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Gibbs enseml# Monte Carlo simulatiors are reportel for the vapa—liquid pha® coexistene of
argon krypton and xenon The calculatiors employ accura¢ two-body potentias in addition to
contributiors from three-bog dispersio interactiors resultig from third-orde triple-dipole,
dipole—dipole—quadrupole dipole—quadrupct—quadrupole quadrupot—quadrupct—quadrupole,
ard fourth-orde triple-dipole terms It is shown tha vapa-liquid equilibria are affected
substantiall by three-bog interactions The addition of three-bog interactiors resuls in good
overal agreemen of theoly with experimenth data In particular the subcritica liquid-phase

densities are predictel accurately © 199 American Institute of Physics.
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I. INTRODUCTION

It is well establishetitha the physica properties of flu-
ids are govern& overwhelmiry by interactiors involving
pairs of molecules However it is also well-knowr?™ that
three-bodg interactiors can make asmal but significart con-
tribution to the energ of the liquid. Calculatiors of the con-
figuration energy* of atorrs indicae tha three-bog inter-
actiors make a contribution of typically 5%—-10% to the
overal energy Ther is al evidencé” to indicae tha the
contributian of three-bog interactiors for molecules is con-
sideraby higher The influene this relatively smal contribu-
tion has on the observe properties of the fluid is unclear.
This uncertainy arises from anumbe of factors sud as the
adequayg of the two-body potentid and the incomplet cal-
culation of three-bod interactions Often two-body poten-
tials are usad which do nat truly refled the contributian from
two-body interactiors but which effectively include contri-
butions from otha many-bog interactions Calculatiors of
three-bog interactiors typically only conside contributions
from the Axilrod-TelleP term The Axilrod—Teller term
only accouns$ for triple-dipole interactiors wherea other
three-bog interactiors arising from high multipoles are
possible®’ Furthermorethe effed of three-bog repulsio is
mog commony ignored.

The vapa-liquid pha® transition represerg an impor-
tant propery which is sensitie to intermolecula interac-
tions Gibbs ensemb# Monte Carld® simulatiors provide an
effective mears of relating the vapa—liquid transitian to the
underlyirg intermolecula interactiors as describé by a suit-
able intermolecula potential Previots work® ™! on the role
of three-bog interactiors on the pha® behavia of pure
atomic systens has been restrictal to the Axilrod—Teller
tem and the calculatiors hawe been confined exclusivey to
argon In addition calculatiors on the influene of three-
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body interactiors on pha® behavio of sone theoreticé bi-

naly mixtures are alo available?® Sadis ard Prausnit?

reportel tha the Axilrod—Teller term contributes typically

5% of the overal energy of the liquid pha of argon Cal-

culatiors for the vapa—liquid coexistene of arga by Anta
et al.!® ard Sadud! using a combinatiom of the Lennard-
Jones ard Axilrod—Teller potentias indicae tha the inclu-

sion of three-bog interaction deteriorate the agreemenbe-
tween theoly and experimen for the coexistirg liquid phase
densities This failure can be attributed to the effective nature
of the Lennard-Jong potential Anta et al.° reportel good
resuls for vapa-liquid coexistene of argm using the
Aziz-Slaman* potentid in conjunction with the Axilrod—

Teller term Unlike the Lennard-Jong potential the Aziz—

Slaman potentid is agenuire representatio of the contribu-
tion of only two-body interactions.

The aim of this work is to investigaé comprehensively
the role of othe multipole three-bog dispersio terms in
addition to the Axilrod—Teller term on the vapa—liquid tran-
sitions observe for argon krypton and xenon.

Il. THEORY
A. Intermolecula r potentials

Severhaccurag two-body potentias are availabk in the
literature! We have chos@ to use the potentias proposel by
Barke et al.>>"'" becaus of their well-known accurag and
the availability of intermolecula potentid parametes for ar-
gon krypton, and xenon A recen review of intermolecular
potentid is availabk elsewheré? The two-body interactions
of argm are well representa by the Barke—Fishe—Watts
(BFW) potential®> The BFW potentid is alinear combination
of the Barke—Pompé® (ugp) and Bobetc—Barker® (ugg)
potentials,

Uz(r)20.75JBB(r)+0.25JBp(r), (1)
where the potentiat of Barke—Pompe ard Bobetc—Barker
hawe the following form:
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TABLE I. Summay of the intermolecula potentid parametes usal in this work.

Argon? Kryptor? Xenorf
vopp(a.u.y 518.3 1572 5573
vppola.u.f 687.5 2272 9448
vpoolau.f 2687 9648 45770
vooda.u.f 10639 41478 222049
vppp(a.u.y —10570 —48465 —284560
elk(K) 142.095 201.9 281.0
aR) 3.3605 3.573 3.890
Rm(A) 3.7612 4.0067 4.3623
Barke—Pompe Bobetic—Barker
@ 12.5 12,5 12.5 12.5
o 12.5 12.5
8 0.01 0.01 0.01 0.01
Ao 0.2349 0.29214 0.23526 0.2402
A, —4.7735 —4.41458 —4.78686 —4.8169
A, —10.2194 —7.70182 -9.2 -10.9
As —5.2905 —31.9293 -8.0 —25.0
Ay 0.0 —136.026 -30.0 -50.7
As 0.0 -151.0 —205.8 —200.0
P -9.0 59.3
Q 68.67 711
Ce 1.0698 1.11976 1.0632 1.0544
Cq 0.1642 0.171551 0.1701 0.1660
Cio 0.0132 0.013748 0.0143 0.0323
#Two-body parametes from Ref. 2.
bTwo-body parametes from Ref 17.
“Two-body parametes from Ref. 17.
9From Ref. 20.
°From Ref. 22.
fFrom Ref. 21.
5 _ 2 Coire work we hawe usel Eq. (3) to predid the properties of kryp-
Uy(ry=e Z A(x—1) exp[a(l-x)]— Z 5+—x121+—6 . ton ard xena with the parameters summarizd in Table |.
=0 1=0 @ Different types of interaction are possibé dependig on

In Eq. (2), x=r/r,, wherr , isthe intermolecula separation
at which the potentid has a minimum value and the other
parametes are obtainel by fitting the potentia to experimen-
tal dat for molecula bean scattering secoml virial coeffi-
cients and long-rang interaction coefficients The contribu-
tion from repulsim has an exponential-dependeacon
intermolecula separatio and the contribution to dispersion
of the Cg, Cg, ard C,q coefficiens are included The only
differene betwea the Barke—Pompe ard Bobetc—Barker
potentiat is that a differernt se of parametesis usel in each
case Thes parametersare summarize in Table I.

The molecule-speciéi natue of the intermolecula po-
tentid is illustrated by attemps to use Eq. (2) for othe noble
gass suc as krypton ard xenon Barke et al.!” reported
tha modificatiors to Eq. (2) were requirad to obtain an op-
timal representatiofor the large noble gasesFor krypton
ard xenon they determind a potentid of the form:

Uz(r)=uo(r) +uy(r), )
where uy(r) isidenticd to Eq. (2) and uy(r) is given by:
[P(x—1)*+Q(x—1)°ep[a’(1-x)]
0 x=1,

x>1,
Uy(r)=

(4)

and o', P, andQ are additional parameters obtained by fit-

ting data for differentid scatterig cross sections In this

the distribution of multipole momens betwea the atoms In

principle the dispersim or long-rang nonadditive three-
body interactio is the sum of thes various combinatiors of

multipole moment< In this work, we hawe considerd con-

tributions from dipoles (D) and quadrupols (Q) which are
likely to make the mog substantih effects on three-body
dispersion:

Usgpisp= Uppp T Uppot Upgo™ Upppa T Uggo- (5

Thes terns are all third-orde with the exceptia of the con-
tribution of the fourth-orde triple-dipole term (Uppps). The
main contribution to attractive three-bog interaction is the
third-orde triple-dipole term (uppp). The othe ternms col-
lectively (Uppg+ Upgot Ugoo™ Upppa) are the highe mul-
tipole contributions.

The triple-dipole potentid can be evaluate from the for-
mula propose by Axilrod ard Teller’:

vppp(ijK)(1+ 3 cosh; cos; cosoy)
(rij rikrjk)3

Uppp(ijk)= )
where vppp(ijk) is the nonadditie coefficient ard the
angles ard intermolecula separatios refer to a triangular
configuration of atoms A detailed derivatian of Eq. (6) from
third-orde perturbatiom theoly has been given by Axilrod.*®

The contributin of the Axilrod—Teller potentid can be
eithe negative or positive dependig on the orientation
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adopte by the three atoms The potentid is positive for an
acuk triangula arrangemeinof atons wherea it is negative
for nea linear geometriesThe potentid can be expecte to
male an overal repulsive contribution in a close-packed
solid and in the liquid-phase The r 2 terms indicate tha the
magnituek of the potentid is very dependenon intermolecu-
lar separation The majar contribution to the potentid will
occu for configuratios in which at leag one pair of atonsis

Phase behavior of noble gases 1535
Bell® has derived the othe multipolar nonadditie third-
orde potentials:

3VDDQ(i jk)

————— X[9 cosh,—25c0s30
160 (Kl i) [ “ “

Uppg(ijk)=

in close proximity to ead other. +6cos(6;—0;)(3+5c0s200)], @)
|

k)= 15vpqq(ijk)  [3(cos6;+5cos36;)+20cos(6;— ) (1—3cos26) ®

Upqalijk) = 64rj5k(rijrik)4 +70c0s2( 60— 6y) coso; '
= 15v60dijK) — 27+ 220 cos; cosd; cosb,+490cas26; cos26; cos26, 9
Uoad )= 1og0r T8 L 178 cos2(6,— 6))+ cos2(6,— 6, + cos2(6— 6)] | ©

|

where Egs (7), (8), and (9) representhe effed of dipole— u(r)=uy(r)+Uzppisy(r)- (11

dipole—quadrupole, dipole—quadrupat—quadrupole, and

quadrupat—quadrupoé—quadrupole interactions, respec-
tively. Formulas for the different orderirg of the multipole

momens on the three atorrs (i.e.,, QDD, DQD, QDQ, and

QQD) can be generatd from Eqs (8) ard (9) by cyclic per-

mutation of 6;, 6;, 6, and ry. The dipole-dipole-

octupok tem has also been evaluate by Doran and Zucker

but it is not considerd in this work becaus of uncertainties
in evaluatirg the DDO coefficient The fourth-orde triple-

dipole tem can be evaluatel from’

. 45vpppa(ijK)[ 1+ coS 6, 1+ coS 6
popallJK) = 64 L (rigrij)® (rijrji)®
. 1+ cog 6, (10)
(ricrj)® |

The coefficient&®? for thes three-bog terms are summa-
rized in Table |. Strategis for calculatirg multipole mo-
mens hawe bea discussd recently?? Combinirg the contri-
butions from two-body and three-bog interactiors yields an
overal intermolecula potentid for the fluid:

B. Simulatio n details

The NVT Gibbs ensembl® was implementel for a sys-
tem of 500 atoms The simulatiors were performel in cycles
consistiry typically of 500 attempte displacementsan at-
temptel volume change and 500 interchang attempts Typi-
cally, 1500 cycles were usel for equilibratian and a further
150 cycles were usal to accumulagé ensembe averages.
Periodt bounday conditiors were applied The two-body
potentias were truncatel at half the box lengh and appro-
priate long range correctian terns were evaluaté to recover
the contributian to pressureenergy and chemica potential
of the full intermolecula potential*® Sone care need to be
taken with the three-bog potentiat becaus the application
of a periodc bounday can potentially destry the position-
invariane of three particles?* We examinel the behavia of
the three-bog terms for mary thousand of differert orien-
tatiors and intermolecula separationsAll the three-body
terms asymptog rapidly to zerm with increasiry intermolecu-
lar separationFor a systen size of 500 or more atoms we

TABLE II. Vapa-liquid coexistene properties of argan from molecula simulatian using the two-body BFW
potentid [Eq. (1)]. The values in brackes representhe uncertainy of the lag digit.

™ Pl Pt Ef 7 Py Py EV Y
0.700 0.8084) —0.01§38 -5.1893) -3.67 0.00§1) 0.0041) —0.062) —3.70
0.750  0.7813) 0.00721) —4.982) -3.67 0.0081) 0.00§41) —0.083) —3.68
0.825  0.7414) 0.02014) —4.663) —3.43 0.0212) 00152) —0.193) —3.39
0.850  0.7275) 0.02419 —4.563) -3.49 0.0232) 00143) —0.213) —3.42
0.875  0.7115) 0.01716) —4.444) —3.47 0.0302) 0.0223) —0.263) —3.36
0.900  0.6985) 0.02419 —4.334) -3.39 0.0333) 00283 —0.293) -3.38
0.925 0.6783) 0.036100 —4.202) -3.40 0.0412) 00313 —0.353) -3.32
0.950  0.66110) 0.03722 —4.086) -3.35 0.0495 0.0377) —0.414) —3.30
0.975  0.6446) 0.04916) —3.974) -3.34 0.0575 0.0446) —0.474) -3.28
1.000  0.6227) 0.05413 —3.814) -—3.24 0.0737) 005112 —0.596) —3.23
1.025  0.5978) 0.06217) —3.665 —3.25 0.0846) 0.05§11) —0.646) —3.23
1.050  0.5749) 0.07421) —3.505) -3.22 0.1047) 0.06913 —0.826) —3.18
1.075  0.54Q12) 0.08027) —3.317) -3.20 0.114100 0.07919 —0.868) —3.20
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TABLE Ill. Vapa-liquid coexistene properties of argan from molecula simulatian using the two-body BFW potentid [Eq. (1)]+three-bog¢ (DDD+DDQ
+DQQ+DDD4) intermolecula potentiais The values in brackes representhe uncertainy of the lag digit.

T*

0.750 0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.00
pr 0.7425) 0.6858) 0.671(10) 0.65810) 0.63911) 0.61311) 0.60Q10) 0.56411) 0.51330)
Pl ot 0.04489) 0.01738) 0.02450) 0.02841) 0.03352) 0.03541) 0.04936) 0.04539) 0.052100
PY 2body —0.91477) —0.85421) —0.82530) —0.80921) —0.78830) —0.74320) —0.71817) —0.67319) —0.59151)
P boo 0.3758) 0.2719) 0.25010) 0.2358) 0.2189) 0.1909) 0.1757) 0.1497) 0.11715)
P boo 0.1253) 0.09013) 0.0833) 0.0783) 0.0723) 0.0623) 0.05712) 0.0493) 0.0385)
P bao 0.02547) 0.01887) 0.017Q7) 0.01596) 0.01476) 0.01277) 0.01176) 0.00996) 0.007611)
Pl a0 0.00231) 0.00171) 0.00181) 0.00141) 0.00131) 0.00111) 0.001@1) 0.00091) 0.00071)
P} oopa —0.1243) —0.0742) —0.0682) —0.0632) —0.0581) —0.0522) —0.0441) —0.04Q1) —0.0333)
Ef 1ot —4.533) —4.136) —4.01(7) —3.9715) —3.897) —3.686) —3.576) —3.396) —3.0916)
EY 2body -4.733) —4.336) —4.166) —4.067) —3.996) —3.837) —3.71(6) —3.496) —3.1916)
E} bop 0.1693) 0.1323) 0.1253) 0.1193) 0.1133) 0.1033) 0.0912) 0.0883) 0.0766)
EY boo 0.0461) 0.0341) 0.0341) 0.0321) 0.0311) 0.0281) 0.0261) 0.0231) 0.0202)
EY boo 0.00792) 0.00632) 0.00592) 0.005@1) 0.00531) 0.00482) 0.00481) 0.004@2) 0.00343)
EY 0o 0.000612)  0.000491) 0.000461) 0.000431) 0.000411) 0.000371) 0.0003%1) 0.000311) 0.000262)
E{ bops —0.041910) —0.02684) —0.02564) —0.024@5) —0.02274) —0.02125) —0.01924) -—0.01785) —0.01617)
wr —3.47 —3.48 —3.53 —3.40 -3.35 —3.36 -3.29 -3.26 -3.28
Py 0.009%17)  0.017415) 0.021818) 0.029537) 0.035@48) 0.040138) 0.053656)  0.060852) 0.065%32)
P ot 0.006716)  0.012817) 0.016221) 0.021646) 0.025964) 0.030151) 0.038883)  0.044G83)  0.049(56)
P 2body —0.00084) —0.00164) —0.00245) —0.004313) —0.0057200 —0.007115 —0.012628 -—0.015531) -0.017223)
P¥ opp 1073 0.000%22) 0.0212156) 0.0432199  0.084€533  0.135@726) 0.1911609  0.442116) 0.567145 0.70Q0139
PY oo 1074 0.001(4) 0.07065) 0.12866) 0.249172 0.406217) 0.572188 1.313341) 1.67418 2.067428
PY bao 1075 0.001(6) 0.148167) 0.239142 0.468364) 0.775418 1.092374 2.486636) 3.135773  3.896864)
PY 000 1078 0.001(4) 0.135170 0.198132 0.390336) 0.659362 0.931(327) 2.106532 2.648646) 3.301779
P} oopa 1074 —0.001625) —0.04828) —0.11155) —0.234135 —0.3852200 —0.530168 —1.249330 -—1.628408 —2.015371)
EY ot —0.0712) —0.153) —0.203) —0.265) —0.305) —0.343) —0.454) —0.495) —0.523)
EY 2body —-0.012) —0.153) -0.203) —0.265) —0.305) —0.343) —0.464) —0.495) —-0.523)
EY ppp 1073 0.027) 0.3928) 0.64128) 0.8745) 1.21(49) 1.5537) 2.6546) 2.9955) 3.4760)
EV boo 1073 0.00310) 0.11(9) 0.168) 0.21(12) 0.3012) 0.399) 0.6511) 0.7213 0.84(16)
EV bao 104 0.00212) 0.1920) 0.2515) 0.3323 0.4821) 0.6216) 1.0417) 1.1420) 1.3427)
EV 000 10°° 0.0017) 0.1518) 0.1812 0.2418) 0.3516) 0.4613 0.7613 0.84(15) 0.9822)
EY pppa 10°°  —0.0046) —0.06636) —0.12459) —0.18283) —0.259111) —0.32375) —0.563102 —0.642115 -—0.750119
Yy -3.57 -3.51 —3.46 —3.36 -3.34 -3.34 -3.25 -3.25 -3.26

found truncatirg the three-bog potentiat at intermolecular
separation greate than a quarte of the lengh of the simu-

lation box to be an excellert approximatia to the full poten-
tial tha also avoided the problam of three-bog invariane to

periodc bounday conditions The three-bog simulations
commony require 20 ard 12 CPU h on the Fujitsu VP300
and NEC SX-4/ supercomputergespectively.

lll. RESULTS AND DISCUSSION

The resuls of Gibbs ensemt# simulatiors for the
vapa-liquid properties of argon krypton, ard xenm are re-
ported in Tables 11-VII. The remainirg stabke noble gases,
helium and neon were not considerd becaue of uncertain-
ties arising from quantum effects Some molecula dynamics

TABLE IV. Vapa-liguid coexistene properties of krypton from molecula simulation using the two-body
Barke et al. potentid [Eq. (3)]. The values in brackes representhe uncertainy of the lagt digit.

™ i Pt Ef 7 Py Py EV My
0.700 0.8044) —0.00233 -5.053) -3.58 0.0072) 0.001) —0.043) —3.55
0.750 0.7743) 0.00421) -4.843) —3.55 0.0101) 0.0071) -0.092) —3.53
0.825 0.7355) 0.02q19 —4.534) —3.39 0.0242) 0.0172) -0.212) -3.31
0.850 0.71§4) 0.01312 -4.4%3) —3.35 0.0262 00192 -0.223) -3.34
0.875 0.7005) 0.02q15 —4.284) —3.33 0.0314) 0.0234) -0.274) —3.32
0.900 0.6875) 0.03412 -4.183) —3.28 0.0414) 0.0304) -0.364) —-3.24
0.925 0.6667) 0.03616) —4.044) —3.26 0.0487) 0.03410) -0.417) —-3.23
0.950 0.6473) 0.04413 —-3.9%2) —3.23 0.0593) 0.0415 -0.483) —3.18
0.975 0.6249) 0.04818 -3.766) —3.19 0.0675 0.0417) -0544) —3.18
1.000 0.6096) 0.06514) —3.663) —3.16 0.08714) 0.0597) —0.685  —3.12
1.025 057317  0.07326) —3.449 —3.16 0.09§12) 0.065200 -0.758) —3.13
1.050 054818  0.08431) -3.289) —3.12 0.13118) 0.08033 —0.9914) —3.09
1.065 053023  0.09446) —3.1812 —3.11 0.14116) 0.08233 —1.0511) —3.08
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TABLE V. Vapa-liquid coexistene properties of krypton from molecula simulation using the two-body Barke et al. [Eq. (3)]+three-bog¢ (DDD+DDQ
+DQQ+DDD4) intermolecula potentials The values in brackes representhe uncertainy of the lag digit.

T*

0.750 0.825 0.850 0.875 0.900 0.925 0.950 0.975
pr 0.7126) 0.6719) 0.6429) 0.6318) 0.6167) 0.58514) 0.52823) 0.50923)
P} ot 0.05175) 0.02645) 0.02§35) 0.03639) 0.04026) 0.04848) 0.04577) 0.06671)
PY 2body —-0.89946)  —0.84§23) —0.80715) -0.78421)  —0.75812  —0.703200 —0.61640) —0.57334)
P? ooo 0.39025) 0.30612) 0.2739) 0.25511) 0.2337) 0.20713) 0.15713) 0.13812)
P} boo 0.1279) 0.0984) 0.0883) 0.0824) 0.0742) 0.0644) 0.0494) 0.0434)
P 0o 0.025318)  0.01949) 0.01727) 0.0168) 0.01465) 0.01259) 0.00959) 0.00848)
P! 000 0.00222) 0.00172) 0.00181) 0.00141) 0.0012%5)  0.00111) 0.00081) 0.00072)
PF oona -0.13511)  —0.1053) —0.0962) —0.0874) ~0.0792) —0.0713) —0.0563) —0.0494)
EF o —4.293) —3.996) —3.835) —3.725) —3.594) —3.439) -3.1310) ~3.001)
E{ 2body —4.494) —4.087) —3.975) —3.896) —3.754) —3.558) ~3.2310) -3.1011)
EZ oo 0.18311) 0.1524) 0.1413) 0.1344) 0.1262) 0.1155) 0.0984) 0.0905)
E{ ooo 0.0493) 0.04Q2) 0.0371) 0.0351) 0.0331) 0.0301) 0.0251) 0.0231)
S, 0.00826) 0.00672) 0.00622) 0.00582) 0.00551) 0.00492) 0.00412) 0.00382)
Ef 000 0.000614)  0.000502) 0.000461) 0.000432)  0.000411)  0.00032)  0.0003@2)  0.000282)
EZ boos —0.0474) -0.0391) —0.03725) —0.0351) -0.0321) —0.03q1) —0.0271) —0.0241)
ut -3.62 -3.37 -3.38 -3.24 -3.15 —3.24 -3.20 -3.17
ok 0.010512)  0.020315 0.024620) 0.034837)  0.042917)  0.047731)  0.057833  0.073761)
Py o 0.007412)  0.014819 0.018325) 0.025350)  0.031625  0.035@45  0.040946)  0.0507104)
P% 2body ~0.00083)  —0.002G6) ~0.00279) —-0.005417) —0.00739)  —0.009516) —0.014614) —0.022442)
P} opp 1073 0.0066) 0.0374148  0.0653232  0.17177) 0.26944) 0.33467) 0.652117)  1.2029)
PY opg 1074 0.01824) 0.11%42) 0.18575) 0.497228 0795142 0971183  1.8636) 3.4485)
PY 0o 10°° 0.02953) 0.20581) 0.327153 0.908423 1.4729) 1.7432) 3.3369) 6.221.59
PY 00010°° 0.02450) 0.16871) 0.257131) 0.734345 1.21(26) 1.4025) 2.6759) 5.051.31)
P} oops 1004 —0.03624)  —0.12734) —0.22558) —0.601255 —0.978156 —1.2726) —2.3940) —4.40(1.09
EY ot -0.092) -0.183) -0.212) -0.294) -0.362) -0.393) —0.473) —0.596)
E? abody -0.092) -0.183) —0.212) ~0.304) -0.362) -0.393) ~0.473) ~0.586)
E% pop 1072 0.18917) 0.5922) 0.8624) 1.56(55) 2.0830) 2.31(33) 3.6446) 5.27(90)
EY ppo 1073 0.045) 0.145) 0.206) 0.3714) 0.509) 0.547) 0.8512) 1.2422)
E¥ pog 1074 0.0510) 0.239) 0.30(11) 0.5823) 0.7914) 0.8211) 1.2820) 1.8935)
E¥ 00010°° 0.048) 0.167) 0.208) 0.41(16) 0.5611) 0.579) 0.8915) 1.3326)
EYoops 102 —0.082500  —0.14938) —0.22249) -0.41X139 —0.56777)  —0.64994)  —0.9941139 —1.4525)
uh -3.52 ~3.40 -3.37 -3.25 -3.20 -3.21 -3.19 -3.13

studies and ab initio calculatiors for helium ard nem have
been reportal recently® %’ The normd conventim was
adoptel for the reduce densiy (p* =po>), temperature
(T*=KkTl/e), enery (E*=Ele), pressue (P*=Pod/¢)
and chemic4 potentid (u*=u/e). The chemical potential
was determine from the equatim proposel by Smit et al.?®
The uncertaintis in the ensemb# averags for density tem-

perature energy and pressue report@ in Tables I1-VII

were calculat@ by dividing the post-equilibrium resuls into
ten sections The estimaté errors representhe standad de-
viations of the section averagesAn erra estimae for the
chemicé potentid canna be estimate in thisway becaus it
is the averag of the entire post-equilibrium simulation A
comparisa of simulation resuls with experimenis given in

TABLE VI. Vapa-liquid coexistene propertis of xena from molecula simulation using the two-body
Barke et al. potentid [Eq. (3)]. The values in brackes representhe uncertainy of the lag digit.

™ i Pt Ef ut Py Py EV oy
0.700 0.8015 —0.01G36) —5.073) —3.72 0.0061) 0.0041) —0.062) —3.63
0.750 0.7774) —0.00521) —-4.8843) —3.43 0.0112) 0.0081) -0.102) —3.49
0.825 0.7334) 0.00815 —4.542) —3.32 0.0243) 0.0163) -0.204) —3.35
0.850 0.7156) 0.02120)0 —4.414) —3.42 0.0243) 0.0243) —0.243) —3.32
0.875 0.7013) 0.027200 -4.312) —3.37 0.0343) 0.0234) -0.283) —3.30
0.900 0.6824) 0.02619 -4.173) —3.34 0.0373) 0.0244) —0.323) —3.29
0.925 0.6648) 0.03116) —4.055 —3.28 0.0476) 0.0347) —0.394) -3.24
0.950 0.6449) 0.03§22 —3.916) —3.25 0.0543) 0.0404) —0.463) —3.22
0.975 0.6239) 0.04521) -3.776) —3.20 0.0686) 0.04§10) —-0.557) —3.18
1.000 0.6059) 0.06323 —3.656) —3.18 0.0846) 0.05610) —0.654) —3.15
1.025 0.58311)  0.07219 —3.547) —3.15 0.0999) 0.06415 —0.776) —3.12
1.050 0.54914)  0.08327) —3.308) —3.15 0.12310) 0.07719 -0.948) —3.10
1.075 050488  0.103183 —3.0248 —3.10 0.16417) 0.08§34) —1.1812 —3.07
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TABLE VII. Vapa-liquid coexistene properties of xena from molecula simulation using the two-body Barke et al. [Eq. (3)]+three-bog¢ (DDD+DDQ
+DQQ+DDD4) intermolecula potentials The values in brackes representhe uncertainy of the lag digit.

T*

0.750 0.825 0.850 0.875 0.900 0.925 0.950 0.975
ot 0.7066) 0.6719) 0.63412) 0.61715) 0.59911) 0.57813) 0.51723) 0.51126)
PF o 0.00938) 0.02453) 0.01046) 0.03064) 0.03144) 0.05961) 0.03979) 0.06089)
PY 2body —0.94726) —0.87529) —0.82820) -0.77931)  —0.75421) —0.69634)  —0.61139)  —0.59642
P¥ ooo 0.4449) 0.36415) 0.31414) 0.28418) 0.26413) 0.23514) 0.17816) 0.16920)
P} boo 0.1443) 0.1145) 0.0985) 0.0946) 0.0814) 0.0735) 0.0545) 0.0526)
P 000 0.02686) 0.021610) 0.01849) 0.016812  0.015@8) 0.01369) 0.010G10)  0.009513)
P! 000 0.00221) 0.00181) 0.00181) 0.00141) 0.00121) 0.00112) 0.00081) 0.00081)
PF bona —0.1915) —0.1575) ~0.1394) -0.1285) -0.1145) ~0.1025) —0.0825) —0.0746)
EF r —4.21(4) —3.966) —3.786) ~3.639) —3.526) —3.408) —3.07110) -3.0213)
E7 2body —4.484) —4.107) -3.937) —3.8009) —3.647) —3.538) ~3.1711) -3.1314)
S, 0.2093) 0.1815) 0.1655) 0.1556) 0.1455) 0.1355) 0.1145) 0.1097)
E{ boo 0.0541) 0.0471) 0.0421) 0.0402) 0.0371) 0.0341) 0.0282) 0.0272)
Ef b0 0.00872) 0.007%3) 0.00672) 0.00633) 0.00582) 0.00542) 0.00443) 0.00434)
E 000 0.000621) 0.000532) 0.000472) 0.000442)  0.000412)  0.000382)  0.000312)  0.000303)
S —0.0671) —0.0591) —0.0551) —0.0521) —0.0482) —0.0442) -0.0391) —0.0361)
ut -3.41 -3.28 -3.33 -3.30 -3.22 -3.20 -3.18 -3.15
ok 0.010917) 0.022727) 0.024527) 0.031336)  0.041445)  0.051367)  0.056646)  0.074633)
P} o 0.007516) 0.016331) 0.018G31) 0.022943  0.030157)  0.036697)  0.041966)  0.051454)
P? 2body —0.00063) —0.00258) —0.003G8) —0.004611) —0.007515 —0.011334 —0.012521) —0.022720)
P} opp 1073 0.005G75) 0.0686472  0.0838364  0.14862) 0.31¥116 0542177  0.717105  1.546217)
PY oo 1074 0.00924) 0.198151) 0.233111) 0.41X175  0.883345 1518472  2.031296  4.365650
P} 0o 107° 0.00250) 0.357299 0.400216) 0.706307  1.559640  2.6447989  3.573524  7.6712)
P} 00010°° —0.00841) 0.282251) 0.302184) 0.534241)  1.213519  2.039613  2.789412  5.969982
PYooos 1004 —0.0317242 —0.299163  —0.367136)  —0.637291) —1.416559 —2.475791) —3.293514 —7.17102
EY ot -0.11(2) -0.21(3) -0.21(3) —0.274) —0.345) —0.426) —0.453) ~0.593)
E% 2b0ay -0.11(2) ~0.21(4) -0.21(3) ~0.274) ~0.355) —0.426) —0.453) ~0.60(3)
E% pop 1073 0.1525) 0.9457) 1.0845) 1.5049) 2.3966) 3.3973 4.1234) 6.6769)
E¥ opo 102 0.027) 0.2215) 0.2511) 0.3412) 0.5617) 0.7816) 0.959) 1.5417)
E¥ 001074 ~0.01(13) 0.3425) 0.3619) 0.4917) 0.8327) 1.1523) 1.4213) 2.2927)
E¥ 00010°° —0.029) 0.2319) 0.2414) 0.3212) 0.5619) 0.7716) 0.969) 1.5519)
EY oops 103 —0.07865) -0.307144  —0.356120  —0.479169 —0.815237) —1.158234 —1.415127) —2.31624)
ud -3.50 ~-3.34 -3.38 -3.32 -3.23 -3.19 -3.20 -3.13

Figs 1, 3, ard 4. The relative contributian to energy of the
variouws three-bog interactiors for the liquid-pha® of argon
isillustrated in Fig. 2.

The coexistene properties obtainel from argm using
the BFW potentid are summarizd in Table || and the BFW
+three-bog calculatiors are reportal in Table . In Fig. 1,
experimenth data for the vapa-liquid phag envelog of
argm are compareé with simulation resuls obtaingl in this
work and data reported by Anta etall® for the
Aziz-Slaman* ard Aziz—Slaman*+Axilrod-Teller® inter-
molecula potentials Miyano®™ has also reportel sone cal-
culatiors for arga using the BFW potential The comparison
with experimen in Fig. 1 indicates tha both the BFW and
Aziz—Slaman potentias do naot predid the liquid phag co-
existing densiy of arga adequatelyTherre is generaly fair
agreemen for the vapor-branh of the coexistene curve.
This contrass with calculatiors using the Lennard-Jongpo-
tentiak which normally yields goad agreemenwith experi-
mert for liquid densities The goad agreemen often
reported with the Lennard-Jone potentia is fortuitous and
probaby arises for the “effective’’ many-bog natue of the
potential It is appareh from Fig. 1 tha genuire two-body
potentiak canna predid the liquid-pha® densities of argon

adequately The resuls obtainal from the BFW ard Aziz—
Slaman potentias are almog identical.

Anta et al.X reportel tha the addition of the Axilrod—
Teller term to the Aziz—Slaman potentiad resultel in a con-
siderabé improvemen in the agreemenbetweea theol and
experimemasisillustrated in Fig. 1. Figure 1 also shows that
the addition of the three-bog temm to the BFW potential
resuls in goad overal agreemenof theol with experimen-
tal data The avera@ relative deviatiors for the vapa and
liquid densities are 36.4% and 2.3% respectively.

The contributiors to both pressue and configurational
enery of the various multipole terns to the three-bog in-
teractiors of argan are identified in Table Il. The contribu-
tion of three-bog interactiors to the vapa pha® is negli-
gible wherea they make an importart contribution to the
liquid-phase The various three-bog contributiors to the
configurationhenerg of the liquid-pha® of arga are com-
parel graphicaly in Fig. 2. Although Anta et al.° reported
values of density temperaturepressureand configurational
energis they did not repot the contributian of three-body
interactiors to eithe the pressue or energy It is evident
from both the daf in Table Il and the comparisa in Fig. 2
tha the triple-dipole term makes the dominar contribution

Copyright ©2001. All Rights Reserved.



Phase behavior of noble gases

1539

J. Chem. Phys., Vol. 111, No. 4, 22 July 1999
1.10 1.10
=] = = f=y
1.05 — g . B, 1.05 — =y . ks
Hoo . H I . et
00— HS Fof  E 10— @ o A
#i R W WoH
095 — s e e 095 — # - IR
e o He “ B
o 090 — HE o T+ 090 — #* ‘H H
0.85 — m u f 0.85 — fe oo
£ y e ¢ e
0.80 — » N 080 — , .
075 —§ o 0.75 —fit o
070 —f ) Q70~E .
1 | I I I | I | I I I I
0.0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 0 0.1 0.2 0.3 04 - 05 0.6 0.7 0.8 09
p*
FIG. 3. Comparisa of experimen (®, Ref. 32) with calculation using the
two-body potentid of Barke et al. [Eq. (3)] ((]) and the Barke et al. [Eq.

FIG. 1. Compariso of experimen (®, Ref. 32) with calculation using the

BFW potentid [Eq. (1)] ((T]), the Aziz—Slaman potentid (X, Ref. 10), the
Aziz—-SlamantAxilrod-Teller (+, Ref. 10) and the BFW-three-body

(DDD+DDQ+DQQ+QQQ+DDD4) potentias (A) for the vapa—liquid

coexistene of argon.

to three-bod interactions The othe third-orde multipole
interactiors (Uppg+ UpggT Uggg) contribue approximately
32% of the triple-dipole term However the effea of this
contributian is offset largely by an approximate} equa con-
tribution (26% of the triple-dipole term) from fourth-order
triple-dipole interactiors of opposit sign Consequentlythe
Axilrod—Teller term alore is an excellert approximatian of
three-bog dispersio interaction This conclusim is consis-
tert with earlie work’ on the relative magnitua of three-

body interactions.
To the beg of our knowledge previows work on the

effed of three-bod interactiors on the phag behavio of
fluids has been confinal exclusivey to argon In Tables IV —

0.20

0.15 —

0.10 —

E*

0.05 —

DDD
+

0.50

p*

FIG. 2. Comparisa of the contribution of the various three-bog terms to

the configurationhenery of the liquid-pha of argon.
Copyright ©2001. All Rights Reserved.

(3)]+three-bog (DDD+DDQ+DQQ+QQQ+DDD4) potentiab (A) for
the vapa—liquid coexistene of krypton.

VII we repot calculatiors for the vapa—liquid coexistence
of krypton and xenon The coexistene properties calculated
from two-body potentiat are summarize in Tables IV
(krypton) and VI (xenor) wherea calculatiors including
two-body ard three-bog terns are found in Tables V (kryp-
ton) ard V11 (xenon. The krypton and xena atons are con-
sideraby large than argan and it can be anticipate that their
increasd polarizability may resut in an increa® in the rela-
tive importane of three-bog interactions The comparison
of experimen with theoly for the vapa—liquid coexistence
of krypton ard xenm is illustrated in Figs 3 and 4, respec-
tively. For both krypton and xenon the two-body potentials

1.10
t= e
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El . * .. =]
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H s Fed  H
095 — :" H-'#._ i
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Be fof 8
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p*

FIG. 4. Comparisa of experimen (®, Ref. 32) with calculatio using the
two-body potentid of Barke et al. [Eq. (3)] ((]) and the Barke et al. [Eq.
(3)]+three-bog (DDD+DDQ+DQQ+QQQ+DDD4) potentiak (A) for

the vapa-liquid coexistene of xenon.
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fail to represeh the liquid-pha® densitis adequately
wherea ther is generaly fair agreemen for the vapor
phase However it is eviden tha the addition of three-body
interactiors resuls in very goad agreemenof theowy with

experimen for subcritica liquid-pha® densities For kryp-

ton, the averag relative deviatiors for the vapa ard liquid

densities are 34.8%6 ard 1.9% respectively For xenon the

avera@ relative deviatiors for the vapa ard liquid densities
are 35.8%6 and 1.4% respectively It shout be stressd that

in all cases the agreemenhbetwea theoy and experiment
represehgenuire predictiors and no attemp has beaen made
to optimize the agreemenby altering the intermolecula po-

tentid parameters.

The relative contributian of the various multipole terms
(Tables V and VII) to the three-bog interactiors of krypton
and xena is similar to the conclusios reache for argon.
Interestingly for xenon the magnitue of the contribution
from the fourth-orde triple-dipole term is actualy slightly
greater than the dipole—dipole—quadrupole, dipole—
guadrupct—quadrupole ard triple-quadrupat terms com-
bined Therefore for krypton ard xenon the Axilrod—Teller
tem alore is a goad representatio of three-bog interac-
tions becaus the contribution of othe multipole terms is
offset by the contributian from the fourth-orde triple-dipole
term.

This work has not considerd the possibility of interac-
tions from three-bog repulsion Ther is evidencé® that
suggest tha three-bog repulsion may offse the contribu-
tion of Axilrod-Teller interactiors by as much as 45%.
However this conclusian is basa largely on approximate
model$® of three-bog repulsion tha are tied closely the
Lennard-Jongpotential The lack of theoretichinsigh into
three-bodg repulsio is in contrag to the well-developed
modes of three-bog dispersion|t has been suggestett that
three-bog repulsian may improve the predictian of the ther-
modyname properties of xenon However the goad results
obtainal for argon krypton, and xena without including
three-bog repulsion may indicat that three-bog repulsion
does nat contribut significantly to vapa—liquid coexistence.

IV. CONCLUSIONS

We hawe demonstrate: tha three-bog dispersia inter-
actiors hawe asignificart effed on the vapa-liquid transi-
tion of argon krypton ard xenon The addition of three-
body dispersim terms to an accura¢ two-body potential,
resuls in goad overal agreemenof theor with experimen-
tal data The Axilrod—Teller term alore is an excellen rep-
resentatia of three-bog dispersim interactiors becaus the

G. Marcelli and R. J. Sadus

effects of othea third-orde multipole terms are offset sub-
stantially by fourth-orde triple-dipole interactions.

ACKNOWLEDGMENTS

We thark Dr. M. Lombardeo for providing numerical
values of the simulation data for the Aziz—Slaman potential
reporta graphicaly in Ref 10. GM thanks the Australian
governmeh for an Internationd Postgradua Research
Award (IPRA). Generos allocatiors of compute time on
the Fujitsu VPP3® and NEC SX-4/3 computes were pro-
vided by the Australian Nationd University Supercomputer
Cente and the CSIRO High Performane Computirg and
Communicatios Centre respectively.

1G. C. Maitland, M. Rigby, E. B. Smith and W. A. Wakeham Intermo-
lecular Forces Ther Origin and Determinatim (Clarendon Oxford,
1981).
2J. A. Barker, R. A. Fisher ard R. O. Watts Mol. Phys 21, 657 (1971).
SA. Monson M. Rigby, and W. A. Steele Mol. Phys 49, 893 (1983.
4M. J. Elrod and R. J. Saykally, Chem Rev. 94, 1975 (1994).
5B. M. Axilrod ard E. Teller, J. Chem Phys 11, 299 (1943.
®R. J. Bell, J. Phys B 3, 751 (1971).
M. B. Doran ard |. J. Zucker, J. Phys C 4, 307 (1971).
8A. Z. PanagiotopoulgsN. Quirke, M. Stapletonard D. J. Tildesley, Mol.
Phys 63, 527 (1988.
°R. J. Sadws and J. M. PrausnitzJ. Chem Phys 104, 4784 (1996.
103  A. Anta, E. Lomba and M. LombardergPhys Rev. E 55, 2707 (1997).
1R, J. Sadus Fluid Pha® Equilibria 144, 351 (1998.
12R. J. Sadus Fluid Phag Equilibria 150-151, 63 (1998.
18R, J. SadusInd. Eng Chem Res 37, 2977 (1999.
¥R, A. Aziz ard M. J. Slaman Mol. Phys 58, 679 (1986.
153, A. Barke ard A. Pompe Aust J. Chem 21, 1683 (1968.
16M. V. Bobetc and J. A. Barker, Phys Rev. B 2, 4169 (1970.
173, A. Barker, R. O. Watts J. K. Leg, T. P. Schaferard Y. T. Leg, J. Phys.
Chem 61, 308L (1974.
18R, J. Sadus Molecula Simulation of Fluids: Theory Algorithms and
Object-Orientatio (Elsevier Amsterdam 1999.
19B. M. Axilrod, J. Chem Phys 19, 719 (1951).
20p_ ). Leonad ard J. A. Barker, in Theoreticd Chemistry Advance and
Perspectivesedited by H. Eyring and D. Hendersa (Academic London,
1975, Vol. 1.
21w, L. Bade J. Chem Phys 28, 282 (1958.
22M. A. van der Hoef ard P. A. Madden Mol. Phys 94, 417 (1998.
M. P. Allen and D. J. Tildesley, Compute Simulatian of Liquids (Claren-
don, Oxford, 1987).
24p, Attard, Phys Rev. A 45, 5649 (1992.
BR. A. Aziz, A. R. Janzepard M. R. Moldover, Phys Rev. Lett. 74, 1586
(1995.
26E, Ermakova J. Solcg G. Steinebrunnerard H. Huber, Chem.-Eur J. 4,
377 (1998.
27B. Kirchner, E. Ermakova J. Solcg ard H. Huber Chem.-Eur J. 4, 383
(1998.
2B, Smit, Ph De Smedt and D. Frenke] Mol. Phys 68, 931 (1989.
29y, Miyano, Fluid Phag Equilibria 95, 31 (1994).
S0A. E. Sherwoal and J. M. Prausnitz J. Chem Phys 41, 429 (1964.
S1E, Rittger, Mol. Phys 71, 79 (1990.
32N. B. Vargaftik, Handbodk of Physica Properties of Liquids and Gases
(HemisphereWashington DC, 1975.

Copyright ©2001. All Rights Reserved.



