final Digit

alkane T [K] expt OPLS SKS SKS* TraPPE

ethane 298.2 -185 -1841 -2512 -1591
348.2 -135 -1351 -1882 -1151
423.2 -88 -891 -1261 -731

n-pentane 173 -13005 -5876118 -5787184 -3841139
247 -2232 -187235 -192030 -140714
321 -1003 -10125 -102434 -79116
395 -602 -6357 -65315 -4966

n-hexane 207 -9753 -5608147 -248017 -383880
304 -1845 -171829 -7964 -133821
425 -745 -78220 -3962 -62813

n-octane 288 -5278 -6029195 -4239159 -323452
368 -2179 -250970 -206118 -168542
448 -1245 -154230 -124929 -10187
528 -810 -10279 -86336 -67631

Figure 8. Intermolecular site-site radial distribution functions for the
liquid phase ofn-octane at 490 K. For clarity, curves are vertically
displaced by one unit. The three curves for each force field are methyl-
methyl (long dashed), methyl-methylene (short dashed), and methyl-
ene-methylene (solid).

Figure 9. Intermolecular site-site radial distribution functions for the
vapor phase ofn-octane at 490 K. Line styles as in Figure 8.

Transferable Potentials for Phase Equilibria J. Phys. Chem. B, Vol. 102, No. 14, 19982575



D. Radial Distribution Functions. Site-site radial distri-
bution functions (RDFs) were calculated for all simulations. As
a typical example, the RDFs ofn-octane at 490 K are shown
for the three force fields in Figures 8 and 9. The most striking
observation is the similarity of the RDFs. At this temperature
the saturated liquid densities of octane are 0.592, 0.529, and
0.505 g/mL for the OPLS, SKS, and TraPPE force fields (the
corresponding experimental value is 0.510 g/mL). However, a
change of 15% in the density seems to have little effect on the
RDF. For all three force fields the methyl-methyl peak is
stronger and occurs at a shorter separation than the methyl-
methylene and methylene-methylene peaks in the liquid phase.
The methyl-methyl peak position is essentially the same for
all three force fields, demonstrating that the RDF is not a good
criterion to decide whether or not the same LJ diameter should
be used for both methyl and methylene pseudoatoms. In the
vapor phases only one peak is observed for all RDFs. At first
it might be surprising that the peak heights of these vapor-phase
RDFs are larger than those of the corresponding liquid-phase
RDFs. However, this supposedly enhanced structure in the
vapor phase should always be viewed in the context of the much
lower density. For example, for the TraPPE force field the
numbers of nearest neighbors obtained from the integrals of
the methyl-methyl RDFs (truncated at 15 and 7.5 Å for the
vapor and liquid phase, respectively) are 0.4 and 4.2 pseudo-
atoms for the vapor and liquid phase. The vapor-phase peaks
for the OPLS and SKS force fields are stronger, because these
force fields have higherTc. When the vapor-phase RDFs are
compared for the same reduced temperature, the differences in
peak heights largely disappear.
E. Chain Conformations. The conformational statistics are

very similar for all three force fields studied here. This is no
surprise since the same dihedral potential (eq 5) was employed
for all three force fields. For all flexible alkanes (containing at
least one dihedral angle) the number of gauche defects increases
and the mean square end-to-end length decreases in regular
fashion with increasing temperature. For the shorter alkanes
(butane and pentane) and for a given force field and a given
temperature, the fractions of dihedral angles in the gauche state
and the mean square end-to-end lengths are identical between
vapor and liquid phase (to within the statistical uncertainties).
In contrast, for the longer alkanes (octane and dodecane) some
differences in conformational statistics appear between the two
phase (see Table 7). The fractions of gauche angles are
consistently higher in the vapor phase than in the liquid phase,
and correspondingly the mean square end-to-end lengths are
lower in the vapor phase forn-octane andn-dodecane. These
admittedly very small differences are an indication that in the
absence of neighboring molecules the longer chains prefer to

coil onto themselves due to the nonbonded interactions between
distant pseudoatoms.
The distribution of gauche defects along the chains has also

been analyzed, and an interesting pattern is observed (see Table
8). While the dihedral angles at the end of the molecules are
most likely to show a gauche defect, the probability to find a
defect is lowest for the bonds adjacent to the end dihedrals.
The central bonds have an average propensity for gauche defects.
The symmetry of the distributions of gauche defects is a very
good indication that the conformational degrees of freedom are
sampled very well with the configurational-bias Monte Carlo
algorithm.

5. Concluding Remarks

Configurational-bias Monte Carlo calculations in the Gibbs
ensemble were used to determine the vapor-liquid coexistence
curves of linear alkanes for three different united-atom force
fields. The OPLS force field7 gives reasonable results for short
alkanes, but overpredicts the critical temperatures of longer
alkanes. The SKS force field9,10 gives too high critical
temperatures for the shorter alkanes, but approaches the
experimental data as the chain length increases. The OPLS
methane parameters and new methyl and methylene parameters
were combined into the transferable potentials for phase
equilibria (TraPPE) force field. The TraPPE force field
accurately describes the vapor-liquid coexistence curves and
critical properties of linear alkanes from methane to dodecane
using a single set of parameters for each pseudoatom. Small
but systematic deviations from experiment are observed for the
vapor densities and pressures. None of the three force fields
are able to reproduce experimental second virial coefficients,
which is mainly due to the use of effective pair potentials.
Conversely, it is expected that a pair-potential-based force field
parameterized to reproduce the second virial coefficients will
fail to describe the vapor-liquid coexistence curves. Radial
distribution functions vary to a surprisingly small extent between
the three force fields. The first methyl-methyl peaks are
stronger and at closer separations than the first methylene-
methylene peak, even for force fields with identical Lennard-
Jones diameters for methyl and methylene pseudoatoms. The
longer alkanes seem to prefer more coily conformations in the
vapor phase than in the liquid phase, which is evident from
shorter mean square end-to-end lengths and larger fractions of
gauche defects.

TABLE 7: Fraction of Gauche Defects,fg, and Mean
Square End-to-End Length,Re

2 in Units of Å2, in the Liquid
and Vapor Phases forn-Octane andn-Dodecane Using the
TraPPE Force Field. Subscripts Show the Statistical
Uncertainty of the Final Digit

alkane temp (K) fg(liq) fg(vap) Re2(liq) Re2(vap)

n-octane 390 0.331 0.345 59.277 58.3411
N) 200 440 0.355 0.370 57.968 57.225

490 0.373 0.383 56.816 56.279
515 0.382 0.389 56.3513 55.969
540 0.387 0.395 55.947 55.598

n-dodecane 450 0.349 0.370 121.12 115.75
500 0.370 0.379 117.77 113.44
550 0.384 0.391 114.72 111.52
585 0.395 0.402 113.13 110.43
620 0.404 0.413 111.43 109.52

TABLE 8: Normalized Distribution of Gauche Defects for
n-Octane andn-Dodecane Averaged over the Five
Temperatures Given in Table 4. Torsional Angles Are
Listed by the Atoms That Make Up the Central Bond.
Bonds That Are Identical Due to Symmetry Are Shown with
the Same Letter Superscript. Subscripts Show the Statistical
Uncertainty of the Final Digit

alkane bond Pg(liq) Pg(vap)

n-octane 2-3a 1.092 1.101
3-4b 0.932 0.932
4-5 0.971 0.961
5-6b 0.911 0.921
6-7a 1.101 1.091

n-dodecane 2-3z 1.121 1.132
3-4y 0.941 0.922
4-5x 0.981 0.993
5-6w 0.971 0.992
6-7 0.971 0.992
7-8w 0.981 0.982
8-9x 0.981 0.971
9-10y 0.941 0.922
10-11z 1.122 1.122
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