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A series of recent papers 1  presents a awwrical eaatiou which repre. 

santa the volwtric and thermodnoznic prperttea of normal fluids in terms 

of the usual reduced variables of corresponding states togther with the 

moentric factor. Paper UI of the cerise gives an seal second virial 

coaffic.ent in these terms. 

The esttstactorj results obtaied in the evaluation of the 

properties of nox=i fluids br this empirical scheme led us to study further 

the acentric factor in an attert to Correlate it with nlecular properties. 

The results are given in this paper. 

Paper .1 includes an extenSive discueion of the nature of interimlecular 

forces between the molecules of normal fluids end mentions several themati-

cal models which may be expected to yield good approximations to these 

forces in partiCular easee 

Papers in the series will be cit
;-. %37(:L955);'

the rsrnan nunr*la as follows: 
I LB. Pitser, J. 	hem. Soc  	U LS, Piteer, D.Z. 
Lippn, Li. Cw1, Jr., CJL Miggim nd D.E. Petersen, tbid. 	333 
(195); UI LB. Piter and R.P. Curl Jr. 44 7 2369(1951); IV L'. 
Curl 	and KS. Pitser, bud. Eng. Chem. 9 2(1958)iV LB. ?itaer. 
and G.O. Rultgreu, J. Am. Cham. Soc. 80 793,1958). 

2 J.Q. Rirsehibider, P.T. McClure and I.F. Wees, J. Cheiu. Tha. 10 201 
(19a); J.S. Xtw1i. n, Trans. iaraday So. 	974 (1949). 
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The euatton for the seeond  vi'L eoe t'icients iven in III in 	nsbn- 
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Tr 

and - 	o 	 L00 	 (2c) 

is the mdueed teMaratwft ¶?ft eM in equation (2c) is the ze-

duced cyp  preeure 	at Tr *).7. It is ctwentent to traMtoa equitiofl 

(2) 'torn'the czitiC: point :biø t the Boyle pøint basis whe2eupon the 

result iyt be coave4 'iith equattona (3.5), (15a) et (15b) of paper I At 

4oftne  

dD 

TB 

Zn tbi special case ot zero s*entrie tactr equation (2a) t'e4il 

	

he result 	.2.6w It 'e Bo3r]i po .4 eM 	Q.i65l :w yields 	

Substitution of these results Oveo.  

(o) 	 __ 	 __ 

068736 - 0.712 (r ) - 
o.3.1B5 (r) * °°° 

The valuos fcreMVB9,hr obe 

but va tiM then that the general equation for Ms-zero valuea cf the 

aentric faCto? 	iatea• that 	S 	depaM on as well as he ctica. 

COSte. Ueiae the criterion for the Boyle, piint muct be repp3.ie to the 



general equation (a) and 

ao.i651 + 0.1981) 

Now the second 'irial coefficient is 

(5) 
• 2 

With 	=0.6087+1.11760 ()0.5299) 00386() 

is79x57 	
(6) 

The lost.terin in OQj2ation (6) is i gligible except at tow temperature an 

can usu Uy be amittedip In these trnfoematlons only linear terms in a 

were retained. 

We na ¶4811 to compare equations Mp L(5) and (6) with the corrending 

equations for the core nedel which were ezpx:aed inper I as 

14_1 •tç)Jx.o 	 (7) 

where x is a parameter related to the core site. Equations (15a) and (i) 

of 1 give the epresetone for the two terma as functions of TID / 

first term is Just the usual nJønea function since * = 0 cox'cspou4e 

to zero core size. The em$rica equation fr zero soentric factor, i.e. for 

Ar, Kr, end. Xe, is ve'y siellar to the Xenuar4ones function but a distinctly 

better fit is obtains 	th equation (7) If * 0.24. The Mreement is then 

within 0.5 over the range of validity of the empirical equatiOn. 

If the core ii is In satisfactory agreement with the experimental data, 

the second term in equation (7) aunt eq,al B/ V  given by equation (6) for 

some value of x. Table I gives this co 	leon for x = 7.a sn4 shows good 

agreement over the c e Of interest 
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This ccaneson of eqjzations (5) and (7) has resulted in agreement 

proviAed 	
(6) 

EL: '0 general ezpreeeion for the secoi4 V'Irial ceeffcient is
go B 	p p3(z) + 3 '2 z) + 	

+ - a) p
1(z) + (vo + Yo) () 

where Z 	, M, ii the surface intea1 of the an curvature of the core, 

and are the surface area eM the volume of the core regpectively, F10 

are functions given in Kil 'a 5& have reOent1r been extended 

by Connolly and Ksnda3i.c 0 Considering on)Ly firSt order deviation ie obtain 

for all shapeS of cbred 

B  luz) + X,?,(Z)l 

with 
(10) 

From e ations (8) eM (10) we obtain 

(1) 
pa 

This result togetber with the tact that V 
1 
 0  and S0  are expressable in terms of 

for a pert icular sha of ccx's enables ue to write Eq.(9) depe'ng para 

metricaUy on ø. By cariaon between this function (9) and the expere.ta1 

vtuea otB B(T) a new set of peretera for the nnJónea type poten.. 

tial fwction can be obtained. 

r each particular sbstance with fixe& e%uatiou (9) depends on 

*3 / IL and p0  cii. 	r plotting, this tretical expression for 8(T) versus 

log L. 	iep rent pa'er for tlflerent given valueS of 	a fwiU3t of 
0 

curves is obtained which can be superimposed over a graph of the experimental 

curve (T) versw log T. This gives p0  and U0/k'. 



bie crjterio2 %ffiG appl4ed to tbe particular moleaulee.using valUee 

of m tu1ate4 in paVer XX 

The vLOU* trnsfá &4ons 04•e e4 up to equatioh (8) were csrrle4 

out only through t izt or4r in m. e tese4 the adeacy of Cat40rt 

• 	
(8) for re: o values b 2ire0t ox 	bn of the caculated oeGn4 virial 

coefiaflt o'3 foi particular aores correoponding to 1are z Valuss vith 

the ctvea frOiA aicta4 euatto (2) by use Of the 

this test vas not extDemsr prec4, it ehre4 that the linear 4eve]o nt aa 

• 	
aqUte in the 	of valuso her cTit8re and for the pent aoctiraey 

of eoriinta1 data 

t4o 	r f.ret n].eCU1eC '4th zerO or ne&i&b.e do1 or c4uadruPole 

electriC MUMAtis, 

1) 	rated3 000i. 

£ Lzth of one edge of the tetrabe&on 

= 1.732 	 a.T Ø 	 70 + 

B 003[4t P3(z) + 	xF 2(Z) • 0.5002 K2?1(Z) + 0139Ux3j 

• 	 The distance d ftm center to Vertex. of the - .tetrtbedron is 

e 	)• 	 :js EC.flbod WISIS in ncthe. Res1te of the 

• 	aein( 

tions other %vith Kihara 'e values'aM given :in Ta le fl. iPor conarisou 

the C-U distance in n thane is 1.09 and the C4 4tetance in 	L13 1 .3 L 
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obsermd valwoof .tc cecrd virtI toofftaiant for bentow to dtrne 

both and UO  fr 	colA Virlal 	cent dta onit. 

Ruit&ai!e gLveui%bi# M. For ooqxwiwn the C-C 8snCe In 

6 	JL Midrni, JJ3. Cozy  E.F. Ez'iaton an4 JJ. Irttn)  Tns-ra4ay 
Soc. 	G7&(195Th J.D. 0=1 an *.L. M4on, Lbi4O ,i62a(1958) 

7 p . , G. r.:i 	X.L. Mn, O.D. a: WJ eaay, J. C1:m. 
P1y. 200131(i52) 
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Ui) 8pheica] core. 	- 

if we 
. assign spherical core for 	hich is a penntssib].e 

appiroximation considering its rapid and reLetive1 fre rotation, we 

obtaifl for the D34th o the Oberical core a  

	

e also osider the 	bn1ar-. oiecu,, neopteno, nd 

assu a spherical core. 

:a 	iiUSGfthSPheZG 	a.= 	P0x 

B =rg[ F3(Z) + xF2(z)+zFL(Z) + 	j 

here re:Giits 

pa 	
.96 
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a 1 .06-  

v)Thin rod tbaped .  cores 

bond  

We cue idr in this ease Na and COG . 

p (j.O + Oe) VhOre A is the Length of the rod. 

ç { Z + xF(Z) + 	(Z)] 	 (12) 

The re outs obtaihe4 are listed in Table XV. For comparison the 1-X 

ttane ia. 1.095 R.ir N2  aad the O.•Q distance in CO2  ia 2.32 R. The 

cores. for N and CO see. ecu1ar3 1are, particularly so for CO 2 . 

The fact that equation (u) gives nou-ro coo cor tante for ø 

indicates thet. there is some small core of set even in the 5i 1 i.e fluids 

(Ar. Xe, etc,.) It is then asob1e to consider cylindrical cores in 

and Co. v:ith the ra*tino of the cylinder a. obtained from the relattonsbip 

between a and 00  for, sSi1e fluide. 



From (to) and (.u) icr to 0ow pto a op 
. b

erical core iiva a = 0.04 p0 . 

This re3atiouship fer a entere the exeseione for a cUndrci core which 

re 

M, 	(va 	0=2r4a+  £) 

B = 	p, [ p3(z) - o.oio'1(z) - 0.0003 + tP2(z) + 0.080 r1(zflx 

The reaultá conoiderlug oylindxUal ore are all .so glvetx in ThbtG 
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Klhara a Tidn ztx1re core 

.3i7 3-3 

1214k 132 

4 	A 1.09 19 073 

A 0400  0413 

:*.. 6 	3.7 

co2  U/k 00K 279 	p.79 O5 

230 3.29 28 
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a__ 	A -  0100. 0.00  



i1ce two liaear moleaulps have eetria cu4rupoie 	xte. ' 

i.ntemctiOfla 3h*14 a14o be ojdere.. 

An atteMt;was xLe  to eteM the core WdOI fOr abgular 8pnt 

potentia1 ivouir to ineti4e the qoadrWoje eftect bt the rif4etica1 

eXtr of the probIbm involving noni hezi4si ççree ia 	eXt 81 

'ozous 'tteatett t1d%*1 cp1ez. 

M 'eti*té of the electrostatic q -a4xizPo1e e*t i*e 

irade br 3tear nec4e the f*UMUa uer. The 4jtice between 

htch reaZswwd to be at eiz ceriter, Is r WA this 

d.ietance mut be 	ted to p. $tcty, this re1atofleb.iP 	Gives the 

orientation of eaeh mo3ecuie, but for U.'ar molemUez one 4um show that 

the eqfttlog  

r .= 	+ a 

aheuld be a pod 	 WS equation opoMe to the ortetiou 

wee 	grated grephtçaU to oteifl' B. The 110604.1-t of the itegatio ee 

coniared. with the one b . "d io the $i*r 'ot€ti1 	be corre- 

epoMifl srrai coefic,ente at 3000K for CO dITTered by apthwte1 i5. 

datelia of the eza'io p•cees eee 30. B chteLter, c.?. iztie 

and R. Bit(i "Moiecu 	Theory of Gaeee 'a. Liazi4u John Wiiey an Bone 

New tork 1954 P. 27. 
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• 	The numertcái value of the quadrupole monent for CO
2  was taken fr the 

meesuxntbySnd.thrnrd. 9  . 

- 	 With. this estimate of the uadrpole4 interaction contribution to the 

• 	virial coeffc1ent we then studied this effect in connection with the core 

10 .  size. •e results obined by Pople allow one to write the viriel coeffi. 

•cjan1 for ilecules with permanent quadrupole monte as 

uN r[P(i) - 

• 	where r is the intermolecu1at distance at whIch the non-anular part of 

the potential energy fwiction vanIshes. 	is the most negative value of 

	

• 	• 	the sane part of the potential, 	S  

• 1u03 	.. 

	

• 	• 	is the quadrupole moment11 and 	y) is • a functIon ezpressable as a 
10 

12 serIes and knott in tabular fozn 

sita, W.V. and Howaxd R. piy. Itew, 	132(1956). 

10P0p1e J40 Proc. aoy. Soc. A221 1 98(1954 ) and ibid. A221 508(195). 

he quadrupole moment definition used jj  this paper 118 

<9 £jej(? - x12 ) where Z is measured along the molecular axis 

Tables ibr E(y)  are given by A.D.uckinghazn and J'4.A Pople, Trans. 
faraday Soe 	1173, (1955), 



e ftto4 a thx. 4e 	 to i tdbulated 	of 

and by ta1 r:t&ofl to our set of varUbles obta4e4 

*z) o.tro - o.yaz ooaxt 	 (L5) 

Ct 

vae e4uca the Aion (Z) to oe poitit 	uGi**g thC tfltiofl at 

ori volum gtse br (3)., lbolcaut iC 

[-(--
)]=- 

o 	 0.082(%)2 	 (17) 
a .0 	 A 

equton (LI) wltb tM *dmsV=dU4 euattn r etio4 

: onia ftn4ø that * the Lc* te*pezat*we 	dere the *dz'*- 

pore efec% iø nt 

* 

beUtutior of eq*t: •(L8) iz .(i) 	or eution (U) 4Aa 

+ 3.2s im 7.00 + 

(i8) 

(L9) 



this 	 beteen core Hcie, AlOadruPPIA txiflt Ond aceUriC faOtOr 
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1* Vapor  I t jutwrMleolaw potential too be czWeted for 

ce3.ecte4 xthe azbit H3y; for e=Vle hts coe thr =tbaae wcteaftd to 

the 	ro*. MWUI vh0itas: in bMU46.  the co. ext ai:4 onr to the mi4- 

pj: of the C-Ubmde. ammopeaUy t is not . 	 our - 

U1t6 4tfter rat-ber SubotantUUy. In tbe ow Of mtbam the reaults in- 

dW crj tbt the 4oz: Soleaud fr= the a0antric ftor is 

b4rz'ec 

* tot *1 moloeulms,  bave zero ejcta:.c 

• sysmtry bzt the Uwar moleoulaa N. i4 C() ttare s1ficnt MOWAU.  

WhUe our treatinut inc3uxg the ua4po3o effect onl4r an OWrOximte 

reduced one for the 	it 40w 	tiai. 	):ta: cores are srr 

-to reasomble o*$.. 

With these et*t as a W140 One qbo4d be abie to est:e mmomble 

core sizes for ob,:a' 	ecs tf the aee1 to 	tr or euiva1ent data 
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Figure Legends 

Fig. 1. The second virial coefficient (R 3 /molecule) for methane. 

The curves are theoretical; the points experimental. Solid 

circles show the experimental values (Michels and N ederb ragta) 

available to Kihara. Recent measurements of Thomalesb  are 

shown as open.circles. 

aA. Michels and G. W. Nederbragt, Physics 3 569 (1936). 

bG Thomales, Natüre.187, 229 (1960). 

Fig. 2. The second virial coefficient (R 3 /molecule) for, Co 2 . 

The curve is calculated using the results of this paper. Solid 

circles corresponds to MacCormack and Scheneider measure- 
(14). 	 (12) 	 (13). ments 	triangles to Cook 	and squares to Schafer. 
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