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I#

(A) General

The development of quantum statistical mechanics has cade possible 

the calculation of the thermodynamic proportion of pure substances from 

the spectroscopically determined mechanical properties of the molecules* 

and hence equilibrium constants for a largo number of reactions could be 

calculated# These calculations wore of interest in two ways: comparison 

of the calculated equilibrium constants with values obtained experimentally 

provided a tost for the hypothetical structure of the molecules, and 

estimates of equilibrium constants wore available for systems in which 

direct experimental determinations wore exceedingly difficult#

Ono of the cost interesting results of this theory has boon the 

prediction of deviations from unity for the equilibrium constants of 

isotopo exchange reactions# Although these effects uro small except in 

the case of the hydrogen isotopes, the development of mass spectrometers 

of high sensitivity in the detection of small variations in isotopic con­

tent has resulted in the observation of many such effects. Nevertheless, 

there have been few investigations undertaking an extended comparison over 

a wide temperature range between isotopic equilibrium constants obtained 

experimentally and those calculated from spectroscopic data#

The isotope exchange reaction studied in this work* the exchange 

of S and between sulphur dioxide and hydrogen sulphide, woo judged 

suitable for an investigation of this kind since variations in the relative

1



32abundance of S ' and 3^ ‘ can bo measured " .ry accurately by mama spectre— 

metric techniques anu because good spectroscopic data for these molecules 

are now available for theoretical calculations. Thio isotope exchange is 

also of geochemical interest, since itc occurrence in volcanos and 

fumaroles provides a possible mechanic for the fractionation ci the 

sulphur iso topee in nature. In thia work, therefore, the equilibrium 

constant for this reaction was measured over temperatures ranging from 700°K 

to 1300°K» and, in addition, values of the equilibrium constant were cal­

culated for the same temperature range, the calculations being based on 

the best values of the molecular constants obtained from the literature.

(B) Differences in the Chomical r^norti's of t’io Icotomes

(1) Dioeovo^z of the Isotopes The name '’isotope" was invented by Frederic 

Soddy in 1915 to designate elementary substances differing in radioactive 

properties but indistinguishable by ordinary chemical techniques. The 

existence of isotopes of no n-radicactive elements wan indicated by J. J. 

'fhoiKSon’s positive raj experiments on neon, in which particles of mass 22 

were observed along with the expected particles of mass 20. Unsucccs^ f'’l 

attempts to isolate this unknown constituent by chemical methods follows'.;, 

which, together with Aston’s investigation of neon with the mass spectro­

graph, suggested that the constituent of mass 22 was an isotope of neon. 

Aston subsequently examined other elements with the mass spectrograph and 

found that many of them were composed of ice topic mixtures.

(2) Thcor^tigrljrradi^^ Although curly workers

wore unable to distinguish between isotopes of on element by chemical nouns, 

xt was alx*cady realised vaav a oii-cr—usc .. *- ^.v-mcc .—a^s alone dioula 

result in a difference in the properties cf an element. The kinetic theory
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of Gases indicated that various properties depend on the case of the 

molecules of a gass in particular. Lord Rayleigh (1) showed that particles 

differing only in mass should bo separable by diffusion.

But since classical mechanics rave no information about the energy 

contained within the molecule, the question of whether the different isotopes 

of an element differed in Weir tendency to form a particular compound, i,e,, 

whether the equilibrium constants for isotope exchange reactions differed 

from unity, could not be answered. With the advent of quantum mechanics, 

molecular energies could in principle be calculated, and, combining quantum 

mechanics with statistical mechanics, the differences in thorrodynamic 

properties between molecules containing different isotopes of an element 

could be evaluated. Thio woo done by Urey and Greiff (2), who calculated 

equilibrium constants for many isotope exchange reactions of the light 

elements, A variation of this method having considerable advantages in 

simplicity has been devised by Bigeleisen and Bayer (3),

In tho case of kinetic phenomena, the transition state theory of 

reaction rates devised by Byring and others (4) showed that the calculation 

of rate constants is related to that of equilibrium constants. The appli­

cation of thia theory to the calculation of the differences in reaction 

rates between different isotopic molecules has been made by Bigeleisen (3), 

(3) Experimentally Obtained Isotope Effects The separation of isotopes 

by diffusion, predicted by Lord Rayleigh, was achieved to a considerable 

degree by Hertz (6) with the isotopes of neon. However, the most famous 

demonstration of this phenomenon has undoubtedly been the large-scale 

separation of the uranium isotopes for the atomic bomb project, using the 

diffusion rates of uranlun-235 hexafluoride and uraniu»-238 hexafluoride.
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Isotopic fractionation by chemical procedures was produced by 

Washburn and Urey (7), who found that deuterium was concentrated in the 

residual water during the electrolysis of water. Urey and Rittenberg (8) 

demonstrated that the differences in the equilibrium constant for the 

reaction H_ + In a SHI produced when deuterium is substituted for hydrogen 

agreed with their calculated values. Since that tine, isotopic fraction­

ation has been found to occur in many isotope exchange reactions (9), 

some of which have been successfully adapted to the large-scale production 

of separated isotopes, (e.g. the boron isotopes (10)).

(4) Isotope Effects in Natural Processes Several isotope exchange reactions 

have boon postulated as the cause of variations in tho isotopic content of 

the elements in natural samples. KacNaaara one. :odo (11) found differ­

ences in tho sulphur isotopic content between sulphate and elemental sulphur 

from some Cyrenaican lakes in North Africa* in which isotope fraction ation 

occurs through the mechanism of bacterial oxidation and reduction. Urey 

and others (12) demonstrated a fractionation of the oxygen isotopes in tho 

alow crystallisation of calcium carbonate and indicated that the temperature 

dependence of this effect could be used to estimate the temperatures of 

tho deposition of limestone. Variations in tho oxygen isotopic content of 

surface ocean water found by Idstein and Hayed# (15) were explained by the 

multiple-stage evaporation and condensation of water in tho atmosphere.

The reaction studied in this work* tho high-temperature exchange 

of sulphur between hydrogen sulphide and sulphur dioxide* occurring in 

volcanos and fumaroles has been postulated by Hitoshi Sakai (14) os a 

contributing cause of the variations of the natural isotopic content of 

sulphur.



(C) ^ie B».r;eloicca-:Juyor jlethod fey tho Calculation of Isotonic Z^ilil;rf.irj 
Constants

(1) tigullibriun. Constants and Statistical Kcchunico T o calculation of 

equilibrium constants is cade possible by the statistical mechanical 

relations between mechanical and thermo dynamic quantities.

The thermo dynamic condition for equilibrium for the homogeneous 

reaction

aA •> bB a cC * dD (i)

io sivon by

^0 " ^ " % - b/B “ 0 (W
whore ^o fry fr* frj ^Q t!1° chemical potentials of components A, B, C, D. 

If the system io an ideal gaseous mixture, the chemical potential 

of each component is of the form

^ = j\ ■> RT In p« (iii)

where p4 is the partial pressure of component i, 2 is the absolute temper- 

aturo, R io the gas constant, and ya® io a function of temperature only and 

is thus seen to bo the Gibbs free energy of one r:olo of gas i at unit 

pressure (arbitrarily taken no 1 atm). Combining thio equation with equation 

(ii), wo obtain

cp? <• dp? - ap? - bp? = « KT In ■■?■<■ => *> RT In K (iv)
f 7° r f p?p§

The calculation of the eq’illbrium constant K requires that the 

yu°c, which are the standard free energies of the components, bo calculated.

In order to find the statistical mechanical equivalent of the 

required th erreo dynamic quantities, we can use the relation,

A = - kT In 2 (v)



G

where A its the licldiolc function,) !: io holts-a-in’s constant, and 13 its the

canonical partition function, giver. by

3 a e^e " (vi)

where E^ ic the energy of the system in quantum state a.

For the cose of an ideal "dilute” goa, for which a Eoltccana dis­

tribution can bo used, 2 can bo factored, and shown to be given by

k vix}

where r ic the sol ocular suu-ovcr-ctates and II is the number of molecules

in the system# Lor 1 role of gac, II becomesAvogadro’r number II •

'rhe Gibbs free energy per solo for an ideal gi o is given by

F o A •> PV s A * KJ (viii)

Using (v) and (vii) and ncprcxicating in II 1 by H In II - H , wo - ■ o o o a
obtain

F s - KJ la (ix)

'Jo must still find F for a pressure of one atmosphere. This can

bo simply done because the dependance on volume of ^ is a simple proper®

tionolity. Vo con therefore write ... as <*V where ^* is the sun-over-states 

per unit volume, -nd hence

F s » IS In ^ (x)
* o

If the pressure io one atmosphere, V = KT, and

j^ a F^b - RT In '^r*" ~ - K? Im JET (xi)

Substituting thio expression back into equation (iv), wo can chow

K = a«°, d - n - b (xW
Q’a Q’b

Thus the equilibrium constant for an ideal gas reaction can be cal­

culated if the molecular energy levels of the components are known.
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(2) AbacncojofjSji.JjEctogn.J^  ̂ We C03 roarer cat

a general isotope exchange reaction by

^ ♦ Bg ^ ^ * Bx (xiii)

whore A and B denote the two chemical ^.ocies involved and the subscripts 

1 and 2 denote the two isotopic substitutions*

The meaning of "no isotope effect" for this reaction is that, at 

equilibrium, the isotopic composition of th? element under consideration 

is the same in substance A no in substance 3*

A thermodynamic description eon bo made .more air ply if wo consider 

the mechanics of an isotope exchange reaction, which can be written

A^ + C ^ B^ (xiv)

Ag < C ^ Bg (xv)

If these two tome.Ions occur to the sane extent under the same 

conditions, then there is no isotope effect.

We must consider two cases: the cose where reactions (xiv) and 

(xv) are heterogeneous, and the cose where they are homogeneous. Also, 

for simplicity in the statistical mechanical description of the system, 

wc will consider the system at conrb rt taeperature and constant voluse.

In the heterogeneous case, reaction (xiv) will be in equilibrium 

only if △ A ~ 0. Bron (v) we therefore have

tr—r— = 1 (xvi)

If, under the sore conditions, reaction (xv) is in equilibrium

A., ~G
(xvii)
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Sioi’oibra

G (xviii)

In discussing the partition inaction, we will assume that the

electronic rations result in the formation cf inter®atomic conservative*

forces and that the Hamiltonian of the system, H(p,q)9 io thus the sum

of a kinetic part dependent only on the rat ion La 5 a, of Clio a tons and a

potential part dependent only on the co-ordinates, q, of the atora. *£ho

classical canonical partition function

^f^^l • • •^f

(where h is Planck's constant and f is Cho nuub^x of decrees of freedom}

can then bo factored into two functions, one dependent on the momenta only 

and one dependent on the positions only® iur thermo ro, since II(p) =^^p.f/2rw, 

the nomentuo-dependent factor can bo shewn to be

where the product is over th?* rystoru

Binoc vie poeition-dopende '- factor, /Xq)» does not contain the

atonic raises, the ratio

Za2 (P»^
(xxi)

whore a, and rn. are the nances of isotopic etc vs 1 end 2, and N. is the

number of the ieotopically substituted atom in a sole of A. Similarly,

whore Ik, io the number of inotopic ally substituted atoms in a nolo of 3.
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The reaction (xiii) represents the exchange of one isotopic atom 

per molecule of A and Bs therefore* H, = Ng# (This is quite general* 

since any isotopic substitution can be represented by a succession of 

reactions of the fora of (xiii).) The condition (xviii) is thus satis-*

fiod and there is no isotope effect.

In the case whore reactions (xiv) and (xv) are homogeneous0 the 

condition for equilibrium of cither reaction io

where ti^ flA
ani T,V

/b -/*a -/c “ 0 tain)

and n. io the number of moles of component i

Froa (v), this condition can bo written

0 In Z e In Z d In Z n
D 22_ d n, 0 a AC

(xxiv)

Again Z(p#q) can be factored into Z(p)Z(q)* and Z(p) is given

acn^kT 
“h2~

&n^kT 
h2

*/2

»c/2
(xxv)

whore Not th. H„ are the number of molecules of B* A and C in the system A v
and the products • * it * 9 jt ’ * k are over all the atoms in a molecule

of B* A and C respectively.

A typical tors in (xxiv) is given by

fl In Z _ 0 In Z(p)- + fl In Z(q)
3 Dg “ fl ng fl ng

a ml K ao^pV2

' » °0 4 "B



ao

(using II ~ nJL and In JU I = N_ In IL - N_) O D

3Hp in 1 ’i 2u«£kT 
2 TF” - IL In JU + £Jn2xlal

° " di® (xxvi)

With the other terne in (xxiv) calculated in the aame way, wo

con gco that the cogs dependent tom on the loft side of equation (xxiv)

io given by

(xxvii)

Since the atoms in a molecule of B are the same ao those in a 

molecule of A added to those in a molecule of C, the ease factors appear 

in both the numerator and denominator of the expression included in the 

logarithm* The tom (xxvii) is thus 0, the condition (xxiv) is independent 

of atomic masses and therefore there is no isotope effect.

The usefulness of the above theorem lies in the fact that for 

systems of interest, the total energy can often be considered as the sun 

of energy terms arising from different codes of motion. The partition 

function can then bo factored into terra arising from each independent 

node of motion. iYoo the above theorem# only those codes of motion for 

which the quantum mechanical partition function differs appreciably from 

the classical partition function will contribute to on equilibrium 

isotope effect.

For moat systems at ordinary temperatures, vibrational codes are

the only codes of motion for which this is the case; hence the explanation 

of equilibrium isotope effects is generally to be found in considering 

vibrational nations or cations interacting with vibrational notions.
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(5) Icotepo 'i:chcn:;n In Garics In tho coco of gaseous isotope exchange!

equilibria, tho above approach con bo used to deduce an explicit formula

fox* the isotopic equilibrium constants.

From (xii), tho equilibrium constant for tho isotope exchange

reaction (xiii) io given by

(xxviil)

Tho molecular sum-over-otatea or molecular partition function Q

is similar in fora to tho canonical partition function if tho system is

considered to bo ono nolooulo*

In quantum statistics

° c n ° (xxix)

where g is tho symmetry number of the molecule and £ is tho energy of

tho molecule in state n«

In classical statistics

dp«.dq

where the integral is now over tho coordinates and momenta of tho atoms

in tho moleculeo

Assuming, ns before, that tho Hamiltonian can bo separated into 

a momentum-dependent torn and a position-dependent tern, and following 

tho same procedure os in the previous section, wo can chow that tho 

classical partition function ratios are given by

%*ji 
eA ^A

2 2

^l^l
(xxxi)

2 B2
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It is now useful to introduce a function f, defined by

(xxxii)

Vo con soo that the equilibrium constant for reaction (xiii) can

bo expressed as

K ■= (xxxiii)

If the energy of tho molecule can bo separated into the aim of

energies arising from different codes of notion* tho partition function

and henco f can bo factored into a product made up of terms arising from

each independent code of motion*

(xxxiv)

where tho product is over all tho independent trades of ration*

Tho classical equivalent of f will bo factorable os well, i'urthor-

□oro* from tho definition of f,

Jr fclaasical a (xxxv)

Henco*

C1 61 z.c^ f c b2 $02 “Classical ^classical (xxxvi)

If tho H*H.S. of (xxxvi) in 1 for both molecules, tho equilibrium

constant becomes the ratio of the ayaaatiy number ratios for tho two 

molecular species involved* Sinca the symmetry numbers represent the 

probabilities of forming each of tho molecules assuming equal concentra­

tions of isotopes 1 and 2 in substances A and B, thio result indicates

no isotope effect*



13

Xn order to calculate the equilibrium constant* it is only necessary 

to know tho ratio of the quantum mechanical partition functions to the 

corresponding classical partition functions for the two isotopic species 

of each molecule for these modes of motion for which tho quantum mechanical 

and classical partition functions are appreciably different. These will 

include vibrational motions for all molecules exceptat very high temper­

atures, and rotational motions for too hydrogen molecule at ordinary 

temperatures and coco other molecules at low temperatures.

(4) Rotational Contribution to the Isotope -Effect The partition function 

for a linear rigid rotator is given by

q ^5 (2J + l)c’,3J(J + D^A? (xxxvii)

where J is the rotational quantum number and B a h/8n cl, where I is tho 

moment of inertia.

Thore is no general analytic expression for tho above sum. How-

over, if tho quantity <57 defined by

CT“ a hcD/lC? (xxxviii)

io largo* tho expression (xxxvii) converges in a fairly small number of

terms t if a— is small can be calculated by the asymptotic expansion

(15)

^ “ o- 3 15 315 315 (xxxix)

If tho sun in (xxxvii) is replaced by on integral, toe classical

rotational partition function is obtained, and found to be 1/c—. The

ratio of tho quantum mechanical and classical partition functions in

thus

^classical
(xl)



In the more general coco of the asymmetric rotor, the energy

levels aust bo evaluated numerically and thus the calculation of the

quentwxnechanical partition function is very difficult. The classical

function is Given quite simply aa

^dossier! (xli)

Gordon (16) has shown that for the moot unfavorable case likely

to be encountered aeons ordinary molecules, an approximate formula

(»r«M

'“classical
(xlii)

whore

1A<IB<IC *1“ “

gives <n accurate to 0.2^5 for temperatures above 100°K.

The effect of isotopic substitution on the rotational partition

function results from changes in the Moments of inertia. If the structure 

of the molecule is known, those changes cun be calculated. For those 

compounds whoso microwave spectrum has boon studied, the moments of 

inertia of all the naturally occurring isotopic species of the molecule

can be obtained directly from the experimental results without accurate

knowledge of the structure of the molecule.

(5) Vibrational Contribution to the Isotope Effect The partition

function for a harmonic oscillator with a normal modes of vibration in
-<Vi + ^Jhcui

s^—iy 0 ® =—e-‘n»V2)H
■V Z-vi ^— ▼!

1 - c-“i
(xliii)



whore tho product in over all normal ro-o of the oscillator, v. is the x
quantum number for the ith normal node, ranging from 0 to oo , w^ is the 

classical frequency (called tho ’’.fund orient si” frequency) of the ith normal 

mode in cm , and, for convenience, u^ is defined by

hew,
tu = »^~ (xliv)

The classical partition function for the same oscillator is given

fay

^Vclcssical " Ui
(xlv)

Tho ratio of the quantum mechanical and classical partition

functions is therefore

Q 
^classical 1 - o“ui

(xlvi)

The effect of icotopic substitution on the vibrational partition 

function results fron the change in the fundamental frequencies of the 

molecule. To an approximation valid for cost molecules, tho inter­

atomic forces of the molecule are unchanged by icotopic substitution: 

only tho mass of tho vibrating system is altered. The substitution of 

a heavier atom lowers the fundamental frequencies of the molecule whereon

tho substitution of a lighter atom raises then.

The vibrational contribution to tho f function is thus given

by

sir = —1 ^X -<uii - uiaV2 ILs-iHa.
Ba “ia (i - e-”ii >

(xlvii)



OvGC>L.Cu>

-1— f
a2

(xlviii)

For small freHuonc; shifts and fairly high temperatures, each Au.

is small and the above expression cm be expanded into a product of paver

aeries in each du. o Approxiratink the resulting series by the first order 

tores*9 wo obtain

Tho function in brackets.

(xlix)

called G(«p9 has boon tabulated by

Bijoloiooa and Heyer (>)* It is always positive and approaches u^li aa

u$ bocor.cs email and approaches 1/2 ca u. becomes large*

Since, from (xliv), both u. and Au. ere proportional to 1/-# 

((cj/o^f ~ 1) is proportion;! to 1/2*" st hij'. temperatures sad to 1/2

at low temperatures.

If isotopic r.olcculo 2 contains tho lighter isotope, ^u,. is 

positive and en/a.,*f in Greater then ..* Thus, in ’my isotope exchange 

equilibrium between a molecule and the separated atoms, the heavier 

isotope will bo concentrated in. t.. ’ molecule.

The above expressions have been derived for a rigid rotator and 

harmonic oscillator: tho corrections for anharmonicity and rotational*

vibrational interaction in actual molecules, cl though considerable in 

tho calculation of the partition functions thersolves, will be largely 

cancelled out in tho ratio of the quantum necaanical to tho classical 

partition function.
CUMB«e*KVnSSBeaMK% t-i^-^ .f, a^a^ ., ^»»w^w^»^eg»jC.^__ - -«l^t*S*VS***** .fcJJC.W.-*c- ■ — Ti *■■ **»<--=•—«-r.»^-g-^,.^-W1?mt:3i|tt|3-

•Bigeleiaen (17) has since cole elated higher terms in tho power 
series*
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^^ 2^2 Calculation of Vibrational xcotopo -Shifts

(1) Exporiiaentol and Theoretic? Jaluea In order to calculate the 

vibrational contribution to the isotope effect, we require the fundamental 

frequencies of both isotopic species of the molecules concerned* The 

fundamental frequencies of the cost abundant isotopic species of a noleculo 

can bo determined spectroscopically* However, because of the complexity 

of vibrational spectra, the spectra of the less abundant species con only 

bo observed through the use of separated isotopes, and, since the changes 

in tho fundamental frequencies resulting from isotopic substitution (i.o. 

the isotope shifts) are small except in the case of the hydrogen isotopes, 

high resolution is required to measure them to the required accuracy* The 

isotope shifts can bo calculated from tho force constants of the molecule, 

but except for tho case of diatomic molecules, tho force constants cannot 

bo rigorously determined from spectroscopic information on a single 

isotopic species* In tho absence of other experimental information, the 

isotope shifts can be calculated only through the use of some fairly 

questionable assumptions about the force constants*

It is therefore preferable to use experimental isotope shifts 

in the calculation of isotopic equilibrium contents where those are 

available* Thia has been done by Bigcleisen end Friedman (18) and Begun 

end Fletcher (19) for tho various substitutions of the nitrogen isotope* 

in the nitrous oxide molecule. As more pure isotopes of the elements 

become available, thia procedure will become practical for most molecules* 

(2) The General Quadratic Force Constants (20) The configuration of an 

H-atomic molecule can be described by JN enrtesien co-ordinates X .. The 

potential energy V can be expanded in a Taylor series about the enuilibriun 

configuration X® of the molecule ns:



IS

V(x) = V(0) 7^(0) Xi + 1/22. itJ = i VWG) ^3

* ^Zi.j.k a 1 v,,'ijk(0) XiXjXk * ••• (1)

where x. * X± - X®, and V’^0), 7’^(0), etc., are the derivatives of

V with respect to the co-ordinates tahen at the equilibrium configuration*

At the equilibrium position* the potential energy io a miniaua* 

and therefore all V^CO) are zero; furthermore* the potential energy 

at the equilibrium position can be taken co zero* and hence the first 

non-sero tom in tlio series io the quadratic tortu In the harmonic 

oscillator approximation* higher terms in the series ora ignored.

Of the JU co-ordinates, six (for a non-1 inoar molcculc) arc

required to describe the position and orientation of the noleculc as a

whole. Since the potential enexgy depends only on the relative positions 

of the atoms* it can be written in terras of 5U - 6 "internal” co-ordinates 

S^. Therefore, to the quadratic approximation, the potential energy io 

given by:
\—3H - 6

^ =2_i,j » 1 LVisj (li)

where b^ « S. - ST (3? denoting the equilibrium configuration) and the

F, . are the quadratic force constants•

The number of different quadratic force constants for an asymmetric 

H-atoaic molecule is the number of points in that portion of a square 

array with 3’1 - 6 points along the ^ido obtained by taking the pointe on 

a diagonal together with all the points to one side of the diagonal. This 
gives 1 + 2 + 3 + 4+ ... (JR • 6) or ^■‘-"•■^•^^ ^\



19

(3) S££k£^J&2£L2JLJ&S^ '"he fundamental frequencies

are obtained by considering; th* •*olecule as n clnnnicol oscillator and

solving the classical equation® of notion for the system. In tho Lagrangian

fora these are:

dt
a 0 (lii)

for each co-ordinate q. whore L a T - Vo V being tho potential o;. rgy and

1’ tho kinetic energy. In Cartesian co-ordinates* * has the familiar form:

T « 1/2^3 , □ Gc? * y? + if) (iiii)

However* since we are not concerned with the notion of the molecule as 

a whole* wo can impose the constraint that the position of tho centre of

mass swain constant and tho total angular momentum bo 0* Tho kinetic

energy can now bo written in terns of the 3N - 6 internal co-ordinates as;

(liv)

whore the b are functions of the clauses of the a tors and tho geometry

of tho molecule.

The Lagrnngitju epiations of motion become:

(Iv)

i » 1, 2, ... Cl” - 6)

A differential equation of this type has solutions of the fora:

c "A0
-a.iVt avi)
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«.4ujciuii'cici ox , lvi> into (lv) giVCGi

j 3 1
(F, . - 4n2p2 b^) a. =0 Civil)

1=1, 2, ... ON - 6)

Thia la a act of JU - 6 linear equations in the amplitudes a. o

The condition for a nun-zero solution io given by the secular equations

0 (Iviii)

2 2 where, for convenience, X io substituted f ■” 4m v *,.

Solution of equation (Iviii) for X gives 3*1 ~ 6 roots for X, and 

hence Vo Wie classic?! notion of the system can be seen iron equation 

(Xvi) to be a superposition of sioplo harmonic motions with the frequent 

Cica given by the values of V ? which arc therefore the classical 

fundamental frequencies for the aystea.

The none argument applies to linear molecules, except that, since

five co-ordinate? suffice tc 'encri- the position of the molecule as a 

whole, 311 - 5 co-jrdinat.es are i . »ired to describe the intern?! motion 

of the molecule.

Thus, for nil molecules other than diatonic, there are many more

force constants than fundamental frequencies. Gince the vibrational 

spectrum of a single isotopic species of a .molecule gives only the funda­

mental frequencies of that species, the force constants required to cal­

culate isotope thifte must be obtained *rvu additional expcrluenlal data 

or estimated through the use of a aiaplified model.

jrdinat.es


(4) The Caco ox tho Boat XY2 Kolccule A boat triatonic molecule will 

have threo internal co-ordinates, threo fundamental frequencies mid si:: 

forco constants, A useful choice of tho internal co-ordinates could bo

tho two X«Y bond distances, denoted by r^ and r^o and tho Y-X-Y bond angle, 

denoted by a, Tho potential energy can bo written:
2*2 22V a + c,nr_ ♦ c^r-r-aa ❖ 2c ” sr ^a12 212 >11

(lix)
■«■ 2c,r^r_ua * 2c>Gr.ar->22 Q 1 2

From 
« 

and c_ ri c„, 3

tho ayesotry of tho colcculc, wo con assume that c, = c^,

Tho number of distinct forco constants is thus reduced to

four.

Tho secular equation (Iviii) has boon worked out for this case

by Glocklor and Tung (21), Free their formulae tho relation between tho

frequencies and tho forco constants io given by:

\ * X2 D

\X2 “

(c^ * ci^^/^ + coc <00 * 2c2(l/|i -

^l * V * S

cos c0i) - 4c^ sin c04

S . (^ - c^a/p « COG 001) (lx)

whoro hi io the mass of atom X, m is tho rocs of atoa Y, and l/jz = 10-1 -:• 1/n. 

If tho forco constants of a molecule are known, the changes in

tho mass-dependent terns resulting from isotopic substitution cun bo cal­

culated, and equations (lx) used to calculate the isotope shifts, then

those changes are snail, use con bo nade of a first-order approximation.

tl^ + 

h^a 

“b

^2 = (^

<• ^2^^! c

c^U/^ + COO £01) + 202^(1/^! • COG G01)

2°2<°1 * ^ - S
(cl * ^^^ " 000 ^

- 4c^(sin c04)

(Ixi)
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(1) Mechanics of tho Eoaetion The isotope exchange reaction studied 

in this investigation is tho reaction*
H^^ + S52G- ^H-S52 «• 5^0- (I)

In order for tills equilibrium to bo set up, a reaction path oust 

bo provided for sulphur in hydrogen sulphide to bo oxidisod to sulphur 

dioxide and for sulphur in sulphur dioxide to bo reduced to hydrogen 

sulphide under equilibrium conditions* One such path is provided by 

tho rouetiono

38 4- 2Ilo0 ^2’ 8 + 80- (II)
a ex ex

A mixture of dry hydrogen sulphide and sulphur dioxide does not 

react at ordinary temperatures oven when condensed into a liquid solution, 

but in tho presence of a moist surface, the reaction (II) goes quantita­

tively end rapidly to tho loft, os is shown in an elegant lecture demon­

stration (22). Tiiis phenomenon has been studied further by Albertson and 

Reynolds (23), who concluded that tho reaction depends on the formation 

of tho HS“ ion*

At higher temperatures, tho reaction (II) has been studied by 

Udintoova and Chufarov (24), They found that in the neighborhood of JOO°C 

the reaction takes place on the surface of the reaction vessel, being 

much faster in a gloss vessel than in a motel vessel* At 35G°C, in a glass 

vessel, tho tine required for the reaction to go to completion was from 

3 to 6 hours*

(2) ThorBsodynaaics of tho 2!g3 + S02 System At temperatures below the 

boiling point of sulphur, tho equilibrium position of reaction (II) is 

almost quantitatively to tho left, but above tills temperature, consider1-



able anaunto of hydrogen sulphide and sulphur dioxide aro present at 

equilibrium. Tho thermodynamic functions of the coses in this system 

hove boon calculated from spectroscopic data by Kvans and Vagnan (25). 

Using these results# they calculated tho equilibrium composition of the 

system for a total pressure of 1 ata. and various temperatures*

In addition to reaction (II), tho reaction

H_S ♦ 2 H-O^SO- + 3 (III)

can occur in tho sulphur dioxidc-hydromon sulphide system, but the 

equilibrium position for this reaction is far to tho loft at temperatures 

below K30°K.

(?) ^COP° Qf Tills Investigation

(1) T&norinental and Theoretical Studies of Isotope Exchange Although 

many isotope exchange reactions have been studied either exp crimen tolly 

or theoretically, there aro comparatively few exchange systems for which 

tho ideal-cos theory given in section (I) (C) can bo rigorously applied, 

and which con also bo cot up and studied in the laboratory. In particular, 

too study of gaseous isotope exchanges at big’' temperature, whore tho 

simplified fores of tho expression for tho equilibrium constant should bo 

valid, has seldom been undertaken.

Tho exchange Hp0 <- HP ^^ HTO + 1^ was studied by Black and Taylor 

(26) at temperatures from 16°C to 300°C, and tooir results compared with 

too results of very rigorous calculations by Libby (2?). They found 

excellent qualitative agreement between measured and calculated values, 

with a displacement between tho two curves slightly greater than their 

estimated experimental error. A similar investigation wen carried out by



Strunk (>3) for tho exchange C^O ❖ C^OSl^ v^G12© + C^OOl, in tho 

range 1O°C to 500°C» who found discrepancies between hie measured and 

calculated values at the hijior temperatures.

The exchange of tho oxygon isotopes between calcite and water 

has boon studied by Clayton (29, 30) and fpstoin and others (12) at 

temperatures ranging from 7°C to 75O°C, but since this exchange tokos 

place in a condensed oyoton, only a very qualitative comparison with 

thcosy was possible*

Tho extension of these studies to higher temperatures requires 

increasing sensitivity in tho methods of isotopic assay, since tho isotope 

effects becono snail* The simultaneous-collection case spectrometer (31) 

has greatly increased tho sensitivity with which variations in isotopic 

content can bo detected, although its full advantages can only be realised 

for a small number of elements. It woo therefore considered of interest 

to study on exchange system at high temperatures for which tho products 

can be ieotopically analysed by the simultaneous-collection mass spectro­

meter, Tho system chosen had the advantages that it could bo cot up at 

fairly high temperature, variations in tho ratio of tho two rust abundant 

sulphur isotopes could be measured to 0,01'5 of tho isotope ratio, and 

since tho vibrational con. tents of tho hydrogen sulphide. . ’ aulphur 

dioxide molecules are fairly well known, a significant comparison of 

experimental and theoretical values of the equilibrium constant was 

possible,

Tho temperature range in this Investigation wen from 500°C to 1000°C, 

tho lower limit being set by tho condensation of sulphur, and tho tapper 

limit by tho maximum working temperature of tho fused silica reaction vessel.
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(2) The ;2xt.'oriental Problem The equilibrium constant for the isotope 

exchange reaction (I) in equal to tho 3^''/^“ ratio for sulphur dioxide 

divided by tho S>/S ratio for hydrogen sulphide when the two cases 

have como to isotopic equilibrium. The measurement of tho equilibrium 

constant required that samples of the two gases be withdrawn from tho 

system, separated, prepared for isotopic analysis, and introduced into 

the Hass spectrometer without further change being produced in tho iso­

topic content of tho sonnies,

Tao working gon in the mass spectrometer is sulphur dioxide. The 

sulphur dioxide obtained from the equilibrium mixture could thus bo used 

in the bobs spectrometer provided it was sufficiently pure, but tho 

hydrogen sulphide had to be converted to sulphur dioxide,

Both the sulphur dioxide and tho hydrogen sulphide removed from 

tho equilibrium mixture had to be converted to the sulphur dioxide used 

in tho mass spectrometer quantitatively and without contamination if 

errors were to bo avoided, Contami ation of the sample with sulphur of 

a different isotopic content could occur either through incomplete separ­

ation of tho initial mixture or through contamination from sulphur- 

containing impurities in tho apparatus at any stage of the process. Error 

could result from any chemical step giving less than quantitative yields, 

since tho material lost could be expected to differ in isotopic content 

from tho remaining materiel as a result Gf thamical isotope effects. 

Chemical isotope effects are in general larger at lower temperatures: thus, 

even small losses occurring during steps carried out nt room temperature 

or below could produce errors of appreciable else in comparison to the 

high temperature isotope effect being measured.



Since hydrogen sulphide and culphv dioxide nro unstable together 

at ordinary tenperatu ..n, it is not surprising that failure to separate 

the two gases without losses Cron checiicsl reaction was found to co the

moot serious source of error*



( ^^ si2£21£Ji££££^
(1) ^BJilibratlon^of^toeJ^steB ^e equilibrium. reaction (II) warn cot 

up by heating sulphur and water in a fused quarts vessel of about 5C0 cal. 

capacity. A weighed quantity of aubliacd sulphur was added to the vessel 

throw h the aide-ora; the aide-arm was then coaled to a vacuum systea, 

the vessel evacuated, and water distilled into it® The neck oa the side- 

ora was thou cooled off with a torch* It was found that 0.2 gras. sulphur 

and Ooi do water ^ve adequate samples of sulphur dioxide and hydrogen 

sulphide without producing dangerous pressure la the reaction vessel.

The water used in tho first runs was ordinary distilled water. 

However, to eliminate corrections required by tho difference in tho oxygen 

isotopic content (coo section (I)(C)) between distilled water and tho tank 

oxygen used to convert tho hydrogen sulphide to sulphur dioxide, coee water 

wan prepared by burning this tank oxygen in on excess of hydrogen.

The reaction vessel was then placed in a furnace and heated to 

tho temperature at which tho reaction was to bo studied (ace Fig. 1). To 

teat for the attainment of equilibrium, tho final temperature was approached 

from both directions. Half of tho runs wore carried oat by heating tho 

furnace from room temperature to tho final temperature end maintaining it 

at thio temperature for 24 hours before samples wore taken; in tho recoining 

runs, tho furnace was hentod to ICO0 above tho final temperature, held 

there for 24 hours, cooled to tho final temperature, sad again hold there 

for 24 hours before camples were taken, 'femy orator os were measured with

a platinum-platinum rhodium thermocouple.
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(2) Separation of Hydyogen Sulphide and Sulphur Dioxide When equilibration

uas completed, the break-coal on the reaction vessel woe broken and tho

escaping gases condensed in the largo boro trap, T^, at liquid air temper­

ature (seo fig* 2), It was now necessary to separata the hydrogen sulphide, 

sulphur dioxide, and water present in the trap such that no further chemical 

reaction could occur. Tho separation was carried out by high-vacuum trap- 

to-trap distillation, using low temperature baths at ~190°C, -155°C, and 

-78°C, obtained froa liquid air, melting ethyl chloride, and dry ice-acctone

respectively, The vapour pressures of hydrogen sulphide and sulphur dioxide 

at -155°C are about 1 an. and 10“^ am. fig respectively, while at -73°C,

the vapour pressures of sulphur dioxide and water are about 8 rm. and

0.5 x 10 an. Hg respectively

Tho stops in the separation wore os follows:

(1) with stopcock 3^ closed, 5^ was opened to tho

vacuum line for about 15 sec. Then with aorcusy float valves V., Vg open,

and tho others

Tc at -190°C
5

closed, T^ was allowed to warn slowly with T^ at -135°C and

At th® end of this stop, moot of the hydrogen sulphide was

and tho sulphur dioxide and water in T^

(2) with V?, V? , tho others closed, T. at -135°C, and T at

-190°C, T_ was raised to -1J5°C. The hydrogen sulphide won new in T. 

further purified from sulphur dioxide.

(5) with V., V_, and VQ open, was raised to - 7o C. When cost 
17 °

of the sulphur dioxide appeared to be condensed in T-, V. was partially

dosed and T allowed to warn until tho mercury level in V. indicated a 

few m. pressure. The trap was then re-cooled to -78°C. Failure of th®

mercury to 'o down promptly to tho 0 position indicates the presence of



sulphur dioxide or hydrogen sulphide entrained in the relatively la "e

anount of ice. V^ woo then opened* If the presence of entrained gan 

was indicated, this step was repeated*

C4) with V^ and V? open, the others closed, T^ was allowed to 

wares to roon temperature* ihe sulphur dioxide wee now in 7^, while 

traces of hydrogen sulphide which night have remained behind in stop (1)

should have passed through to T_

(5) with Vg, 7$, and V^ open, T~ was opened to the vacuum lino

for about 5 see*, then Vg was closed and the hydrogen sulphide frozen in

x6* Vj was then closed, and the gaa allowed to warn to room temperature

for a yield measurement* It 'was then frozen and sealed into a sample

tube constructed with a thin bulb at one end*

(6) with Vg, V^, and Vg open, 7^ was opened to the vacuum line 

for about 5 see*, then Vg was closed, and the sulphur dioxide frozen in 

7g* The yield was measured as above and the gas scaled in u sample tube 

suitable for use on the nans spectrometer*

(3) Conversion of Hydropoa Sulphide to Sulphur Dioxide The hydrogen 

sulphide had to bo converted to sulphur dioxide to bo comp red directly 

with the sulphur dioxide stained above on the mass opectrosetor* his 

process warn carried out by conversion of the hydrogen sulphide to silver 

sulphide, which was then burned in a stream of oxygon io give sulphur 

dioxide*

The bulb of the sample tuba was broken beneath the surface of a

silver nitrate solution* After the solution containing the silver

sulphide precipitate was boiled to coagulate the precipitate, the

precipitate was filtered on glars wool and dried in an oven overnijit.
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Tho conversion of tho oilvor sulphide to sulphur dioxido wen

carried out on the apparatus shown in Fig, J. A stream of oxygen was

cot to flow through the conbuotion tube, stopcocks Sg and 5_, and traps

T^ and TL, at a rate of about 0.2 litres pox' minuto. Trap 2^ was cooled 

by liquid oxygen to condense any water which might have passed the drying

train, and T. and Tr were cooled by liquid oxygen to condense tho sulphur 

dioxide produced in the combustion tube. Tao coxbustion furnace, a Loco

silicon carbide-heated furnace, was maintained at about 1300^. The steps

in the procedure were as follows:

(1) tho silver sulphide sample was inserted into tho hot combustion

tube and tho oxygen flow maintained for an additional 10 minutes. At the

cad of this time, stopcocks Sg and S? were closed, and the traps evacuated 

slowly through 5-. hhon tho evacuation was almost complete, tho traps

were opened to the high vacuus system for about 1 minute

(2) with Sc, and S? closed, T^ was allowed to wans to room

tenperature. khan all tie sulphur dioxide was condensed in T-, the traps

were again opened to high vacuum to resave tho last traces of oxygen

(J) it was found necessary to remove impurities of carbon dioxide

and water which persisted in epite of efforts to purify tho oxygen stream

and tho silver sulphide precipitate. This was done by a modified tr. p-to-

trap distillation technique. With S^ open, the others closed, trap T^ 

was cooled to -135°C with Belting ethyl chloride, Tg to -190°C with liquid

air, and T_ allowed to warm to room temperature. The carbon dioxide was 

thus condensed in T , and the sulphur dioxido and water in T_.

(4) S_ was closed and S, opened, and fallowed to warn. After an 

interval of about 15 sec. after the lest carbon dioxide was observed to

leave Tg| S^ was re-closed



(5) 1'2 w- s then maintained at -?3°C with. dry ice-acetone, t-c 

calibrated volume cooled tilth liquid air, Hg op- nod, and '_\ allowed to 

vara, ’.lien all the wulrhur dioxiao and voter ’..-d evaporated fro.:: T^, 3g 

vac re-closed, and the calibrated volume varied to room toe; oraturo for 

a measurement of the yield of sulphur dioxiio.

(6) the sulphur dioxide wee then frozen and scaled in a sample 

tube for use on the Kass ex oc Promoter.

(B) Uo^gjE^ptroniot^

(1) The Koss ^ncctroeoter The instrument used in this invest!;, tion was 

a 6-inch Wior typo 90° quo# spectrometer equipped for simultaneous 

collection, the design and operation of which has been describee ay h'anless 

and Tiiode (32) • Two identical sample storage systems are connected to the 

inlet of tho sass spectrometer through nickel capillary leaks# Ges from 

the leaiis is passed through an arrangement of magnetically switched valves 

which directs the gas from one of the staple storage systems into the ion 

source of the mass spectrometer and the gas from the other into an 

auxiliary pumping system. This pert of iho apparatus has been designed 

for tiie minimum dicturbancc of the gas flow into the ion st area when the 

position of the valves is chanced.

Ion currents from mosses -’. and 66 are collected, and the voltages 

developed by the ion currents across very largo resist, vs arc amplified 

by Vibrating Hoed blcctxxxaotor amplifiers. The signals from the ion 

currants can bo displayed directly on a chart recorder, or, using the 

circuit described by kaalcas and ahouc (><-), a fraction of ono signal may 

bo tapped off froa a potentiometer, balanced ogsine t the other, sad 

deviations _ q tnc balance point display os on the recorder.
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(2) Op er a tin;; I- re o o duro Throughout thin work, ono of tho aasplo cvcteas 

contained a otandurd sample of -sulphur dioxide, against which all tho other 

uamplea studied woi\ compared. The pressure of tho standard sample was 

adjusted to give nearly full scale deflection of the 64 amplifier. The- 

valves were then switched to collect tho samples to be studied and tho 

pressure of this sample adjusted to give tho same signal on tho 64 ampli­

fier us was obtained with th'* standard sample. In order to obtain tho 

most utaelo operation luring neasureaent. , it was found desirable to 

allow gas to flow into the spec Iruma tor under operating conditlom for 

about half an hour before measurements worn started, and thereafter to 

avoid interrupting tan flow of gas ‘until measurements wore completed.

With the standard sample flawing into the instrument, the detection 

circuit was now switched to measure the balance point between the two ion 

currents. Final adjustments were made in the magnetic field to jive tho 

maximum 65/64 ion current ratio: tho potentiometer was then adjusted to 

give a null signal on tho recorder, indicating tho balance point. In 

order to determine tho sensitivity of the recorder for tho off-balance 

condition, the potentiometer sotting was changed a fow etc io (to give a 

signal approximately th-.- ire as that given by the sanplo under stuc ) and 

tho deflection between tho rocor ’er traces measured.

With the potentiometer at its origin'll setting, tho valves were 

changed to admit tho sample under study into tho spectrometer. The 

deflection produced in tho recorder trace was reasurad, then the standard 

sample re-admit ted and tho deflection measured. Thia procedure was re- 

poated several tines. A finite tiro io required far the ion currents to

come to a steady state after a sarnie change: therefore, in order to



minimise tho effect of driftin;;, these operations were carried out nt 

regular tiao intervals* It was found that for oarplcs differing by not 

moro than 113 in isotope rat.'o from tho standard sample, a period of 15 

seconds appeared adequate to re-establish a steady state* The routine 

adopted was a 15 second pause after changing tho volva sotting, □ JO 

second interval in which a recorder trace was taken, followed by a change 

in tho valve setting, and co on.

About eight or ten aeasureaents, depending on tho scatter of the 

results, wore taken in each cot of comparison of tho standard and unknown 

samples, and about Din in each cot for sensitivity determination. Tao 

scatter in tho measurements in tho "sensitivity” sots is usually loss than 

in tho sots involving ample changes, since there is no tin© lag between 

tho drawing of tho traces.

A complete neasureaent of a sample consisted of throe sots of 

comparison of the standard and unknown samples and four senaitivity cots 

arranged such that each "coaparicon" cot io bracketed by two "sensitivity”

sets. Thin procedure gives three values for the comparison of the standard

and unknown samples, calculated os follows: if R is the 66/64 ion current

ratio and 6R io the difference in this ratio between tho standard and

unknown oanpleo,

6R d’ «<" q rne~—•
R d X (Ixii)

where d* is tho average deflection between traces in the "comparison”

cot, d is tho sane quantity averaged between the two bracketing "sens!-

tivity” sets, X is the fraction of the 64 signal tapped off on the 

potentiometer to balance tho 66 signal, and 6X is th© difference in this 

ratio used to produce the deflection in the "sensitivity” sets.



if the uses spectrometer was operating satisfactorily (which could 

be clearly seen from the appearance of the traces), the three results for 

oiyn obtained in thio nannor eldest invariably fell within a renga of 

OoOlh and usually within a range of OoOL.h

(C) Cpgractionn to the Data

(1) -ilG Q^Vjon Correction The ease epectrocoter gives values for vari- 

stions in the ratio of the ion current at mess 66 to that at cans 64.

The mass 64 ion current is produced by the single species S^ , but the 
mass 66 ion current io produced by two species, ^'^ and S^O'^C^"’, which 

are present in significant amounts. If h denotes the (66)/(64) ratio, 

I? the ^‘/^^ ratio, and R the 0“'/V^ ratio, it can bo seen that 
c o

R o R + 2R (Ixiii)a o
The approximate values of these ratios for natural materials are

0.0452 for R , end 0.00204 for R o (33)*

The observed relative differences in tho (66)/(64) ratios cunt

bo convened into relative differences in the 3 /S^ ratiost which are

tho quantities giving the desired equilibrium constants, from (Ixiii),

it follows that

(Ixiv)

whore tho carpi os being compared differ in sulphur isotopic content but

not in oxygen isotopic content. Tho correction factor, baaed on tho

natural abundance ratios quoted above, is 1.090.

Ifo however, there is a difference in the C /v ratios of the

saapleB being compared os well, the effect of this difference on tho

relative difference in the (66)/(64) ratios cast iimt bo determined and



corrected for. Pros (Ixiii) the relative difference in the (66)/(^.)

ratio recultins from a difference in the oxygen isotope ratio (ascuniag 

tho sulphur isotope ratio is held constant) io Given by:

£2 251 _
B ° ho 1^ + 21^ (lire)

This quantity oust bo subtracted fron tho observed &H/R to obtain the

value used in equation (Ixiv). From tho natural abundance ratios quoted,

tho factor (28 )/(R ♦ 2R ) was found to be 0»G?5» oao
The oxygon in the sulphur dioxide fornod in tho equilibration

case from tho water initially placed in tho reaction vessel, whereas the

oxygen in the sulphur dioxide produced fron the hydrogen sulphide case 

from tho tank oxygon used in the combustion of silver sulphide. It was 

assumed that the isotopic content of tho oxygen in tho sulphur dioxide

obtained from the equilibration was not significantly different frox that 

of tho oxygen in tho water used, since calculations by Urey (9) predicted

a very small isotope effect for tho exchange of oxygen between water and

sulphur dioxide. The difference in the O' '/(j ratio between oxygen in

tho distilled water used for cost of tho runs and tho tank oxygen used in

tho combustion of silver sulphide was determined as follows: water was 

prepared fron the tank oxygen by combustion in a stream of hydrogen, the 

two water samples equilibrated with carbon dioxide following the method 

of Urey and Cohn 04), and the carbon dioxide analysed on tho rase spectre­

meter. Tho 0 /cr ratio for tho tank oxygen was found to be 1.1^ larger 

than that for the distilled water, hence the (66)/(64) ratio for the sulphur 

dioxide obtained fron the equilibration was corrected upward by 0.09^.



Come of ilia water prepared free tank oxygon wan used for farther 

equilibration runs# The reunite of these run* wore consistent with tho 

corrected values of tho previous runs to within the precision of tho 

ncusurcsents.

(2) Correction for tho Sulphur Dloxldo' rioxido reaction In the combustion 

of silver sulphide, it is not possible to convert tho sulphur quantitatively 

to sulphur dioxide because of tho reaction:
SO- + | 0,^50- (IV)

Thia reaction also corves as a mechanism foi* tho exchange of the sulphur 

isotopes between sulphur dioxide and sulphur trioxide, which has an 

isotope effect# Tho isotopic content of tho sulphur dioxide obtained 

differs from that of the silver sulphide by an amount which increases with 

tho amount of sulphur trioxido forced and the deviation of tho equilibrium 

constant for the isotope exchange from unity# loth these effects uro 

reduced by increasing temperature# However, tho temperature which deter­

mines these effects is not the maximum temperature of tho furnace, but tho 

lowest temperature at which reaction (IV) cun proceed at an ap; sociable 

rate before the gases are swept out of tho combustion tube#

Tho correction was estimated in the following way: from the 

censured yield of sulphur dioxide, tho temperature at which reaction (IV) 

took place was deduced, on the assumption that chemical equilibrium had 

been established# The oquilibriun constant for the isotope exchange was 

calculated at this temperature from spectroscopic data. From these quan­

tities, tho change in isotopic content of the sulphur dioxide from that 

of the starting notorial could be calculated.
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With the maximum furnace temperature at 15C0°C or 157O°K9 the yield 

of conversion of silver sulphide to sulphur dioxide woe found to be about 

9O/>. From the equilibrium data of nice-Jonos (35), the corresponding 

temperature was 1310°K. The isotopic equilibrium constant at thia temper­

ature wan calculated to bo 1.0025, whore the sulphur trioxide is enriched 

in tho heavy isotope. The sulphur dioxide obtained was therefore depleted 

in the heavy isotope over the starting material by 0.025% of tho isotope 

ratio.

(3) Systematic Errors in tho Separation Procedure In order to determine 

any changes produced by tho separation procedure described in section II 

(A) (2) in tho isotopic content of tho sulphur dioxide and hydrogen sulphide 

formed in tho reaction vessel cono tost runs wore carried out in the

following way. Samples of sulphur dioxide and hydrogen sulphide wore 

prepared from a sample of ferrous sulphide, Mio forcer from tho combustion 

of a portion of the ferrous sulphide in the apparatus described in section n 

(A) (J), and the latter from tho reaction of a portion of the ferrous

sulphide with hydrochloric acid, tho hydrogen sulphide forced being swept

by a nitrogen stream through a dry ice trap and condensed in a trap cooled 

with liquid air. Samples of sulphur dioxide, hydrogen sulphide, and water,

in approximately tho amounts in which they were present in the equilibrium

mixture, were sealed in separate saspic tubes on tho distillation and

sampling apparatus (Fig. 2) in place of the reaction vessel. With trap T^

cooled by liquid air, the samples were released simultaneously into the

trap. The gases wore then separated by moans of the procedure described in 

section II (A) (2). The hydrogen sulphide recovered, as well as hydrogen 

sulphide samples reserved for comparison, was converted to sulphur dioxide 

an described in acction II (A) (3).
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Tho yields of recovery for both cases in tho separation procedure 

wore about from 75^ to 8o,j. A email quantity of sulphur was observed in 

trap T^ after the separation. Comparison of tho isotopic content of the 

Gases before and after the separation stop indicated that the sulphur 

dioxide was fairly consistently enriched in 3^ by about 0.08# whereas 

tho hydrogen sulphide was chanced in on erratic canner, the changes aven­
aging to a slight depletion in 3^. The not difference in tho 3"' :/.3^ 

ratio between the sulphur dioxide and hydrogen sulphide produced by the 

separation procedure was 0.12:8 with an average deviation of 0.C& for six 

determinations. This difference is therefore a systematic error which 

must be corrected for in tho results of tho equilibration runs.

It is also evident that the scatter produced by thio stop is much 

larger than tho scatter of the mass epectroEetric results (see section II 

(B) (2)). Investigation of the conversion of hydrogen sulphide to sulphur 

dioxide indicated that, with the exception " infrequent largo errors, tho 

scatter resulting from thio stop was of the order of ~0.C2; or less. Thus 

tho inability of the present procedure to separate hydrogen sulphide froa 

sulphur dioxide without locoes from chemical reaction appears to bo the 

chief limitation on tho precision of the results. Modifications made on 

the separation procedure in an attempt to reduce these errors had little

effect either on tho systematic error or on tho scatter.
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^^ Molecular Conntantc

The nolcculur constants required for the calculation of the 

isotopic equilibrium constant are tho fundamental frequencies for both 

isotopic species of sulphur dioxide and hydrogen sulphide. Tho froquencic 

used for S3% were tho zero-order frequencies (i.e.. corrected for 

anharmonicity) reported by Shelton, Nielsen end Fletcher 06), and those 

for Hy’ were zero-order frequencies reported by Allen and Flylor (57).

Since no experimental values wore available for the species 
containing S^, those values had to bo calculated with tho vco of the 

quadratic force constants. These force constants were taken from recent 

estimates in the literature.

Tho evaluation of tho four force co-~‘ante for there molecvl ?s io 

based on the three observed frequencies of the most abundant isotopic 

species and ono other property of the molecule. Kent Wilson end Polo (33) 

and Kivelson (39) determined the force constants of sulphur dioxide, tho 
former authors by measuring the fundamental frequencies of s*W8, and 

tho latter author by the use of the centrifugal stretching constants 

obtai^d from tho micro-wave rotational spectrum. Tho agreemsnt between 

the force constants obtained was well within their estimated error. The

force conotanta for hydrogen sulphide have boon estimated by Smith and

Linnett (40), who based their estimate on the fundamental frequencies of 
.32DgS and analogy with similar molecules.
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The values of tho four f rce constants (defined in equation

(lix) ocction 1 (D) (4)), foi’ tho two molecules are given in Table? 2®

TABLE x

Force Constanta for IW0 CO2

LolCGUlC
dy/ca, x ltf5

Ref.
01 _ 02 c3 Ch

10.006 0.7933 0.129 0.02^6 (39)

H2? 4.4 * 0.2 0.55 * 0.Q5 0.2 — 0.2 -0.15 * 0.05 (4o)

Eton the above force constants and equation (ini;, the

isotope shifts wore calculated, The isotope shifts obtained, together
32with the fundamental frequencies for the b" -contain'. ;g molecules, are

shown in Table II®

TABLE II

Frequencies and Fronuoacy Shifts

Kodo

SO2 Has

on.-l ca."^

w Co 0 co

1 1167.60 7.40 2721.92 1.6®

2 526.27 4.CO 1214.51 l.cc

5 1380.91 16.8 2733.36 2.7C



Tlie uncertainty in tho froque. oy shifts ic difficult to estimate.

The relative error in e- is about the sumo as that of the force constant 

c^o but the other two frequency shifts con vary quite sharply with modest 

changes in c^ and q.. For example, using Grith and Llnnott’o estimated 

lower Units for tho absolute values of c_ and c^ for hydrogen sulphide* 

one obuains 2,2^, 1.32, and 2,6^ cn."^ for Sa^? bog and Cr^ respectively®

(U) Calculation of the squilibriua Constant

From equations (xxxiii) and (xlix), section I (C), the equilibrium 

constant is given by:

By means of equation (Ixvi), the equilibrium constant use celerlrtod at 

^0 ? intervals free 7CO°K to 1^00°K. .. Bendix C-15 digital cor? etcr was 

used in the calculation.

Licitations to tho accuracy of equ ion (Ixvi) arise free i^o 

approximation involved in obtaining (xlix) fxw (xlviii), tho neglect of 

anharmonicity, and tho assumption of classical rotation. The root 

'unfavorable ease for tho approximation mentioned above is that of tho f 

function, for sulphur dioxide at tho 1. .at te .^ erasure used. The f 

function was calculated for sulphur dioxide at 700°K using the exact 

equation (xlviii) and compared with tho value obtained from equation 

(xlix), The values differed by 0,01;. Since the exponentials in equation 

<" xlviii) wore obtained through tho uso of five-figure logarithms, this

difference cay bo within tho uncertainty of tho calculation.
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Urey (9) has suggested, as a correction for the effects of 

anharmonicity, the Multiplication of Vie f function by the factor 

exp Gig - )onh•/!&*, where (i® “ -£)anh. is the contribution to the zero­

point energy difference between isotopic Molecules 1 and 2 resulting from 

tho anharsanic contriautions to the energy levels. This correction is 

inexact for two reasons. As a correction for tho quantum»acchanical factor 

in the f function, it amounts to the assumption that all tho vibrational 

levels are lowered by anharmonicity by the sane amount as the ground state. 

Thus it is nearly exact at low temperatures, where tho contribution to the 

partition function- of tho ground state is predominant, but is too small 

(in absolute value) for higher temperatures, since the anharaonic effects 

on the higher levels are much larger. However, os a correction for the 

f function as a whole, tho factor does not take into account that the 

classical partition function ratio io also changed by anharmonicity. 

Therefore, at low temperatures, where tho correction is exact for the 

quantum»mechanical factor in the f function, it is too large in absolute 

value as a correction for the f function as a whole. 3ir.ee, in the high 

temperature limit, the quantum-nechanical partition function must equal 

tho classical partition function, it is probable that tho correction 

suggested by Urey is too large in absolute value throughout the entire 

tc^.craturo range.

Tho zero-point energy differences were calculated in order to 

arrive at an upper limit to the effect of anharmonicity. Anharmonicity 

coefficients for tho S^-containing species were obtained from Allen and 

Plyler (37) and Shelton, Nielsen and Fletcher (36), and the anharmonicity



coefficients for the S$‘-containiuj species calculated by means of tho 

formula of Dennison and Darling COs

where tho X, . 
2-1 arc- tho anharmonicity coefficients,

(Ixvil)

and tho primes refer to

tho isotopic substitution. Thio formula was found by Dennison and Darling

represent the anharmonicity coefficients of kpC end D^C qu^o accurately □

from thio data* tho correction factor to bo applied to tho equilibrium

constant was found to be exp -(O.OZD/T, which io 0.01^ at 7C0°K. Since

this correction is probably too larger co explained above, it was con­

cluded that the effect of anharmonicity could bo neglected. (It should

bo noted that this correction docs not toko into account the errors, prob­

ably much more serious, that arise from the assumption of a harmonic 

potential in tho calculation of the isotope shifts.)

In tho assumption ox classical rotation, the most unfavorable ease 

is that of hydrogen sulphide. Gordon (16) has shewn that for a hypo* 

thotical rotor with assents of inertia -. x aO ga«co. , c. x 10 ga.cmo , 
and p :: KT^'^.cm,*", the difference betaken tho classical and quantum 

mechanical partition functions is about <:.j at 3bOcK. Tho moments of 

inex'tiu of Luth isotopic species of tho hydrogen sulphide molecule have 

been detorciinod from micro-aavo measurements by Jurrua and Gorey (<2) and

are shewn in Table six.
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Sonants of Inertia of H^

Species In Unitj of IcT^r 2 •on.
IB

■I S52 
a 2.6522 5.0399 5.6861

2.6615 3.0399 5.695^

It cun bo seen that, firstly, the i-cscnts of inertia are

larger and hence tee rotation aero nearly classical than in the cose of

the hypothetical rotor investigated by Cordon. Secondly, the changes in

the noKents of inertia produced by nubutitution of the sulphur lea topes

in a fraction of is. It cocas therefore cafe to neglect nsi>classical

rotation of hydrogen sulphide.
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(A) t&porimontal Values for tho Equilibrium Constant

Tho equilibrium constant io given by:

K = M^s)
^32, 1 -

METaJ-j^Gias)
(Inviii)

and, therefore, tho relative difference in tho ^/S^ ratio for tho

hydrogen sulphide and sulphur dioxide in tho equilibrium mixture gives 

(K - 1). The values obtained directly from the mass spectrometry are tho 

relative differences in the (66)/(64) ratio between tho operating standard 

aunplo and tho two culphur dioxide camples obtained from tho Depuration 

and subsequent processing of the hydrogen culphido and sulphur dioxide 

originally taken from the equilibrium mixture. To obtain tho required 

equilibrium constants, the mass opoctrometric results must bo corrected 

for any differences in the oxygen isotopic content of the camples, con­
verted to ^/^^ ratios, and corrected for tho systematic errors produced 

by tho conversion of hydrogen sulphide to culphur dioxide and by the 

Depuration procedure. These corrections uro described in section II (C), 

and illustrated for ono of tho measurements of tho equilibrium constant 

in Table V. The values of tho equilibrium constant obtained in thio way 

uro tabulated as (K - 1) in Table IY.

Theoretically, in the high temperature limit, tho quantum mechanical

partition function becomes identical to the classical partition function, 

and hence all isotope effects in isotope exchange reactions disappear.
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?ABL5 IV

for Ccuilibriug Constant

T(°K) (K - 1) 
x 1000

Dlr .A T(°K) (K - 1)
x 1^0

Dir.1

763 7-9 B 1C53^ 3.5 B

775 7*0 A 1C3> 4.1 A

8132 7.0 A 1069 2.1 B

3382 5.8 B 1110 3.2 A

880 4.0 A 1175 2.9 B

88J 4.1 B 1191 2.9 A

978 3.6 A 1269 2.1 A

985 4.4 B 1279 2.7 B

986 4.7 B

^3 denotes t hoso runs in which the final temperature woo 

approached froa below« and A denotes those runs in which 

tho fined temperature was approached from above.

2In these rune* the water used in the equilibration was that 

prepared from tank oxygen* In the otter run •, distilled 

water was used.



. :3 Spectre, otp.r Vrlvcs Correction:; for First 
Value in Table IV. (All Values in?'crt3 For IOGoT)

Comparison with Operating Standard

Sample

S0_ from H„S

6R/R

-1^2

-1*50

-1 .44

-1.53

av. 6P/R

-1.46

After O2 Corr.

S0o from Squ*a

+6.20

+6.20

+6.15

+6.1-3 +7.10

Comparison of SO2 with Hg3

or/R dV^1 After Corr, for 
n^G Conversion2

After Corr, for 
Serorotic P

3.56 9.34 9.09 7.9

R io (66)/(64) ratio, and R io S^/S^^ ratio*

^co section II (C) (1).

2
Seo section II (C) (2).

^Soo section II (C) (J)*



Furthermore, tho theory given in section I (C) (5) predicts that tho 

vibrational contribution to the icotopo effect should bo proportional 

to 1/T • Hence a grap;x >f (K - 1) against 1/T should give a straight 

lino passing through the origin* To test thio prediction, the measured 

values of (K • 1) wore therefore plotted against 1/T2 and are shown, with 

tho calculated values for comparison, in Fig* 4*

It cun b© seen that, qualitatively, tho experimental points 

appear to lie on a straight lino through tho origin, although tho scatter 

of the points would obscure a small curvature*

A least-squares fit of tho data was sudo to a function of form:

(K - 1) « o/T2 + b (Ixix)

and tho values of tho parameters determined to bo a a (4*5 - 0*5) x lO^deg*2 

and b » -0*0006 - 0*0005* Tho errors are standard deviations calculated 

by moans of tho formulae quoted in Hargcnau and Eurphy (43). When tho 

errors in tho applied corrections are taken into account as veil as the 

error due to tho scatter of the points, tho standard deviation in the 

intercept becomes ±0*0009* The least-squares line can therefore be con­

sidered to pass through tho origin to within the precision of the measure­

ments*

Since the scatter of the points around the least-squares lino is 

similar in ciao to tho scatter obtained in tho tests of the separation 

procedure, and since tho scatter produced by tho silver sulphide burning 

stop has boon found to be usually less than * 0*025 of tho isotope ratio, 

it is probable that the separation step io tho principal courco of error.



Fig. 4
The Equilibrium Constant for

h2s34 + s32o2 ^ h2s32 + s34o2

------------------- Calculated Values

Least Squares Line8
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Thio error is likely due to tho Iocs of cone of tho hydrogen Duly hide 

and sulphur dioxide by cheaical reaction before tho separation was 

complete*

Tho amounts of sulphur dioxide and hydrogen sulphide obtained in 

tho equilibration runs, after tailing into account the looses found in the 

separation procedure, wore roughly consistent with tho equilibrium con­

centrations for this system calculated from tho das of Evans and Wegman 

(25): thus, it is likely that no further serious losses have occurred.

(B) Calculated Values for tho Equilibrium Constant

The calculated values of the equilibrium constant are shown plotted 

as (K - 1) against 1/2 in Fig. 4. Th© values fall very close to a 

straight lino through tho origin with slope about 5*4 x 10^ dcg.^, 

although at tho low-temperature cad, the slope begins to increase. Tho 

high-temperature approximation, obtained by replacing G(u) by u/12 in 

equation (Ixvi), gives a lino with slope 5«39 x 10^ deg.2. Tho good 

agreement between this valuo and that obtained by tho core exact equation 

must be regarded as tho result of a fortuitous cancellation of errors, 

since tho individual G(u) terrs differ from the u/12 approximation by from 

2j to 25*j in tho temperature range studied.

Tho uncertainty in the calculated values resulting from the un­

certainty in tho calculated isotope shifts must be considered. Errors 

wore assigned somewhat arbitrarily to tho isotope shifts, (the assignments 

being based on the uncertainties in the force constants reported in tho 

literature) and the offset on tho equilibrium constant calculated. Tho 

assigned errors were as follows:



for sulphur dioxido*

^ ... *1(15, 6w2 *.* * 10?J, foj ... *53, 

for hydrogen aulph* T't

6tt^ ... ^23^, 6«2 ••• ^25f»« 6^^ •*• ^5.^*

On the basin of these assumed errors in the isotope shifts* and 

with tho use of tho high-temperature approximation, tho error in (K - 1) 

was calculated to bo £10^.

Tho largest contribution to this error came from tho torso con­

taining C^ for both molecules, in spite of the feet that thio isotope 

shift is the leant uncertain of the three* This is because tho tern 

G(iu)6u^ is much larger for both molecules than the corresponding terse 

for tho other two codes*

(G) Qosparioon of zXcorir.ental and Calculated Values

Both the experimental and tho calculated values for (K - 1) gave 

approximately straight lines passing through tho origin when plotted 

against 1/T * and were thus consistent with tho general prediction of tho 

theory that tho equilibrium constant must bo 1 in the high temperature 

limit* However, tho experimental and calculated values of the slo_.o 
differed somewhat, tho two values being (4*5 - 0*5) x 1^ deg*2 and 

(3*4 * 0*3) x 10" deg* respectively* If the error in tho calculated 

slope is treated us a standard deviation, tho difference between tho two 

slopes is (1.1 & 0*6) x 10^ deg*2, or about two standard deviations. Tho 

two slopes therefore coincide only at the 95^ confidence limit.

There thus appears to bo a real discrepancy between the experi­

mental and calculated values. Tho most probable source of error in tho

calculated values would be the isotope shifts for hydrogen sulphide, since
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tho force constanto for hydrogen sulphide are not known with a high dagroo 

of certainty* This question could be resolved by direct spectroscopic 

measurement of tho isotope shifts through tho use of hydrogen sulphide 

enriched in J> (which would also permit an improved estimate of tho force 

constanta), or the determination of tho centrifugal stretching constants 

from tho microwave rotational spectrum and the calculation of improved 

force constants following tho method of Kivolcon (>, )•

Temperature-dependent systematic errors could arise in tho experi­

mental values if co me reaction occurred as the equilibrium mixture was 

withdrawn from the reaction vessel and condensed into the trap, or if the 

hydrogen sulphide and sulphur dioxide sampled were not present in the 

equilibrium system as the free gaseous molecules* In the first case, the 

increment or decrement of the hydrogen sulphide and sulphur dioxide pro­

duced in such a reaction would have a different isotopic content than 

the remainder of these gases as a result of a kinetic isotope effect* 

However, any kinetic isotope effect could bo expected to be at the most of 

tho same order of magnitude as tho equilibrium isotope effect being measured, 

and since th© yield aeeeureeente showed no great discrepancy in th amount 

of gas sampled from tho expected equilibrium amounts (except for tho loanee 

found in tho sept ation procedure), errors from thia effect were probably 

small*

The states of tho hydrogen sulphide and sulphur dioxide present in 

the equilibrium mixture could differ from that of the free molecules either 

through dissociation or through sone form of molecular interaction* In the 

dissociation of a molecule, the lighter isotopic species is always favored 

in tho dissociation products, and therefore in an isotope exchange reaction,
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□ partially dissociated compound will be more enriched in the lighter 

isotopic species than it would be if no dissociation tools place# The 

extent of dissociation ~f hydrogen sulphide and sulphur dioxide can be 

estimated through the use of tho thermodynamic data of Svans end ’.'agcon 

(o)o Sulphur dioxide can dissociate into sulphur monoxide and oxygen, 

but this reaction occurs only to a rmgligiblo extent at 15OO°K or below* 

Hydrogen sulphide, however, begins to dissociate in Vie temperature range 

covered by this investigation, being 6% dissociated at 1OCO°K, and IgV 

dissociated at 12C0°K under a total pressure of one atmosphere. The 

presence of a largo concentration of sulphur vapour in the equilibrium 

mixture would tend to suppress this dissociation somewhat. The effect 

on the measured isotopic equilibrium constant would ba to give high values 

of (k - 1) at the higher toe. natures studied. Tho observed discrepancy 

between tho measured cad calculated values is, however, greater at the 

lower end of tho temperature range.

Molecular interaction energies are moss-dependent, co is shown by 

tho difference in vapour pressure of different isotopic species. Vapour 

pressure isotope ffeats tend to bo almost an order of magnitude s: oiler 

than chemical isotope exchange affects, and, since tho energies involved 

in deviations from ideal gas behaviour are much smaller then the inter­

action energies in condensed systems, tho effect of non-ideal gas 

behaviour on the isotopic equilibrium constant should bo negligible.

(D) Conclusions

From tho acovo considerations, it can bo cl timed that tho experi- 

nontally obtained values for tho equilibrium constants should bo more

reliable than the calculated values, and that the discrepancy between
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ihea con bo attributed to ©riot's in tho estimation of too isotope shifts* 

If too isotope shifts were accurately known* however* tho theory used in 

this work should Give values for the equilibrium constants accurately to 

0*1% for too system studied: therefore* toe accurate experimental, deter­

mination of tho isotope shifts should resolve this question conclusively*

Equilibrium constants for isotonic exchange reactions have Ucon 

used in several fields# In naturally occurring che.ical processes* 

especially, too isotopic content of too substances involved cay often bo 

determined core easily than tho chemical composition of tho system* and 

isotopic equilibrium constants used to estimate toe conditions under which 

toe process was occurring# She results of this investigation suggest 

that calculated equilibrium constants should bo used with caution* unless 

experimental isotope shifts -... o available for toe molecular species under

consideration#
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Equilibrium Constants for tho Reaction S^O^ + L’32Qj ^^ S^^Qg + S-^Oj

Experiments are in progress for tho measurement of tho equilibrium 

constant for tho exchange of the sulphur Isotopes be ween sulphur dioxide 

and sulphur trioxide. In order to have theoretical results avail.able for 

comparison, calculations have boon carried out on tho partition function 
ratios of 3^0,, and S^0„ in a similar Banner to those on the isotopic 

hydrogen sulphide and sulphur dioxide molecules.

Since there are no spectroscopic measurements available for 

tho isotope shifts oust be calculated fron normal vibration theory. A 

general non-linear ^-atomic molecule has six fundamental frequencies nd

twenty-one independent quadratic force constants. However, in the case

of a planar XY.. molecule such as sulphur trioxide. the high degree of

symmetry present reduces the number of frequencies to four. two of which

are doubly degenerate, and tho number of independent quadratic fore 3

constants to five. Tho four fundamental frequencies obtained from spcctro- 
32ocopic moasuremen’s on 5 0„ are insufficient to determine the five force 

constants; hence, the number of force constants must be reduced through 

tho use of an opnroxinate model.

In the simple valence-force treatment (15) » throe force constants 

are assigned to the molecule, corresponding to S-0 bond stretch, to change 

in tho 0-3-0 bond angle in tho equilibrium plane of tho molecule, and to 

deflection of tho central sulphur atom from tho plane of the threo oxygen

58
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atoms. Tho secular equation (lviii) is then cot up in terra of these 

force constants and the corresponding internal co-ordinates and solved 

for tho fundamental frequencies. fudge and Thodo (4b) calculated the 

isotope shifts c ' sulphur trioxide using thin procedure.

Tho solution of the secular equation gives four equations relating 

tho fundamental frequencies to tho force constants. Three would bo 

sufficient to determine the three simple valence-force constants: the 

fourth can bo used as a consistency check (which will usually be some­

what inexact), or a fourth parameter enn be introduced in addition to 

tho three valence-force constants in the hope tit ’ this will give an 

improved approximation to tho potential energy.

One method of introducing such a paraKotor is a potential energy 

function of the Urey-Bradley typo, in which a term representing; tho 

repulsive interaction:! of non-bondod atoms is uddod, drain and Eikawa (45) 

have calcinated Urey-Bradley force c. t-mts for a number of planar XY„ 

molecules for the in-plane vibrations only. (The simple valence-force 

constant for tho vibration of tho sulphur atom perpendicular to the plane 

of the throe oxygen atom in unchangr'* in this treatment, oir.cn, from 

cymnntry considerations, there can bo no interaction term between this 

notion and tho notions of t’le molecule in the -lone.)

The pot-, itiel energy for t ’n-plune notions of tho molecule is
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where r lo the £-0 bond length, g is tho C-?-c bond ample, end q Is tho 

distance between, unbonded atora. Since these co-ordinates are not all 

Sn^pendea-w only feu? ^ the six force constants nro indorendento

Jens and kikawa. have derived the relatione between the frequencies

(Ixxi)

where l^x. is tho aoss of the sulphur atom and l^i, io the case of the 

oxycon atom* Tho values obtained by Jans and kikawn for the force constants 

K, H, F, and F* worn 9.08, O.p21, 0.555» and -0ac4c6 x l(r dy./cn. respec­

tively •

It con bo seen that there io no sulphur isotope shift for tho

normal vibration t’ , This vibration is tho symmetric stretch in which tho

central oton '—• not novo. The isotope shifts for tho vibrations w and

an wore calculated by coses of aquations (Ixxi), tho force constants

reported by Jans end Mikawa, and tho fundamental frequencies reported by

Stocknqyer, Kavanagh and Kickley (46). The isotone shift for tho out-of-

plano vibration was calculated by means of the valence-force formal •* 

given by horaborp (15). The isotope shifts, together with the fundamental 

frequencies for tho noct abundant i rotopic specie? , ..rc shown in Table VI.



TADLS VI

Icotcne Shifts for SQ-h

Koda W (CB.” )a Uli \CU. j Lw (ca. )

1 XvOv 0 0

2 530 9*35 11.60

3 U) 1332 18.1 19.33

4 (2) 360 2.23 1.96

StocincEgrer, r.avnns^.. and hickley (4o).

0This work.

°?udge and Thode (U)o

With the n^e of these nolccular constants and equation (xlix), 

values of tho £ function for sulphur trioxide were calculated for toaper- 

aturos ranging fros 400°K to 1400°K, and arc shown, along with the 

corresponding values for hydrogen sulphide and sulphur dioxide, in Tcvlo 

VII, Appendix II.



APPENDIX II

TABLS VII

Partition I'toction datioa and Calculated Kquilibrim Comtanto for the 
EKChair.-o of and Amorr; Sulphur 'Moxido, 

Sulphur Dioxide and Hydrogen Sulphide

T(<*K)
(f - I)1

CO,
(x 1(P)

(f - 1)
S02

(x 10?)

(f - 1)
IJ23

(x 10?)

(K - 1) 
so^ - co2 

(x io5)

(K - 1) 
so2 - Has 

(x 10?)

400 46.18 27.81 O 0 O 0 18.37 • 000

500 51.85 19.27 0 6 0 0 12.58 ♦ • • 0

6oo 23.16 14.05 • o o • 9.11 0000

700 17.55 10.67 3.66 6.88 7.01

8oo 13.73 8.35 2.93 5.33 5.53

900 11.01 6.70 2.45 4.51 4.26

1000 9.03 5.50 2.06 3.53 5.44

1100 7.50 4.53 1.74 2.92 2.84

1200 6.35 5.88 1.50 2.47 2.38

1300 5.45 5.32 1.29 2.13 2.03

14oo 4.72 2.88 1.14 1.84 1.74

"Soo soction I (C) (3) •
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