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The usefulness of a computational model can be judged
not only by how accurately it reproduces experimental
data but also how rapidly. Building on previous work by
Smit et al. [“Computer simulations of vapor–liquid
phase equilibria of n-alkanes,” J. Chem. Phys., 102 (1995)
2126], we investigate a short range potential for decane
and nonane, with cut off distances Rc down to 6 Å. We
found that at Rc 5 8 �A (or 2.04sCH2

) united atom
potentials can be determined which are capable of
providing an accurate description not only of alkane
bulk phase behaviour but also interfacial properties.

INTRODUCTION

Despite their chemical simplicity the alkanes pose a
number of challenges to physical chemists. For
example, the problem of chain folding finds it
simplest expression in the determination of the
longest un-branched alkane with a linear global
minimum, still an unsolved problem [1]. Alkane
chains are of interest in modelling lipid molecules
forming membranes [2–4]. In the limit of very long
chains, polyethylene, is of tremendous theoretical
and practical importance, not only from the point of
view of understanding the origin and formation of
its semi-crystalline structure [5] but also for the
resulting physical properties including optical [6],
mechanical [7,8] and electrical [9,10] behaviours.
Clearly the phase behaviour of alkanes is also of
interest (in particular to the oil industry), however,
despite rapid progress [11–18] it is still not easy to
quickly and reliably predict phase diagrams,
especially for mixtures [19,20], from molecular
models. One consideration is the computer time

required to calculate the pair interactions in the
model fluid. For the study of adsorption [21] and
wetting phenomena [22,23], where in addition, we
have the interaction with the surface and where long
equilibration times are required, the need to reduce
computing time at each step becomes acute.

Many of these problems are modelled using a
united atom description in which it is assumed that
each CH2 or CH3 group can be described by a single
interaction site or “united atom”. These include
models by Ryckaert and Bellemans [24] who created
a model for liquid butane, Paul et al. [25] who
performed calculations on polymethylene melts,
Neubauer et al. [26] who studied the liquid–vapour
phase behaviour of some cyclic-alkanes and Smit
et al. [12] who compared a variety of models
including one by Toxvaerd [27,28] which used an
anisotropic united atom (AUA) potential designed to
include the positional effect of the hydrogen atoms.
Ungerer et al. later optimised this AUA potential [29].

Although these descriptions are accurate, many of
them are relatively long range with cut-off lengths Rc

of 13 Å or more. The greater the cut off the more
interactions are taken into account and so the longer
the calculation. What is required for many appli-
cations is a short-range potential that will reduce
computational time while still giving accurate
predictions.

In this paper, we look for the minimum value of
the cut off Rc within the united atom model that is
able to produce an accurate description of the phase
behaviour and interfacial properties of two long
chain alkanes—decane and nonane.
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POTENTIALS

The model is based on that developed by Smit et al.
[12] and is of the united atom type. The inter-
molecular interactions consist of bond bending and
torsion. The bond lengths are fixed at 1.53 Å. The
bond bending is described by a harmonic Ploeg and
Berendsen [30] potential

ubendðuÞ ¼
1

2
kuðu2 u0Þ

2 ð1Þ

where ku ¼ 519:66 kJ mol21 rad22; and the equili-
brium angle, u0 ¼ 1148: For the torsion a triple cosine
potential was used

u torsðfÞ ¼
1

2
A1ð1 þ cosfÞ þ

1

2
A2ð1 2 cosð2fÞÞ

þ
1

2
A3ð1 þ cosð3fÞÞ ð2Þ

where f is the angle between the planes ijk and jkn
(where i, j, k and n are consecutive adjacent atoms)
and A1 ¼ 2:9517 kJ mol21; A2 ¼ 20:56697 kJ mol21

and A3 ¼ 6:5793 kJ mol21: The forces Fij, due to
non-bonded interactions were modelled using the
Lennard – Jones (12 – 6) potential, with Fij ¼

2›uLJðrijÞ=›rij; r , rcut;¼ 0 r $ rcut corresponding to†

uLJðrijÞ ¼ 41ijbðsij=rijÞ
12 2 ðsij=rijÞ

6c2 uLJðrcutÞ ð3Þ

This includes some intermolecular interactions, i.e.
those not included in the previous potentials.

The values for the Lennard–Jones parameter 1ij for
each cut-off distance are given in Table I, sij had a
value of 3.93 Å regardless of cut off distance.

Simulation Details

Simulations were carried out using a molecular
dynamics code, DL Poly‡ with a time step of 0.005 ps.
The simulation cell had dimensions of 56:87 £

56:87 £ 180:00 �A3 with periodic boundary conditions
in all directions, and consisted of 507 of either 10

carbon (decane) or 9 carbon (nonane) chains. The
lattice chains were arranged in a slab geometry with
vacuum on either side.

The lattice was melted and heated to 500 K to
provide the starting configuration for the simulation
at each temperature which consisted of a 100,000 step
equilibration period (for the temperatures 298 and
350 K this was increased to 200,000 steps) followed
by a 100,000 step production phase.

In order to determine the density of the liquid and
vapour phases the density across the cell was
calculated after each step and averaged over the
production phase.

rðzÞ ¼ 1=2ðrL þ rVÞ2 1=2ðrL 2 rVÞ

£ tanh½ðz 2 z0Þ=d� ð4Þ

The resulting density profile was then fitted to
Eq. (4) to give rL and rV, the liquid and vapour
densities respectively, z0 the position of the interface
and d the width of the interface.

The surface tension was calculated at each time
step from the average normal and tangential
pressure tensors using Eq. (5), where Pxx, Pyy and
Pzz are the average pressure tensors in the various
directions and l is the length of the simulation cell.

glv ¼ 1=2½Pzz 2 1=2ðPxx þ PyyÞ�l ð5Þ

This was then averaged over the production
phase. The error in the surface tension was
calculated from the instantaneous values of glv by
taking subaverages kgl of length tb and number nb so
that trun ¼ tbnb with variance,

s2ðkglvlbÞ ¼
1

nb

Xnb

b¼1

ðkglvlb 2 kglvlrunÞ
2 ð6Þ

By plotting t
1=2
b against s where

s ¼
tb!1
lim

tbs
2ðkglvlbÞ

s2ðglvÞ
ð7Þ

the value of the statistical inefficiency can be
estimated as the limiting value of s (slim) as tb goes
to infinity. Hence the error in the whole run becomes

s ðkglvlrunÞ ¼ ðslim=trunÞ
1=2sðglvÞ ð8Þ

where s(glv) is the RMS fluctuation in the entire
run [31].

†Most of the simulations were performed without the long range correction. This has no effect on the reported properties which are related
to derivatives of the potential. The use of switching functions to take the potential smoothly to zero at rcut would change the parameters
derived here for short range potentials and does not appear to be necessary for our purposes.

‡DL_POLY is a package of molecular simulation routines written by W. Smith and T.R. Forester, copyright The Council for the Central
Laboratory of the Research Councils, Daresbury Laboratory at Daresbury, UK (1996).

TABLE I Values for the Lennard–Jones parameter 1 for various
cut off distances

Decane
Nonane

Cut-off (Rc) 13.8 Å 11.0 Å 8.0 Å 6.0 Å 8.0 Å

1CH2 0.40725 0.43658 0.56930 1.26412 0.56930
1CH3 0.98780 1.05893 1.38085 3.06617 1.38085
1CH2/CH3 0.63426 0.67993 0.88663 1.96876 0.88663

All values are given in kJ mol21.
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RESULTS

Phase diagrams for decane using a range of cut-offs
less than or equal to 13.8 Åwere produced (see Fig. 1).
At each value of the cut-off, the experimental and
simulated phase diagrams were compared and new
values of the LJ’s parameters 1ij were calculated by
scaling to force agreement at a given density using
Eq. (9) applied at constant liquid density.

1new ¼
TExp

TSim
1old ð9Þ

This was done for a range of temperatures and the
new values of the 1ij parameters averaged. These
values were then used to produce another liquid–
vapour curve, the process being repeated until the
results reproduced the experimental data within
acceptable errors.

It can be seen from Fig. 1 that reducing the cut off
and then rescaling epsilon has little effect on the

shape of the curve down to and including Rc ¼ 8:0 �A:
Once the cut off was reduced to 6.0 Å the liquid–
vapour co-existence curve changed shape and
became flattened causing an over estimation of the
liquid density at low temperatures and an under-
estimation at high temperatures. A plot of the
difference between the simulated and experimental
densities is given in Fig. 2.

The difference in the values for the three longest
cut-offs is around zero, the 6.0 Å cut-off moves from
a large positive value at the lowest temperature to a
large negative one at the highest. The lowest value of
the cut-off, which still gives reasonable phase co-
existence data, is 8.0 Å. The LJ parameters giving the
best correlation with experimental data for the 8 Å
cut-off were then run with nonane. The results can be
seen in Fig. 3, the model at the 8.0 Å cut off is also
applicable to nonane particularly away from the
critical point.

Figure 4 shows the interfacial surface tension (glv)
plotted against temperature for each cut off distance.

FIGURE 1 Liquid–vapour phase diagram for decane comparing results for different cut offs with experimental values. The filled circles
(†) correspond to the experimental values [34,35,37] and the other symbols represent the various values of the cut-off, Rc. 13.8 Å (A), 11.0 Å
( £ ), 8.0 Å (D), 6.0 Å (þ).

FIGURE 2 The difference between the simulated and experimental liquid densities plotted against temperature. The symbols correspond
to the various values of the cut-off, Rc. 13.8 Å (A), 11.0 Å ( £ ) 8.0 Å (D), 6.0 Å (þ ).
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FIGURE 3 Liquid–vapour diagram for nonane. The filled circles (†) correspond to the experimental values [36,37] and the open triangles
(D) represent the 8.0 Å cut-off.

FIGURE 4 Surface tension (g ) against temperature for decane at each cut off value. The unbroken line corresponds to the experimental
values [37] and the symbols represent the various values of the cut-off, Rc. 13.8 Å (A), 11.0 Å (D), 8.0 Å (D), 6.0 Å (þ).The broken line is a
straight line fit to the 8.0 Å data. Error bars are shown for the 8.0 and 11.0 Å data.

FIGURE 5 Interface thickness plotted against temperature. The symbols correspond to the various values of the cut-off, Rc. 13.8 Å (A).
11.0 Å ( £ ), 8.0 Å (D), 6.0 Å (þ ).

S. SUPPLE AND N. QUIRKE80

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
4
0
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



The longest ðRc ¼ 13:8 �AÞ tends to over estimate
the surface tension. As the cut off distance is reduced
and 1 is scaled accordingly there is a tendency
towards lower values for the surface tension. The
shortest cut off (6.0 Å) gives values significantly
lower than those seen experimentally. Of the two
intermediate cut-off distances the 11.0 Å values gives
the best correlation with experiment. The 8.0 Å cut-
off performs adequately giving reasonable values
and a fit to a slope whose gradient is very close to
that of the experimental curve. The interfacial
thickness is plotted in Fig. 5. The simulations are in
good agreement with each other until T , 425 K. The
surface tension plot for nonane (see Fig. 6) is similar
to that for decane, although there is a slight deviation
in the slope of the simulation curve.

The model along with the 8.0 Å cut off was
further tested by calculating the vapour pressure as

a function of temperature. The normal vapour
pressure (PN) across the cell is given by [32].

PNðzÞ ¼ krðzÞlkT

2
1

A

XN

i,j

Xn

a

Xn

b

zijziajb

riajb

dUðriajbÞ

driajb

1

jzijj

*

£ u
z 2 zi

zij

� �
u

zj 2 z

zij

� �+
ð10Þ

where Zi is the z coordinate of the centre of mass of
molecule i and u is a unit step function.

To calculate the vapour pressure runs of 200,000
steps were started from pre-equilibrated states.
Every 50 steps the normal pressure profiles were
calculated using Eq. (10) and these averaged over
blocks of 10,000 steps. The value of the vapour
pressure was taken as the average value of the
normal pressure in the vapour phase throughout the
entire run. The results in Fig. 7 show good agreement
with the experimental data although there is some
deviation at lower temperatures.

Table II contains a comparison between the data of
Smit et al. [12], using the model on which this study is
based, and our short range (8 Å) potential. The new
potential is slightly more accurate than the longer
ranged version and is applicable in a wider
temperature range 298 , T , 500 K:

CONCLUSIONS

Our united atom model with an 8.0 Å cut-off gives an
acceptable description of the liquid–vapour phase
diagram and interfacial properties of the alkanes,
decane and nonane. It is comparable in accuracy to
other “longer range” models (See Table II). Further

FIGURE 6 Surface tension (g ) against temperature for nonane. The unbroken line corresponds to the experimental values [37] and the
open triangles (D) represent the 8.0 Å cut-off with error bars. The broken line is a straight line fit to the 8.0 Å data.

FIGURE 7 The normal pressure tensor averaged throughout the
vapour phase for decane and presented as a Clapeyron plot. The
line corresponds to the experimental values [37] and the open
triangles (D) represent the 8.0 Å cut-off with error bars.
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reduction of the cut-off distance results in strong
deviations from the liquid–vapour coexistence
curve. These potentials will enable efficient simu-
lations of fluid phase behaviour such as wetting
by alkanes [33] where there is a need to minimise
time spent computing fluid–fluid interactions.
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reported here
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