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Ct..!DU!:l'SED BY SIGNIFICANT LIQUID STRUCTURE THEORY 

T001 R, 21;omson, H: Eyrtng, and Ta~~ /1-CJ ( ~ 1 s.J 
Joint Paper ~~om tho Dopts. of Chemistry or the 
University of Utah and Arizona State Unive11sity 

' Tho Significant-Structures Theory or Liquid~ is one that views a liquid 

as a sol:id-like stru.cturo w:i.th holes of molecular size randomly di.stributed 

thl:·o\lghout the solid. Molaoules adjacent to such holes can assumG gas-like 

d0gress of fr~sdom in moving into suob ve.csncies 0 the boles pr~sumably' moving 

in the opposite direction to th~ previous location of tha ga a-lika molecule a 

Too entire str'olcturf! is0 of cours0, a atatistical one, !he holaa movo wi·th 

1 the ssme frequency as the molcculos 0 so that no appraeiabliD long ... ranga structure 

is ,discernablG by X-ray diffraction. 

This modal has proven moro and mol"e acc0ptable w1 th inenasing reports 

of i·cs applicability ·to the calculation of physical and therii10dYl'2atnic properties 

or liquids w~th close agreoment with observed valuas. Such calculations are 

possible because the partition function for a liquid. according to this theor,r, 

becomes a function or tho well-mown partition .functions of' tha gaseous and 

solid statas. Thus, 

(1) 

ere V5 is tho molar volume of the solid at the malting point, V is the molar 

..,(1!iiliM:i:2 voluma o! the liquid0 and N is Avogadro• s number. 
::a 
:..-....... 
:-:: ·~ This report is one of a sar-les of studios applying thG1s · theory to various 

CO'llmlon and unconnnon liquids0 ranging from liqu1£ied gases to fused sati~s and 

, molten metals (1), and is tho sacond of a particular sequence on tha halogGns. 

Gratifying results ware obtainoo with Chlorine (2), and work is in proerass on 

Brominao It is hoped that SO."'Ie valuable correlations will result trom the study 

or a f'amily or elmnents as these. 
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· Tho Partition Funet.ion tor Fluonna.,-Fluol"1ne apparently diffor:s ··consider-
.._..._. ....... .......,...,.. __ - OJ -- _, • 

ably from chlorin~ 11 uhich shm .. -vcl an abnol"m:ll.ly large increase of nearly 2o% 1n 

volu.-u;, upon m3l'iiingo an abncn:mally high entl"'py ot fusion or 8o89.5 eo u. 0 and 

no solid st~to transitions" In contrast, fluorine has an entropy of fusion ot 

o_ri1::1 2a28 e.; Uo Its solid dm'lsity at the mcalti.ng point has not boon maasm"ed0 

so no compsrison on its expansion on melting oa&"i be made 11 but a vary definite 

first o:rd9r tran3ition0 pn>I3'Umably marking the onset of rotation in the solid 
I 

Consequmtl:r 0 the usual rotation ~rm in includsd 1n both gas and sa,11d 

"oorms~ as well aa· the intemal 'vibration to:rmo . For simplicity 0 the solid . was 

t:roated as a. thrs0-degree Einstein oscilla.toro The ntsulting partition fUnction 0 

then0 SSS'l!m0d the follov-Jing form: 

Tha parameter nh r~rasents ths numb®r of boles accessible to a molecule 

in addition to itfl most stabl.o posit1on0 and!!. rGpr&sents the energy introducad 

into the eystcm by ~xpansion, and is ral.ated to the beat or sublimati~n E8 at -
the melting pointo A term! is ussd to m:p~GSB tho ratio V/V8o 

. . -
Consid~rations of nGarest naighbors in clo3Qpacking in ~elation to the 

dogon0racy t0m yields .th0 following modi.fi~d aquation0 with!! and !. as nGW 

parrunotera roplaoing nb and !!_0 as discuand in earlier articles ( 4): 

' The H0lml"lol t~ trso encrgy ! is found to b0 the most usctul £'unction 

rolatcd to the p:1rti"C.ion func.'t1on 0 since it can 09 eanl.y ·eonvcrted into othC91" 

funoticnso Since A m -RT ln f 0 and (a A/ dr >v s: -So the param~rs can be found 

by using only m0lting point data 11 namaly0 th& melting t~orature, the density 

of the liquid at the melting point11 tmel th0 <9nt.rop~.s.3 of th9 liquid md solid 
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at the melting po1nto Two additional ~i-parameters" e the EinstGin chaV'acter­

isti.o temperatura and E5 the h~at of 5Ubl1mation at the malting point2 aro ealo-
. ' 

ulated to fit tho s,ystem at tho mQlting pointe· rather than use er.po~~tal vulu~s 0 

~oauso or certain assumptions us~d in thG modalo For sxample~ a hypothetical 

solid voltime at the molting point was used (reprssanting a solid without holes) 0 

as calculated !~m the raducad volume found from the malting point fit of the 

fwlction and th6) know density of the liquid at the melting po1nto The parauu~ttars 

used in theSQ ealculations W!)x-G as follows: 
I 

In gGnaral.0 tlw . i"unction will 7iold a curve of tho shap~&» shown in Figo 4o 

Since (aA/JV)T =· -P0 th0 slope of the various isotbS&~s gives tha pr0asureo and 

the vapor p~esauro of th.G systGm at a given tempere:ture t-rll1 be given bf t.he 

ccm:aon taneont at tho minima representing solicl0 liquid and vapo&-o Alsoo ainca 

F a A + Plf 0 an mttrapolation of this slope to 1!:0ro <t'Ol'Ullle y10lds the .Gibbs F:Nx9 

~sul~-(a) ~ ~· ~ boU1:!!& !!l4 ~ z:itS.c.~ E\>intst Tho . 
. 0 

Gqut~tion was first tostod at the boiling point (about .Jt aboVG) the malting point). 

td.th th" following resul ta: 

Th~ Critical Point was found b7 ~tting. the first and sscond derivative of 

· prosSUl"a "t-1ith :Napsct. to voluma at constant tGmparature ~ual to zcro0 and finding· 

by t.ri:Al..and...anor and graphical solution the tanperatw:-0 that sat1sf'ies this 

conditiono Th0 eM.tical pressura and volume 8ro then found 1n the usual mannoro 
. . 

Since11 this· 1D effect repnsonts thG sccond and third dorivatiTes of thEi partition 

funotim0 th* critical point constitutes a fair]Jr sewre tost of the theoeyo 
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TABL.t l 

BOILif\fG POINT Di\TA ·FoR FLUORINE 
(1G' = 85 .02°K) 

LI·QU!D .VOLUME, -~'·lffi~!~ _-·24.96 2.5.29 ----·:;.··t,3·o 

. VAPOR __2_RESSURE
1 

aimtlS~.... 1.001? tOOOO +C. Is-

• 

ENTROPY Of VAP'N,. e.u. 18.427 18.378 -. +0~7.7 . 

'. 
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Se~ Table 2 

(b)~ !?I~W~ ~~!!£. ..... Vapor pressures were Calculated for 

evm.7 !iT0 dogr09s bot'troan ths malting point and tho boilingpointo Molar volumes, 

h()noo donsitiGs0 81'\Q obtainable from the ·same calculations... Good agre0f4ent was 

obtain'$d. in ~th casoo as shewn in the aceomp~ graphs in figures s and. 6~ 

(e) ~ ~E!~i.t.f!ct C?l!JP~~..PP.~o !!:! Co~f'fioient !£: !h~ E;e:meion8-

Difto1"0ntiation of tbe e21:pression for entropy with Nspoct to te.nnpcnrat\1.\"e at 

constant vol~op mlltiplied. by T9 yiQlds Cvo This 0 in t\ll'l10 can bs ccnvl!loted 
. . . p 

to Cp by' use of a oo~tive term involving th<t eompressibUity'Aand tho coar~ 

ieiont of ex.pgnsion~ Flg'i.U"' ? shmm th&J nitationship bett«xm the~e ·terona and. 
A • 

th/3 l:I®lmhol tz · Fl~ Enm•gy" bonee tb,ll) pta>tit.icm ftmotion ... 

H0>.~c0 agaiD0 as with tha Cl"itical point0 second d$l."1Wtivos ot. the partition 

f'WY,Jtion a~ WV-)lv.ado with re~ct to both v and To Table j shows the Nwlts .. 

obtainoo... . R~.soliable values f'or of. and f' 8.nl obiained0 as well as for Cvv 

but tht> valu~s fCJ'E> ~ aro tJ;om 2 to 9% otf t.rom observed valueso 
,~- I 

·.. Gibbs· froe <r~&un.•gy of' tho FJUl"tace of the liqttid over the bUlk ot the liquid0 

and since tho Gibbs free fm.fY'.ff!Jl can b& obtained from the r-olation F = A + PV0 

it is pot:~aiblo to also calculate :mrfaoe· t0nsion... The m.Gthoa es;pla.red by Chang0 

R~o Eyl.,.J.ng~ and Uatmer (6) was uood.o Figure & shows th0 equations used to 

CC?~0ul.atG tho ~ontrtbution of the various surface la.yers tc this surface t~msiono 

Fitr"l>ll"~' emnparos '~:.he caleulatgd NSillts wltb oboancdo Tho calculatad values 

a..~ a fE)W porc:m.t higb3r thaD too oxp!.U"il!Wnt:al f) but tall al011g a straight line 

,. 
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CRIT. TEt~PERATURE ~ °K. . 151.9 144~ + ~.49 

66.~·5 ~ + So9l 
.. 

CR_IT. PRfSSU~E ~ atmos. . . 62.3b 
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. TAf)Lf 3 

CA!..C'D . VALUES fOR c<, ~· Cv, 
.. FOR .l!QU!D FlJJOR~i\JE . 

. . 

-ss 3.284 s.qoz. 
60· · 3.·1 iS _6~42.0 . 

. . 6S ~. 259 7. 583 · 

·.10 ;~;«~_ 9.3t9 

15 3".784 . u. 104 

· . eo··· 4098 . 1_!>.515 

. . 

7. Q;7 rz. 82.. . I';~ 70 . . oca 6.4~~ · 

7~44 12..44 ~'3.63 -9..0b 

7.4!i ·il.5B: · r;.ot . -7/57 

1~ 5~ ... 12..69 . 13.5.6 -4.9£f 

7~fib f;o 17 · r~.f:!t~ .... ;.45 

7.58 ·r;.% ~~~79 -Z.39 
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a~ pl•cdict~ by thm Ro.mscy ... Shi.~d 1"01ationshipo 1'hG e.:pa~ental valuas frora 

th~ J.ito:l"atu.re, i:Ei wlll ~ n~t'!Xl 11 eltt.J.'""apolaio in a straight lino to a t~ratum 

about s~ dogroos bolou tha obr~rvad critical t~tura., At tho melting.point0 

tho acl.euJ.a1;cd and ob~ values mo~"(;l nea.:-13' approach on0 ano·i;,h~o Tn0 fit 0 

thcm 0 .Oil· sm>fac~ t0nQ10.n wU1 dGpolld up~n ~.t1 mll tho cr1tieal. pf>in~ t"laS -. 

obtaii;ado aud if tho m.tical ~~poratill"Q as cal:culated is highp 00 mu t1w 

s:lrl'aco t01,sion0 although.., sinco thG i'tmcUan was fit at tha 11Wlting po1nt 0 tha 

~or. wlll b2 9lil.31l at t.he m01 tina poillto 

(c) ~.El:o--TM ulgniiicant structure thoo~ is also applicable ·to . 

tranopor-t pYOJ>m=-'?iios of liqv.ids snob as v.lEeosity 0 ciifftlsion0 and possibly othai's 

:m~h as CQnductiem of heat" oourul~ Gtco wiwn ccmbinod with Eyl"in3°s Abaoluta 
. 10 . . 

Roaction R.ata 'l'hooey., F-".t.gurs ' givsa tho equations U5~ rollmu'ing the methods. 

of R~~o Roa0 and ET;mg (4)., In tb0oo0 the rt~oerlty of thG liquid boc~os 

a volt"~~...d·~d~,; .f!metion oi' th® visaoait7 of the solid ... l1.ke and gas-like 

Gmtponnnts Of t.ha li9uido l>JhilG ''h0 gas-J.ik® put Of the visoos1.ty is tho 

. clasaioal tmQ gi-,;en by, ·kin@"i;ic thOOR';f0 ·Ute solid-like part is i':i:latod. to thG · 

pax'tition f\moticm in that it employs tha 83m~ paramoterso Againo gcod ~oomont 

Tt••as Gbtairu!ld with· thtD obS0n'0d val.U9S 0 as shown in figure 1·f :~ 

...., 

~~§9.!::.gs?:.~ .. -..It ~:as asS\1.med that. th0 f'luo:rino molsc:ule rotaied in thG 

:solid utato at ~ maJ.:tiJ'l& po:lnt11 and likmdsa in the liquido l\lhlle dGllSity 

data en eolid iluo:rina is laok1nso it is avaUo.blo tor the liquid0 along with 

· m~ou~~....nt.s ot its· moleCiil.u diiilmlsionso Pauling lists ·its van dar \-laal radius 

as 1 o'JS io and the aleetA---on diffi>actio~ data of Rogors and eo-woA"kG;rs (S) giw0s 

its int~r-rru.ol.aar c11~e0 as ·1 o43S fo 
A mird\mm molar voluma ccrnapo~ to free rotation tor!!!_ tho nwlecrlll.oz 

can bG cal.Cmlatsd0 as~ liquid flv.orin0 to consist of tace-centorod.., aubi~ 

olooo .. packed spllONs of 2o018 ! radius (1 o35 + 1 o4'JS/2)o 
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• , . mD"c.crs pw moloa '.f'm) obs~cd valuo fo? ~hs molar volUillG of the liquid at the 

IW4lting po5nt is 22nZ92? Orlo 0 indica.~ing tbat eS.ther all the molocul0s are not 

· ro·tati.'<'lg at tho mC!ll t.ing point o~ that their rotation is asriGilcly r~Dstrictedo 

It ll."e etms:l.cl~l"" t~o .. di!Ii,;msio!!-al :rotation0 whero the mel~mtles 'OOUld ocoup;y 

cblatG all1psoide ratb.~ tl1an sphcN~o and 1f -vre inscrioo ~aoh ellipsoid in a 

hexagonal tUo-shapcd v~l\Zi!W that packs without voids, lJG obtain a val.uo · ot. 

~o)) ee~ w;ir.g ttw i"onmil.a 2'{j r2o.(N)o wh~ s 1s 2 X 1 o)S ~0 'l'his val.UQ 

~b.~~ka oles~ly wlth tho cbsenoo volumo of 22o29 cc for liquid fluorina at its 

iiAllt:l.Hlg ~..nto Ccmip~~OOil .-with eblorina ~als that th& molar vol'W:W cbs<91"\red 

fw liq'~d ehlor.!.n@ at tho melt:Wg poin·t. was eonsid~bly leaa tlum that :res. 

qui:'ed f~r e1awn t'OOadimensiona~ i".Otationo 

Th~ m.olar wluma fol'" liq~.11d fluo:~.~ln3 obtained at its boiling poin-'' is 24o96 

~o 0 l-Jbioh c~""Pares ~ 00-tt,Qr with tho value l'QqUirad for tt~0nsiom.l · rotat-

1on0 but still fall~ eonaid~sab:cy short of that tor ~ ... ~l<i~nsional rotation., 

A simUa~ a~~e'll.t~nt be·~won the mol~ vclU!!iG\ obs®X"V'0d at tho bDUing point 

with that ealcw...at~ tor t~~~s1.om\l. rotation t-JaS obsG:t"Ved tdth liquid chlorinGo 

In ooth ehlorim.e and fl~I'ina0 th~ tGOl&r VolltmeS at th~ critieal point nsaa>l7 

croublea. the calcula~ volume requirOO. fer threo....dimanai.CcMl rotationo 

FrGm tho p?eOQd1nga it 1s coraiUud~ that ~lid-stat0 t'X"Cmsi:C.ions probably 

~k th.~ cnsot of t"to~onsional rotation and tlu~t tbt"Qe..dimonsioiJSl rotation 

is not gonorally developed wtU tampgratures ara ~hed in thG vicinity o£ the · 

boUing pointo · 

~--The th0or,y of. significant atruct-arem for liquid has OOi'JA"l · appl:.l®d 
. 0 

tt). liquid :tl~:rinG .ovll»l' th0 eatix'e liquid ~0 trOd! its molting point of .53oS4 !! 

to ita critical tcmp~raturo at 144°K" us:l.ng .~molting point data and such 

physical OG£"'Astmlt.s 88 atomio t-N>ight0 ~t of izwrtia0 and .f'1mclamental rnqu.mcy 

. of th$1 mol@Oule to fir~. the easmtial. param~~s for th0 partition f\mctiono 
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ir.atianD ontical tQ1llPCi.i'aturo..pr~sSUl'fJ-volu:::G0 heat captleity at constant. volume 

ar..d ~nsU\nt. pir:JSS\.U"00 -ilwmol coefficient ot mt;pansion0 compressibility, 

6Uri'aco tor .. sicm0 and viscos-1t;r6l 

(~) Eyrl..ng" &m:y, ~" 'l'aieyuea and co-wrkors in sol~ios e£ aniolos in tho 

Procood1ngs of tho Natioaal ~ of' Scisnca0 ~; 68:3 (19,58) to prosGnto 

(2) TbomG000 Tc::n Ros Eyring0 1kn.1'7; arA lkla, Taik;yue0 ibid!&; 336 (1960) 

(3) Hv.0 J, t-Tilittilp Do; .mld Johnston, H., L. Jouro Amore~ Cb.oo" ~Co 7.i1 ,5642 (1953) 

(4) R'.:!00 'l's~sa So & ~00 Taikyue; &"1d Eyring 0 Hcm7o Pi'ofJo ~!ato Aeado Scio 

48: 501 (~962) -
~s ZS10 (194~). 

(6) C~-.g0 Sd'.Ah\mi Rea 0 Tailcyuo; Eyt'ingtJ Hcni71 ami Matsnwo Ing:rido 

1962 Sooon:i ~omia on Themopb:'sioal PropGrtiooo Prinooton Univo 

P:ro~oes in Int~ticm.al Raa~arch on ~amic arui Tr:msport Rr~ios11 




