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Tho Significant-Struetures Theory of Liquide is one that views a liquid

as a solidelike structure with holes of molecular size randomly distributed

thronghout the solid. Molecules adjacent to such holes can assume gas-like
degreoss of froedom in woving into such vecancies, thé holes prosumably moving
in the opposite direction to the previous leocation of the gas~like molecule.
The entire structure is, of course, a statistical one, The holes move with

the same frequency as the molecules, so that no appreciable long-range structure

1963

is discernable by X.ray diffraction,

This model has proven more and more accoplable with incrsasing reports
of its applicability to the calculation of physical and thermcdynamie properties .
of liquids with close agrecment with cbserved valuss, Such calcnulations are

. possgible because the partition function for a liquid, according to this theery,
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becomes a function of the well-kihown partition functions of the gaseous and
solid states, Thﬁs; P ;
=53 NVa/V - 8(V-Vg)/V ‘

N ok (r)e o) (1)

ere Vg is the molar voluvme of thoe solid at the melting peint, V is the molar

volume of the liquid, and N is Avogadro®s number,

ﬁi% This repori is one of & series of studies applying thiis theory to various
"‘common and uncoumon liquids, ranging from liguified gases to fused salts‘and
molten motals (1), and is the second of a particular sequence on the hslogens.
Gratifying results were obtained with Chlorine (2), and work is in progress on
Bromine, It is hoped that some valusble correlations will result from the study
of a family of elements as these, |
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' Tho Partition Funciicn for Fluorine,---Flucrine apparently differs considerw

ably fyom chlorine, which showed an abnormally large inerease of nearly 204 in
volumd upon malting, an abnommally high ontropy of fusion of 8,895 é. U, , and
'no solid state transitlions. In contrast, fluorine has an eniropy of fusion of
qrﬂ_y 2,28 @; w, Its sclid densiiy at the melting point has not beeon measured,
80 no comparisen cn ils expansion on melting can be made, but a vory definite
first oédar {ranszition, pmsm?mbly marking the cnset of rotation in the solid
state, has basn noted about eight degi'e@s below its rmeliing point by Hu, White,
snd Johnston (3). |

Congequontly, the usual rotation term im imcluded 4in both gas and sdlid
torms, as well as the internal vibration temm. . For simplicity, the solid was
treated as a thrse-degree Einstein 'o'scmaﬁor., The resulting patrtition function,
thon, agsuzed the following form: |

ooe fLigure 1

The parameter n, reprosents the number of holes accessible to a molecule
in addition to i35 most stahle position, and a® ropresents the energy introduced
into the system by oxpansion, and is related to the heat of sublimation Eg at '
the melting point. A torm x 4s used %0 express the ratio Yﬂ?‘o

Considerations of noarest neighbors in closepacking in relation to the
dogonoracy term ylelds the following medified equation, with n and 3 as now
parameters roplacing ny and 2%, as discussed in earlier articles (4):

See figure 2

The Holmholtsz frec enorgy A is found ‘o bo the mest useful functicn

_ roiated to the partition function, since it can be easily tonverted into othsr

functicns. Since A = -RT 1n £, and (SA/JF ), = -S, the paramters can be found
by ueing enly welting polnt data.," namely, the meiting' tewporature, the density
of tho 1iquid at the melting point, and tl;e mntmp:’,@# of the liquid and selid
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at v‘h’n@ meming point, Two additional scmiw-parameters, 6 the Einst{ein charactore
istic ﬁampera‘ture and Eg the heat of sublimaticn at the melting\ point, are calce
wlated ¢o fit the system at the melting point,.. rather than use erxporimental values,
because of certaln assumptions use& in the medel. For example, a hypothetical
solid volune at the moliing point was used (represonting a solid without holes),
as calculated from tho raduced volume found from the melting point £it of the
function and the known density of the li.quié at the mél@i.ng point, The parameters

used in these calculations weze as follows:
- S¢o Fig. 3
,In goneral, the _i\mcthn will yield a2 curve of tho shapo sh;:mn in Fig, 4‘.,
Seo Fig. &

Sinee (3A/3V)T = P, tho slope of the various isotherms gives the ér@sme, and
the vapor pressure of \tho sygiem at & givon temperature prl}.l bs given by the

comnon ?.angont at the'mﬂ.nima\ representing s0lid, liquid and vapor.. Also, since
F= A+ PV, an axtrapcletion of this slope to gero velume yields the (ibbs Froe

En:frgyo

Reguito,-en(a) Properties at the bolling and tha critical points: The
cquation was first tosted at the boiling point (about 31° above the melting peint)
with tho following results: \

Sse Tablie

The Critical Point was found by setting the first and second dorivati‘ve. of
Prossure wi{".h rospsct to volur;xe a% constant temperature equal to goro, and finding
by trial-and-orror and graphical soiution the tomporature that satisfies this
condition, The ezitical pressure and volune are than found in the usual wanner,
Si.ch-al° thié' in offect represents thoe seeopd and third derivatives of the partition
function, the mum peint constitutes a fairly .sevem tost of the ﬁheoz;y.,
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BOILING POINT DATA FOR FLUCEM
(7= 85.02°)

Cale'd.  CQbsd. Erse %

LIQUID VOLUME, ce/mele 2490 2529 -L30
VAPOR PRESSURE, atmes. 1.OOI5  1L.OC0O +0.15

ENTROPY OF VAPN eu. 18427 18378 +027
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Tae vosulis are given in Table 2,
Sea Table 2

(b) Vapor preszuros and Densitios,--<Vapor pressures wore caleulated for

cvery fm’m dégx'ees botwoeen the melting peint and the beilingpoint, Molar volumes,
honco doneitles; are obiainable from the ssme caleulations, Good agresment was
cbtained 4n Loth cases as shown in the accompanying graphs in figures § and 63

Sse Figs, 5 and 6

(¢) Heat Capacity, Comprossibility, and Cosfficiont of Thompal Expsngiongees
Diffeorentiation of the cuprossicn for entirepy w;fh mspéct to tamperature at
constant volumo, waltiplied by T, yiolds Cy. This, in turn, can to converted
to Cp by use of a qéwmféivé ‘tema in;vclvi.ng the eompmssﬁ.bilityfand the coef-
jelont of axpansicsnf;i Figuro 7 chows ¢he relationship be‘&jm thséo toras and
the H@lﬁhﬁltz’}“am Enewgy, honco the partition Mctiono

Beye, agaln, ag with 'tha eritdeal polnt, second derivatives of the partition
funstion oz ipvolved, with rospsct to both V and T, Table 3 shows the results
obtained, Ressoneble values for & and P are obtained, as well as for Cy,

but the valucs for G, are freu 2 to 9% off from observed values,
See Table 3

(4) S.oPaco Tension.---Since surface tension reprosents the excess in

Gibbs’ froe onargy of the surface of the liquid over tho bulk of the liquid,

and simce tho Gibbs free onorgy oan bo cbtainaci from the relation F = A ¢+ PV,
i% 4s posoiblo 4o also caloulste surface tension, Tho method employéd by Chang,
Reo, Eyring, and HMatsner (6) was used. Fi,émre © shows tho equations used to
e@léulaw tho contritution of the vaﬁoﬁs surface layers te this su%faca tensicn,
Figaro 9 compares the caleuleted rosalts with obsorved, The caleulatsd values
are a fow pm"cma. kigher ¢than tho mmﬁ@t@lp but £a13 aleng a straight line

that exbrapolates o abeut slx degress balow ko calsulaled eritical femporature,



CRITICAL POINT PEOUERTIES OF EBLUODINE

Cale'd.  Obs'd. Ervar &

CRIT. TEMPERATURE, °K  I5L9 144  +5.49
CRIT. VOLUME, ce./mcle 7237 66457 + 89
CRIT. PRESSURE, otmes. 6236 55  +13.4

® estd. from Gaiflalat-athies wlob
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BLE 3
OR 5’3, Co, and Cp
LIQUID  FLUCRINE
ool G Co  Ghi) EERZ
5800 737 R.82 1370 -6
6420 144 12.4% 13.68 -30b
7583 749 i2.58 {3.60 . -7.57
9319 755 1289 336 -604
108 756 107 1368 -345
1515 758 1346 1379 -2.39



;ﬁﬂ%ﬂ
e

4

o 11 e
e e
5 e
o R WO
g g EODI g il
ma\eew .a...&m - ) -
— o

. b wn
sﬂ.ﬁhﬂuﬁ&; Is.tf.zg ‘3&.\\\ 4p

m&n.,,m ;a.nw“ mmhw ] ﬁrj ﬁMaJ, .
N z...i.“ue 2, ° ...v v . X
wﬁg ol ey

I



N

SURFACE  TENSION (BYNES/CM)

Y

5

¢

FiG, §

{
BUEFOCE TEMSION OF FLUORINE

TEMPERATURE (*K)

| e CALCULATED N
o EAYERUM, DOESTHER .~
. ’ \.\,.\
1 o 3 A g 52 >0
&0 go e 120 ) &0



Pob

as prodicted by the Romscy-Shigld rolaticaship, The erxperimental values from
the 14%cratura, 4t will be notod, exirapslatc in o straight 1ino to a Lomporaturo
about six degrocs below the obcarwed oritical temperature. At the melidng. peint,
tho ealewlated and obsorved velues moro noerly spproach ono ancther, Tho £it,
then, cn- surfacd tensianl will depond vpon how well tho critiecal point was - '
obtained, and 4f tho eritical temporature as ealoulated 4s high, so will the
sorfaco tcnsien, although, sinco the furnction was fit at the molt ing po&nt., the
orzor will b2 m2ll at %ho meliing point.

(e) h.,s,oss.gzome gignificant siructure thoory 48 also appliceble o
%éanspom proportios of liquids sush as vizeesity, diffwsicn, and poss&bly othoers
| such as conduotien of head, scund, ete, whmlmmbﬁ.n@d with Eyrings Absslute
R aotion Rate Thoory. Figire . gives tho equations used; following the mothads.
of Roa, Roo, and Byidng (&), In thes 0, the vlssesity of the liquid baeomcs
a volumo-dopendsat foncilen of the vissosily of the solid-like and gas-like
compenonts of the liquid, While the gas-like pari of the viscssily is tho
. elassical one given by Idaetie theory, the s01id«likeo part is x"slated' to the -
pas:’t,iﬁwn ftmaticm '.l.n that 4% empleys the ssmoe parsme’cez's, Again, good éfgmomant
was cbtaﬁ,md with the observed valms., as shown in figure ﬂ

Soe Fig, 13

DA.Senoslon. w1t was 2ssuucd that the fluorine melocule rotated in tho
s9l4d stato at tho meliing point, znd nkmﬂsé in the liquid, While demsity
data on eolld flworine is .laokﬁ.ngo 4% 4is availoble for the liquid, along with
‘messweeuents of 4%s molecwler dimonsions, Pauling lists ite van der Weal radius
a3 1.35 3, am the electizon diffraciicn data of Rogors and co-workers (5) gives
its antér.moiear distanco as 1,435 &

A minizun nelay 'e'olum coms*omlﬁxx, {0 free ro‘aatm for all the molecules
esn b@ calcnlat/‘do ascuming liquid nu;orino 20 consist of face-cemtored, cubiecally
closc-packed spheres of 2,078 R redius (1,35 + 1,435/ 2),
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fpplying tho forawda V, = w2 Yieclds a valxaé -of ‘37‘, 586 cubig conti-
mobcrs por molo, Tho obssrved value for ﬁhs molar volume of the liquid at the
walting poind 45 22,2927 08., indicaking thal either all the mlo_cules are not 4
rotating at the welling point or that their rotatien is ssricucly rosiricted, |

if we ooncldor two~dimensioral rotaticn, whero the molesules would cccupy |
oblate ollipscide rather than spheres, and 4f we inscribo cach ellipseid dna
hexagonal tileo-shaped woluno thet packs without voids, wé chtain & valuo of
24,33 ee, vsing the i‘armﬁé 213 ¥24(N), where d 48 2 x 1,35 8. This valve
Shsoks closoly with tho .ebaaz'ved volume of '22.,29 cc foxr 1iquid Llucrins at its
=0lting point. Compariom with chlorine yeveals that the melar voluo cbsorved
for 1iquid chlorine ab the mel$ing point was considorably less than that Fo-
quived for avom two-dizensional rotatien. | R |

The zolar velume for Liguid fluorine obtained st its boiling point is 24,96
e0,, viloh cospares evca better with tho value required for tuv-dinensicnal rotete
icn, bub st4ll £alls conaidorably short of that for three-dimsnsional rotatien,
A simﬂlsx* agrecment betweon the molay velums observed at the bailing polnt
with that caleulated for twp-dinsnslonsl rotation was obeorved with liquid chlorine,
In both ehlorine and fluworing, the wolsr volumes at $he critieal poind mearly
doubled the caleulated volume required for thrmaﬁﬁmaimal rotation.

Fz*@éi tho prescding, it is condlvded ti;e}ﬁ solid-stato transitions probably
mask the enset of two-dimcasionsl rotaticn and that throe.dimonsionsl rotation
is nob generally developed wntill temperatures are reached in the vieinily of the’
boiling point, - |

Stmazg,—=The thoory of significant structures for 1iquid has bemn appiicd
to 1iquid flusrine over tho entire 19quid rango from its malting point of 53,5+°K
%o ito eritical tcmporsture st 144K, using enly molting point data and such
physical constants as atoaic woight, memant of i_.nerti.a,, and fendemeontal frequency
‘of tho moleoule to 2ind tho casential paramoters for ths partition function,
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Tho fellouing propoxtics werw caleulated with reascnably good amemant .
wiith cxporimcntally obsorved valusss vapop pm‘ssure, donsity, entropy of vapor-
imatiocn, critical tamperaturo-prassurvevolune, heat oapacity at constant volume
and censtant prossurs, | thormal eag'ffieient of expansion, comprassibility,
surfaco tonsicn, and viseesity, |
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