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Partition funetion retios end exchangs conctants are
exledlsted for isobtople compounds involving sulfur, These
caleulzations ere dlscussed in the 1ight of veristions in the
shundence of the salfur isotopes found in naturelly occenrring
substances, fguilibriuw congtents are predicted for many ex-

change resctisns.,
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ABETRACT

Reomnt investigations by I,G, Thode, J, Mecnsmars and
€, Colline® heve shown that the 5°/87% ratio in neturel
sul fur-contalining compounds varies by =3 much as five percent,
Thege wideespread varigtions suppegt thet frsetionstion of
tha sulfur isotopes oscurs in nsbuesl processes due to Jif-
ferences in the chemicel properties of isotopie molsoules,
In order to detormine tho magnitule of the offects that
could be expeeted, partition funetion retios for igotopie
molecules cowbeining sulfur and equilibriuws conghants for
meny isotople exchenge resctions involving sulfur have bsen
ealeulsted by methods of statlsticsl mechanies, The results

of theas caloulations are discussed,



INTRODUCTION

Hlgtorics

Soon sfter the ilscovery of deuteriumg 1t wag found thab the isotopes
of hydrogen and other 1ight slements 3iffored slightly in chemlesl propore
tiea, In 1972, Urey bl Rittenburg® showed from statistical theory that
the eguilibrium constants for hydrogen Lcotope exchanges Anvelving
hydrogen snd hydrogen helides differed from wnity, Later; Farkes ond

5 applied this method to caleulate exchanpes imwvolving hydrogen

Farkas
and devterium in water. Urey end Creift? were the first to show from theo-
reticnl considerations that isotopes of the light olementes other than hyd-
rogen had diffevent chomiesl properties, Aecording to thelr ealoulations,
exchenge constonby for isotople vesctiouns differsd Trop unlty ¥ms shoving
that slight Proctionstion of the lsotopes eoull be expectsd. There is,
therefore, a theoreticel basis for the Alfferences in the chemical properw
ties of isotopic molecules, The introduction of 2z heavy isotope into a
molesuls lowers the froguency of the inbernsl vibretions and thereby
changes the free energy, satropy znd other thernedynaulc properties of 2
moleetle, %he equilibrium constant for & ranction depends on the thermow
dynamic partition functionsy of ssch of the molscules involved, Sinee the
pertition functions of igotopic moleeules ers Aifferent, it is sesn that

squilibriun constante for isotople reschions will Aiffer from wmity.



Hal, %mes has recently used @ relatively simple relation for the
caleulation of psrtition function patios for fzotopic molecules thal ine
yolves only the vibrationg) freguencies, By a mmb&mﬁimr of these retles,
equilibriun constunts for gpecific sxchange venctions are obtsined, FHe
 hus mode a comprehencive study of mony poseible exchangss involving orxypgen,
hydrogen, nitrogen, boren snd the helogens, |

S8inilay ealowlntion of the partition function ratios and squili-

brigm exchange gonstants for aulfur compounds hove been celculzated, An

abtenpt bas been made to explain the wideesprezd variations of 5554 that

kave boen reporbed U I.G, Thodey 7. Mecnamors and O, 'auzm%i.

Portition Functions
In en 13e8l sysber of N moleculosy different mumbers of them sre
in different onergy lovele, The nmupber of moleculess having en@rggfi is

given by statistieal mechenics s

~Espe
By =g @ e 1E

where n, is the musber of molecules hoving zero,emerzy, If g is the
mmber of guentum stites heving nesrly egeal energy, then the total

number of molecules N is given by

ﬁm%; & sy 28

The summation in the above equation iz definod ae the "dertition
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function® and ia given the symbol §. Any themodynemic text will give
a complete development of the paptition function snd show how such themoe-
dynomic properties ns spoeific hesd, free ensrgy, entropy, ~be. are dee
pendent upon 057,

For exsmple the freo enorgy i given by

Fo= B+ BRI 1uf - BT 1nQ an
#here By La umuelly the sers point spergy of the molecule end the other
symbole heve thelr uencl physicel meening, The totel suergy §of a
moleeule is mode up off the sum of tronclotionsl, rotationsl, vibrationsl.ond

electronde energies such that

b= Ep+ En+8uebs 5B
S"" E/kgg - &"‘-‘ E“&/ET o Ll e !‘,f :"&T &-e EY’/’.&ZT - 6%} ry

Thug * » s & aE

and Q‘ﬁ%ﬁpﬁrq%%@ﬁ 78

" T I N - g
Lot foen gt o otve
[E-] i=0 L0 L0

Volues fop 5%,; E » sbe, can be obbained by imposing cerbain quantum

mechanicsl conditieons on the Schrddingsr wave equation, IFf these veluss
» 3 2 " Rvcd & . & - . o 4 ?

ara placed in eyustion 7E and otiier ceritain velid assunpbiong are made’,

wo obhain the following rdlationships fov distomlc molseales,

9E




Q = 108
Q=1 118

vhere M = moleeuler welght of the molecule
I = poment of inertia of the molecule
o = gymmebry mumbsr of the molegule
W = fundemertal vibrotion frequency of the molecule
Thus the only varicbles in eguation 8F to 11F ave M; I, 0~ and @ while the

rengining symbols ars consbania end have thelr ueuel physicel mesning,

Equilibrium Constents in Tems
of Portition Functions

A typleal exchenge resction mey be written
ah, + BBy = aly+ BB | 12¢
whore A =2nd B are molecules which heve some one element as a common
constituent and subscripts 1 snd 2 indicate that the molseule containg
anly the light or the heavy is@ﬁaﬁa respectively, It 1s well known that
tha eguilibrium constant, K, for sny reaction is given by
~RT 1K = AF 12F

whers F 1g tﬁfé:%;::;a tnergy. Tor a reaction of the type 12E we wouls
got

“ETIn K = alhp 4y - oFy - bFg, 148
On substituting 4F in 148 end eimplifying, one gets the relation

B

- aggag + E,\Egm— 80y — b%ﬂ?_ ] 15E

® p
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. Instead of taking By a8 %_;—ha 'ﬂm‘m point energy? (which is unique for any

) ,m»laaule}, one ean teke Fy as the hottom of the "potentisl energy curve®,

 Binee the potentisl emengy curves ave practically identical for isotopie

- molecules, then E%a ‘wualg E‘*ﬁl and Eﬁﬁz equals E@Bi .
tere in 15F become undty snd

£ = H 188
%ﬁl /

 Therefore, in omder to celowlate the velue of B, it is flrat necessary
to find the Qp/Qy ratio for substences A sud B,

Thus the mganfehﬁal‘

Formulas for Pardition Function Ratioce of Isctopie Holecules

The problem resclves itself into one of evaluating Qg/Q for various
isotopie eompounds, By making uze of equationms 7E to 11E, 3.?; is possible
to obtain formulas for Gp sad Gys If ene now divides Qp by Q, and
. cancele the constant terms, the resulding equation ie fdentical with that
 given by H, C, Urey's

Bz "=
@ _ %oy ¥ e E .M

=

, 178
G 5] Gé”xm (1-o8) o 2

2

The following reamsoning is then used by W0, Wmﬁ to obtaln further
sinplification, If the right and left sides of equation 178 ave multie
Pli@é% by (m/ap) 3/ (w@:m u; and my are the atomic weights of the

: "-iséx-ta;;aic atoms being émﬁiﬁ%mmﬁ ami;n; is the number ai‘ isotopie atoms

being exchanged), &ﬂﬁ' L the right side of 178 is pultiplied and divided
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by the retic u&xa&,, it is possible to simplify this expression. Thus

17E becomes

g/en
% [ma} = Awe T (- B 16E
G u (1-e 2y e ?‘
since Ig “ﬁy n" =1 198
1, m ﬁ/ﬁn '
1B m

according to the Teller and Redlich theorem, New partition functions are

definsd where

V4
Q e 5/2n
Eos A 208
’
% Q
It is obvious that the equilibrium constsnt K is given by
=g 21e

Equa’éien 18F can be put in & more convenlent formm for purpose of cal-

ciletion, Tefining

= “1-’- ﬂi and S = 111 - “2 228
e
and exponding in terms of 9, we obtain
/
Q . 01 . u .
ln % =1 O 4 In i + {eoth :x)s 2B
; o3 u

A though the entire proceeding trestment has been given for distomic
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molesulos, one cen go through glviler ressoning for polyetomic molaeculss
and obtain an squation ralated to REE,

/
e B o 4 OF u {coth =z, ) 24E
wéfﬂ MMM+Z°2.25 2y Z_ 1) 4
whore Wy =

§y = “3‘%;%@. -  REE

Wy are the various vibrational frequonciss (in cm@”“l} of the im@a@ie»
molecules, O3 end O ere the symetyy numbers of the molseules, For
naarly a1l moleenl-za stulied in this popery tha ratio of the symmetoy
nunbers is cqusl to wilty. Therefors, slthough the csleulations for e
singls Q@ would be exbtrenely compliceted (gwe sguation 78 to 11E), the
moleculed 18 esslly obteined from

In order to detwrnine ngé’fu it is necessary to sbbtain the v%mtima},
frequenciss of the nolecules containing the most abundant 1sotope from
spectrogcopic data and then to caledlste the freguenciss of the veve
iﬁ@t@g&@ mglamﬂ.@sé by mesns of well known "normal vibreation squati@aa"ae
This method must be unsed because, in general, the rere lsotopic molecule
is in zuch low concenmbration that 1de vik-ationsl frequencles camnot be
sxperinentally detersined,

tHormal vibration eguaticns® have bsen hnown for many molecules
for gome time and these equations approximetely velste the frequencics
to ®Porce comstanbs® and sbtomie wﬁg}atg,a If one assumss these same
t2opce congbants® to hold for both the sbundant and the rare molecule,
then it 18 possible to ealoulate frequsneies f.'az'. hoth izotopic molegules
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(by putting in the appropriste atoniec welghts) and then £ind the differences
in the fmqaénﬁi%a, Thile these ealculated freguencles may be slightly |
in error {since the ncrmal vibration eguations are only spproximete), the
differences cen be eveluated quite acocurstely by this mﬁh@é@ﬂ* Using these
differences and the experimentally obseprved fundemental frequencies for
the shundant molecule, 1t is possible to determine the fundamental

- As pointed out by Umy&, the partition funetions for polystomie
molecules méy be glightly in error because only the fundawental frequencies
are known (i,e, no arharmonic terms), Also, errors will be introduced when
we apply gtatistieal mechenioal forsulse relating to idesl guseous sub-
stances to wﬁdéuaed shages or solids in solution,

Isotope Effects im Unidirectional Processes

Considerable work hes bsen done pecently on the experimental dster-
mination of the effect of isotopes on the specifie reaction mﬁea.m'n’m
These researchas have meinly been on the decomposition t:f organic compounds,
It has been aham"amwluaively that lsotople moleeules have different rat'es
of resction and that, in general, the molsecule mnﬁaining the lighter
isotepe reacts Taster,

The problem of resction retes haa elso héﬁ.m appyoached from &

thepreticel point of view, Eyring; Dvans and ?alanﬁw&wa trestsd rate
| reactions from & statiistical viswpoint ond thelir method is called ®theory |

of abgolute rstes”, J. Bigelaisémm

in a recent paper has congidered the
ratior of rste constants for compstitive resetlions of isotoplc moleeules and

has derived the following formula which gives the approximate retioof”
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the rate coustants,

ke Wy Q® my

The k's sre the specific rate constants, O and 'Q.* are the partition
functions for the reactants m:ﬁgaﬁmte‘d complex” respectively, =’

i3 the effectivs mass of the activeted complex and the subseripts 1 and 2
rafer to the light and heavy Lsotople species respsatively,

Thus we see that the Xy/k, retio really depends on the differences
~ in chemical properties of the lsotopes (es determined by the partition
function ratios), However, it is not yet possible to caloulste "lﬁa‘
bepauze the velues of the partition function rabios for the ectivated
complexes are umkmown, Also, it is not at &l) certain what values should
be given to mp fm;_ ’



RESULTS AND DISCUSSION

Table I contolre a list of the frogushncies of the dlstomie molzeulss
wsed in the calewlabicns while Table II gives the corresponding date on
the polyetonic moleoules, Appendices I and II conbaln sample caleulsations
for the determinstion of fundsmentel froquemcies of typleel distomic and
polyetonic molesules,

The walues of the partition function ratios snd sguilibrium constants
are given in Table ITI (Jee appendix III for a semple celeulation of
/Gy for a typlosl melecule), The method of tebuletion in Teble III is
the sane as that empleyed by Emyg,—. The ’gé/ﬁs_ ratics are glven at two
*&jsmpemtmwea, while tke squilibrive consbonts ave contained st the inter-
soebior of the sppropriste row snd coluwmn, In all cases, the heavy

isotope will concentrste in the eompound lisbted st the left,



TABLE 1

Kolecular Prequencies

Holecule e e @ Reference

PbS" 128,16 1.20 Herzberg I+>, p, 491

?bS3 4 517.10 1.14 Calculated, Herzherg I, p 71, 151
52 . 332 725,8 2.85 Herzberg I, p. 492

g3 g3b 7042 2,70 Calculated. Hersberg I, p 71, 151
332 - 33“’ 715.1 2,77 Caleulated, (licte that the

aymmetry number 1s not equal to
those for 552 ~ 3°° and 534 - 5 l“)



TAELE IT
¥oleoular ?mmmaa

Frequencies

V3

References

8%%a0

&=
8 64

260,77
2E10,57

2088,55

11511

1148,84

1069,

1089,
280,
280,
980,

1890,

1887,90

1288.02
208,18 (2)
#a7.58 (2)
589,24 (2)
5@51@ 42 ( 2)

208,85 (2)

224,70 (2)

818,
514,95
652,
840,45
481, (B)
(8)

8L (2)

2684,
2879.45
£675. 58

752,81
743,08

B52.08
847,
1528,84
1515,58

1861

124%.78
1230, (2)
1310.85 (8)
111280 (3)
1087.56 {2)
1083,21. (%)

(®)
580,04 (&)
818,90 (3)
815,55 (%)
612,20 (%)

522,

Hersberg 11°%, p, 170

Osle. Hereberg 1X, p, 168
Gele, Hepzberg II, p. 169

Celes Herzberg IT, Pa 174

Cale, Herzberg II, p. 174
Cele. Hersberg II, p. 172

Hereberg II, p. R85

Cale, Hergberg II, p. 169
Herszberg II, pe 178

Cale, Hersbevg II, p. 178
Orey and M&&ayﬂ, Pe 1977

Oale, Urey and Bradley

470

218,

2a%,

557, ) .@ss; {é} a@@ '{‘23 24& "fﬁ) éé%; {2)

455,98 209,56 250,04 540,39 451,13 (2) 194,04 (2) 235,75 (8) 421,06 (2)

(2)
147.47 {2) 528,82 (2)

186, (2)
179,48 (&)

15z, {2} s48,

Bhegaventan and v‘enkatamyaﬁuls
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TABLE T3T

Prwiliteiom Jonsbants For Solfur Sechanges

Pre® &84
T T |og

' Fbs” &

8%, %0 [osg®]?
ﬁsﬁ% 45%0n [g%m

1.06% 1,022 1,088 1,018 1,005 1,015 1,015 1,010 1.000(e
1.045 1,018 1,019 1,006 1,014 1,018 1,003 1,009 1.000|88

1,046 1.077 1,078  1.082 1,084 1,085 1,085 1,090 1,10 g
1,041 1,070 1,078 1,074 1.07¢ 1,078 1,088(25

1,041 1,072 1,078 1,077 1,079 1,080 1.080 1,085 1,008|p

1,087 1.06¢ 1,084 1,067 1,088 1,070 1.070 1,074 1,084|25
1,000 1,980 1.081 1,084 1,086 1,057 1.057 1,045 1,058)0
1,026 1,086 1,020 1,081 1.082 1,082 1,086 1.045|25

1,007 1.007 1.018 1.022)0

1;3@@ iﬁmj- ¢ ; .
1300 1,006 1,008 1,015 1,018|25

1,008 1,008 1,011 1.02L0
1.008 1,008 1,010 1,019 25
1,008 1,005 1,008 1.0180
1,008 1008 1,007 1,018|25

1091 1,001 1,008 1.M8|0
1.00L 1.001 1.005 1.014(25
1,000 1,000 1,008 1.015(0
1,000 1,004 1,015/28

1.000 1,008 1.05/9

1.004 1,005(28

1.000 1,219|0
1.008| 88

- 14 -



™

Porhaps speeisl refersnes owght 4o be made to the Q’zfﬁé ratio of
1.000 for § dom, The rigorous pertition fometion retdo for & moleculc
which hae only trausletionsi freedom is Qp/Qy = fﬁgfﬁl}sf 2 sheve Yy and
) are the molacular welghts of the heavy and light molecules respoctively.
Tollowing Ureyts methed of simplifiecation {ontiined esrlier) ome obiains

Bl ™ Ve = e 5/3..31.;.. /e 27E
w@| mg Hy g

In the oase of & fon, n zqusls wity, snd M squsls mogo that vhen new

partition funetions sre defined, oveobleine

Lo . ¥
Efm = ﬁ&m i:?'; ] = 1,000 zag
b H|m

By anglogy, tue waluesz of Qé /Q’l for many monatonic ions snd molegules
should be unity. Vaelues for I4 "'—, €17, Br~ and I could be added to
Jrey*s tables of exchange constants, |

Then partition functions sve celovlated for 8,°, 85 - 8% ana
8@34, it 1o foun? thet the equilibweivm constent (st 0° £) for the recetion

sgﬁﬁ + %M = B gt® 85@

Le 4,0004, If there wore no chemiesl differenese in the sulfur fsobopss,
the value of K would be 4,0000,
It is interesting to note that the enrichment factors (X ~ 1) for

23 73

sxchengeos involving 8 are telce those involving 8 This ip seen inm

the following resctions,



L3 iﬁm

BR m g 58 4. = 2 , L
80"+ mpe™ = 80+ me™ w L = loms et 20 0
52 . 58 IR T S ;
s, 7+ 8™ = 590,74+ 5™ K(pay = 1,205 68 257 ¢
This sifect heg been cbhssrved cwperimenislly {on other cxchanges) by

0x ;4 = i . 3 . = 1Q
Hely Thode, KD Orshem ond J.A. Zedglor .

¥hon an stbtenpt is uade & correlate the thesretically celculsied
songtents wiih cuperinentally observed coaslunis, considerabls difiiculsy
iz swecmpbered, In the f4rsh place, many of the listed eompounds (0w |
foms} will mot cxchenge under pompsl condidicns sad low temperabures,
Secondly, for thege m@gz@mﬁs thet do exchange, no vibrationel dats is
known,

Fo chenloal exchanges sse known to involve the stoble SQ; mg‘?*‘ﬁ.
Cooley, Tost snd Baid lan “ repord thst thers is no twansfer of sulfar
atons botween free sulfur snd cerbon dsulfide ot temperatures up o 100° C,

Eron though the following exchanges sre kuosn to coour, 2o pertition

funetion ratios ean be calevlated for BE , 8{?3;, S@@;’ and 080, due to

lack of spectroscopic daba,

. 5
52w B4 B . B | | ~
ms 05 + 8%y = E3 05 +80p (29) Rty = 1019 & 0,002 at 25° ¢
B4, 52 _ . 2. _ 54 (23) | PR3
me 4 BST =BT Tk ES R(pgpre) = 14008 at 0°

28

. é‘” + 8 Sag? - mﬂﬁ + 552

04

g8 o Ml = ™. Py P

Although none of the sbove resctlons offord the mesns of sub-



stantiating the theory, it is f&lﬁ that some . mf the following sxehmg%
could be used for this Wa&, 4 possible resction is one analogous

%o the oxygen exchange bstwsen COp and Ey0 nemely,

Eﬁm + & @%52 = HyS+4 ‘352% x(ﬁ&lﬁ) = 1,008 Mw’ @
Aithough Douglas, Cooley and Yost 24 gtate that the above substances do , |
not exchange in benzens solution, 1t is felt that an sxchenge might m‘* |
place in CSp solution, This reaction could procesd through the inter- |
change -

HeS +CS, = W8,

b&emsa the swlfur atoms in Ry 08y ars =11 eguivalent, A reaction anmfahat
aissi&ar to %ha ehove bags been veporied by Edwarde and &miﬁt‘k“& who f@w
§ and CS, to sxchange by the formation of the intermediste CSy . |

oM x = 1,019 at 26° €
{oale)

Another exchange that could be messured experimentally is the Mliwing

813 08, =3

Ph‘?rs% + 5% e Ph&’"m + Sa" E{m&la? 21,009 at £25° €

Other coullibrimm sxchenges noy he hréu;ghﬁ sbout by reversible

oxidation-reduction reactiong,
Viag 2323 +E‘Ixa #w® é?-a+ 4 B

© The exchange for this reaction would be

32 o 94 34 :
HP.E + 32 & st + 8 .24

o K(G&lﬂ) = 1000 at 2687 §



a&femme is made here to the work of H.G, Thode, J. Meomanmars and
C. Collins® (See Pigurs I), On sbuiylng thelr results, it s found that
the partition fumction vatios glve st the most a seml-gualitabtive explonstion
of the experimentsl daia, The sm f‘a& ratlos needed for the following
discussion will be found in Table IV, |

From the am /554 patios for : and HoB in well water, the above

warkﬂ*sjf found that ﬁ@f wag enrdched in | 34

amounts ranging frow 4,.5% to 2,8% (with an aversge enrichment of 2,38),
Now if it were possible to establish exchange betwesn H,8 end SO 4 ¢ then
£rom Table IIT one could predict that the 50, showld be enriched by 7,4%
'; en equilibrige ie stteined, Although it is unlikely that sulfates eould
be reduced in nabure by chemicsl sgents, it ie known that certsin anserobie

in ssch of four cases by

bacteria reducs gulfates 4o hyirogen sulfide. Sinee 4t is unlikely thet
90, and HyS are completely in equilibrium, then the enrichment of 554
gaould be in the compound indicated by tsae“:a; ,@’Q{ ratio: but the amount
of enrichment would be less then thet indicatsd by the eguilibrium congtant,
This remsoning seems to be in sgreement with the experimentel data,

These workers also report thet the isotople sbundancescf amifw
are the same for HeS in sum&'ion and notive aulﬁ'_w on .m@ks; at the outw
pouring of sulfur-waber wells, This is what we mﬂ&sﬂ wé:sg@ for the
reactions | ﬂ

HyB + 0y = Hd + 8
4 Eﬁg — 8

frrom the partition functions for 8p and HoS. The exchange reaction in the
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TABLE IV

9527584 natioe

fample Source Sul fur Location Ratio

Humbey Compound
1 Well Water HaS Dorchester, Ont, £2,705 * 0,010
1 " n 50, " " £1,785 £ 0,010
1 v om g® " n 22,705 = 0,006
2. LI .8  Tillsomburg, Omt, 28,180 % 0,010
2 R 504 " " 21,715 % 8,000
2 "oom g° n " 22,285 % 0,010
5 " " A Port Ryersee, OUnt, 28,200 & 0,010
5 nooa 30, L " 21,650 % 0,010
4 o n Hg8 Port Stanley, Ont, 28,215 & 0,010
4 L 504 « " 21,585 0,010
5 Netive Bulfur 8 Gulf of Hexico 20,370 % 0,010
8 " " s Boomn 22,200 % 0,005

= )

7 Sea~Fater %4 Atlantic Oceen 21,75 * 0,02

- 20 -



. above would be
B s o mpM 385 Kigye) = 2.000

The only other way to explain this result is to say that no fractionation
occurs. However, this is not probable sinee we know from many sourcesils,12,26
that fractionstion occurs whenever a chemieal reaction is carried out

) éﬁethar the reaetion is reversible or unidirectiomal.

| Recent investi é{.&ﬁ@ﬁﬂgl? have shown that the s content of sca-water
bﬁlf&:bes from differeat oceans is fairly coanstant. Also, the 532/&%3’* mtio
for Atlantic sea-weter sulfates is very nearly the same as the average
838183‘* ratio of Ontario gypsum deposits (laid down from the sea??), TFrom

' " these facts, we may assume that the isotopic abundances of sulfur in sea-

water are comstant and furthermore, that these sulfates have had these

35 gsame abuniances for some time in thé past, I the
sulfur deposits in the Gulf of Hexico were due to bacterial ae’eioa on sea-
water sulfates, then we would prediet that the nstive sulfur would be de-
pleted in 33‘4 by a factor of 1.082 (Table IXI). The experimental results
show that this sulfur is lower in s34 than sea sulfates by a :aétmr of 1.03.
Probably most natural veriations of S34 in naturc are caused by this
"dosirability® of the heavier isotopes to be found in eertain compounds.
It is known that sulfates are reduced to hydrogen sulfide 1;;&13@ muds at
the bottom of lakes. Some of this HpS cscapes into the atmosphere, soms is
reoxidized by merobie bacterias to 30:, some is oxidigzed to ffea sulfur by
ozygen and the rest raacts with iron silicates to produce pyx;ita or
mascarite. Pymte sulfur can be converted to H,S by acids or changed to

80, by heat and oxidizing conditions (voleaoes). This HzS and SOz can
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resct together at wolcano vents\tovgreanca free sulfur., By means of &
#sulfur‘eyole" in nature where the sulfur stoms in sulfates, hydrogen
'snlfidg, fres sulfur, pyrite, sulfur diaxida; organic sulfur ete. are
v::iatarehangad many btimes, it is.paséible to produce the variations in

-EBk‘that have been repartsd.l



SUNBARY

?aﬂiﬁi@ﬂ functlion raties and exchange resction constants have
been caleulasted for isotopic sompoundsz containing sulfur in an attempt
#a discover the amount of fractionation that is theoreticelly possille
in neture, These theoretical cgleulations sre compared to axperimnt&li;r
obzerved dsta and we fiad that the semi-guantitative correlation bee
twoen the two is very encouraging, Thus we feel that the differsnces
in the chemjcal properties of isotople substances ere sufficient to

caunge wide-sproad varlations of the sulfur isctopes,
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APPERDIX

‘Bguatione sre given in Hersberg 11 "5, ps 151 for the cal-
culation of vibrational frequencies for diatomic molecnles, They are

W= (e @_.oaxa}v - We xava
®= ('[0 wmﬁ@m@ ?nf’awaxevz

weere We = fimdamental vibration frequency

De xg = anharmonie vibration freguency

w = vibration freguency of "abundant® molecule
o = vibration freguency of "rare® molegule

v = wlty |

n g = meduced mags of "abundent® molecule

u’ = roduced mass of "rere molecule

For these caleulations,

Wea = 725,8 em L

wl

‘Hergberg I, p. 498

We x, = £.85 em,

pe [ 552 : o
5%, ot *mw

= 24 -



- 55 -
8% = 3,080 x 1.6000 x 107%% 78

8% = 329771 x 1.6800 x 107%% o,

Using the above values and equations, one obtaing

-1
-1

O = 7201 m,
& = 698.8 om,

IX. ﬁa‘lml&tiéﬁ of Yibrational Frequencies for &529-5 and 854')3

Hommal vibration squstions for 804 are given in Hergberg ﬁm, P.178,
They are
>\2 = r’l-ﬁ- ﬂ . kb» . 1
R J
Ty | % .
/\a-r,+>\4 = [14. il 1 e g
| ey 2
1% my

- kY my
Fhare A:1. = normal vibration frequency (in t“g)

ky = 1097 x 1@5 dynes per cn,

R

— = 0,46 x 10° dynes per om,
12
k = 1. a5 a -
8 = 1,80 x 10Y 2ynes per om,
2



~ BE6

ny = mass of oxygen atom 24

= 16,000 =z 1,8600 = 10 gm,

ny = mass of sulfur atom |

my (s°9) = 3.0009 x 1.6600 x 107 e,
ag () = =597 x 16800 x107% g,

It 1g possible from the above data to calculate >\i for both
ssg% and 554% noleculss, (HB, - use six significant figures through~
‘out the caleulstions,) By using the following relation, it is then
| posgible to dstermine the vibrational freguencies (.“ i)} for the molecule,

i = \].X_ 0
2T e
whera C = veloeity »f 1ight in ons, ,
The caleuleted values of M4 ape given in the following table, Using
these caloulated frequencies, the differences in the fraguencies sre
deternined; these cifferences are thun used to find the fundemental
' ?ibraﬁeml frequencies of the rare isotopic molecule,

+*

W, Wy W5 "2y Wy F(g)
s%%o, 1069,°0 651,60  1432,83 451,54 Caleulated
s>, 106910 840,08  1415.5¢ 449,58 Caleulated

) 11,60 19, %5 1,96 D4fferences
55%3 1069 852 1830 532 Observed, See

- , Rerzberg 11, p 178

5540, 1069  640,4  1%10,85 530,04

These last sot of f‘raqaemias are the ones used in the cal«

culation of Qg / Q) .

# 3 and 4 are doubly degenerate and =o must be taken twice in the
 caloulations of Qg / A
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| .
111, Caleulation of Gy / G, for S0y

From the values of Wi (Table I1) and from the following relations,
it is possible to caleulats the information nesded,

wy = M.%_.. = 4, 8856 x l@*s' @ 3 {at £5° 0)
x5 B uli + uﬁi Si %= uli - aﬁi

'y -

The calculations may be tabulated in the following manner, (Note the
double degenerscy of Wg and 04),

1 W, uﬁi | % | 81 - {coth %) 81
1 515857 5,15857 £,57928  0.000000  0.000000
‘2 514620 3,095 1,55015 0,027990  0.080882

5 6,41805 6,52457 5,18568 0,046890  0.04685¢

3 6,41805 6,32467 3,18568 0,046690 0,046854

4 2,56782 8,55776 1,28185 O0,004780 0,005521

4

2,56782 2,55776 1,28125 0.004730 _0,005521 E £
0.155882 = L1 (cotk x3) O

The ebove wvalues msy be placed in eguation £4F to obtain Qfa / %; .

/ : |
Qs 031 E Ry ;
in Eé = 1n i e L in — e (coth xi) Si 248
' E 1 s 4

/ v :
1;}n.«375gﬁ = 1l 4 1n (5.15657) (5.00050) (6.52467)% (2.55776)° , 0 155332
@ ' (5.15857) (3.14629) (6.41805)% (2.56722)



#

il

Q
+ -

- 08

1n 0,946820 + 0.1853%2
in 0,246820 + 1n 1.1449

0.846820 == 1,1449 = 1,084 (See Table III)
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