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Computer simulations of vapor-liquid phase equilibria of n-alkanes

Berend Smit,¥ Sami Karaborni, and J. Ilja Siepmann®
Shell Research B.V., Koninklijke/Shell-Laboratorium, Amsterdam, P.O. Box 38000, 1030 BN Amsterdam, The
Netherlands

(Received 1 April 1994; accepted 25 October 1994

For petrochemical applications knowledge of the critical properties ohthatkanes is of interest

even at temperatures where these molecules are thermally unstable. Computer simulations can
determine the vapor—liquid coexistence curve of a large numberatfanes ranging from pentane

(Cs) through octatetracontan€,gs). We have compared the predicted phase diagrams of various
models with experimental data. Models which give nearly identical properties of liquid alkanes at
standard conditions may have critical temperatures that differ by more than 100 K. A-atkane

model has been developed by us that gives a good description of the phase behavior over a large
temperature range. For modeling vapor—liquid coexistence a relatively simple united atom model
was sufficient to obtain a very good agreement with experimental data; thus it appears not necessary
to take the hydrogen atoms explicitly into account. The model developed in this work has been used
to determine the critical properties of the long-chain alkanes for which experiments turned out to be
difficult and contradictory. We found that for the long-chain alkaf@s-C,g) the critical density
decreases as a function of the carbon number. These simulations were made possible by the use of
a recently developed simulation technique, which is a combination of the Gibbs-ensemble technique
and the configurational-bias Monte Carlo method. Compared with the conventional Gibbs-ensemble
technique, this method is several orders of magnitude more efficient for pentane and up to a hundred
orders of magnitude for octatetracontane. This recent development makes it possible to perform
routinely phase equilibrium calculations of complex molecules1@®5 American Institute of
Physics.

I. INTRODUCTION One of the Monte Carlo steps in the Gibbs-ensemble

Anyone who has tried to construct an igloo in the deserltechnique is the transfer of molecules betwgen the quuid_
can testify to the importance of elementary knowledge Ophase and gas phase. For chain molecules, this step results in
phase behavior. Besides being of practical interest, phas® prohibitively low acceptance of transfers from the gas
equilibria have been the topic of many fundamental studie®hase into the liquid phase. Therefore the Gibbs ensemble
since the seminal work of van der Waals. Since knowledge of'S€d to be limited to systems containing atoms or small mol-
the phase behavior is essential in many practical applicacules. Recently, the Gibbs-ensemble technique has been
tions, there have been significant experimental efforts to¢ombined with the  configurational-bias Monte Carlo
wards the determination of unknown or partially known Method:™ Instead of a random insertion, in the
phase diagrams. configurational-bias Monte Carlo scheme molecules are

It is interesting to note that in the work of van der Waals 970Wn atom by atom in such a way that regions of favorable
a connection has already been made between the interm8Dergy are found and overlap with other molecules is
lecular potential and the phase behavior of the molecules. TBvoided?~*?This growing scheme introduces a bias that can
determine the phase diagram of a given model proved to bBe removed exactly by adjusting the acceptance fgs,
an extremely difficult task. Exact analytical solutions haveSimilar approach has been used by Crackaehl** to per-
been obtained for only a few important but exceptionalform Gibbs-ensemble simulations using a rotational-bias in-
cases. For exact data for a given model one therefore has &§rtion of water molecules. The combination of the Gibbs-
rely on the results of computer simulations. The calculatiorensemble technique with the configurational-bias Monte
of a phase diagram via computer simulations used to be agarlo method has been applied successfully to determine the
elaborate task which required many simulatibre impor- ~ vapor—liquid coexistence curve of chains of Lennard-Jones
tant step forward was the development of the Gibbsbead$ and alkane§:**°
ensemble technique by PanagiotopodidsBy this method The description of alkanes has received considerable in-
data on phase coexistence can be obtained from one singerest. Many different models for these molecules have been
simulation. The Gibbs-ensemble technique has been appligefoposed®>>*' One of the first models for liquid butane
successfully to determine the vapor—liquid and liquid—liquidwas developed by Ryckaert and Bellemahghis model
coexistence curves of various model fluids. Panagiotopdulogissumes that every Ghbor CH, group can be described as

recently reviewed the applications of the Gibbs-ensembl@ne single interaction site. The dispersive interactions of
technique. these “united atoms” are described by a Lennard-Jones po-

tential. The bond lengths and bond angles are kept fixed.
a Changes in the dihedral angle are described with a torsion
Author for correspondence. . . . . . .
bpresent address: Department of Chemistry, University of Minnesotapptent'al which has been fitted to yield th_e experimental dis-
Minneapolis, Minnesota 55455. tribution of gauche/transconformers. This type of model
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was extended to longer chain lengths by Jorgensen and(g,Vv;,n;;&N)
co-workerst®?° At high densities the assumption that the ) .
CH; and CH, groups can be modeled as united atoms tends ViH(V=Vy)iTm

to fail. Indeed simulations of alkane cryst&t’ and dense “T(N=np'n;!
monolayers of alkané$2° show that united atom models do
not describe the packing of alkane molecules correctly, and xexd —BU1(ng)]exd — BU(N—ny)], 1)

that it is important to take the hydrogen atoms explicitly intoyheren, denotes the number of particles in box\4, the
account. Because of the increased number of interactiofigjume of box 1,£N denotes the scale@vith respect to the

sites, these “all atoms model%f"are much more demanding pox length positions of the particles, arld(n;) is the inter-
with regard to their use in a simulation. An interesting com-molecular potential.

promise between the united atom approach and the all atoms | 3 Gibbs-ensemble simulations the following Monte

models is the use of anisotropic potentials as proposed bigarlo moves are used: displacement of particles in the boxes,
Toxvaerd:* The anisotropy is introduced to make the inter- changes in the volume, and exchange of particles between
action between the CHand CH groups dependent on the the two boxes. In the next section we use the configurational-
conformation, i.e., the interaction is different when the,CH pias Monte Carlo method for the exchange of particles. To
group points with its “H-side” or “C-side” towards another jntroduce the notation, we consider the acceptance rules for
CH, group. Toxvaerd has shown that such an anisotropignis step in some detail. The derivations of the acceptance
model gives a better description of the equation of state ofyles for the other moves are given elsewhiie.
dense alkanes under high pressure than that of some of the | et ys assume the system to be in a s@tevith n,
isotropic models? articles in box 1 with volum&/, and consider the move to
Most of these alkane models have been fitted to liquidhe staten which hasn, + 1 particles in box 1 with the same

properties such as heats of vaporization and liquid densitiegolume. The acceptance rule for this mov@ is
at standard conditions. In this work, we address the question

how accurately the phase behaviomséilkanes can be mod- acq 0—n)=min 1 Vi(N—ny)
eled over a large range of temperatures and chain lengths. "(V=V)(n;+1)
The critical properties of the-alkanes are of interest for
petrochemical applications. We use the Gibbs-ensemble xexp(—BAU,) exp(—BAU,)|, 2)

simulations to estimate the chain length dependence of these
critical properties at conditions where experiments are nofvhereAU,=U,(n)—U,(0) is defined as the energy differ-
possible. ence in box 1 between stateand stateo. This acceptance

In Secs. Il and Ill we describe the simulation techniquesrule can be derived by imposing the condition of detailed
and in Sec. IV the models that have been studied in thigglance
work, as well as the results of the simulations. In Sec. V, we
present the simulation results of the critical properties. Some ~ K(0—n)=K(n—0), C)
preliminary results of this work have been describedwhereK(o—n) is the flow of configurations frono to n.
earlier!*1° This flow of configurations is equal to the product of the
probability of being in stat®, the probability of generating

staten and the probability of acceptance

K(o—n)=./1(ny,Vy; V)X p(o—n)xacdo—n). (4)

II. SIMULATION TECHNIQUES For the reverse move, the removal of a particles from box 1,

In this section a description is given of the simulationthe flow is given by

techniques that are used in this work. A more extensive de- K(n—o0)=./(n;+1,V;;&")Xp(n—0)xacqn—o).

scription of the Gibbs-ensemble technid® and the 5
configurational-bias Monte Carlo metHdd**'can be found  sjnce it is decided at random whether to remove or insert a
in the literature. particle, we havep(o—n)=p(n—o0). Substitution of Egs.

A. The Gibbs ensemble technique (4) and(5) and distribution(1) together with the acceptance

) ) ) ] . rule (2) shows that indeed detailed balan@ is obeyed.
Simulations in the Gibbs ensemble are performed using

two boxes, each box having periodic boundary conditions
The boxes are kept at a constant temperafurehe total
volume of the two boxes is fixed &, and a fixed number of In the conventional Gibbs-ensemble scheme particles are
N particles are distributed over the two boxes. The two boxeiserted at random positions. For a Lennard-Jones fluid the
are coupled via Monte Carlo rules that allow the exchange oprobability that an attempt to insert a particle in the liquid
particles and changes in the volume in such a way that thphase does not result in an overlap with one of the other
two boxes remain in thermodynamic equilibrium with eachliquid particles is of the order of 0.008.At similar condi-

B. Configurational-bias Monte Carlo

other. tions, the probability that a chain of atoms is successfully
The probability of finding a particular configuration in inserted will be of the order d#.005". As a consequence the
the Gibbs ensemble is given 13/ number of attempts to insert a particle increases enormously
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FIG. 1. Insertion of a chain molecule; the arrows indicatektgal orien-
tations to insert the fourth atom.

for larger chain lengths. This limits the applicability of the
Gibbs-ensemble technique in its original form to very short
chain molecules.

The configurational-bias Monte Carlo technique has
been developed to insert chain molecules in moderately
dense system$1?Here we give a brief description of this
method, a more extensive discussion is given else
wherett12:31

Let us divide the potential energy of an atom into two
contributions*?34 (1) the internal energy™ which includes
parts of the intramolecular interactions, af®l the external
energy u®™ which contains the intermolecular interactions
and those intramolecular interactions that are not part of the
internal energy. The division is to some extent arbitrary and
depends on the details of the model.
implementations of the configurational-bias Monte Carlo
technique this division is not usédin Sec. IV B 2 we make

)
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k
wi(n)=2, exfd —BuP(b))]. (®)

i=1

Out of thesek trial positions, we select one with prob-
ability

ex — Bu;(by)]

(b)) = 9
pF*i(by) e ©)
Step 2 is repeatel — 1 times until the entire molecule
is grown and the Rosenbluth factor of the molecule can

be calculated

M
w(n)=IT w(n). (10)
=1

This algorithm biases the insertion of a molecule such
that regions with favorable energy are found and overlap
with other atoms is avoided. The probability that a par-
ticular conformation is generated is given by

M
P =11 p{™(n)pP(n)

exp{— BLu™(n)+uf(n)]}
Cwi(n)

_exg—pU(n)]

- o W) (D

where the total energy of the inserted molecule is
M M

U=, u=2, uMu®, (12)
I=1 I=1

To perform a move, we have to calculate the Rosenbluth

Note that in Som(I)actor of the old configuration. This is done via the following
steps:

(1) A particle is selected at random;

a detailed comparison of the advantages of using this sep@2) The energy of the first atom is determineg(o) to-

ration.
Instead of a random insertion of a molecule, we use the
following procedure to “grow” a molecule atom by atom;

(1) The first atom is inserted at a random position, and thg3)

energyu,(n) is calculated together with

wy(n)=exd — Buy(n)]. (6)

(2) To insert the next atorh, k trial orientations are gener-
ated(see Fig. L The set ofk trial orientations are de-
noted by{b},=b;, b,,...b,. These orientations are not
generated at random, but with a probability which is a
function of the internal energy

) _ int bi
pri(py) = 22 0] @

Of each of these trial orientations te&ternalenergy is
calculated uf™{(b;)] together with the factor

(4)

gether with

w;(0)=exd — Bu,(0)]. (13

For the next atom,, k— 1 trial orientations are generated
with a probability given by Eq(7). These trial orienta-
tions together with the actual position of the atbfiorm
the set{b'}, (see Fig. 2 for which we determine the
factor

k
wi(0)=2> exd —Bu(b)]. (14)

ji=1

Step 2 is repeatelll — 1 times until we have retraced the
entire chain and the Rosenbluth factor of the chain can
be calculated

M
W(o)=[T w(0).

I=1

(15
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For the reverse move, the insertion of a chain in box 2, we
have

exf —BU(0)]
CY™W(ol{b"h) "

Note that there are many different ways to generate a par-
ticular configuratiom or o, namely all sets of trial orienta-
tions that include the selected orientation. Detailed balance
implies that we have to sum over all of these. We can, how-
ever, impose a much stronger condition, super detailed bal-
ance, which states that for all sets of trial conformations
individually detailed balance should be obeyédf super-
detailed balance is obeyed, then detailed balance is certainly
obeyed. By definition, for super-detailed balance we have to
consider the same set of trial orientations for the moves
0—n andn—o, SO

A (0)xp(o—nl|{b}.{b"}) < acdo—n|{b}.{b"})

FIG. 2. Calculation of the Rosenbluth factor of the old conformation; the
arrows give the set of directions for which the Rosenbluth factor of the = (n)xXp(n—o|{b'},{b})
second atom is calculated.

P(n—ol|{b'},) = (18)

xacqn—ol{b'},{b}). (19

Substitution of Eqs(l), (17), and(18) gives as condition for
The above algorithms for the new and old configurationthe acceptance rule

form the basis of the configurational-bias Monte Carlo tech- ,
nigue. They need to be supplemented with acceptance rules acdo—n{b,{b"}) — Vi(N—ny) W(n).
that remove the bias from the insertion step. These accep- acdn—o|[{b'}.{bh) (V—V)(n;+1) W(o)

tance rules depend on the type of move and type of ensince acceptance rulel6) obeys this condition, we have
semble. For example, in Refs. 10-12 acceptance rules agmonstrated that the correct distribution is sampled.
derived for a move in which part of the molecule is regrown.  \we have outlined the general scheme of the Gibbs-
ensemble techniqgue combined with configurational-bias
Monte Carlo. For a given model it is important to tune the
technique optimally as will be discussed in the next sections.

(20)

C. Configurational-bias Monte Carlo and the Gibbs
ensemble

In the Gibbs epsemble, we use the configurational-biaﬁl_ DESCRIPTION OF THE SIMULATIONS
Monte Carlo technique to make the exchange of chain mol-
ecules between the two boxes possible. The simulations have been performed in cycles. Each
Let us assume the system to be in stateith n; par- cycle consists oR randomly selected Monte Carlo moves
ticles in box 1 with volume/, and we try to generate state  (we usually takeR equal to the total number of molecu)&s
by moving a particle from box 2 into box 1. We use the The type of moves we perform ard) displacement of
algorithms of the previous section to grow a chain in box la randomly selected particld2) rotation of a randomly
and to calculate the Rosenbluth factor of the old conformaselected particle around the middle atof8) regrowing
tion of the chain which is removed from box 2. We then of parts of a randomly selected molecul@) change of
accept this move with probability volume of the two boxes; an() exchange of particles be-
tween the two boxes. The relative probability that a particu-
Vi(N—ny) W(n) . . e e
, . (16) lar move is attempted is set top;:p,:P3:P4:Ps
(V=Vy)(ny+1) W(o) =0.222:0.222:0.222:0.006:0.328. At lowmperatures
We now have to demonstrate that this acceptance rul@nd for long chain alkanes the relative probability of attempt-
indeed removes the bias from the insertion step and hendgg an exchange of particles was increased to ensure a suffi-
the method indeed samples the correct distribution of concient number of successful exchanges.
figurations. As in Sec. Il A, we impose the condition of de-  Note that moves1) and(2) do not change the internal
tailed balance(3). The main difference is that in the structure of the molecule. In these moves the maximum dis-
configurational-bias Monte Carlo scheme the probability ofPlacement and maximum rotation are adjusted in such a way
generating a particular conformation does depend on the pathat 50% of the moves are accepted.
ticular configuration of the molecules and the probability of ~ For move(3), the partial regrowing of a molecule, we
generating the reverse move will be different. The probabil-select a molecule at random and choose the number of atoms
ity of generating conformation is given by[see Eq(11)], that are to be regrown. With equal probability we regrow the
atoms at the end or beginning of that part of the molecule
P(o—nl|{b})= e;(E[l—ﬁU(n)] _ (17) that does not get regrown. We use the configurational-bias
CM™*W(n|{b}) Monte Carlo technique for this move with acceptance rules

acqo—n)=min 1
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as given in Ref. 12. The number of trial orientations rangerABLE I. Comparison of nonbonded interaction parameters used to model
from six for G; to ten for Gg. The total number of molecules alkanes. The energy parameter can be convert¢dJmo) by multiplica-
was 200 for the short chain alkanes and 100 for the longon Py 0.008 315.

chain alkanes.

€CH, €cH, OCH, OcH,

During a volume changé), we rescale the coordinates (K) (K) A A Ref.
keeping the internal conformation of the molecule fixed. The
maximum volume change is set such that 50% of the moveg | 905 493 394 394 825
are accepted. For the exchange st&p we have used the C“g: G 133’_2 jg'_i 2’_2;3 2’_99;3 422:’3
algorithm as described in the previous section. The numbeuj 50.5 505 4.045 4.045 79
of trial orientations was equal to the number used for part|at: —Cg 1020 513 3.983  3.863 42,43
regrowing of a molecule. decanoate 77.2 51.8 3.74 3.74 48

Most simulations were started with equal initial densities 90.5 55.3 3.86 3.98 80
of the two boxes. The initial density was chosen such that if>_ % ﬁg'g ZZ'; 2%3 g.;és g’ﬁ
at the given temperature the simulations would give coeX|stCi000 570 570 4.28 4.28 81
ing liquid and gas densities equal to the experimental densigs-C; 85.6 57.07 3.905 3.905 41
ties, the equilibrium volumes of the two boxes would be 88.1 594 3905  3.905 19
equal. Such an equilibrium configuration was subsequentl{s—% 881 5938 3820  3.820 41
used for some simulations at higher and lower temperature% G, Sg:é gg:; 22223 2‘1223 42’%123
We found that systems could get easily trapped in undeswe@; 72.0 72.0 3.923 3.923 18
far from equilibrium configurations when using initial densi- c, 84.0 84.0 3.923 3.923 17
ties which would yield widely differing gas and liquid vol- c 114.0 47.0 3.93 3.93 this work
umes. Therefore, we used several systems with new initiall_ : : : :
densities during the determination of the entire coexistence
curve. To generate the initial state, we placed the alkanes on
a lattice. For long chain alkanes it was important to “melt p|—pg=B(T—TC)B, 22)

this lattice using ordinarnyN,V,T simulations before the
Gibbs ensemble simulations were started. Immediately starwhere 8 is the critical exponent. For small molecular fluids
ing with the Gibbs ensemble simulations made the systersuch as the Lennard-Jones fRif*°the data can be fitted
initially move far away from equilibrium and subsequently very well with an Ising-type critical exponeg=0.32). For
very long simulations were required to reach equilibrium.the short chain alkaness€C,y, we could fit the simulation
For short chains, however, we could start directly with thedata and experimental data well with such an Ising exponent,
Gibbs-ensemble simulations. whereas a classical expond@=0.5) could not fit the data.
During the simulations the number of particles in theFor the long chain alkanes, the data were not sufficiently
two boxes and the volumes of the boxes were stored. Froraccurate to distinguish between the two exponents. To be
these data we constructed a histogram of the densities and annsistent with the short chain lengths, we used the Ising
x—y plot*3°At sufficiently low temperatures, the two boxes exponent for all molecules. Note that this exponent is con-
of the Gibbs ensemble do not change identity. Once one dfistent with the experimental value for polymer solutions as
the boxes contains the liquid phase it will keep it during thedetermined by Dobaskt al:*°
simulation. At these low temperatures, average densities in We tested our program by comparing our results with the
the two boxes are used as estimates of the coexistence deBibbs-ensemble simulations of an 8 bead Lennard-Jones
sities. The accuracy is estimated using the standard blogiolymer of Mooij et al,® with which they were in excellent
averaging techniquésClose to the critical point the boxes agreement. In addition, we compared our results with the
may switch identity. At those conditions the density histo-simulation data reported by Lasa al® The agreement was
grams are used and the coexistence densities are determingghin very good. A more extensive discussion will be given
from the maxima of this density histogram. Estimates of thein the next section.
accuracy are made by dividing the simulations in blocks. The
x—Yy plots are used to judge the reliability of a simulation, for
each sample two points are plotted on tkey plane V. MODELS AND RESULTS
(x=n,/N, y=V,/V) and (1-x,1-y). From these plots one
can observe whether a simulation was relidble.
The critical point was determin&dby fitting the coex-
istence densities to the law of rectilinear diameférs,

Over the last two decades various models to describe the
interaction between alkanes have been developed. Table |
shows the energy and size parameters of the models that use
a Lennard-Jones potential for the nonbonded interactions. A
comparison of the various models shows that for the size
pitpg_ _ parameter the variation can be as much as 20%, although

2 =pcTA(T=Ty) (21 .
most models use a value of approximately 3.9 A. For the
energy parameters there is little consensus on the preferred
wherep,(pg) is the density of the liquidgas phasep. the  values. Some models use the same value for the methyl
critical density, andl'; the critical temperature. Furthermore, and methylene units while others use different ones. These
the results were also fitted to the scaling law for the deffsity differences can amount to a factor of 2.
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These large differences in parameters motivated thiFABLE Il. Results of the Gibbs-ensemble simulations for thalkanes as
study. The availability of techniques to determine the phasgescribed with the OPLS modél.is the temperaturgyy , p; are the densi-
behavior of the alkanes over a Iarge temperature range aﬁﬁs of the gas and liquid phase, respectively, and “acc” is thg probgblllty of

. . . . a successful exchange between the two boxes. The subscripts give the ac-
for various chain lengths allows for an extensive comparisoRyracy of the last decim@, i.e., 0.0815, is 0.0815-0.0030.

with experimental data.

In this study, we focus on united atom models. It is well T g | acc
known that united atom models fail to describe solid alkanes ) (gem™) (gem™) (%)
correctly?®?” Also for dense liquids Toxvaefd observed pentane C
that it is impossible to describe the equation of state of the 350 0.007¢ 0.57% 0.5
alkanes consistently with a united atom model. Recently, Pa- 402 0.026 0.51 2.2
dilla and Toxvaer$f argued that it is even impossible to de- 228 g'ggg 8‘32 g'i
scribe the second virial coefficient of the alkanes with sucha ¢ 0.08 0.39, 92
model using realistic parameters. This observation is surpris- 470 0.1Q 0.36, 10.7
ing since the assumptions underlying the united atom model
should hold very well for alkanes in a low density gas phase. ., 0.003 octane & 0.620, 0.2
Lopez Rodmuezet al.*?* however, have shown that it is 464 0.008 0.58% 08
possible to describe the second virial coefficient accurately 488 0.014 0.54 1.5
using a united atom model. It is therefore interesting to in- 512 0.013 0.545, 18
vestigate how well a united atom model can describe vapor— 236 0.024, 0.5% 3.0
liquid equilibria. 200 0.043 0473 >1

576 0.055, 0.42, 5.8

584 0.08 0.43 6.5

592 0.09 0.40, 8.9

A. The OPLS model 59 0.11 0.3% 123
dodecane G

550 0.00 0.61 0.4

1. The model 600 0.018 0.573 1.4

One of the most popular models used in simulations of 625 0.02Q, 0.55 1.4

alkanes and monolayéfs“®is based on the OPLS model of 650 0.024 0.503, 3.1

19 o0 ) 665 0.048, 0.49, 3.4
Jorgenseret al.”” This model has been further refined by 680 0.05 0.465, 40
Hautman and Kleiff to include bond bending. The OPLS 700 0.085, 0.445, 5.5

model uses a united atom description in which,GiHd CH

groups are considered as one united atom. The nonbonded hexadecane f5

: . . . 625 0.00§ 0.61 0.1
interactions between united atoms of different molecules and 475 0.023 0.58 0.7
within a molecule(if two atoms are more than four atoms 725 0.03%, 0.52 1.8
apar} are described with a truncated Lennard-Jones potential 750 0.049, 0.47, 34
1 6 770 0.08 0.45, 3.9
Oii ot 780 0.09 0.44, 4.0
LJ _ ij ij
ut(ri) =4e; (K) - (H> : (23) 790 0.13 0.41, 4.2
The energy parameters of Gldnd CH groups are, respec-
tively, ecy, = 59.4(K) andecy, = 88.1(K). Throughout this
work, we usek;; = V €j€; as the combining rule for the energy 5
parameters of the unlike interactions. The size parameters of U ¢)= >, c, coX(¢), (25
the methylene and methyl groups are assumed to be equal k=0

and have the'value=3_.905 A. The potentia} is truncated at_whereqs is the dihedral angle. The parameters aje 1116
11.5 A. No tail corrections have been applied. Note that tall(K) c,=1462 (K), c,=—1578 (K), ca=—368 (K)

corrections can have a significant effect on the phase dig: ~ _

gram, for example, for the Lennard-Jones fluid including tailac“_3156 (K), andes =~ 3788 (K).
corrections this results in a critical temperature which is

~30% higher than without these correctioighe intramo- 2. Results and discussion

lecular interactions consist of bond bending and toréfon. For the OPLS model, we used the bond bending and the
The distance between the atoms has been fixed to 1.53 Aersion potentials for the internal energy. In Appendix A, the
For the bond bending the van der Ploeg and Berendsefletails on how the trial orientations are generated are de-

potentiaf® is used scribed.
1 The results of these simulations are shown in Table Il. In
ubenq g)= 5 Ko(0— 6o)2, (24)  Fig. 3 the vapor—liquid curve as obtained from the simula-

tions using the OPLS model is compared with experimental
with k,=62 500 (K rad?) and equilibrium anglef,=112  data. This model has been fitted to the thermodynamic data
(deg. For the torsion potential the original Ryckaert andof short chain alkanes at room temperature. Figure 3 shows
Belleman$’ potential is used that for pentane the agreement with experimental data is
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excellent. For larger chain lengths the deviation from experi-
800 LI S — mental data becomes significant. For hexadecane the coex-
£ A istence curve is shifted approximately 130). In Table I
[ A A A 1 the estimated critical points are compared with the experi-
A ®* C, A c mental values. For pentane the critical temperature is within
700 | A . A L 3% of the experimental value, for hexadecane the critical
SN point is overestimated by 10%. Since the difference between
-A T the simulation results and the experimental data increases
A na A with chain length, a simple rescaling of the energy param-
Ap . vA 1 eters is not expected to give a better description.

T[K]

oA ] B. The de Pablo model

500 .'~.A 1. The model

op

A o] Laso et al® used the model introduced by de Pablo
' “a et al® to calculate a coexistence point of several alkanes.
A The model of de Pablo also uses a Lennard-Jones potential to
G describe the nonbonded interactions between united atoms.
A The energy parameters akgy, = 49.3 (K) and ecy,
= 90.5(K) and the size parameters have the same value for
e the methylene and methyl groups, namety3.94 A. For the
0.2 0'43 0.6 truncation of the potential the minimum image convention
pLgrfem] was used. The bond length was fixed at 1.53 A and the bond
angle was constrained to 112 deg. The Jorgensen torsion po-

tential was used,
FIG. 3. Vapor—liquid equilibria of various alkanes as obtained from the

400

300

Gibbs-ensemble simulation®pen triangles using the OPLS model. The U ) =co+0.5¢,(1+ cos ¢) +0.5¢,(1—cos 2p)
small dots are experimental ddfar C;—C, the data are taken from Ref. 84

for larger chain lengths data are estimated from an equation of.sTate +0.5¢c53(1+cos 3p), (26)
large dots are the experimental critical poitfef. 76. The filled triangle is .

the estimate of the critical point based on the simulation data. with ¢,=355 (K), ¢,=—68.19(K), andcz=791.3(K).

TABLE IIl. The critical points of the various models as calculated from the Gibbs-ensemble simulations. The
experimental critical points are from Ref. 76 and the experimental critical pressures from RefsT83s5the
critical temperaturep, the critical density, ané.. the critical pressure. The subscripts give the accuracy of the

last decimd(s).

T¢ (sim) Tc (exp pc (sim) pc (€xp P (sim) P. (exp

(K) (K) (gem™) (gem™) (MPa) (MPa)
OPLS model
Cs 481, 469.7 0.234, 0.230
Cg 6165 568.6 0.234 0.232
Ciy 742 658.2 0.234 0.226
Ci 808 723.0 0.254, 0.219
Toxvaerd model
Cs 439, 469.7 0.225 0.230
Cg 532, 568.6 0.232% 0.232
Ciy 592, 658.2 0.20% 0.226
de Pablo model
Cg 584, 568.6 0.221, 0.232
Cos 823, n.a. 0.219, n.a.
New model

Cs 494, 469.7 0.223 0.230 3.9 3.369
Cs 523, 507.0 0.22§ 0.233 3.2 3.014
C, 556, 539.8 0.232 0.233 3.3 2.734
Cg 577, 568.6 0.229 0.232 2.2 2.485
Cio 604 617.5 0.229 0.228 2.3 2.099
Ciy 659, 658.2 0.223 0.226 2.3 1.810
Ci 719% 723.0 0.218 0.219 1.9 1.401
Cyy 796; n.a. 0.20% n.a. 1.3 n.a.
Cyg 924, n.a. 0.19%, n.a. 1.Q n.a.
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TABLE IV. Results of the Gibbs-ensemble simulations for the de Pablo
model(see also the caption to Table.ll

T Py o) acc
(K) (gem™) (gem™) (%)
octane G
473 0.017% 0.53 0.8
498 0.02% 0.505 2.6
523 0.04 0.46, 4.7
548 0.06 0.42 7.1
563 0.08 0.3§, 14.3 (A) (B)
tetracosane £
650 0.004 0.536, 0.3
675 0.009 0.52 1.0 FIG. 4. Schematic sketch of Toxvaerd’s modal. The interaction sites of
700 0.018 0.507%, 1.1 the nonbonded interactiorifilled circles are displacedto the position of
750 0.03%, 0.445, 2.4 the valence electropswith respected to the center of the carbdoppen
775 0.054, 0.40, 3.1 circles. (b) gives the approximated united atom model in which the inter-
action sites are at the same position as the center of the carbons.
2. Results and discussion the scheme advocated by de Pabtal, however, the tor-

sional potential appears in the Rosenbluth factor and hence
in the acceptance rule. As a consequence, the probability of
acceptance will be less than unity. Moreover, since the
Rosenbluth factor is a product of the Boltzmann factors of
the torsional potentials, this probability will decrease rapidly
with chain length. For a system with external interactions,
our scheme has the additional advantage that we only calcu-

. . late the(expensive external interactions for trial orientations
liquid curve. This method has been developed by de Pabl (exp ®

22 : : : . -~ that already have an “optimal” torsion potential. In the
et al=- and is referred to as contlnuum—conf|guranonal-bmsscheme of de Pablet al.22 most trial orientations have such

Monte Carlo. This method also combines the G'bbs'a high torsional potential that they have a very low probabil-

ensgmble technique W'th the Ro.senbluth_algonthm to mseritty of being accepted, yet for all these orientations the non-
chain molecules. An important issue pointed out by Las

%onded interactions have to be calculated. These two factors

ect all. tI)S that the conttlrt1_uuml]conflgurat.lone:cl-b|as tMonte rénake our scheme already an order of magnitude more effi-
arlo becomes computationally €Xpensive Tor SysStems Oliq ¢ for C5 and up to several orders of magnitude for the

pure alkanes of more than abo_u_t twenty segme_nts. ComparI'c')nger chains. In addition, the approach of de Pailal. is
son of the acceptance probability of octane with the corre-

. _ . very inefficient for potentials that are strongly peaked such
sponding one of tetracosai€,,) shows that in our version as bond bending and bond vibration.
this probability does not decrease significantly. To see the
reason for this, it is instructive to compare the two schemes
in some detail. C. The Toxvaerd model

The difference between our algorithm and the schemg 1he model

proposed by de Pablet al??is the method in which the trial
orientations are generated. In the model used by leas®
the bond angle and bond length are fixed and therefore o
has to generate only the torsional angleDe Pabloet al.
generate the first torsional andlé,) at random and the other
n—1 angles are calculated from

Gir1=¢i+2m/n.

The vapor-liquid equilibrium densities as obtained from
the model of de Pablet al. are given in Table IV. Our data
are in excellent agreement with those reported by letsal®
The estimated critical points are listed in Table Ill. The
model proposed by de Pabd al. gives a better overall de-
scription than the OPLS modédee Sec. IVA 2

Lasoet al.used a similar method to calculate the vapor—

Toxvaerd*® introduced an anisotropic potential to
nrgodel the effects of hydrogen on the thermodynamic prop-
erties without increasing the number of interaction sites. In
this model, the interaction site of the nonbonded Lennard-
Jones potential is displaced with respect to the center of mass

of the carbon atomésee Fig. 4,
o \12 [ g\
Lasoet al. usedn=12 which gives twelve equally spaced u-(R;j)=4¢;; (R_”) _<R_”)
. . ) X i ij
trial orientations. Note that in the Rosenbluth factor of the de
Pablo scheme the torsional potential has to be included. where Rij is the distance between the interaction sites. The
To compare the efficiency of the scheme of de Pabldelation betweerR; and the centre of mags of atomi is
et al. and the scheme utilized in this work, we consider agiven by
model which has only internal interactiofis., only the tor- r—0.5(r  1—1)
sional potentigl For our algorithm this implies that there are  R;=r;+d — RS
no external interactions and hence the Rosenbluth factors of [ri=0.5(risa =)l
all generated conformations are by definition one. ThereforePadilla and Toxvaefd used=0.37 (A) for the CH, groups
all conformations that are generated will be accepted wittandd=0.275(A) for the CH; groups. The parameters of the
probability oneirrespectiveof the length of the molecule. In Lennard-Jones potential aEgy, = 120(K), €ch, = 80 (K),

, (27)

(28)
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TABLE V. Results of the Gibbs-ensemble simulations for the Toxvaerd Mk

model(see also the caption to Table.ll W(n) =exq—ﬂﬁl(n)]]_[ E exq—ﬁﬁj(ni)]. (30)
T Pg P acc j=2i=1
K =3 —3 o o ] )
© Gem? Gem? * In addition, we also calculate the difference in energy be-
200 0.00 pentane 90 608 o tween the Toxvaerd potential and the approximate potential

003 . 1 : -
325 0.008 0580 0.3 of the molecule in theselectedconformation
o m om o (=0 -G, @
2(1)8 8'8§§° 8'335; ig For the old conformation, we determine the Rosenbluth fac-
420 0.0% ° 0.39, 76 tor W(0) using the approximate potential and we calculate
430 0.03 0.34, 10.5 the energy difference between the two potentials of the old
conformation
octane G _
425 0.015 0.555, 0.4 5U(0)=U(0)—U(0). (32)
450 0.027, 0.525, 0.8
475 0.04%, 0.49 1.4 If the move is the regrowing of part of a molecule, it is
500 0.05Q, 0.425, 5.1 : o
520 0.09 0.35 0.6 accepted with a probability
dodecane G ] W(n)

450 0.004 0.61 0.03 acdo—n)=min| 1,=— exp{— B[ SU(n)—8U(0)]} |.
475 0.01% 0.58Q, 0.06 W(o)
500 0.01Q 0.532 0.3 (33
525 0.015 0.49 0.6 ,
550 0.029 0.45, 15 If the move involves an exchange of a molecule between the
575 0.045, 0.38, 6.0 two boxes, the acceptance rule is
590 0.16 0.28, 7.0

and OCH=OCH, = 3.527(A). The potential is truncated at

12.0(A) and the usual tail corrections are applfed.
The intramolecular interactions include bond bending

,VaN=n)  W(n)
"(V=V1)(ny+1) W(0)

acdo—n)=min

xexp{—ﬁ[@U(n)—&U(o)]}). (34

and torsion. For the bond bending E@4) is used with
k,=62 500(K) and §,=113.3 deg. For the torsion, E(®5)

was used with the parameters proposed by Padilla and
Toxvaerd*® namely c,=1038 (K), c¢;=2426 (K),
c,=81.6 (K), c3=-3129 (K), ¢,=—163 (K), and
cs=—252 (K). The bond length was fixed to 1.538).>°

2. Simulation details

The configurational-bias Monte Carlo scheme can not be
applied directly to the Toxvaerd model because we have to
know the position of atonh+1 to determine the position of
the interaction site of atorh. We have used the following
algorithm to make configurational-bias Monte Carlo simula-
tions for this model possible.

Let us define an approximate potential, denoteduby
which is identical to the Toxvaerd model but the interaction
site of the nonbonded interaction is at the position of the
carbon atoms. Hence the approximate model is an ordinary
united-atom modelsee Fig. 4 for which we can use the
configurational-bias technique as described in Sec. Il B. The
probability of generating conformatiam is given by

exi —BU()]
w(n)
where G(n)=2i'\":lﬁi. The bar above the symbols indicate

P(0—n)= (29)

TIK]

800 ——————

700 |

600 [° 4

400

A .
500 E:'A A

300 E N L N 1
0.0

0.2 04

p [ griem’]

that this property is calculated with the approximate poteng g, 5. vapor—liquid equilibria of Toxvaerd’s modéee also the caption to

tial. The Rosenbluth factor is given by
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TABLE VI. Results of the Gibbs-ensemble simulations using the modelTABLE VI. (Continued)
presented in this worksee also the caption to Table.ll

T Py P acc
T Py ol acc (K) (gcmd (gem?) (%)
K cm 3 cm 3 %
(K) (9 ) (9 ) (%) dodecane G
pentane g 450 0.00%§ 0.625 0.03
350 0.00% 0.556 0.4 475 0.003 0.60% 0.2
365 0.009 0.543 0.6 500 0.012 0.576 0.5
375 0.014 0.528 0.8 525 0.015 0.545 12
400 0.0215 0.50 16 575 0.024, 0.494 2.0
415 0.026 0.482 21 585 0.044, 0.466,, 3.5
425 0.030, 0.475, 25 ggg 8'8290 8'33720 g"g
435 0.044, 0.458, 35 05% 43 :
440 0.046, 0.446, 5.4 hexadecane
445 0.047, 0.43Q, 5.1 550 0.0058, 0.58% 0.2
455 0.05%, 0.4% 6.8 575 0.0056, 0.55 0.9
465 0.03 0.40, 6.7 600 0.014 0.526, 1.0
475 0.09 0.38Q 7.4 615 0.022 0.514, 15
625 0.02 0.518, 1.2
hexane G 640 0.039 0.483, 2.4
350 0.003 0.596 0.1 650 0.033 0.477, 2.2
375 0.008 0.57% 0.2 660 0.022, 0.44, 4.8
385 0.009 0.565 0.3 675 0.042 0.423 6.1
400 0.01Q 0.544, 0.6 685 0.06 0.396, 6.5
415 0.012 0.52% 1.0
425 0.012 0.515 1.3 tetracosane £
465 0.042 0.464 3.2 018 5470 :
665 0.013 0.532, 05
475 0.05Q 0.443 5.1
500 003 0.39, 73 675 0.01Q 0.517%, 0.8
: : : 685 0.01, 0.503, 1.2
heptane ¢ 700 0.016, 0.48 11
375 0.0042, 0.605 0.1 715 0.016, 0.4545 16
385 0.0048, 0.595, 02 725 0.022, 0.435; 2.3
415 0.008%, 0.56Q, 0.4 ;gg 8'8240 8'35 ;g
425 0.013 0.55% 0.6 049 40 :
435 0.014 0.543 0.8 octatetracontane &
450 0.023 0.531, 11 800 0.005 0.465, 0.2
475 0.033 0.497, 21 825 0.01% 0.453, 0.3
490 0.04} 0.479, 2.9 850 0.02Q, 0.419, 0.4
500 0.046, 0.462 4.0 875 0.036, 0.393; 1.1
515 0.06Q 0.432 5.3 890 0.055, 0.35 1.4
900 0.08 0.3% 1.9
octane G
400 0.004 0.605 0.1
425 0.00% 0.585 0.2
;‘gg g-ggg 8-2;3" 2-(5; In Appendix B it is proven that this scheme indeed samples
460 0'012 0'542 1o the desired distribution of configurations.
475 0'015 0'5261 2'2 This method is similar to what can be used for systems
485 0.028 0.521, 1.4 with “expensive” potentials. In such a model one can grow
490 0.022 0.51% 1.8 the molecules with an approximate potential which is very
503 0.035 0.49% 29 “cheap.” The correct energy of the conformation, as given
510 0.033 0.468 35 by the expensive potential, is only calculated once, namely
523 0.04% 0.45% 4.7 for the selected conformation and not for every trial orienta-
535 0.052 0.439, 5.8 tion
550 0.08 0.40, 6.8 ’
decane G 3. Results
425 0.002 0.624, 0.1 o
450 0.005 0.595, 0.2 We have calculated the vapor—liquid curves of pentane,
475 0.019 0.574, 0.6 octane, and dodecane. The results are presented in Table V.
500 0.014 0.53%o 15 The simulation results are compared with experimental data
5;3 8-8;8 8-5;]10 2-3 in Fig. 5. The critical points are given in Table lIl. For pen-
250 0'042 0'2520 4? tane Toxvaerd’s model predicts the critical point at a much
. 454 . .
575 0.0% 0.425, 58 lower temperature than the experimental one. Note that al-

though for small chain lengths results obtained with the
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1. The model
800 —x . . _ , _
The nonbonded interactions between the united atoms
A ] are described with a Lennard-Jones potential where the en-
2 A‘A; ergy parameters are, = 47.0 (K) andecy, = 114 (K).
700 | . A - The size parameters have the same value for the methylene
Ly, AAA and methyl groups, namely=3.93 A. The potential was
A &ﬁ A Cu | truncated at 13.8 A and the usual tail corrections were ap-
pA - . A ..ﬁA plled . .
600 I A A A ] The bond-bending potentfdlis of the form of Eq.(24)
4 A2 a Ci with k,=62 500 (K rad %) and equilibrium angleg,=114
2 A A Ak A deg. The torsion potentilis of the form of Eq.(26) with
(o ; N B AL parameterg, =355 (K), c,=—68.19(K), andc;=791.3
500 I . Ny (K). We also tested the Ryckaert and Bellemans torsion po-
’ ~4A.A 'Ak-Cn f[ential (25), but no significant differences in the phase behav-
A A As | ior could be observed.
. A i'A,Cm . .
400 b AA A - 2. Results and discussion
) 2 C In Table VI, the results of the simulations are summa-
&.‘..Cv. rized. In Fig. 6, the results of the simulations are compared
co with data for then-alkanes for which either experimental
o . ; :
300 b———r o data are available or can at least be estimated with some
0.0 0.2 04, 0.6 reliability (Cs—C,g), the overall agreement with experimental
p[gr/cm’] data is surprisingly good. In Table Il the estimated critical

properties are listed. This table shows that for pentane the
critical temperature is slightly overestimated.
FIG. 6. Vapo.r—liquid' equilibria of the model presented in this wske These results show that it is possib|e to model the phase
also the caption to Fig.)3 behavior of then-alkanes over a large temperature range
with a united atom model. The density appears to be suffi-
ciently low so that it is not necessary to model the hydrogens
OPLS model agree better with experimental data than thos@xPlicitly. To obtain this agreement, a large difference be-
obtained with Toxvaerd's model, the difference between exiween the energy parameters of the Jhteractions and the
perimental data and the predictions of Toxvaerd’s modefcHs interaction was required. Similar conclusions have been
does not increase with chain length. This suggests that b§btained by Lpez Rodiguezet al,****Almarzaet al,** and
rescaling of the parameters a better quantitative agreemefl¢ Pablo and CO‘WOH_(E’?SZ-S Padilla and Toxvaertf, how-
may be obtained. ever, argued that a ratio @ty /ech, that is much larger than
1.5 is unphysical. Lpez Rodmyuezet al*>*3showed that a
high ratio OfECH3/ECH2 is to some extent due to the assump-

tion O CH,= OCH,- If OCcH, is taken as larger thanCHz, the
ratio ECH3/ECH2 would not be as large. It would be interesting
%o investigate this in further detail.

D. New model

Comparison of the parameters of the nonbonded intera
tions of the OPLS model with those used by de Padtlal >

shows that in their study the ratiQHsleCHz is much larger v cRITICAL PROPERTIES OF THE ALKANES
than the corresponding ratio for the OPLS model. Further-

more, theECHz has a much Igrger vglue in the OPLS tha'm In(K), which makes experimental determination of the critical
the model of de Pablet al. Since this parameter determines points of alkanes longer than decaf@) extremely diffi-

to a large extent the value of the critical _temperature, if[ betuit. Long alkanes, however, are present in mixtures of prac-
comes clear why the OPLS model predicts a much highefic| importance for the petrochemical industry. In these mix-
critical point than the model of de Pabta al. A similar set a5 the number of components can be so large that it is not
of parameters has been obtained bypép Rodmuez  nractical to determine all phase diagrams experimentally.
et al.">"**from a study of the virial coefficients of alkgnes. To One therefore has to rely on predictions made by equations
describe these virial coefficients accuratelypea Rodiguez ¢ state. The parameters of these equations of state are di-
et al. had to introduce a low value Gfcy, and a large dif-  rocqly related to the critical properties of the pure compo-
ference betweeacy, andecy,,. We used the observations of nents. Therefore, the critical properties of the long-chain al-
Lopez Rodrguezet al. and de Pablet al. as a starting point  kanes are essential in the design of petrochemical processes,
in investigating whether a united-atom model can give aeven if they are unstable close to the critical point. However,
good description of a large range of alkanes. The model deas experimental data are scarce and contradictory, we had to
scribed below gave a good overall description of the phaseely on semiempirical methods to estimate the critical
behavior. properties’?~>°

Alkanes are thermally unstable above approximately 650
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FIG. 7. Critical temperaturg as a function of carbon numbet;. A, the  FIG. 9. Critical pressuré®, as a function of carbon numbe¥,. A, the
simulation data an®, the experimental data from Refs. 76,55. simulation data an®, the experimental data from Refs. 83,54.

The experimental data available to Kurata and Isida

More than 40 years ago, the critical properties and the'showed that the critical density wasdependenbf chain

eqyatpn of s_tate_ofl-alkanes were aIready_the topic of theo- length, suggesting that both the theory of Prigogine and of
retical investigations. Most of these studies were aimed

i . . . o lory—Huggins were not directly applicable to these systems.
establishing empirical relationships between the crltlcaLl. y 99 y app y

! I o0 take into account this experimental fact, Kurata and Isida
properties and carbon numB&r®?based on the compilation b

£ th ilabl . tal data by Eal6ka ¢ made an ad hoc assumption on the scaling behavior of the
ot the avarable experimental daza by EgIotia more fun- ritical properties such thai,<n*’3/(n'/3+1). Kreglewski

damental approach was taken by Prigogine alncgnd Zwolinski’® Nakanishi et al,’”* and more recently

. 4-66
go yvorkers‘f t\.NhO (faxtter:d?d t?he cell method trimeéglfstr%) Tsonopoulo¥ used Kurata and Isida’s empirical corrections
erive an equation ot state for tnese components. FIMAnNS ¢ y,q Flory scaling relations to correlate the various critical
used the results of Prigogine and co-workers to derive phe

. ) . properties successfully.
nomenological relations for the chain length dependence o? P 4

) . N Prigogine’s treatment of-mers was later revisited by
the thermodynamic properties. Prigogine's treatment 0ﬁzlory Orwoll, and Vrij,/® this study showed that the lattice
r-mers predicts that the critical temperature scales ' i ’

12 ae2 " i Y eatment inherent in the cell theofwhich by fixing the
Tchocn/(n_ ;;1) artl)d thfe critical _dens_ltty_ a?écocnh . nearest neighbors of a given molecule exactly at their mean
w elr<en |ts edmIJr_r:j%gr 0 mongTherlc units Il'n _de c a'llr']lla . separation, suppresses the randomness which is the foremost

urata and Isida assumed the vapor—liquid equiibna .., - weristic of the liquid stateFlory and co-workerd
to be identical to a solution of rodlike polymers in a solventthen continued and derived a continuum theory. This theory

of small molecules. The chain length dependence of the criti s recently used by Tsonopoulos and®Fdn describe the
more recent experimental data successfully.

cal properties of tha-alkanes is, with this assumption, iden-

tical to the depe'ndence of_:;tzpolymer solution. I_nterestingly, Experimentally, the critical properties afalkanes up to

the Flory—Huggins 'theoﬁ? _for polymer solutions also Cy5 have been studied by Anselne¢ al.”® (see Figs. 7 and

predlcts t@?/tzthe critical densigjecreasesvith chain length, 8). The most often used extrapolations assume that the criti-

1-€., PeN cal density is a monotonically increasing function of the car-
bon number, approaching a limiting value for the very long
alkanes’>°° In contrast to the expectations which are based
on these extrapolations, the experimental data of Anselme

T et al’® indicate that the critical density has a maximum for

0.24 | . Cg and thendecreasesnonotonically. The experimental data
DX | of Steele(as reported in by Tsonopoulos and Tanhow-
[=]

ever, do not provide any evidence for such a maxin(sae
o Flg 8).
o )r ] Since we can use our simulation technique to study
1 phase behavior of the longer alkanes at conditions where
experiments are nofyet) feasible, we are in a position to
0.18 MU T make predictions of the critical properties of these mol-
1 10 100 ecules. Figure 7 shows that our calculations of the critical
c temperatures are in very good agreement with both the data
of Steele and Anselmet al. The simulation results for the
FIG. 8. Critical densityp, as a function of carbon numbéd.. A, the critical densmes(Flg. 8 show the same trend as observed by

simulation data an®, the experimental data from Anselree al. (Ref. 76 Anselmeet ?—l- anfj the.relfore str_ongly support these_eXGperi-
and[, the data of Steeléas published in Ref. 55 ments. At this point it is interesting to note that Moetjal.

plgiem’)

0.20
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cates that the decrease of the critical density with chalq :
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length is a more general feature of chain molecules that does
not depend on the details of a particular model. _ APPENDIX A: GENERATION OF TRIAL ORIENTATIONS

The results for the critical pressure are presented in
Table Ill. The critical pressure was calculated from fitting the  In this Appendix, we demonstrate the way we generate
vapor pressure data of the simulations to the Clausiusthe trial orientations in the configurational-bias Monte Carlo
Clapeyron equation. This equation was then used to extraps&cheme.
late to the critical point. Comparison with the experimental ~ Let us first consider the general case with flexible bond
data(see Fig. 9 shows that, considering the accuracy of thelength, bond bending, and torsion. The probability that we
data, the agreement between the simulations and experimerggnerate a trial configuratidmis given by

is very good. exd — Bu™(b)1db
P(b)db= it 'BC (0] )

gvhereC is a normalization constant which is defined by

(A1)

VI. CONCLUDING REMARKS

In this work we have used the Gibbs-ensemble techniqu
in combination with the configurational-bias Monte Carlo nt
method to determine the vapor—liquid curves of various C= bdb exf —pu™(b)]. (A2)
n-alkanes. Different alkane models have been compared and
a new model is introduced that can describe the vapor—liquidNote that in the configurational-bias Monte Carlo scheme we
curve over a large temperature range for a large number ¢fo not have to calculate this constant.
alkanes. It is convenient to represent the position of a atom using

Whereas the conventional Gibbs-ensemble technique e bond lengtir, bond angles, and torsional angle (see
limited to butane or pentane, the combination withFig. 10. With these coordinates the volume elemdbtis
configurational-bias Monte Carlo allows for the simulation given by
o_f chair_13 as long as . Qn an IBM/340 workstati_on such a db=r2 cog §)drdgd . (A3)
simulation takes approximately 1 week of cpu time, for oc- ) ) o
tane(Cg) the corresponding cpu time is approximately 12 h.The internal energy is the sum of the bond vibration poten-
Note that the increase of cpu time for the long chain alkane#al, the bond-bending potential, and the torsion potential,
is mostly due to the increase of the number of at¢fosC,g int = U
we use~5000 atoms and for £&~1000. Since the probabil- " ) (r-, 6:8) = UinlT) + Uoend 8) + Uiord #)- ) (a4
ity of a successful exchange between the liquid and vaporubstitution of Eqs(A4) and (A3) into Eq. (A1) gives
phase does not lessen significantly in our scheme, we expect p(b)db=P(r,8,¢)r?drdéde
that it is possible to determine the coexistence curve of even

longer chains. =exf] — BUpond.vid ) Ir *dr
T_his work demqnstrat_es that fqr modeling vapor_—liquiql X exf] — BUpend 0)]c08 6)d 6
coexistence a relatively simple united-atom model is suffi-
cient to obtain a very good agreement with experimental data Xexd — Biord @) 1d . (A5)

and it is not necessary to take the hydrogen atoms explicitly, - simulations we have used an alkane model with fixed

into account. To get this agreement it was necessary to mal?;ond length, therefore in our case the first term in @) is
the energy parameters of the nonbonded potential of thgl constant

CHz—CH; interaction very different from the corresponding For the second carbon atom there are no internal inter-

value for the _CH_CHZ interactiqn. This observatiqn is i_n actions other than the constraints of the bond length. The
agreement with the conclusions of other S'mU|at'°ndistribution of trial orientations, Eq7) reduces to
studies? 254251

For petrochemical applications knowledge of the critical
properties of then-alkanes is of interest even at temperatures
where these molecules are thermally unstable. Even qualita- 0
tive aspects, such as the chain-length dependence of the criti-
cal properties, are poorly understood for these systems. Our //\ r
calculations show that, in contrast to the traditional view, the ,’G' o
critical density of the long alkanes decreases rather than in- o o
creases with carbon number. The simulations presented in ®
this work show that it is possible to use simulations as an
“engineering tool” to generate reliable data for the critical
properties of ther-alkanes at conditions where experimentsg,g. 10, Definition of the bond length, bond angled, and torsional angle
are not(yet) feasible. é.
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P,(b)dbocog §)dd . (A6) APPENDIX B: PROOF OF ALGORITHM FOR
TOXVAERD'S POTENTIAL

Hence, the trial orientations are randomly distributed on the In this Appendix we prove that the algorithm of Sec.
surface of a sphere. The algorithm that we have used folv C 2 for the Toxvaerd potential gives the desired distribu-
generating random vectors on the surface of a sphere is déen of configurations. The flow of configurations from state
scribed in Ref. 1. 0 to staten is given by

For the third atom, the internal energy contains the bond-

bending energy as well. This gives for the distribution of trial K(o—n)=.770)xXp(0—n)xacqo—n). (B1)
orientations Imposing detailed balance and substitution of EG8) and
(30) gives as condition for the acceptance rule
P3(b)db“exq_ﬁuben({ 0)]C0€(0)d6d¢ (A?) aC((0—>n) eXF[_BU(n)]

acqn—o) B exd —BU(0)]

To generaté trial orientations that are distributed according

to Eqg. (7) we generate again a random vector on a unit exg —BU(n)] W(o)
sphere and determine the angle This vector is accepted W(n) exd—BU(0)]
with a probability exp— Buyend 0)]. If rejected, this proce- _

dure is repeated until a value 6fas been accepted. In Ref. . V_V(n)

exp{—B[U(n)—sU(0)]}. (B2)

78 it is shown that this acceptance/rejection method indeed ~ W(o)
gives a distribution of trial orientations given by E(Y).
Note that the term co8 is taken into account by generating
a random vector on a sphere. In this wkyor k—1 for the
case of the old conformatigtrial orientations are generated. |, _ _ _ -
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