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ABSTRACt 

lteO$l!ti tnveatiga.t1>oOO$ by n. G. T!loae, :r. -~VJ~mars. e.nd 

c, Coll1u1 ht\ve shown that the sg2/s34 ratio in natural 

these wide-spread v~1ations suggest t11at tractioutton of 

the sulfur iGotopes occu-rs ln ru~t~al p:roce.sses d;Ue to dif

ferences ita the eham1eeJ. pro-perties of isotopic molecules., 

could be axpee~ed, partition tu.netion rf1.tioe. tor i sot,op~.o 

mc>lacules oordi&J.:oing ~\fur and equilibrium coxus\ent~; tor 

l 



j( 

Soon ~f.te \ha .~iSC"GVSl'J ot cleuteri'Ulllt it wae foU!l'-3: 't.,~at 'tihe i.~O't.Opl£6 

.of'" hydrogen and· Otller 11gh·t. alemente ~:!i.ff.erec1 sli.pt17 in chemical prope~ 

ties. in 1982., Urey ~ind R1ttetlbwg2 showed from sta,!.~tteal theory tl'sat 

th~ ®quilibrium .,nmtEnts tor llfd~gen isotope exclldfeS involving 

hydrogen an-~ hJdrogan halid:es rl:lf'fered .from ~J..t;r, L11te:r1 Farkas o.nd 

Farkas3 applied \hl$ :nethod to oalcule'tiie exch.aages involv!U£ hydrogen 

and. d.ev.teri.ta !a wator., \ll'eJ and Gre:trr4 were the f1rst to show from theo

ret1cel eons!dere.ti.ons t'he.t isotopes or the 11"ght ®l~ents other tr]aJl hyd· 

roget'l had ditt·erea\ chemical ]lroperties. Accol'ding to their calaultdiions, 

·i)bat slight fl'~:~~ctio~a_aot~lon o:f' the :lsotopa·s could be) e>tP-ectscL. There is,. 

therefore, a theoretical basis for the diff'erenees in the eJ'!emicel p:ro.per.

t!e$ of 1sot~!l1C malee.llles. !he introduct!..on of a heav isotope into s 

changes the free ene'fgy·, entropy and other thermodyt'lauto propert:i,es of a 

l!lolec~ 9., flhe equ.tl! 1:1>~1 um constant for a· reactiol'l depends on the tr.~J~:rmo

tvnamie pa.r~.tion t.ettons. or each of• the m()lt9c~1es involved. Si!loe ·the 

psrtition tQnct!ons of 1~otop1c moleeulee ars· different, 1 t 1s sean that 

equilibrium oonstanta tor isotopic reaet.ions ?Jlll d!fter from uni'tf• 



II•C• Us-e,-6 Wt$ recently U~ed ·$L relatively $bpla relation .for the 

eele\llation at pertit1on. :tunotion ~1tioe tor isotopic mol•~oules that in• 

;n-.,ltt~s only the vtb:ro.ti:tlnel bequenc1es. By e, eombina:tlon or these !:'lltioet, 

eq\lillbrium eonetantu £gr specific exchange re~ot1ort.9· a:re ohteif!Q.if:. lYe 

has made- a compreberud.ve study of many possible exebBqes !nvolrtng oley'gan, 

hydrog~n, tlitrogen, l>Or~,n .and the halogens .• 

Simil~r aleulntiaa ox· the p~tition f'unriion r.~a:t:toe and ~qutli· 

brl.um exohamp tonstants fo.r eulfu:r eompou.mls hm.ve been ealc'Ul~.t~H:!., An 

''I' .A 

atte:Jlpt bas b.eea mado to erpltd.n tbe 'Wide-spread ftP!aU~ns of S"3~~ t11.at 

h~:rve beau reported l{r r:,• a. ·fh~th~, :J • ilaenamr;,:ra .aDfl 0-. OolU.t1s1 • 

In en idee:tl SJ';lte&'1n off: N eolecn.tles, dirt·eret tmm'b9lrs. of them ere 

in f!1f'terent Ctnerg- 1\~Yals. fho n'Jmb~r of moleenlas having energy f 1 is 

,. •• I'll,. 

where n0 is the n:timb~:r ot' molecul.es htlv:lng ze:ro"enerr:f• If gi is t11e 

ntmfber of ~1.18ntum st1tee havin§E nee~ly .equal energy, then the tot~~l 

2E 
or 



dy.tu~.ic propsr\ies e-s apecifie heat, tree .enargy• entropJ1 '~tc. are de

pendent 'd,pGt'l QG1f, 

4E 

w11.ere· fr:G is 'iJ.ZJual17 the: ~ero point energy of t:t~e molecule and the other 

a;mools l~avt~~ thet:r U£111.."".1 pl-;y-sic~il .. meani,ng. ~he tota,l, ~~nerifY £ o.f a 

• ee/t!:!r 
e 

f_ .. f. t/k~~ t • h/!fT [ - C 1"/k'r t -~e/'"'1 
::::i.•oe ()j~•i.:oe "3'4~'-=oe . 'J,.•i.-:.oe ., ... 

Vrtluea ft:tt~ et, e~ sttea ean be obtained by im:poaing oart~.la qutnltum 

( :trr MitT) 512 
·.c ___ ifJ?.~·N_f':_1_. 

h 
• Rf 

·p-

5E 

7E 

?E 
/ 

Or -~ ~ !!! Jld'. J 

CT'hfl 
9E 



fae ~ 1 

where u u he ."?. 
kT 

M = m.t)l.et\l\t$~r tfeilbt or the moleculEJ 

l = m01te\ e·f tnerti.a ot the ntoleeule 

r:r::;; .,.etl"J' rJ:Umb*r or t1cte mo1ecul." 

liJ = t'tmdl$1et•tal vibration frequency of the molecule 

lOE 

UE 

Thu'S the oru..r·vad.a'bles in equation 8E to UE a!Mll1 I, a- andt.J while the 

Equilibrium Constants in tem1 

of' Putttlon Flmct1·one 

A typic$1. aohE.tlge na:c,ioa mq be written 

&A
1
+ bs2 == u 1 + bB1 l2E 

constituent au mu'I!H9<:npts 1 em a indica-te ti~at the molecUle contains 

only the l!gb\ o:r- thf-. heavy 1sotope lr'espeet!vely. Iil is well known that 

tl3.e ectuili br1 um consf3ant., · K 1 for ~Xfl ret:tct1on is given by 

13E 
0 ST~l'II)A~O 

where F :!..a the"free fnergy. For a. reaetioJ:J of the tJ'Io 121 we would 

•t2 ln it = aFJ.t+b'Fs1 -. eFAl - bFs2 l4E 

On substituting 4.! !t.\ 14! end simplifying, ona g~ts the rallltion 



. h.tteu ot t•ki·DB 10 -aa the •em pout _..,-. (which ts unique foP s:o:r 

mc~lacul.e)., •~ ca take 1o t.s. th• bottota of' the '*poten"a\ eaer.gr ettrve•. 

Iince tb-e poten\ial ene~w Ourfes ue praeticellJ" idect!oal to~ !.sotopit 

m 1· e-' e• .,..heft •· ~ .. "' .... "' <lli IL --.;1 • ~rart ....... , I m~L.um..· .'f.;.;L.····· ~o.nent!. ·. -.". Q : u..W. qj "' ·.· w. il~Oq .... ~f4W,.w , 11 ~ ilfOII ,...,~s Oil]:. • .,..~ iD wt~ -,I.\" Q.4 

ien ia 15PJ b•come tud.~r en4 
·a b 

K • [ ·t: ·J/ f ·::: 1 lfi 

!hereto~•~ tn o~e to (~nlaul.~te the vuue ot £1 it 1s ftrat neeessa:v.v 

to fiDd th~ Qa/(\ tattc tor substances 1 antt 1, 

Th• prot4e f't;~e"lv•s ttllelf into one ot ew.dua.Urtg; ·Qg'~ tor ~ous 

1Mtop1<t C.PQ11tdf%• If ruA.k£211' 'U* or cquatio&s 71 to UBt :lt is possible 

to ob~a toraulas toP q:a AM \, lt ont5t now d1 vide a Q2 b7 ~ and 

caneele th~ eon~\ \~.J:r:nus, ·the 1ffeSt..tlUns equa:tton ie. iden.t1.tal with tllat 

gi:~ra by a., C, l1rff1, 

17E 

!"be tollowtng reasoning L$ \hen used by a,c. tfl"er1 to obtain hrth~ 

st~tpl.i.tioatloa. It the rt~tbt alld. lett sides of ~at1~a1fl an mul.'ti• 

( 
~.I; ·. 3/18 

. ,Plied bJ · •v •t) · · (wh-. iil and "a are tha atomic weights o! the 

· is¢tople ~toras b$iq eotlddered ad n :ts the n1ltaber of isotopic atoms 

'beitll e~ehariled) • anti 1t tha d.pt tide ot 171 !.s multiplied, and divided 



b:y tbe ~re.tto : ~/fAa, :Lt is possibl..e to simplify this expression. Thus 

l7E beco.m:es 

.since 

-us 
O[u2 er 

=1 

lSE 

19E 

according to the teller and 1\edl!eb theorem. Ne• par\J.tion tunetion.s are 

defined whe~e 

t1E 

Equation l8E eaa be put in a more convenient form for purpose of e·al .. 

111+ ua. 
'4 

= lb. <!1 
02 

and 

+ 

ut - \12 
t lt ~X . .. d . .-. 

a 
22E 



Uflt+ utt 
·u,r_ ·_r·t ·1.·-

4 

~ 1 are· \be va,riowe ..:•~b:r~ttonal hequ9neias (1a cm.'i'!<1) of tbe isotopic 

Utolecules1 0]. ad a-2 ®,;re t11e ermmetey- numbers of the molecules. For 

Ba~.~-r1r all molee11l~~~at Jt'IJdi~ in t.bis :PC;Per, th.$' lr'~~tto of th$ e~l'XH~t~ 

number$ ts eqllt;}l :• wlity~ 'lbeHfore1 .sJ.tboUIEh the calculations tor a 

einflle Q would. be· ext:~eme1y .,.,ucQ,t,ed (see eq1latloa fl w UE) 1 t!u1 

pff,.rtttion f\lnotton ,U;~1R tor &Jii.i!i&s. ;g;leiJ1eg is easUr ·obte,ined £rom 

a !".JlQ!flD'ae dq( Jj.ll£attl- .tu.us\e&e; ~l!PE!~ 
. . ~~ ~ In ordeP w t1ettmn!e:e Q;w ~; tt te n~ee~y to obtain the 'ri..br~~~tional 

trequend.es of -~e moleeulee c~tt.ta1ll1ng the most abu'tfant isotope frt~m 

spect'l'oaeople data uri then to caleulate the f:requeuci,as or the ra~e 
. . ,· . ·.. .· . . . . •. . ·. . . ·.· . 8 isotopic moleoutes by mes• ot well known °nomal 111brattion equations•. · 

Tr.J.s method ntust \1$ \l'lied becatlSe; in general, the re~a isotopic molecul$ 

is in fteh low Mrttte!fhratiot:t: th~tt i'is vib~a:tion~ treql~eooiea ee.rmot be , 

experi..'tleutall~v deteNlned. 

•Normal vibrati·>tl eq:u,at!ona• ~~ve beoa_ittaoa fo:t ~ mo,leoules 

fo:r ;uom,e time and theae eqUc.,.t!oaa approxime:tel7 relate the f:r-equenci ElS 

to •torce con~t~?J~"s" md ~ttmlio weights. 8 It one EUJ&tmes tbese same 

•:toree eonstan'tatt to liold for 'bo'th the abundant sn.i, ·t..tte ran molecule., 

th~tl it 1s po&aibltJ t' calculate bequeneias tor both isotopic moleoulas 



(by put:td.ag ~a the app·:tepdate atoidc w16fhts) alld thea find the ditt••nces 

ia the hequenoies, 1ibl1G th•s~ calcmla\ed hequencies mar be $lightly 

in error ( ainoe tile nc~rmal \i;,bftt!on equaUoas are ooly approxtmElt&) , Wte 

;tiU!£1!2'• can be ev&ue.ted qutte aeourately 'br th1f! t~ethod1• tfaiq these 

d!tf'erenee$ and the eJtper1meatallJ obeened ~amen\11 t~ueacies tor 

the .abmdatlt molecUle, it ie posdhle to de\$mln& the t\lndamen\11 

trequenciee foff the molecule containing the ~~· ieo"pe. 

As pointed. out 'b1 th'cv-5 
t the part1 tion ttmottons for po1Jlltom1c 

moleo.'dl.es maJ be $ll,t1t17 in •nor 'because only the ftmdamental frequencies 

are ktm1FI!l ( 1., ~~ • anha.Nonic \.ms) • Also. e~rs wtU be introduced whe• 

we awl-7 stat! $\leal ·!f1EU:t-1lameal. formulae relaU.,· to· ideal. gr~tseous sub

s\anoes to condensed ~7hate1 or 80lid• in so1v;~o,n. 

Ooneldenb1e work baa ·'bft!l. dQne recently oa the uperimental deter

mination ot \be efteot ot iaotol)ea on the epeeitic .._nton ra:te$.10•11•12 

!bese ree&tU*ehes bave ma1n11 bee oa the deemapos1t1oa of o:rg~ue compotnlds. 

It has been show conclusively \bat isotopic m.oleculee have diff'·erent rates 

of reaction and that, in general, the molecule ·Containing the lighter 

isotope reacts fari&r. 

the probl&m of reaction rates ha.a elso be• approached, troll a 

theoretical point. ot vtew. ETrll'llt lftl1s ana :to1urt15 ha\re tJ~eated rate 

:reaetioas from a sta\i.s\i,cal 'ri.eWJOint e.nd their setbod 1e called •tb~q 

ot usolute rates•. I,. Bi.gele1een14 in a ree•nt paper baa eon:dde:red th& 

l'&Ucn of rate con.s•m\s tor cerapet! tive reections of isotopic molecules ad 

hu derived the folloWing toaula which g1 ves the apptt<ud.m.ate rat!o:,or?· 



·10-

'\ta 
~.41 .. l 1 

Qal 

!he k*e are the ltpec.1t1o rate eonstdtSt Qa ad. ,Q f &re \he partition 

ttmctloas fof! the reactata arv!1 P'S:«Uvated complex• respectivelJ"• ... 

is the ettecr,1ve mae's or the activated cGJlplex and the $1itbteripts l t!lf14 2 

l"$fer to the liaht $nd heaYp ·t.sotopio speeite reep~ttvely. 

·fbus we ••• that the itt/ke rra.Uo reallf. depends on the differences 

in chemical p~penies or the iso'tope.,,(as d&temaed by tbe puti\1oa . 

~mctton rat.ios) • Dowever, it is 110t 7et posd.ble to oaleul•t.e t1/k2 . 

because the values ot the par\it1(JJ1 function r'JJiios ro_. the activated 

complexes are ~. Also·, it ia act at ell certd.a what Yalaes shoUld 

...: :1. * be p. nn to •2 t "\ • 



'::teed in tt.~e caleulaticna while fabl¢ !I givea ·the coneepo-n~ing data ott 

'the pol.,~tomic mcleo'tdes. Appen.1iee~ I and II coataia sample cal-eUlaUon$l 

to~ the detet~iae;ttoa o! ftuYJa•tal fr~~Dt.d.ea of tJP1~ diatomic and 

!9olyg~tomie mol.rwCtiles., 

The values of t.be p~.rtition function ratios t\M equ.tlibrium eo:nstants 

-~ atva in fable Ill (See appendix III tor a sample ealcultl.tion of 

Qf/Q]. to~ ~ ·t)lpical trlt·lE;eutej. 'llhe m·a'tht:.>d of' ts.bulatioa :ttl !Etble III is 

·&ne same as that etnple·y&a b: tfr0y5, The Q2/Qi. ratios al'~ Ji v&n at two 

'bauperaturea, whtle ~~·.e aquii.ibri1a consttl.'!nts ID.:re contain~ s.t the 1nter

$ec\iott of the &lli'P:ropt'iate 1~'11 and column. In all eases, the heaVY' 

-U• 



Moleeule 

Pbs
32 

f!lbSJ4 

c•)2 
i,) .... 

g34 .... 

s'J2 -

g32 

834 

34 s 

TABLE I 

Molecular Frequencies 

G)e 

428.14 

1•17.10 

72;.s 
70~.2 

715.1 

1.,20 

2.e; 
2.?0 

2.77 

-12-

Be terence 

Herzberg zlS, P.49l 

calculated. Herzberg I; P. 71, 151 

Herzberg I, p.492 

Calculated. Herzberg I$ P.7l, 151 

Calcula.ted.. (Note t.ha.t tbe 

a~~tr,r ~umber is not equal to 

those tor s32 - sl2 and s34 - s34) 



TAJI.E XI 

IQl'~ J~e.aein 

-. {;·~'-- :tJJkul--·&1.\llallrAil~-- liS.IEIIti~.-lil.ldMttJt. .. tt. aaurux: at_a. f:b1111tli -- .•.. i 

Frequencies References 

w2 w5 
~ t'IL 'li(- i:- ':_ - _ 8 !' T_: . tlti.fl __ i.J I, I. .. )~ ... -

"• a1o. 11 128f·~•o 211t.4S 

28?5.18 

Btl'lh!'l tt18, P• 1?0 

Cdc •. ~--~- ll1 p.- let 

C·ele. l~n1)erc 11·., P• 169 f!2t
38 ee:tet._l1 1111~tGS 

.,$•mr 
•''• 

N 

2011 .• !1 

.1014.99 

lOll •. Sa 
2010.47 

855.79· 

611 •. 24 

1151. 

114!,84 

lOSt, 

1089.~ 

aso. 

••.• 11 . ., .. , 
sat.a4 

111.41 

101,.,18 

394,'10 

ill. 

Q4~·· 

sse. 

(I) 

(2) 

(2) 

(2) 

(l) 

(2,) 

751 •. 81 

f4Z.OI 

859.09 

84l1.,7'1 

1521!,64 

1515 •. 5& 

ll5$l. 

1145*71 

Jfersberg I.I, P• 281 

Calc. Ben'bers %_%, P• 109 

1fto .• es (t) sso.o4 (t) Ctlo. leJtabet'l n, P• 171 

(t) 1us,so (;) ce.eo (s) ••• dd .. a.n•tL', ,. 11?7 

( 2) 1097. sa (5) ets. ss ( z) 
Calc. Urey and B~q 

{2) toes.n ($) 61!.30 (e) 

' s_._A._!--.~· & , . . _-'(1'1'. $! .. !'k. 'j*' . ! I ."1!!1:' :1 I , _ ~. { I :_L' .1: . --- · . 111.:-ffi.IOI 

S. !I 

* ' I •• 14 
I We 

470.. ns. 387. ssv. 465. (2) 200. (2) a.es. (re) 434. (2) 

4tns.tt zot •. H ~lt).04 sm.M 461,13 (2) 194.04 (2) ass. ?5 (e) 42l.;Oe (2) 

*I ~~~ lSI. (I) 541• (2) l8S. (t) 
~.N.. - . ·-- '"""-.:. v: .. -.;, .. .,. .'!iilllft.Wt.1tA""la .w~avan~ ~~ . ··"·uri.ave..-4io-ciJ~"" 

s8 
54 

14?.,47 {a) 525.84 (2) 1'19,48 (t) 

- 15-



1~101 1.098 l.(;J55 t.oea 1~·011 1.,01$ 1 •. 01.8 

l.oe;e t.oa4 1 •. 04S 1.011 1~019 1.018 '1.00.4 

1.000 1.006 1.043 1,.07'1 1,:078 1.0~1 l . .,.Oh 

1.004 1:.041 l..ote 1.oa:a 1,071 1.0?1 

1~t900 1.0'41 1.072 1.0?$ 1.07? 1 .• 071 

t.Oif l.,.'J84 1.064 1.081 t.oeo 
1.000 1.?10 l;r0$1 1.084 t.ose 

1.02' t.oa l.Q!l~ 1.oa 
1.·000 1.001 1.001 1.003 

1.~ 1.oos 1,001 

, GOO ., .... 1.008 1.005 

1.005 1.,008 

1.ooo 1.~001 

1.0~1 

1.ooo 

l.~G1S 1.011 lr;OJlJ J .... ooo I 
l,J'.)15 1.011 t.ooi 1.ooo !:5 

i.oes .1.086 1.090 1,.101 t 

1.074 1.·0?4 l.01S 14088 !5 

1t080 1 •. (l8() t •. oas 1,.09S 0 

t.ovo '~-om 1.,074 l-.084, 25 

1,017 1.051 1.,04$, 1.051 0 

l.ost 1.Jl31 1.01$ 1.045 25 

1.007 1 •. 001 l,.Oli 1.022 0 
1.~?1 1 .• 00~ 1.Gl.O 1.019 26 

1 •. ooe 1,.001 1.011 t.,on· 0 

l.Orlt 1 •. oos 1.010 1~019 25 

1.ooz t.oos 1-008 1.018. 0 

1.(),,! 1 .• oos 1.00? 1'1i0118· 15 

1.001 1.~01 l.O~S t.016 0 

1.001 1.001 1.005 1.014 25 

1.000 1.000 1~;;005 1.015 0 

1.,000 1.004 1.015 tiS 

1.;.000 1.01\l 0 

1.009 2$ 

1.000 0 
25 



I -' Pwha.ps l!)t~eial :teterenoa O\lG'bt w be sade to the ria/\ ratio ot·· 

lt.OOO fOJr Sa loa. fbtJ. ritf.OI'OU pariitton ftmct~¢on rB.t!·O tor ~molecule 

'Nhieb ~- ori!Jt ~$let!onal ~ ill Q,/~ "" (~) 1/1 lfh&J>e Is end 

r;_ ~~e the molnular w$1ghts ot the hea'YY auc111~Jlit moltloulee respe.ct1vely. 

!~o,Utt~ng trreyts me.tM,~ of sltnpliticatiJ#ll ( c:nJt~ined aarl .. S$P) on-a obtaitts 

I ,./ . 
~ ana-logy,. the value~ cf Qa --~ .fo~ !niXUY mont"rboro.it:1 1~1ns &nt3 m.ztleeulea 

should be Q1 ty. Vslues for ti +' ot•' B:rt~ and to;;. cout,, be Gilded to 

U:rey• a table-s ot acheqe eonsta.nt.e. 

When ~\i&n functions are ealcule.t~.d tor s~ a, sS2 ,. s34 ancl. 
tZ 

54 ( e } S2 , it ie to\Uld tbs.t t'ht equilibrium constaat at 0 · IJ f'or the reQctio:n 

is ,4.0004. If thex-e w~e no chemical tlJ.fferGC09S iD the stdfttt isotopes, 

the value ot K would be 4.,0000. 

It !a intertestitJ.g to note that th-e enriehment. f,qctops (it • l) for 
. . . _._· ._ _SiJ . . .. .· . . . Z4 taxallugEUJ involvil'!l S ars \wtoe those involving S -. This ia seen !n 

the followtq reeetioas. 



Thi.s e:ff'eet baa ~an c~bsttved ~e:rimentelly (en otltttll eaeh~ftl6s} by 

,.,_ A f1''L "' . .._, It N-t..._.,·. ~ 1" -~. & ... Jl ·"" ___ 19 
,~ .• t-t 111 J:'..t:10tl~; ~t.,a,. "'-J~~~m alll.t t:~ ••• lf;l~@:l.i;Jil:' js 

is &tCOGn~ertd:" !n tho first pl~e~, ttVJll)r of th~ listed oomp~.>unds (o:f 

ions) will ;1o·t :O~l~lf;e un:ler n~:l'mal ~tJYltli·tiotls &:nd lo'l' temperaturF.i.lt¥. 

No ch~oitl anheDges a.re ltl'lt)wn to involve the stable oo4~ ion;~•21• 
. . . . .. . !I· . . . . . . . 

Oool$f1 !ost :rt~lt! ~ll.an repor\ ·tha.t there is flO u.oste~ of sulfur 

atom$ ·be<tw~en ~ee.. mL:.f'U::! ~~.nd c;at'bon ~5ifP~1t1de #.lt tempH.t.~riatU~ea up ·~ 10rl' c. 
,; .. v-an tho1Jib t11r1 following ~•chan.~e$ F);re kncw.n to oetnt:r1 oo :par\i tton 

- . -function rat.iot QQU b~;; calculated ~!or us· A so~ . ;a sso~- am Hso~· due • 
r f) # ~ Q 

119) "' 1- .1 . .L II'!\ - .· «1 _ ~ro ,. \ !\.(lxpft.) ·::.. .• o 9 • ,~.~,.oo.u-.. at ·t;;,.~ ~ 

IllS __ 54~-··o. • u_ at:~ -
If/iii a .!'N\\ - s-·-"''!i'~---·_ -*-' :=;: wz + QVG' 

~----~ !tl. ~ :!iu- 032~1"1. 20 
u + s SOz = s + g. Q\J's 

.utt1ough none of the abo'r.e re.~ctione eJ'fo~1. the me~.ns of euh-



st.at1a'\1ug the thee~, it 11. tel\~~ eO.t: .ot the to1lowtng txehfll!B•I 

C<>uld.be ued lo'l? ihia pu~••• ·1 PQIS1b1e r«useUon1$ one ..togou 

to tht oqgen exchaqe t»ni•een co1 and· ~o ~el.t; 

n2s
34 + i: cs2!

2 = Hf!S:-t-t cs~64 tt(,al.a) = l.ooe at af o 
4i'&houg;h llottrla~, Oeeley am Xost li state th$:t the ab&ve eubrir.uaoea (lo .·· . 

not exch$'11• in t¥eazene aol'tt\lon, it is tel\ that fl.ll e•hdge might. '*•' 
place ia OSa toluttoa. !bla .~oUoa could ~c&etl threttgb th• tat.er• .... 

chaqe 

becaustt the lttlt\1,.. ate•• ta ~2cs5 us dl equl't'$l.ea\. A ~:tot1on f!K\m.ohat 
. -~ 

SQ1lar to the --ve lMae bter. ~epcrt·ed by ld'tt>~de aftd lefibttt~'"' 'ltho found 

V:lat 

ftt:..d$1 e,:$2 .. . . . " 
• J;'oo + \;;: ~(calc) = 1.009 at !5 C 

82 s 
2 



R~&ference ls 1\f~Mie here to the worlt or R.o. Thode, '· l'#.umamara and 

c .• OoLti•el (S•e Fl!lh"fl 1), On ~ng tbe1r reaUlts, it is ro-und that 

the p~it1ou ttaetdo,a attoe P.•• a;t \he. most a semt-qualihtlve eaplaaat.t~n 

ot th$ experi.aen\11 dai~a. The s·51 ts"' re.t!os nee4ed to~ the tollowtar 

tt.iscudou \d.U be found u 'fable If .• 

Front the ~~~ /sU4 ra:iioe toJt so4 * and BaS in tteU water, the above 

fiOrk.ef!a~ foUftd that fiJ~\'1!1 WritS ~Obed 1n s84 itl each of fOV C&SBS bJ' 

amoun.te ran~Ln~ hom 4.S!C to 1,.._ (With~ average enr$;~at of 3,S!C), 

l3w it it we11e poedblt~ to eet;abUsb ~ltehange htwea fla' end so4•, tbeD 

fro• 'fable III ••• c~d ptteUe\ that the so,• •auld be. ellftc!led bJ 7.4. 
-,. 

BE !n&U!n1!1Ll!Liti=tildt Although it ie unlikely that eulfates could 

he ndt~Ged in •••• · b~"~" chard cal lillfeats,. it is kr.toe that certairt alll..~erobic: 

bllcteaa reduce sulf'at£.18 to hJ%ll'O.flfiD aultide.. Slnee it is UDlikely tbat

flt'J4= and H2s an compl€-tW17 in equllibrium, th-. the ~·~-ent of sl4 
,.,.,., •• !j ./ 

s:wuld be in the COMPQ"tllld iftd!.cated by theAQa/Qi ratio:: but the ~ 

or &nri.e~nt wou\4 be 1ess than. \h~t !Mieated br the equilibrium connant. 

!!lie reasoning seems t'O be in agreeaeat w1 th t,he eaperilaental data •. 

These WOrkere also repo:rt that tht: tsotop1a abtirtdeces of -stllf'llr 

a;M the ..... for Bel ln solution end ilatlv• autt• •n n~~e at, the~out

PQlll:'ine; o~ sutt'tut~•atet> wens. fhls is what we woul~ p~-tt tor the· 

l'a&ctione 

¥+()2 • BaO+Sa 
4Sa ~ s8 

t!tt>m the pa:r\ition fU'rlc·tione for It and H2s. The exchange reaction in the 



,- l 

Q
) 

0 
0 

I 

o-
--

o-
--

--
c.

--
o 

S
 E

 A
 

W
 A

 T
 E

 R
 

S
U

P
H

A
T

E
S

 

N
 

0 

S
U

L
P

H
A

T
E

$
 

0 
Q

--
--

-\
.'

1
 

0 
-
o

-
-
.-

-
o

 
N

A
T

IV
E

 
S

U
L

P
H

U
R

 

o
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
e
-
-
-
o
-
-
e
-
-
o
-
-
-
.
o
-
-
o
o
-
-
-
•
 

P
Y

R
IT

E
 

(F
e

 s
2

) 

S
 U

 L
 P

 H
 U

 R
 

W
 A

 T
 E

 R
 

( H
2 

S
) 

o-
--

-<
p-

o-
oJ

; 
-o

--
-o

--
o-

--
--o

---
-<

> 
C

 Y
 S

 T
 i

 H
 E

 

0 
0 

0 
0 

0 
0 

N
 

%
 

"0
 

., 
n 

::
i 

\J
;)

 
"!

~ 
-

Il
l 

0 
tT

l 

(/
J
 

(I
) 

(
b

 
-1

 
h 

G
') 

2»
 

(i
) 

0 
CA

 

r-
-

-!!
tl 

,..,:
c. 

,,.
- ·- _'!
 

V
· --

~
-
-
-
-

--
--

-·
 

~
 ~ t:t.

:l .....
 



l;:-' 

-------~----~~--------~._~------------------------------
eaple 
thmbe:r· 

Sulfur 
Oompotmd 

to cation Ratio 

-·~. __ _.... ___ _..~_........,"-!'"""""""-.------------......... ----...-"""··~ 
l 

l 

l 

1 

W$ll Water 

• ft 

• tJ 

I a 

Q ft 

lt • 

• # 

ff • 

" ff 

" tt 

Native Sulfur 

, 

Sea., Water 

HtS 
•• 

so• 
•• 
'-

so4 
80 

HaS 
= 004 

HaS 
so( 

s 
s 

.. 20 ""' 

" 
ftll sonbl.lrg, Ont. 

" 

ft. fJ 

t1 • 

Atlantic Ocean 

22,ros * o.o1o 

22 .• 1·90 t o.o1o 

21,715 * e.o1o 

2t,svo .~ o.oto 

22.200 t o.ons 



B 834 "-· 8 32 ·2 + kl 2 = u.,...ql4 l .. o!lM .33 ? 1 oo·o a;r + 2 Q~ A(CB.lC) = : • ·-. 

!be only other _,. to explain this result is to say that no tra.etionation 

occurs. However. thiiJ is not probable sino.e we knnw from many sou.rcesll,l2.26 

that tl"ctiona:tion occurs tmenever a chemical reaction is carr-ted out 

whether the :react1on is reversible or W11d1re.ot1o:nal • 

.Recent 1avest1iYl'iions27 have shown that the s34 content ot sea .... wa\er 

sulfates from 41ftereat oceans is fairly constant. Also, the· SJ2;s34 ratio 
J • 

tor -Atlantic eea-wate:r sulta.tes is very nearly the ~ aa the. average 

s32js34 ratio ot Oata:rio Qpsum deposita (laid down fl'om the- sea29).~ 71-om 

' . these facts. we may a3aume that the 1sotop1o abundances ot sultv- 1n sea-

water ere coastaat and furthermore, that these sulfates have had these 

-~~-same- abundances tor some time in the past. If the 

sulfur deposi'tis 1n tha Gulf of Uexico were due to bacterial action on sea-

water sulfates, thmt tre would predict that the native sultur would be da

plJ~ted in SJ4 by- a ta~~to:r ot 1.082 (fable III}. The experimental results 

show that this sulfur is lower in s34 tban sea sulfates b,- a factor of 1.03. 

l?robal)ly moeii Wi.tural variations ot s34 in natura are causeti b7 this 

"deaimbili ty" ot the heavier iSGtopes to be found in certain eom.pouds. 

It ~s lalow.n that sultatas are :reduced. to hydrogen sulti4e in . the muds at 

the bottom ot lakes. Some ot this BJ!3 escapes into the atmosphere. some is 

= reox1dlzed by f.larobie bacteria to so4 • somt is oxidized. to tree sultur by 

oxygen and the rest rGacts With iron aili cates to produee pyr1 ta or 

nasoarite. Pyr1te sltv can be con'V'erted to Haf' by acids o:t .. changed to 

so2 'by heat and ondiztag oontitions (voloan oes). This HaG and S0,2 cu. 
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react together at. t'olGano vent• .to p~ce tree aultur. By means of a 

"sulfur. eyole" 1n natttra whe~e t;he oultu.r atoms 1n sulfates. hydrogen 

sUJ.fi4~, free sulfur, pyrite, sulfur dioxide, organic sultur eto. are 

interchanged malty times. :Lt is possible to produce the variations in 

· 8)4 that haVe b&Ga J'eUOrted.l 
I • • ' • oc.·. 



Partition fUftetion ratios ~ exebanBe reaction oonstants havt 

beea calculated tor isotopic cGmpo'Qllda con\ainiJll sulfur in a attempt 

to Uscovell the aount ot ftlacUol'la'tion that. is theoretical''"' posldble 

tn nature. 'fhf;)$e theoretical eticulat1one e:r~ oompUM to experimentally 

observed d~ata fUld we :rind tha.il the semi-quantitative eo:rrelaUon be

tween the two is vrn:r enoouracite• Thus -.re teel that ~- diffe~nc&e 

in the c~emiul properties of isotopic substaflees are sufficient t() 

cause . wide-spracd varutiona of the aulfur· i.SGtope$ .• 

..... " 25. -



Bqua\iona a~ given 1n Herzbe-rg rs, p, 151 for the eal

eulatioo of vlbn:ttonal ft'equeneies tor di.m.tolnic molecules. They are 

v 

= tnndaental vibra:tio:n :f~ney 

• a.nharmonie vibration frequenCY' 

= v:.bre:tion t~equency of "abundant• molecule 

= ~~bration tr$quencv ot ttraret-t molecule 

u = r~educed mass ot "abundant" molecule 

•' • ri~iueed mass of •rare• molecule 

(,J e • 7!5.8 em. •l 

tJe :xe = 1.15 ca ..... 1 

8s2 + s52 

. 2 854 



' 

, -1 
G,) = 698.8 em. 

II. Calculation or Vibratioilrtl Frequencies for s3fo5 ~1nd s54o3 

N·ormal vibr-ation equations tor SOg are g:i:ven in .Berab&:rg !I16, p.l ?9. 

1hev are,\ 
~~ 

kl 
, -n.-.. -· ·. ') 

~. 1 . 5 [1 + .. 5my ] 
2mz· 

1 -

+ 

ta • kl 
'l2111y 

- - ~ 
k1 a 10.77 x 10° dynes per em. 

k, 5 = 0.4G X 10 dynes per em. 
12 

k~ = 1,.00 x 105 dynes per om, 

12 



tax (s32) = !1..9809 x 1.sroo x lo-24 gm. 

-x (s54) • 55.9711 X 1.&800 X 10'"""24 •• 

It is PlJ$1\!ible tram the aboye data to oal.c\ilate h for both 

s51o3 and s54o5 ttolecules. {I'D . ., • use six s1grdf1caut figures through

·out the calc'Jlstiona.) ~ using the following relation, it is then 

pose1ble to determine \he 1'ibrat1onal. frequencies ( {,.) 1) for the moleeule. 

K ... 
2 'lr c 

where C = velee1t7 ,r ltght in oms. 

fhe celculatf,!d values or fllt are gi"'1'en in the follo'Wing ta.ble. Uetng 

these calculated tr-eqUGne16f§1 the differences in the frequencies ue 

deiel'ld.nedt tbeae c:l . .ff.ez-ences are than used to tind the fundm~ental 

"fibrational frequencies .or the rare isotopic molecule. 

{,)1 ~ £U5 * (2) "'4 * (2) 

sSfoB toeg.:~o 651.6G 14$2~89 451.54 Calculated 

ss4b
3 !:Q6~9eltl ~~,o.o~ 1413.5(~ 4ji.58 Calculated 

0 11.60 19.Z5 1.96 :Of.tfetenc•e 

s12o ,. -5 1069 652 1130 8!2 Obsened. see 
Herzberg II, p 

sko 3 1069 640.,4 1310,.65 530,04 

fheee last set of frequencies are the ones used in the cal• 

. I I I oulation of Qa Ql • 

178 

------~--~------------~------~-.-~-----_.------~-----
* 5 and 4- are dou'bJ.7 degenerate and ao must be taken trice 1n the 

calcula'tiona ot fl2 I Q~ 
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lll. 

From the value-s or (,J i (f!tbl• II) and from the following relations, 

it ia possible to c&lculat$ the 1nfo~tion needed. 

ult +11at 
q·. 

Ji .. ~ "'"% 
2. 

fbe calcu.la.tion$ mq be tabulated in the tolloring manner. (Note the 

double dege:nenc7 of lJ 5 and lJ4) • 

! ut, u2 i xi $1 (coth xt) s1 

1 5.15857 5.15857 2.5?928 o.oooooo o.oooooo 
2 3 .. 14629 3,09051 1.55915 0.027990 o.o~sara 

5 6.41006 a.rs2467 3.11568 0.046890 0,.0468541 

3 8.41805 $i)32467 s.1esae o.o4G690 o.o4sas4 
4 2.58?22 2.55776 1:.18125 0.0047!0 0.0!)5521 

4 2.56721 2.55776 1.28125 0.004750 0 005521. . ·~ ! . . . 

0.155552 = L1 (eoth xi) 

tm;., . '!' 4ue above values m~ be pl~eed in equation 24E to obtain Q2 ~ • 

I 
ln Q2 = ~ 

Ql 
o~r +L •at ln la +L (cotb xi) ~i 24E 
(]'1;" i "1! (:;,. ·i 

1n f + 1n {5.15857) (5.09051) {6.52467)
2 

{2.55776) 2 +0.1 B5B52 

(5.15857) (5.14629) (6.41805) 2 (2.56722) 2 

si 
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I 

--~ .. 1!· . = 0,.946820 x 1.1449 = l.oe4 (See Table III) 
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