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A new united atom force field for  a-olefins
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A new united-atom force field is proposed ferolefins. The proposed force field is used to study
vapor—liquid equilibria for pure components and binary mixtures. Results of phase equilibria
simulations are found to be in good agreement with available experimental da2Z00®American
Institute of Physics.[DOI: 10.1063/1.1343487

I. INTRODUCTION To our knowledge, only two studies have proposed

Recent advances in simulation techniques have madgénited atom force fields for-olefins. In the first of these,

11
calculation of phase equilibria of complex systems possible]r?rgensemt, al.d ErOFOS%dda mgdequF 1-but¢ne.hThese au-
from atomistic models of intermolecular interactions. Fromt ors examined the liquid density, boiling point, heat capac-

simple Lennard-Jonésfluids to fairly realistic models of ity, thermal expansion coefficient and compressibility at
- A - 25°C. The second, proposed recently by Spyriairil,'?is
molecules, coexistencée.g., vapor—liquiyl properties can ' » Prop . y oy Fl).y o ‘
now be simulated with unprecedented levels of accuraC)}?asle?_ on pLJ_re-c]EJmponebnt phase equl |br|um| hdatah or
Simulation of phase equilibria for long, articulated molecules®-©/€fins ranging from 1-butene to 1-octene. Although a
has also become possible with the development 0force f|el_d based on pure-component phase equilibrium al-
configurational-bias and expanded-ensemble technijdes. '€ady exists fow-oléfins, our search for a new set of param-
Coexistence properties and, in particular, orthobaric deneters is motlyated by two reasons; f|rst,. based on the Ieve.I _of
sities, provide a stringent test of the accuracy of a force ﬁe|d§gre<2ment W('jth pure complonen(tj.expenment]:cllIphhase ;]equmb—
Furthermore, the wide availability of vapor—liquid equilib- rium data and Spyriouret al. predictions, we felt that there

rium experimental data make simulations of coexistence® still room for model improvement, and, second, we are

properties an attractive means of optimizing or refining exInterested in force fields for-olefins that are compatible

isting force fields. Recently, several united-atom force fielddVith our existing NERD force field. The new force field

have appeared in the literature which can accurately descripiould be used to obtain mixture propertiesaoblefins with

coexistence curves for normal alkafidsand branched Other alkanes.

alkaned In previous work, we have developed united atom

force fields for both normal alkaneand branched alkan®s || MODELS AND SIMULATION DETAILS

[the Nath, Escabedo, andle Pablorevised (NERD) force ] ) ) )

field] which are capable of reproducing experimental phase As mentioned earlier, a.unlted—atom representatlop of the

equilibrium data. Here, we extend the NERD force field to@lkanes and the alkenes is adopted throughout this work

the a-olefins. (e.g., CH, CH,, and CH groups are described by single
Knowledge of phase-equilibria for alkane and other O|e_|nterac_t|0n53|te)3 For simplen-alkanes, we use the NERD

fins is important for both the polymer and the petro-chemicaforce field? Lennard-Jones parameters for the alkenes are

industries. Over the last few years, with the development ofPtained by slight modifications of those foralkanes. As
novel processes and products, the userafiefins as reac- for the n-alkanes and the branched alkan&sye decided to

tants, intermediates, or end products has increased signifidopt the same Chparameters when GHs not an end site
cantly. Accurate prediction of thermodynamic properties and CH2 with sp” hybridization. Since the alkenes and the
phase equilibria of the-olefins and their mixtures is impor- n-alkanes are similar, except the sllght difference in one of
tant for optimal design of such process and products. Indughe end groups, we expect that using the same(€f)

trial applications have often relied on empirical correlationsParameter will result in a model for alkenes which, for pure
and semitheoretical equations of state to predict phase eqlfomPonents, is as accurate as the NERD model is for
libria; unfortunately the predictive capabilities of commonly N-alkanes. _

used equations of state of mixtures have recently been called For CH sites, we adopt independent parameters for the
into questior’*® Given the chemical simplicity of alkanes alkeneg as for the.b_ran.ched alkanes becausg the two cases
and olefins, molecular simulations could provide a usefuPave different hybridization. For alkenes, CH sites hapé
complement or alternative in the study and description of thdyPridization and for branched alkanes, CH sites hae

phase behavior of these systems. hybridization.
An independent set of parameters for end ,GHy)

ac " ooular Simula 0685 S i s groups is required for ethylene; for the other alkenes the
urrent address: Molecular Simulations Inc., 5 Scranton Road, Sa i
Diego, CA 92121. Parameters for the end GEsp?) groups are the same. Simi

YAuthor to whom correspondence should be addressed. Electronic mail.‘?rlyj an independent set of parameters for the eng(€pf)
depablo@engr.wisc.edu site is required for propene; for the other alkenes, parameters
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TABLE I. Intramolecular potential energy functions.

Bond stretching potential

K, ,
V(D/ke= (1~ beq

K, =96 500 K/& beq=1.54 A(C-C)
be=1.34 A(C=C)

Bond bending potential

K
V(O)lkg="5 (6= 0eq)®

K =62 500 K/rad 0eq=114.0°(C—C-C)
0e=124.0°(C-G=C)
Torsional potential

V() kg=Vo+Vi(1+cosep)+V,(1—cos 2p)+V;(1+cos 3p)
c-C-C-C

V=0 V,=355.04 K
V,=—68.19K V3=791.32K
c-C-G=C

Vo=47.97K V,=86.31K
V,=—109.71 K V;=282.08 K

for the end CH(sp®) site are the same. Tables | and I
provide a complete list of intra and intermolecular NERD
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force field parameters for bOth. normal alkanes and alkenesyg. 1. orthobaric densities for small alkenes. The filled circles are simu-
In all calculations, a cutoff radius of 10.0 A was employed lation results from present work, the filled triangles are from Spyrietrl.
for Lennard-Jones interactions and standard tail correction@ef. 12, open symbols are experimental resufRef. 17, and the lines

were implemented. As in our previous work, we use simpl

(S

show an Ising fit to the simulation points. The error bars near the critical
point are less than three times the size of the symbols. Error bars at lower

Lorentz—Berthelot combining rules for the interaction pa-temperatures are less than twice the size of the symbols.

rameters between unlike pairs
()
2

1
oij = 3(oii + o),

Eij =\ Eiiejj'

stant volume and temperature. For mixtures, all simulations
were conducted at constant pressure and temperature. Vapor
pressures for pure components where calculated by evaluat-

All coexistence-curve simulations were conducted byind the pressure from constant number of molecules, volume,

means of an expanded Gibbs ensemble formafigithsimu-

and temperature molecular dynamis/T-MD) simulations

lations were supplemented by configurational-bias movesat the coexistent vapor densities obtained from coexistence
For pure components, all simulations were conducted at corkalculations. For detailed accounts of the simulation tech-

TABLE Il. Intermolecular potential energy functions.

Nonbonded interaction potential:

r 12 1) 6
vir=se[g) (3

All Molecules, when CH, is a terminal group
Ethane (CH-CH)

T ey (spd) = 3-825 A
Ethylene (CH=CH,)
ooy =379 A
Propane (CH-CH,—CH;)
UCH3(SD3)=3'857 A
Propene (CH=CH-CH;)
UCH3(5p3):3.85 A

ooy =372 A €chy(sp) =925 K
OcHs®) =3 7T A €chsp)=46.0K
Molecules longer than Propane/Propene

Ochyspp) =372 A
Ochysph) =391 A

eCH3(5p3)= 100.6 K
ECHZ(SpZ): 84.7K
€chysp = 102.6 K

ECHa(Spg) =100.0K

ECHZ(Sp2)=92'5 K
eCH3(5p3)= 104.0K

All Molecules, when CH, is not a terminal group

Tehy(spy =393 A €chy(sp%) = 45.8 K (—CH,—)
UCH(SPZ)=3'77 A eCH(spz):46-0 K(=CH—)

Oy =385 A €crsp?y=39.7 K(CH is branch point
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niques, readers are referred to the original publicatfdris.

In all our simulations, molecules were displaced by
means of a hybrid Monte CarlgHMC) procedure*®
Within the HMC procedure, five molecular dynamics steps
were used to generate a global trial Monte Carlo move. A
time step of 2 ps was used for the molecular-dynamics
moves, as part of the HMC procedure.

The sizes of the systems investigated for pure-
component simulations ranged from 400 molecules for
1-propene to 100 molecules for 1-octene. For simulations of
mixtures, the sizes of the systems ranged from 200 to 300
molecules for mixtures of alkenes and hexatriacontane. Equi-
librium averages were collected for at least 20" simula-
tion steps, of which about 5% were volume moves, 5%-10%
were HMC moves and the rest were transfer moves.

lll. RESULTS AND DISCUSSION

Figures 1 and 2 show experimental and simulated
orthobaric densities for different alkenes up to 1-octene; pro-
pene, 1-butene, and 1-pentene in Fig. 1, and, 1-hexene and
1-octene in Fig. 2. In both figures, the open circles corre-
spond to experimental data, and the filled circles are results
from simulations with the current model. To complete the
coexistence curves near the critical point, we fit the results of
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6000 TABLE Ill. Simulation results for the orthobaric densities of alkenes.
. T T T T T
T Pvap Pliq
Alkene [K] [g/cc] [g/cc]
3500 1 1-Octene 7 Propene 300.0 0.072) 0.4947)
280.0 0.01®) 0.5246)
260.0 0.0081) 0.5535)
500.0 - © 7 230.0 0.0003d.) 0.5884)
1-Hexene 1-Butene 368.0 0.038) 0.47812)
340.0 0.020() 0.52398)
€ 4500 i 317.0 0.0142) 0.5586)
= 290.0 0.00501) 0.5867)
1-Pentene 430.0 0.06® 0.44821)
410.0 0.0446) 0.48719)
400.0 7 380.0 0.023®) 0.53513)
350.0 0.0111) 0.57Q12)
320.0 0.00861) 0.5999)
350.0 4 290.0 0.00281) 0.6369)
1-Hexene 430.0 0.0328) 0.51712)
400.0 0.01&3) 0.55610)
L L L 1 360.0 0.0061) 0.5958)
0000 o1 02 03 04 05 06 07 08 330.0 0.0081) 0.6276)
. Density (g/cc) 1-Octene 510.0 0.040) 0.48(016)
480.0 0.0238) 0.52512)
FIG. 2. Orthobaric densities for intermediate alkenes. The meaning of the 440.0 0.012) 0.56049)
symbols and lines is as in Fig. 1. Experimental data are taken from Ref. 18. 400.0 0.0058L) 0.6168)

simulations to a simple Ising scaling-law analysis using
critical exponent3=0.321% as we are mainly interested in
the phase behavior of alkenes away from the critical point

%ranched alkanet’ Unfortunately, to the best of our knowl-
edge, experimental data for mixtures with alkenes are lim-
ited; direct comparison of simulation results to experiments

no crossover or finite-size corrections were implemented iBor mixtures was. therefore. minimal in this article

this work to estimate critical properties. The Ising fit curves For completeness, we study binary mixtures of 1-butene

are also shown in Figs. 1 and 2 by solid lines. Figures 1 and;is, nexatriacontane and we compare our results with the
2 show that simulation results for the alkenes are in good, o experimental value availafas well as with the pre-

agreement with experimental data. Unfortunately, we cannot
assess the accuracy of our force-field for phase equilibrium
of longer alkenedgdata are not available For comparison,
we also show predictions of the Spyriowstial. model (us-

ing filled triangle symbols in both Figs. 1 and 2. For
1-butene, Spyriounét al. model underpredicts saturated lig-
uid densities, and it gives a higher critical temperature. With
increasing chain length, their predicted saturated liquid den-
sities move to the right and overpredict the values for
1-octene. Their model gives higher values of the critical tem-
perature for all alkenes studied here.

Simulated coexistence densities and their statistical acg
curacies for the alkenes from the current model are given irf
Table Ill. Average densities are determined by constructing
histograms from which the most probable value and the hall
width at half peak height are extracted.

An important test for molecular models is their ability to

100.0 ¢

10.0

1.0

[ 1-Butene

1-Octene

correctly describe the vapor pressure. Figure 3 shows simu
lated and experimental vapor pressures of 1-butene
1-hexene, and 1-octene at several temperatures. Agreeme
between experiment and simulation is satisfactory.

As mentioned in the introduction, in this work we have
also studied mixtures of alkenes with long alkanes. It is im-
portant to emphasize that one of our primary interests is to
use force fields based on pure component properties to studyc. 3. Saturation pressures for 1-butene, 1-hexene, and 1-octene. The filled
various mixtures involving short and long olefins. In previ- circles are simulation results from the present work, the filled triangles are

L L . from Spyriouniet al. (Ref. 12, and the curves are from experimental cor-
ous pUbl|_Cat|0nS we have showed that this is possible fOfe|ations(Ref. 19. The error bars for vapor pressure of the present work are
binary mixtures of short and long normal alkanes andabout one symbol size.

1-Hexene

01 ¢ . 1 . | I I ; !
250.0 300.0 350.0 400.0 450.0 500.0 550.0
T (K)
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FIG. 5. Temperature vs composition diagram for a binary 1-butene-

FIG. 4 Pressurg vs - composition dia'gram. for a binary :_L'bUtenehexatriacontane mixture &=50 bar. The meaning of the symbols are the
hexatriacontane mixture dt=473 K. The filled circles are simulation re- ;e asin Fig. 4.

sults from present work, the filled triangles are from Spyricemnal. (Ref.

12), open circles are predictions from SAFT, the open diamond is experi-

mental(Ref. 20, and the curve is used as a guide to the simulation results of Lo L .

the present work. The error bars for our simulations are the standard devid0th systems, SAFT predictions are similar to our simula-

tion of block averages. tions. The slight deviations in density between simulation
and SAFT are consistent with the slight deviations observed
in the compositions of the systems. Unfortunately, no experi-

dictions of Spyriouniet al. and predictions from the statisti- mental data was found for the coexistence densities shown in
cal associating fluid theorySAFT).2* The compressibility Figs. 6 and 7.

factor in SAFT is assumed to consist of a reference term and

a polymer term which describes the effect of bonding of

spherical sites to form chains. Detailed accounts of SAF V. CONCLUSIONS

can be found in the original publicatidh. In this manuscript, we have proposed a new set of
Figure 4 shows a pressure vs composition diagram for anited-atom force field parametef@®ERD mode] for

binary 1-butene—hexatriacontane mixturelrat473 K. Both

simulations and SAFT calculations are conducted without 80.0 r r

the use of adjustable binary parameters. Our simulation re- ]

sults are in good agreement with the predictions from SAFT ©

and the available experimental value; the pressure predic- 700 e HOH 1

tions from Spyriouniet al. are slightly higher. In previous | O %

work® we showed that SAFT predictions for phase equilibria

in highly asymmetric mixturegsuch as ethylene—eicosane, 600 - K Ore .

or ethylene—tetracontapare not as accurate as those simu-

lations with the NERD force field. Spyriouret al? sug-

gested that with increasing solvent size SAFT should be ex-

pected to become progressively better, which could explain

why we see good agreement between SAFT and simulation o

predictions in this work. 40.0 - .
Figure 5 shows results of simulations and SAFT predic- o o

tions for the binary 1-butene-hexatriacontane system at con-

stant pressureR=50 bar). This system shows evidence ofa 300 ®

lower critical solution temperatur@.CST). Simulation pre- o o

dictions from Spyriouniet al. are also shown in this figure. o

Our simulation results are slightly higher than those from the 200, =" -7 4,

Spyriouniet al. model, and are similar to SAFT predictions. Density (g/cc)

To the best of our knowledge, no experimental data ar?:I 5 densit di or & bi b et

available for this case. G 6. reisure vs density diagram for a binary 1-butene-hexatriacontane
. . . . ixture atT=473 K. The filled circles are simulation results from present

Density dlagrams for both cases are shown in Figs. 6 anaork, and open circles are predictions from SAFT. The error bars for our

7. Density results are compared to SAFT in both figures. Fosimulations are the standard deviaton of block averages.

(¢]

P (bar)

500 ® @ A
O
o
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