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A method was developed for the accurate comparison of selenium 
isotope ratios for various samples using selenium hexafluoride gas in 
a mass spectrometer.

Calculations were made to determine the extent of selenium 
isotope fractionation that can be expected in isotope exchange processes.

The selenium isotope ratios for 16 naturally occurring samples 

have been compared using meteoritic selenium as a standard. These 
results showed small variations for samples obtained from massive 
sulphide ores, including those of igneous origin. However, in 

selenium samples extracted from plant material and soil, variations 
of up to 1.5 percent were found in the Se82 /Se76 ratio. Undoubtedly, 

these large variations are due to oxidation and reduction processes.

A kinetic isotope effect of 1.5 percent was found in the 
laboratory reduction of selenite to elemental seleniun. This effect 
is of the same order of magnitude as that predicted by a simple model 

of the reduction mechanism.
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INTRODUCTION

At the turn of the century the study of radioactivity revealed 

that some of the radioactive substances could not be separated chemically 

from the known elements.

In 1910, Soddy (1) suggested that each substances, differing in 

physical properties but having the same chemical properties, be called 

"isotopes". This term is derived from the Greek "isos" meaning "equal" 

and "topos" meaning "piece” to signify that these elementary substances 

should occupy the same place in the periodic table. In 1913, Soddy (2) 

and Fajans (3) independently extended this concept. It is interacting 

to note that as far back as 1885, Sir William Crookes (4) suggested the 

possibility of isotopes: "I conceive therefore that when we say the 

atomic weight of, for instance, calcium is 40, we really agrees the 

fact that, while the majority of calcium atoms have atomic weight 40, 

there are not a few which are represented by 39 and 41."

The possible existence of isotopes among the stable elements was 

first noticed by Thomson (5) in 1912, who found that the positive ion 

beam formed from neon was received into two beams in his positive-ray

parabola apparatus. Purification of the neon revealed no change in 

this observation. In 1920, Aston (6) provided definite proof with his 

mass spectrograph that neon consisted of at least two isotopes of mass 

20 and 22. Aston (6) and Dempster (7) then identified and measured the 

abundances of the isotopes of many elements with their mass spectrographs.

The heavy isotopes of carbon, hydrogen, nitrogen and oxygen

were missed by the early mass spectrographic studies and were first

found by molecular spectroscopy between 1928-32 (8, 9, 10).
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It was found in the radioactive disintegration studies that 
 the uranium and thorium radioactive series terminated in Pb206 and 

 Pb208 respectively. Consequently, Richards (11) found that the lead 

associated with thorium ores had a higher atomic weight than that 

associated with uranium ores. Therefore, it was known quite early 

in the history of isotopes that variations in the isotopic abundances 

of an element in a deposit could be altered by radioactive decay.

Further, from the theory of radioactive decay, the amount of 

radioactively-produced product in a deposit, relative to the amount 

of radioactive parent mineral present, is indicative of the age of 

the parent mineral. Thus, isotopic analysis of the lead present in 

uranium and thorium deposits has been used to determine the age of 

these deposits. Similarly, Aldrich and Nier (12) found that the 

argon associated with potassium minerals had up to three times the 

A40 concentration present in atmospheric argon. The amount of this 

A40 which is produced by the radioactive decay of K40 has been used 

to date the time of formation of potassium minerals.

In the two decodes following the discovery of isotopes, many 

data were accumulated to suggest that the isotopes of an element 

were identical chemically and, with the exception of radioactively 

produced species, were of constant abundance in nature. However, these 

conclusions were based on mass spectrographic and atomic weight measure 

ments of insufficient sensitivity as well as on unsuccessful attempts 

to separate isotopes chemically.

Equilibrium Isotope Effects: The discovery of deuterium by Urey,

Brickwedde, and Murphy (13) in 1932, led to a change in the concepts



concerning the chemical behaviour of isotopes. It seemed impossible 

that deuterium, with twice the weight of protium, should behave 

chemically the same as protium. About this time, Emeleus et al. (14) 

found variations of up to 8 parts per million in the densities of 

waters from various sources, which they attributed to variations 

in the abundances of the hydrogen isotopes. Using the methods of 

statistical mechanics, Urey and Rittenberg (15) then calculated the 
equilibrium constants for the reaction

H2 (g) + D2 (g) <--> 2 HD (g)

at different temperatures. They found these to differ from unity 

which indicated that the isotopes of hydrogen were different chemically. 

Rittenberg, Bleakney and Urey (16) then determined the equilibrium 

constants for the reaction experimentally at different temperatures 

and found the experimental values close to the theoretical ones. Urey 

and Greiff (17) also calculated equilibrium constants for some isotopic 

reactions of the elements, lithium, boron, carbon, nitrogen, chlorine, 

and bromine. Their results indicated equilibrium isotope fractionations 

varying from 1 to 10% and experimental confirmations of these were 

soon obtained. For example, Weber, Wahl, and Urey (18) found CO2 in 
equilibrium with water to be enriched in O18 by 4.6% at OoC as compared 

with the value of 4.4% predicted by theory. Other equilibrium isotope 

effects and data are summarised by Urey (19). Many isotope exchange 

reactions involving the isotopes of the light elements have been studied 

in recent years and the agreement between theory and experiment has been 

excellent.

Isotope exchange reactions have found application in the separation

-3-



of isotopes. Whereas the fractionation is small in a simple exchange, 

counter-current extraction columns with large numbers of theoretical 

plates can result in an almost complete separation. Separated isotopes 
continue to play a large role in all areas of scientific research.

Kinetic Isotope Effects: It was also found soon after the discovery of 

deuterium, that isotopic molecules react at different rates and therefore, 

kinetic isotope effects exist. The first notable demonstration of a kin

etic isotope effect was the discovery by Urey and Washburn (20) in 1932 

that partially electrolyzed water was enriched in deuterium, protium 

having been evolved faster than deuterium at the cathode. Two years 

later Bach, Bonhoeffer, and Fajans (21) showed that the rate of reaction 

of H2 with bromine was over three times faster than that of D2 with bro

mine. Farkas and Farkas (22) in the same year reported similar results 

with the photochemical reactions of hydrogen and deuterium with chlorine.

The work done on the relative rates of reaction of hydrogen- 

and deuterium-containing compounds has been reviewed by Urey and Teal 
(23) and more recently by Eidinoff (24).

Kinetic isotope effects for elements other than hydrogen were not 

reported until 1949. In that year, Lindsay, McElcheran, and Thode (25) 
and Bigeleisen and Friedman (26) reported carbon isotope effects in the 

decomposition of oxalic acid and the decarboxylation of malonic acid. 

These results were reported on further by Lindsay, Bourns, and Thode (27,28) 

in 1951. These results were in excellent agreement with theory and contrary 

to the very high values reported by Yankwich and Calvin (29). Whereas, the 
 latter used C14 -labelled compounds and counting techniques, Thode et al. 

used compounds of normal isotopic composition and mass spectrometry. The

-4-
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Lindsay, McElcheran, and Thode (25) observed two isotope effects.

Firstly, species (A) reacted 3.4% faster than species (3). This was 

termed an intermolecular effect (27) . Secondly, when species (B) 

decomposed, k2/k3 was found to be 1.032, that is mode 2 was favoured 

over mode 3 by 3.2%. This was tensed an intramolecular affect (27).

The ratio of rate constants for reactions of isotopic molecules 

can be calculated by formulae given by Eyring (31). More recently, 

Bigeleisen (32) has revised this to an expression for the ratio of the 

isotopic rate constants which is more convenient to use.

Several authors (33, 34, 35) have written reviews on kinetic

isotope effects.

Isotope Abundance Variations in Nature: Since the isotopes of the lighter

elements differ in their chemical properties, fractionation in natural 

chemical processes can be expected. Previous mention has been made of

latter method avoided the difficulties of synthesizing labelled compounds 

and minimized errors due to normal contamination. Yankwich and his 

co- workers (30) repeated their experiment later with mass spectrometry 

and  finally obtained C14—C12 isotope effects in agreement with thoseC13-C12 

isotope effects reported previously (23) . The decomposition of oxalic 

acid was interesting because of the symmetry of the molecule and 

its two possible modes of reaction. Neglecting the rare molecule 

containing two C13's, the molecules decomposed as follows:

(mode 1)

(mode 2)
(mode 3)
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the fractionation of the hydrogen isotopes found in water samples by 

Emeleus (14). Since then, variations in the abundances of the 

isotopes of many of the lighter elements in nature have been found and 

studied extensively.

Numerous methods have been used to analyse the deuterium content 

of water including differences in densities, indexes of refraction, thermal 

conductivity, spectra, and analysis by mass spectrometry. Bleakney and 

Gould (36) initiated the determination of the H/D ratio mass spectro- 

metrically in 1933. Other workers who have since carried out this 

study include Friedman (37) who showed water samples to have a varia

tion of 16% in the H/D ratio. Ocean waters near the equator were 

enriched in deuterium. This was ascribed by Friedman to the preferential 

evaporation of H2 over D2O. A further study of North American rainfall 

samples, progressing from the Pacific coast inland across the Rocky 

Mountains, showed a gradation in deuterium content. The further in

land the rainfall was examined, the lower was the deuterium content 

found. This Friedman attributed to the preferential condensation 

of the heavier water molecules which enriched the coastal rainfall 

in deuterium. The remaining vapour, depleted in deuterium, moved 

further inland before condensing, accounting for the gradation in the 

deuterium content noted. Friedman also found sea plants depleted by 

9% in deuterium relative to the deuterium content of the surrounding 

ocean water, and sought evidence for organic fractionation of hydrogen 

isotopes. A study of fumaroles in Yellowstone Park showed the deuterium 

content to be very low (depletion of 20 to 45%). Friedman suggested 

this might be the result of the equilibrium exchange reaction

H2 + HDO <--> HD + H2O



If this hypothesis is the only contributing factor, theoretical 

considerations, based on the observed deuterium depletions, place the 
temperature of these fumaroles above 400oC.

Oxygen was the next element shown to vary in its isotopic 

composition in nature. Dole and his co-workers (38-45) made a careful 
and extensive study from 1935 onwards of the O18 content in samples 

of water, the atmosphere, iron ore and carbonate rock. Atmospheric 
oxygen was found to be enriched in O18 by 3.1% compared with the O18 

content of fresh water and atmospheric CO2 was enriched by 3.5% in the 

O18 compared with that of fresh water. Many extensive studies have 

been made on the abundances of oxygen isotopes. In this connection 

Urey (46, 47, 48), Epstein (46, 48, 49, 50), and Emiliani (51, 52) 
among others, have carried out studies. An interesting concept 

which has been applied in same of the many studies made, is that of 

a paleo temperature scale. Urey (19) suggested in 1947 that a measure- 
ment of isotopic fractionation due to a known isotopic reaction, might 

determine the temperature at which the fractionation occurred, if the 
temperature dependence of the isotopic reaction were large enough. The 

isotopic equilibrium reaction 

1/3 CO16=3 calcite + H2O18(1) <--> 1/3 CO18=3 + H2O16 (1)

has been studied in detail (Urey (47), Urey et. al., (43), McCrea (53) 
and Epstein et al. (46) ) with the motive of establishing a paleo 

temperature scale. Clayton (54) found K to be 1.03187 at 25°C and to 

have a temperature dependence given by

ln K = 2725 T-2

-7-



-8-

This result means that carbonate shells are enriched in O18 over the 

surrounding water. In this connection Epstein (49) studied the fossil 

of Jurassic Belenmite, a marine animal of the mesozoic age (1.2 x 108 

years ago) . Carbon dioxide derived from the carbonate in successive 
layers of the shell was analysed for the O18/O16 ratio. An enrichment 

in O18 was found along with variations of the O18/O16 ratio in success

ive layers, in accordance with the above isotopic equilibrium equation.

These variations were attributed to seasonal changes in the temperature of 

the water in which the animal existed and corresponded to temperature 

fluctuations between 18oC and 24oC on the basis of the isotopic equili

brium above. This experiment was valuable in proving that original 

carbonate layers are retained through history and therefore a study of 

this kind is feasible. Along with other theoretical considerations of 

this type of experiment, there is also the problem of the constancy of 
the O18 content of the ocean over geological time. Although many studies 

have resolved this to an extent, the best solution seems to be to use the 

above reaction in conjunction with another one involving oxygen exchange, 

so that the oxygen dependence can be eliminated from the data. Determin- 

ations of this type are being carried out currently.

In 1939, three years after Dole’s first reports on the variations 

in the oxygen isotopes, Nier and Gulbransen (55) and, two years later, 
Nier and Murphy (56) imported variations of up to 5% in the C12/C13 

abundances. In general, limestones were enriched and plants depleted 

in the heavier carbon isotope. These results have been since reaffirmed 

and interesting information has bean gained from reports by West (57),

Rankama (58), Trofimov (59), Baertschi (60), Wickman (61, 62, 63),
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von Ubish (61), Mars (64), Munther and Dansgaard (65), Craig (66), 
Landergren (67), Silverman and Epstein (68), Thode, Wanless, and Wallouch 

(69), Feely and Kulp (70). Of these, Craig (66) made a most extensive 
and detailed investigation. Many additional interesting results were 

obtained from these investigations. For example, both land and marine 

plants tend to concentrate C12, although the latter do this to a lesser 

degree. This phenomenon may be attributed to differences in the 

cellular structures of the two types of plant, assuming that the 

concentration of the C12 is due to kinetic and/or equilibrium isotope 

effects in the photosynthesis of atmospheric CO2. Further, the work 

of Silverman and Epstein (68) with petroleums showed that petroleums 

of marine origin have less C12 than petroleums of non-marine origin, 
indicating that marine plants of ages ago also concentrated less C12 

than their contemporary land plants.

Fractionation of the isotopes of boron in nature was reported 

by Thode, Macnamara, Lossing, and Collins (71) in 1948. Although 

others, notably Parwell, von Ubish, and Wickman (72), did not find 

this, and expressed doubt concerning the work of Thode et al., recent 

work by McMullen (73) in this laboratory confirms the original findings 

In 1949, variations in the abundances of naturally-occurring 

sulphur isotopes were reported by Thode, McMullen, and Collins (74). 
Although variations of up to 5% in the S32/S34 ratio were observed in 

this early work, subsequent investigations have widened this variation 
to 8% which would indicate a 16% variation in the S32/S36 ratio.

This work on the geochemistry of sulphur isotopes will be discussed 

more fully below.
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In 1951, Graham, Macnamara, Crocker, and MacFarlane (75) found, 
the Ge76/Ge70 ratio in naturally-occurring germanium samples to vary 

by as much as 0.7%.

About the same time, Edwards (76) found a 0.5% variation in 
the Cl35/Cl37 ratio in two different salt deposits.

The study of silicon isotope abundances also began at this 

time. Marsden (77) made the initial study, followed by Reynolds and 

Verhoogen (78) and Allenby (79). However, for the same types of 
sample, Reynolds et al. found a 0.3% overall variation in the Si28/Si30 

ratio, while Allenby found variations of as much as 1.3%. Tilley (80) 

has recently found overall variations similar to those obtained by

Reynolds.
In 1953 and 1954, Cameron (81) reported a variation of up to

3.3% in the Li6/Li7 ratio of lithium minerals.

In the following year Hoering reported on the first of a series 

(82, 83, 84) of studies on the isotopes of nitrogen. In these, he 
found nitrogen in the atmosphere and rocks to have the same N14/N15 

ratio. He also found variations ranging from a 1.3% enrichment of 
N14 in bottled methane to a 1.3% enrichment of N15 in sal ammonaic

from Paracutin, Mexico, as compared to atmospheric nitrogen. Farther 

studies have shown that the nitrogen content of natural gas is richer 
in N14 than the nitrogen found in the associated crude oil. Hoering 

has suggested that this resulted from the migration of the oil and 

gas through porous deposits. Migration by molecular flow, in which 

the mean free path of the gas is greater than the pore dimensions,
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results in flow rates of the isotopic molecules which are inversely 

proportional to the square root of their masses. Hoering set up 

laboratory diffusion experiments with pondered Torpedo limestone 

and obtained isotopic fractionations which save some credence to 
his theory. Hoering has also found daily variations in the N14/N15 

ratio in the nitrate ion and ammonia in rainfall. No entirely 

satisfactory explanation of those variations has been offered.

Recently, the Cu63/Cu65 ratio in minerals has been shown 
to vary by as much as 0.9 percent. (Walker et al. (85) ).

It has therefore been established that many of the lighter 

elements vary in their natural isotopic composition, and that a 

study of those variations can provide solutions to many problems 

in geology, geochemistry, and other branches of science.

Geochemistry of the Sulphur Isotopes: The study of sulphur iso

topes has proved most interesting because of its chemical forms 

and its wide distribution in nature. Since selenium is to some 

extent chemically similar to sulphur, and would expect to find 

similar fractionations of the selenium isotopes in some studies. 

On the other hand, there are some physical and chemical differences 

between selenium and sulphur which should yield new and interesting 
information from a study of the selenium isotopes. Since information 

already obtained from the extensive study of variations in the 

isotopic abundances of sulphur will be helpful in explaining 

anomalities found in a selenium isotope abundance study, the geo- 

chemistry of the isotopes of sulphur is now discussed.

As mentioned previously, the initial data published by
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Macnamara, Collins, and Thode (74) showed that the S32/S34 ratio in 

terrestrial samples varied by as much as 5%. In general, sulphates 
were found to be enriched in S34 while hydrogen sulphide from 

sulphurated well waters was depleted in the heavier isotope. Later, 

Macnamara and Thode (85) reported that the sulphur in meteorites had 

a remarkably constant S32/S34 ratio. This constancy was later re

affirmed (87, 88, 89). Two facts stood out in the investigation 

of meteoritic sulphur: firstly, the constant of the S32/S34 ratio 

suggested that meteoritic sulphur was not subject to the same isotopic 

fractionations as terrestrial sulphur; and secondly, the meteoritic 

value for the S32/S34 ratio was close to the average value of the 

S32/S34 ratio for terrestrial samples. These facts led Thode and 

Macnamara (86) to postulate that the meteoritic S32/S34 ratio 

represented the primordial abundance of terrestrial sulphur before 

any fractionation processes occurred. In this connection, sulphur 

of igneous origin, which has had less chance to be fractionated since 
its formation, should have a S32/S34 ratio close to the meteoritic 

value. This has been confirmed experimentally (Macnamara et al. (90), 

Vinogradov et al. (91), Kulp et al. (92) and Sakai (93)).

Figure 1 summarizes most of the sulphur isotope abundance 

data, δ is the per mil enrichment of compared with meteoritic sulphur and 

is defined by

δ = S34/S32 sample - S34/S32 meteoritic x 1000
S34/S32 meteoritic

The constancy of the meteoritic S32/S34 ratio is immediately 
 noticeable and the igneous sulphides are noted to have S32/S34
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ratios close to the meteoritic value. It is to be noted that most of 

the sedimentary sulphides are enriched to S32 while the sedimentary 

sulphates are depleted to S32  Sea water sulphate has been shown 

to be fairly constant to its S32/S34 ratio as has been found by 

Trofimov (87), Szabo, Tudge, Macnamara, and Thode (94), Kulp (92), 

Sakai (93) and Thode, Monster, and Dunford (95). Extensive work by 

Thode, Monster, and Dunford (95) who have investigated over fifty 

samples of sea water sulphate from the Atlantic, Pacific, and Arctic 

oceans gives a value of + 20.1+0.5 for δ.
The total variation of the S32/S34 isotope ratio to Fig. 1 

is seen to be ~8%. Tudge and Thode (96) noted that this was close 

to the equilibrium isotope effect for the exchange reaction

for which the calculated equilibrium constant was found to be 1.075 

at 25oC. This value has been revised to 1.071 by the more recent 

calculations of Harrison (97). Since this exchange does not take 

place under normal conditions (Voge and Libby (98)), it was suggested 

by Tudge and Thode (96) that the following biological sulphur cycle 

might well provide a mechanism for this fractionation to nature.

-13-
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Many studies have been made of the isotope fractionation in 

the sulphur cycle. Direct evidence for the fractionation of sulphur 

in the above cycle was obtained by investigating the Cyrenaican Lakes 

in Africa. Anaerobic reducing and photosynthetic hydrogen sulphide 

oxidizing bacteria abound in these lakes and produce a sedimentary 

layer of elemental sulphur (Butlin (99), Butlin and Postgate (100) ). 

While analysing samples from these lakes, Macnamara and Thode (101) 
found the S34 content of the elemental sulphur to be 3.2% less than 

that of the soluble sulphate from the same lake; Harrison (97), in 

the samples with which he worked found the depletion in the S34 con

tent of the elemental sulphur to be 1.5%.

Other evidence of the biological sulphur cycle producing 

fractionation of the sulphur isotopes was found in the salt domes of
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Louisiana and Texas (Thode, Wanless, and Wallouch (102)) where ele- 

mental sulphur was depleted by about 4% and sulphide by about 5% in 
S34 relative to the associated gypsum. Two possibilities exist for 

the formation of this sulphur by reduction of the sulphate, the high 

temperature reduction of the sulphate by organic matter (oil fields 

associated with the salt domes) or the bacterial reduction of the sul

phate with petroleum providing a source of carbon and free energy for 

life. The first of these mechanisms, however, seems incapable of 

causing the large fractionation observed whereas the latter is quite 

capable of doing so, as shown by the Cyrenaican Lake study. The iso

lation of anaerobic sulphate-reducing bacteria in these deposits by 

Miller (103) added further weight to the concept that the sulphur in 

these deposits came from the bacterial reduction of sulphate. Further, 

organic matter, necessary for bacterial life, is converted to carbon 

dioxide and water by these. This changes the calcium sulphate to a 

porous calcitic limestone with elemental sulphur embedded in it, which 

is the very type of deposit that is present in those salt domes today.

The hypothesis that sulphate reducing bacteria were responsible 

for the sulphur isotope fractionation has been substantiated by 

laboratory experiments. Thode, Kleerekoper, and McElcheran (104) 

showed that Desulphovibrio deosulphuricans while reducing sulphate, pro

duced H2S which was 1% richer in S32 than the nutrient. Subsequently, 

Wallauch (105), Jones, Starkley, Feely, and Kulp (106) and Jones (107) 

found a temperature coefficient associated with this reduction which 

was too large to be explained by any simple theory of isotopes. Harrison 

and Thode (103) subsequently studied the fractionation of the sulphur 

isotopes with Desulphovibrio desulphuricans over a wide range of
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temperatures, concentrations and growth conditions and found S32O4= 

was reduced faster than S34O4= by amounts varying between 0 and 2.5% 

These results were interpreted by a mechanism involving two steps. 

The first step involves pickup of sulphate by the enzyme to form an 

enzyme complex. It has been proposed that this step has little or 

no isotope effect. The second step is the sulphur-oxygen bond

breaking step and involves a large effect as shown by Harrison and 

Thode (109) who report a 2.3% kinetic isotope effect in the chemical 

reduction of sulphate. It was therefore suggested that the isotope 

effect in the bacterial reduction will vary depending on whether 

the first or second step is rate controlling. If the first step 

is rate controlling, there is no isotope effect and the maximum 

isotope effect results when the second step is rate controlling. 

Intermediate isotope effects result when the two steps are both 

exercising some influence on the reduction rate.

Other parts of the sulphur cycle have received study from 

the point of view of isotope fractionation. Ishii (110) found that 

plant metabolism of sulphate in mustard and algae produced no isotope 

effect in nature or the laboratory. This observation was starting 

in comparison to the results found with bacteria, but has a possible 

explanation by the above postulate of Thode and Harrison. It is 

possible that the first step, which in thin case would be the diffusion 

of sulphate through a cell membrane by an enzyme reaction, is always 

rate controlling and results in a negligible isotope effect. McElcheran 

(111) found no fractionation in the oxidation of sulphur to sulphate 

by Thiobacillus. Ford (112) found the same results with T. tio-oxidans.
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Ford (112) also examined sulphur isotope fractionation in mixed cul

tures of the oxidizing bacteria chromatium and the reducing D. des- 

ulphuricans, thus setting up conditions similar to those of the 

Cyrenaican Lakes.

Other reactions have been suggested for the fractionization of 

the sulphur isotopes. Vinogradov (89) suggested the following 

reactions to be good possibilities

3 S232, 34 + 4 H2O <=> 4H2S32 + 2 S34O2

4H2S34, 32 + O2  <—> 2 H2O + 2 H2S32 + 2 S34

Cragg (113) used the first of these reactions to study the 

exchange of sulphur isotopes between H2S and SO2 over the temperature 

range 600oC to 1000oC. He has found results slightly higher than 

those predicted by theoretical calculations (0.25% enrichment of 
S32 in H2S nt 1000oC).

Sakai and Nagasawa (93) have measured the S34/S32 ratios 

in SO2 and H2S from fumaroles of Japanese volcanoes at sites of 

different temperatures. From their results and theoretical calcu

lations, they suggest that the fractionation found can be attributed 

to the reaction,

H2S + 2H2O <=> SO2 + 3H2

Another finding of note, in the studies of sulphur isotopes in vol

canoes, was the fact that, when all the sulphur containing compounds 

arising from these fumaroles were collected and analysed, the average 
S34/S32 value was very close to the meteoritic value. This farther 

suggests that meteoritic sulphur gives the primordial S34/S32 ratio 
for terrestrial sulphur. (Rafter, 149).
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Shima (115) has found that, when FeS2 undergoes partial thermal 
decomposition according to the reaction,

FeS2 ------ > FeS + S

the S32 tends to concentrate in the pure sulphur rather than the 

pyrite. This is due to the different bond energies of Fe-S and 

Fe-S32 . This decomposition is similar to that of oxalic acid pre

viously mentioned, in that the symmetry of the FeS2 molecule makes 

both inter- and intra-molecular isotope effects possible. It is 

interesting to point out that a large intra-molecular isotope effect 

has been found for this reaction, but the inter-molecular isotope 

effect appears to be negligible.

In conclusion, it is seen that the sulphur isotope studies show 

many processes whereby sulphur isotopes are fractionated in nature and 

in the laboratory. Analogous processes may result in the fractionation 

of the selenium Isotopes, particularly in those cases where selenium 

and sulphur behave similarly.

Selenium: (116, 117, 118, 119, 155) Selenium is on element of relative 

rarity and multifarious uses. A general review of selenium is now in

cluded to present many of its interesting aspects, including its geo

chemical behaviour, and thus to gain some insight into possible 

mechanism for the fractionation of selenium isotopes in nature.

In 1817, J. J. Berzelius and J. G. Gahn (120) discovered a 

red deposit in the sulphuric acid plant at Gripsholm, Sweden, in 

which they owned shares. It was first thought to be a new compound 

of sulphur and tellurium, but further investigations by Berzelius 

led to the conclusion that a new element had been found. Berzelius
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named it selenium (Greek, selene—moon) since Klasproth had previously 

named tellurium after the earth ( Latin—tellus). Selenium remained a 

laboratory curiosity until Willoughby Smith found its electrical re- 

sistance to be light dependent. Its photoelectric properties and its 

ability to rectify alternating current account for the use of over 

half of the world's production. The next largest use is that of pig- 

ments for paint, ceramics and leather. As well as decolourizing glass 

by counteracting the blue tones, it is used to colour glass red for 

such products as automobile tail-lights. Other uses includes those of 

a denser in stainless steel production, vulcanizing agent in rubber 

production, catalyst in the drug industry, antioxidant in lubricating 

oils, toner in photography, as well as in insecticides and fungicides.

The most important commercial source of selenium is copper- 

refinery-anode-slimes where it is recovered as a by-product. Therefore 

the demand for copper determines the price of selenium. It is also a 

by-product of flash roasting of pyrites in the manufacturing of sulphuric 

acid.

Selenium exists in a number of allotropic forms which are not 

as veil defined as those of sulphur. Amorphous selenium may be obtained 

as a red powder by the reduction of selenious acid. If this powder is 

heated until fluid and quickly cooled, a deep ruby-red vitreous form 

results which is very brittle. Metallic selenium is the most stable 

allotrope and the only one with a definite melting point (217°C). 

This form is grey in colour and of hexagonal crystalline structure. 

Crystallisation of selenium from carbon disulphide yields another allo- 

trope which is deep red, translucent and of monoclinic crystalline

structure.
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Selenium has chemical properties between those of sulphur and

tellurium. Ferrous selenide is formed by heating iron filings with

selenium. This on treatment with hydrochloric acid gives hydrogen

selenide.

FeSe + 2 HCl = H3Se + FeCl3

H3Se, like hydrogen sulphide (H3S), is a gas at room temperature. 

Whereas hydrogen sulphide is recognized as having a "rotten-egg" odour, 

that of hydrogen selenide is described as having a "rotten-horse-radish" 

odour.

Heating of selenium in the presence of oxygon yields selenium

dioxide (SeO2). Unlike SO3, selenium dioxide is a solid at room

temperature. SeO3, compared to SO3 , is very difficult to prepare and

extremely hygroscopic. Selenious acid (H2SeO3) is formed when selenium

dioxide is dissolved in water or elemental selenium is reacted with nitric

acid. The dissociation constant of selenious acid is 0.25 times that of 

sulphurous acid. The dissociation constant of selenic acid (H2SeO4) 

however, is about twice that of sulphuric acid. Hydrogen peroxide or 

ozone is necessary to produce selenic acid because of the high oxidation 

potential necessary to oxidize selenium to the +6 state as shown below. 

Consequently selenic acid is a very powerful oxidizing agent capable of 

liberating chlorine from hydrochloric acid in dilute solution.

Selenium combines with the halogens to produce selenium halides.

Of particular interest in this work is the relatively unreactive selenium 

hexafluoride (SeF6) gas and its possible use in mass spectrometric 

determinations of the selenium isotopes. Selenium tetrafluoride (SeF4) 

also exists and is a colourless liquid at room temperature.

Many other chemical similarities between sulphur and selenium 

exist in both inorganic and organic compounds. Of particular consequence



is the substitution of selenium for sulphur in cysteine and other sulphur- 

containing amino acids. Numerous legumes, chiefly of the species 

"Astragalus" thrive in selenium rich soils. Whereas some plants are 

selenium as an alternative for sulphur, others such as Astragalus 

Pectinatus and Alpipappus Femontii need selenium for survival.

Selenium-containing albumin is poisonous and animals eating 

these plants contract "alkali disease". Marco Polo (121) in the 13th 

century witnessed its effects when he was in Western China. Madison (122), 

a surgeon in the United States Cavalry, reposted its effects in 1860 

on horses feeding along the Missouri River. Alkali disease is charact

erized by softening of the horns and hoofs and loss of hair or feathers. 

This is believed due to the decomposition of the keratins. Franke (123) 

in 1923 promoted the investigation which led to the uncovering of selenium 

by Robinson (124) it these plants and its subsequent identification as the 

etiological agent. It is estimated that the loss to agriculture in the 

Southwestern United States outweighs economically the benefits derived 

from selenium. Fleming and Walsh (125) have found a similar selenium 

problem in certain counties in Ireland.

Bedsides complex organic forms, selenium is found in nature in 

crystalline and amorphous elemental forms; in solid solution with sulphur 

and tellurium; as selenides, selenites, and rarely as selenium. Table 1 

lists many of the selenium-containing minerals. It is seen that many of 

those minerals have analogies in the corresponding sulphur containing 

minerals.

In naturally occurring sulphur minerals, selenium is found re

placing sulphur at its sites in the crystal lattice because of the

closeness of their ionic radii (Se= = 1.94A°) and (S= = 1.74Ao)

-21-



TABLE I

Selenides

Minerals of Selenium

Achavalite FeSe(?)

Aguilarite Ag4SeS

Berzelianite Cu2Se

Bornhardtite (Co, Cu, Ni)3 Se4(?)

Cadmoselite Cd(Se, S)

Clausthalite PbSe (The most common)

Crookesite (Cu, Tl, Ag)2 Se

Eskebornite CuFe3Se4 (?)

Eucairite CuAgSe

Ferroselite FeSe2

Guanajuatite (frenzelite, 
Castillite)

Bi2Se3

Hastite (Co, Fe) Se2

Klockmannite CuSe

Laitakarite Bi8 (Se, S)7 Se:S 2:1

Netacinnabar, selenian (onofrite, 
guadalcazarite)

Mg (S, Se)

Naumannite (cacheutaite) Ag2Se

Paraguanajuatite Bi2Se3

Penroseite (blockite) (Ni, Cu, Pb) Se2
Stilleite ZnSe
Tiemannite HgSe.
Trogtalite CoSe2
Umangite Cu3Se2
Unnamed CoSe(?)

continued
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Selenites

Ahlfedite

Chalcomenite

Cobaltomenite

NiSeO3*6H2O (?)

CuSeO3*2H2O 

Hydrous cobalt selenite

Selenite or Selenate

Kerstenite (molybdomenite) Hydrous 
or lead

lead selenite
selenate

Oxide

Selenolite SeO2

Mixtures

Lehrbachite

Zorgite "seebachite"

clausthaliteTiemannite
(Clausthalite, tiemannite, 
umangite

Tilkerodite, selenkolbaltblei

-23-
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hematite
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This substitution seems to occur more readily at high tempera

tures since the ratio of selenium to sulphur atoms ranges from 1:70,000 - 

250,000 in low temperature magmatic sulphides, but from 1:400 - 20,000 

in high temperature sulphides. Goldschmidt (113) has estimated the 

average abundance of selenium in magmatic rock to be 0.09 ppm.

Because of the oxidation potentials involved, selenium is not

These differences in oxidation potentials separate sulphur 

and selenium in the leaching and weathering cycle of primary ores. 

The oxidation potential under which weathering occurs, although 

capable of oxidizing sulphur to sulphate, cannot oxidize selenium 

to selenate. Whereas sulphate ion is present in the sea, selen

ate ion is not. No selenium is found in the depths of the oceans except 

near the mouths of tributaries (126, 127).The reason for this is that 

the email amount of selenium which is oxidized to selenite by weathering 

and goes into solution is precipitated by iron and manganese hydroxides 

as hydroselenites, e.g. Fe(HSeO3)3*nH2O. Therefore all secondary sul

phate and sulphide beds contain very little selenium. In gypsum the 

ratio of selenium to sulphur is 1:500,000 (117). Marine deposits and 
clays containing iron possess more selenium than gypsum. The formation 

of hydroselenites by iron hydroxide is believed to be the reason that 

seleniferous soils of Hawaii and Puerto Rice are incapable of supporting

oxidized as readily as sulphur. The relative oxidation potentials of

S -----> H2SO3 -0.41 volts
Se ---- > H2SeO3 -0.74 volts

H2SO3 ---- > H2SO4 -0.17 volts

H2SeO3 ---- > H2SeO4 -1.15 volts



seleniferous vegetation. The available selenium has been chemically 

bound to the iron as insoluble hydroselenite.

Table II summarizes the various types of deposits in which 

selenium is found, and case of the bottom known deposits in the world 

for each category including igneous, sedimentary, soil, and volcano 

sources. Most of the selenium in the soils of the United States is 

believed to have had its primary source in volcanoes of ancient geo

logical times. A maximum in volcanic activity occurred in Permian, 

Triassic, and Cretacious times with the deposition of material for the 

Rocky Mountains. Similarly selenium in the soils of Hawaii is thought 

to have its source in the volcanoes currently active there.

Finally, selenium has been found in meteorites (123). Stony 

meteorites contain from 3 to 15 ppm. selenium. Iron alloy from octa

hedrite meteorites contain no selenium, but the troilite from those 

contain 23 to 200 ppm. In Canyon Diablo troilite, the ratio S:Se was 

found to be 4,215. (84) corresponding to 235 ppm.

Absolute Abundances of the Isotopes of Selenium: Table III summarizes

the selenium isotope abundance measurements. Historically, Johnson

(132) predicted isotopes 79 and 81 in addition to those found by

Aston (129). However, Bainbridge (133) confirmed these isotopes

found by Aston and found no trace of those predicted by Johnson.
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TABLE II

Selenium Deposits of the World

Type of Deposit Better Known Geographical Locations

Hydrothernal base metal
sulphide deposits

Trondhein Area, Norway; Nairne, South Aust
ralia; Broken Hill, N.S.W.; Mt. Isa, Queens
land.

Coppos- Deposits

1. DiscGCiincted

2. BcplciCGCient and 
vein deposits

1. Ray and Morenci, Arizona; Ely, Nev.; 
Bingham, Utah; Chino, New Mexico; Cananea, 
Mexico.

2. Butte, Montana; Cerro de Pasco, Peru; 
Northern Rhodesia; Belgian Congo.

Massive Sulphide Rio Tinto, Spain; Mt. Lyell, Tasmania; Mt. Isa, 
Queensland; Bor, Yugoslavia; Boliden, Sweden; 
Flin Flon, Manitoba; Sudbury, Ontario;
Ducktown, Tenn.

Sulphide Vein
1. Copper-Silvey-lead

2. Pitchblende-bearing

1. Skrikerum, Sweden; Harz Mountains, Germany,
Copiapo, Chile; Colquechaca, Bolivia.

2. Goldfields, Saskatchewan; Shinkolobwe, 
Belgian Congo.

Epithermal goldi-silver Silver City, Idaho; Comstock Lodo and Jar- 
bridge, Nev.; Guanajuato, Mexico; Radjang 
Lebong, Sumatra.

Epithermal Mercury Buckskin Peak, Nev.; Abbot Mine, California;
Lucky Boy Mine, Plute County, Utah; 
Guadalcazar and Huitzuco, Mexico.

Selenide minerals with 
no sulphides

Haico Mine, Colquechaca, Bolivia; Cerro de 
Cacheuta, Argentina.

Sandstone with uranium Western U.S.A.
(Volcanic Valley of 10,000 Smokes, Alaska; Krisuvik, 

Iceland; Vesuvius, Lipari Island, Sicily;
Kilauea, T.H.; New Zealand; Tateyama and
Iowa , Japan.
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TABLE II (continued)

Selenium Deposits of the World

Type of Deposit Better Known Geographical Locations

Soils of unusually high 
content

Ireland, Japan, Mexico, Cuba, Columbia, 
Puerto Rico, Hawaii, Southwestern 
U.S.A.

Coal England, Belgium.

Phosphate Rock Deposits Phosphoria Deposit of Wyoming



TABLE III
Absolute Abundances of the Isotopes of Selenium
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WORKER ASTON (129) CAMERON AND WHITE (130) HIBBS (131)

YEAR 1923 1948 1949

INSTRUMENT Mass
Spectrograph

60° Mass Spectrometer, Magnetic 
Scanning

Same as
C. and W.

Detection Photometric Electronic Electronic

source Se Vapour 
Discharge

SeF6
Electron Impact

Se Vapour 
Electron Imp. Average

SeF6
Electron Imp.

 
34Se74 0.9% 0.86% 0.88% 0.87+0.01% 0.96+0.03%

Se76
9.5% 9.08% 8.95% 9.02+0.07% 9.12+0.03%

Se77 8.3% 7.51% 7.65% 7.58+0.07% 7.50+0.03%

78Se 24.0% 23.54% 23.51% 23.52+0.02% 23.61+0.05%

 Se80 48.0% 50.02% 49.62% 49.82+0.20% 49.96+0.21%
Se82

9.3% 8.99% 9.39% 9.19+0.20% 8.84+0.08%



The principles of isotopic fractionation are now well-known and 

it is possible to calculate from a knowledge of the fundamental vibrat

ional frequencies of selenium-containing compounds, the extent to which 

the selenium isotopes might be expected to fractionate in a naturally

occuring process. The question of the magnitude of the possible 

isotope effect which can be expected with selenium isotopes now 
 arises. In the case of the selenium isotopes Se76 and Se82, there 

is a mass difference of 6 or a percentage mass difference of 3 per

cent. This is to be compared with a mass difference of 2 or a percent- 

age mass difference of 7 percent in the case of the two sulphur isotopes 
S32 and S34. Since large isotope effects are found for these two sulphur 

isotopes, case fractionation of the selenium isotopes is expected. Cal- 
culations of exchange constants for isotopic reactions involving Se76 

and Se82 have therefore been carried out to determine the extent of 

selenium isotope fractionation that can be expected in the laboratory 

and in natural processes.

Theory of Equilibrium Isotope Effects: Urey and Grieff (17) first 

applied statistical mechanics to the calculation of equilibrium ex- 

change constants. Further simplification by Urey (19) and Bigeleisen 

and Mayer (134) has made it possible to calculate these from a knowledge 

of the vibrational frequencies of the isotopic molecules alone.

Consider a typical exchange reaction of the form

aA1 + bB2 <=> aA2 +  bB1 ........................................ (1)

where A and B are molecules containing the decent under consideration

and subscripts 1 and 2 refer to light and heavy isotopes respectively

THEORY
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of the element in the molecules.

From thermodynamics, the standard free energy change for the 

above reaction is given in terms of the equilibrium constant by

-RT ln K = ΔFo ............................................(2)

or

-RT ln K= aFA2 + bFB1 - aFA1 - bFB2 ..................(3)

From statistical mechanics an expression for the free energy 

in terms of the "partition function" Q is available.

F = Eo + RT ln N - RT ln Q .................................... (4)

where N is Avogadro's number,

Eo is the zero point energy of the molecule.

If only one molecule is considered in unit volume instead of

one mole, N is replaced by unity and the second term of (4) dis-

appears. Substitution of (4) in (3) and simplification gives

The potential energy curves of isotopic molecules have been

found to be essentially identical. Therefore, choosing the bottom

of the potential energy curve for Eo rather than the zero point energy

leads to further simplification of (5) ao EOA2 = EOA1 and

The exponential becomes unity and

................................ (6)

EOB2 = EOB1
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Thus, the equilibrium constant becomes the ratios of the 

"complete” partition functions for the two isotopically substituted 

molecules.

Since ratios of partition functions are being considered

many factors cancel to give for diatomic molecules

and for polyatomic molecules

The I's are the moments of inertia of the diatomic molecules.

The A's, B's and C's are the principle moments of inertia of the poly

atomic molecules.
hcw u =        kT where w is the vibrational frequency in cm-1 units

(wave number) and the product π1 for polyatomic molecules is taken over 

"i" such frequencies.

σ1 and σ2 are symmetry numbers.

These formulas assume that kT is large compared to the rotational 

energy levels.

Urey simplified (7) and (8) by the following:

Both sides of equations (7) and (8) are multiplied by 
(M1/M2)3/2n where M1 and M2 are the atomic weights of the isotopic

isoto.de


atoms being exchanged and "n" is the number being exchanged. The

right hand sides of (7) and (8) are multiplied and divided by
u1/u2 and πi u1i/u2i respectively.
By the Teller-Redlich Theorem (90),

With this (7) and (8) become

........(7')

For reaction (1) the equilibrium constant K is obviously given by

....... (8')

........................(9)

and

are new partition functions defined

Where

by
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....................... (10)

Therefore K can be calculated from a knowledge of the vi

brational frequencies of the isotopic species. This involves direct 

observation, or in the case of a rarer isotope, calculation from

observations on a more abundant isotope by means of force equations.

The above derivation has assumed the energy levels to be harmonic.

If the rotational partition functions have not reached classical 

values, a further correction is necessary. Bigeleisen and Mayer (134) 

show that classical partition functions cannot lead to an isotope 

effect, and arrive at equations 7 and 8 from this consideration and 

other cancellations by showing the ratio of the complete partition 

functions can be expressed simply as the ratio of vibrational 

partition functions.

The symmetry numbers ratio σ1/σ2 is unity if the molecule 

under consideration contains only one atom of the element being ex- 

changed or more than one atom occupying indistinguishable positions

in the molecule.
(7') and (8') have been further simplified by geometrical ex-

pansions. Urey (19) used an expansion of the form



(8') (i = 1 for diatomic case) (7) ....(12)

Bigeleisen and Mayer (134) used another geometrical expansion 

which gives a more convenient form. They let uli = U2i + Δu1 where 

uli corresponds to the lighter molecule to make Δui always positive. 

Then (8') becomes

........(13)

Δu1 is negligible for every case except hydrogen and further

simplification gives

................ (14)

cule, an n- degenerate frequency must be counted n times.

...(11)where

For molecules not containing hydrogen or deuterium, with small u's, 

the δi3 term can be neglected and further expansion gives

The function has been termed the free energy

function G(u) by Bigeleisen and Mayer who have tabulated it for values 

of u from 0 to 25 (134).

In the summation over "i" vibrational frequencies of the mole-
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Kinetic Isotope Effects:  Eyring (31) and Evans and Polanyi (135)

have applied a statistical treatment to the problem of reaction 

rates in a method known as the "theory of absolute rates". From 

this theory and collision theory, Bigeleisen (32) has developed 

the following theory of kinetic isotope effects.

Consider two isotopic molecules A1 and A2 possessing the 

lighter and heavier isotope respectively reacting with B, C, etc., 

to give products P1 and P2.

A1 + B + C + ... -k1 ---- > P1

A2 + B + C + ... -k2 -----> P2 .......................(15)

According to the Eyring method (136), the rate constants

k1 and k2 are given by

........... (16a)

........... (16b)

K is the transmission coefficient
C= is the concentration of the activated complex

M* is the effective mass of the complex along the co

ordinate of decomposition

δ is the length of the top of the potential barrier

which the complex traverses.
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Since the potential energy surfaces for isotopic molecules

are essentially the same, δ1 = δ2 and

From statistical mechanical considerations, the ratios of 

the concentrations of the individual molecules can be replaced by 

the corresponding ratios of the complete partition functions. The 

minimum of the potential energy curve of the normal molecules is 

chosen as the zero of the energy scale for the normal molecules. 

The minimum in the saddle of the potential energy surface of the 

activated complex is a suitable zero for the calculation of the 

ratio of the partition functions of the isotopic activated coupler.

As mentioned previously, Bigeleisen and Mayer (134) have 

shown that the ratio of the complete partition functions for the two 

isotopic molecules can be expressed as a simple function of the vi

brational energy levels of the two molcules. For molecules whose 

rotation is not classical at the reaction temperature, a correction 

is necessary.

Hence

where

and

.............................. (17)

............................. (18)
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Mi are the masses of the isotopic atoms in the isotopic molecules

From the theory of equilibrium isotope effects, the ratio

of the partitions functions can be represented by

and

................................(19)

G(u) has been previously defined. 

(18) can be rearranged to give

...................... (20)

Bigeleisen has gone further to add tunnel effect corrections. 

Hirschfelder and Wigner (137) have conducted a theoretical

study to show that the transmission coefficients ratio is very nearly 

unity for systems above room temperature having a distribution in the 

velocities of the reacting isotopic molecules.

In General, because the term is larger than unity, the

lighter molecule reacts at the faster rate. If the activated complex 

is very tightly bound however such that



the rate constant for the heavier molecule is greater.

M2*/M2* is the reduced mass of the transition state along 

the reaction co-ordinate. In practice, this is usually considered 

to be the reduced mass of the single bond directly involved in the 

reaction. This is the result of two different approaches of Slater 

(138) and Eyring (136). However, Bigeleisen and Wolfsberg (139) 

have suggested that because the molecule is being torn into two 

fragments, the reduced mass of these two fragments should be

considered. In principle, this controversy can be resolved at 

higher temperatures because Bigeleisen's approach gives an answer 

lower than Slater's.

Wolfsberg (140) has since discussed this controversy as 

follows. If the A-B bond is broken in the molecule X-A-B-Y and the 

B-Y and X-A bonds are weak compared to the A-B bond, they will shorten 

as the A-B bond lengthens. In this case, the reduced mass term is 
closer to that of A and B, i.e = AB/A+B. If, however, the A-B

bond is considerably weaker than the X-A and B-Y bond, then the de- 

composition is that of tearing the centres of mass of XA and BY 

apart and the reduced mass term is closer to =                MXA MBY
MXA + MBY 

Wolfsberg concludes by saying that a knowledge of the potential energy

surface is necessary in order to make any definite statement con

cerning the reduced mass ratio.

The most serious drawback of the equation is our ignorance

of the nature of the activated complex and hence the  inability to

calculate its partition function ratio. We are certain, however,
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that it is somewhere between reactants and products in its nature, 

and thus there are two limiting cases.

Case I The activated complex is like the reactant. In this case 

the bond being ruptured is not the rate-controlling step; the two 

G(u) terms are equal and cancel; the ratio of the rate constants is 

simply the ratio of the reduced masses.

Case II The activated complex is like the products. In this case 

the bond is completely ruptured and G(u=) ∆u= will be given its 

smallest possible value or the ratio of the rate constants is a 

maximum. We expect the activated complex and the observed effect 

to be intermediate of those two cases.

Results of Theoretical Calculations: It was shown previously that 

equilibrium constants for isotope exchange reactions can be calcu

lated from the partition function ratios for isotopic molecules and 

are the product of two such ratios. Partition function ratios for 
various isotopic molecules involving Se76 and Se82 have therefore 

been calculated, to determine the magnitude of selenium isotope 

fractionation that can be expected in selenium isotopic exchange 

processes.

Appendix I contains calculations of vibrational frequencies 

for Se76 and Se82 containing compounds. Experimental values of vi

brational frequencies were assumed to apply to the compounds con- 

taining the most abundant Se80 isotope. From these observed values, 

the frequencies for the Se76 and Se82 containing molecules were cal

culated by means of (currently known) "normal force equations".



For a molecule of a particular symmetry type, several sets 

of force equations are available from the assumption of various 

models describing that particular symmetry type. The application of 

some of these derived sets of equations to selenium-containing mole

cules gave inconsistent results whereas their application had been 

satisfactory for describing other molecules of the same symmetry type. 

Often, more equations than are necessary to establish all of the 

assumed force constants are derivable from a model. These extra 

equations serve as a check on the validity of the model’s application 

to the selenium-containing molecule whose symmetry the model described 

On this basis, the sets of normal force equations used for the cal

culations in Appendix Σ were selected.

Appendix II contains calculations of the ratios of the 
partition functions of Se82 and Se76 -containing molecules at 0oC, 

25°C, 100oC and 250°C made with the Bigeleisen-Mayer equation and 

tabulation of the G(u) function (134).

Table IV summarises these calculated partition function ratios 

with the exception of some selenides whose calculated ratios were very 

close to those selenides in the table. In addition, equilibrium con

stants have been calculated for possible isotopic exchange reactions 

involving the compounds in this table.

At the top of the table underneath the symbol for the com
pound, the values of Q2'/Q1' are listed for the four temperatures 

considered. It is noted that these ratios differ from unity by as

much as 6 percent.
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TABLE IV
Equilibrium Constants for Se76 <-> Se82 Exchange Reactions

Se82F6 Se82O4= Se82Se82 Se82O H2Se82 Se82Se80 PbSe82
Se82- ToC

Se76F6
Se76O4-

Se76Se76 Se76O
H2Se76 Se76Se80 PbSe76 Se76-

Q21
Q11

1.059 
1.051 
1.034 
1.019

l.044
l.038
1.023
1.014

1.012
1.011
1.007
1.004

1.009
1.008
1.005
1.003

1.005
1.005
1.003
1.002

1.006
1.005
1.003
1.002

1.005
1.004
1.003
1.001

1.000 
1.000
1.000
1.000

0

100

Se76F6

1.000 l.014 
1.013 
1.011 
1.005

1.046
1.040
1.027
1.015

1.050
1.043
1.029
1.016

1.053
1.046
1.031
1.017

1.053 
1.046 
1.031 
1.017

1.054 
l.043 
1.031 
1.018

1.059
1.051 
1.034 
1.019

0 
25 

100 
250

Se82O4= 1.000 1.032
1.027
1.016
1.010

1.035
1.033
1.018
1.011

1.039
 1.033 

1.038
l.033
1.020
1.012

1.034
1.020
1.013

1.044
1.033
1.023
1.014

0
25

100
250

 
Se76O4=

1.020
1.012

Se82Se82 1.000 1.003
1.003

1.001

1.007
1.006
1.004
1.002

1.006
1.006
1.004
1.002

1.007
1.007
1.002
1.00l

1.012 
1.011 
1.007
1.004

0

100 
250

Se76Se76

Se82O
Se76O

1.004 
l.003 
1.002 
1.001

1.003 
1.003 
1.002
1.001

1.004
1.004
1.002
1.002

1.009
1.008
1.005
1.003

25
100

1.000 0.999
1.000
1.000
1.000

l.000
1.001
1.000
1.001

1.005
1.003
1.002

100
250

Se82Se80

Se76Se80

1.000 1.001
1.001
1.000
1.001

1.006
1.005
1.003
1.002

100

PbSe76

1.000 1.005
1.004
1.003
1.001

Se76-
1.000 0

25
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In the main body of the table, equilibrium constants for 

isotopic exchange between the compounds listed at the top and com

pounds listed in the far left column are calculated for the tempera- 

tures listed in the for right column. An equilibrium constant 

greater than unity in the table means that the heavier isotope is 

concentrated in the compound listed in the left column.

For an example, consider SeO4= in the left hand column and 
 H2Se at the top of the table. The value 1.033 is found at 25oC in 

the table where the SeO4= row and H2Se column intersect. This is 

the equilibrium constant for the reaction

H2Se82 + Se76O4= <==> H2Se76 + Se82O4=

at 25oC. This means that provided a mechanism for this isotopic 

exchange can be found, a 3.3 percent selenium isotope effect is pre

dicted.



EXPERIMENTAL

Selenium hexafluoride gas was chosen for the mass spectro- 

metric analysis of the selenium isotopes because of its stability, 

ease of quantitative preparation and the simplicity of its mass 

spectrum.

Other gases considered vere hydrogen selenide H2Se, selenium 

dioxide SeO2 and selenium carbonyl SeCO. The mass spectrum of the 

first of these is complicated by the overlapping of ion species, 

e.g., Se78+ , Se77H+ and Se76H2+ at mass 78. Computations on such 

a spectrum are tedious and subject to considerable error. The second 

compound, SeO2 has a very low vapour pressure at room temperature and 

its usage would necessitate maintenance of the source and sample line 

of the mass spectrometer at a constant elevated temperature. Finally, 

selenium carbonyl SeCO decomposes very readily and is unsuitable.

Sample Preparation: The preparation of selenium hexafluoride was 

carried out in two steps: (1) extraction of elemental selenium from 

natural samples, and (2) fluorination of the extracted selenium to 

SeF6 in a fluorine line.

Extraction of Selenium: The well-known hydrobromic acid-bromine dis

tillation method was used to extract quantitatively elemental selenium 

from the natural samples. The relatively high volatility of selenium 

tetrabromide essential to this procedure was recognized as far back as 

1896 when Gooch and Peirce (141) separated selenium from tellurium on 

the basis of the different volatilities of their tetrabromide. Noyes 

and Bray (142) have outlined the principles of this distillation



technique and its ability to separate selenium, arsenic and germanium 

from most of the other elements. Robinson et al (143) and subsequently 

Williams and Lakin (144) adapted the method to the determination of 

selenium in natural samples and their method was generally used in 

this work.

The distillation apparatus used is shown in Fig. 2. The sample 

to be analyzed is placed in the distillation flask along with 100 ml. 

of 48% HBr and 2 ml. of Br2. The addition of bromine is necessary to 

ensure that the selenium is in its hexavalent stato since SeBr4 cannot 

be formed quantitatively from selenium in any of its lower oxidation 

states. The mixture is then distilled into a flask containing 20 ml. 

of bromine water. At very low temperatures the excess bromine is dis

tilled off and, as the temperature is raised, it is followed by SeBr4 

(formed by the reduction of hexavalent Selenium with the HBr) and any 

excess HBr present. About 80 ml. of distillate are collected and 

sulphur dioxide gas is then passed through it to remove bromine. Although 

the SO2 sometimes precipitates out the elemental selenium, 0.5 gm of 

hydroxylamine hydrochloride are added to the distillate to ensure 

quantitative precipitation. The treated distillate is then warmed on 

a steam bath for thirty minutes and allowed to stand for two days. The 

precipitation is assumed to be complete after this time and the supernatant 

solution is poured off. The precipitated selenium is then transferred 

to a centrifuge tube, centrifuged and washed alternately with water to 

remove inorganic ions and with ethyl ether to remove any possible 

organic contaminants. After washing, the selenium is dried in an oven

at 80oC.
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FIG. 2

HBR- Br2 DISTILLATION
APPARATUS FOR SELENIUM 

EXTRACTION
SCALE: 1/2 SIZE

500 ML, BOILING FLASK
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Various natural samples required different methods of preparation 

prior to distillation.

Plant materials were prepared according to the method of

Williams and Lakin (144). 10 gms of well-ground plant material were 

added slowly to a solution of 50 ml of concentrated sulphuric acid and 

100 ml. of concentrated nitric acid in a 600 ml. beaker which had been 

previously cooled by an ice bath. The cooling was to minimise frothing, 

to retard the rate of nitrogen peroxide evolution, and to keep the re
 acting mixture below 120oC, at which temperature considerable loss of 

selenium could occur. After this initial treatment, the beaker was 
 gradually heated on a hot plate to 115oC and maintained there until the 

nitrogen peroxide ceased to evolve. The mixture was then allowed to 

cool and transferred to the distillation flask to be distilled with

HBr-Br2.

Selenides, selenites, and native selenium samples were finely 

ground and added slowly to an excess of concentrated nitric acid con

tained in a 600 ml. beaker in an ice bath. After 50 ml. of concentrated 

sulphuric acid was added carefully to the mixture it was warmed 
 gradually to 115oC and kept at that temperature until nitrogen peroxide 

was no longer formed. After cooling, the mixture was ready for dis

tillation.

Elemental sulphur containing selenium was oxidised by the method 

of Marvin and Schumb (145). The apparatus (see Fig. 3) consisted of 

a combustion section (34 mm pyrex tubing) fitted with an oxygen inlet 

and a filtering section (12 mm pyrex tubing) packed with Gooch-quality 

asbestos fiber and surrounded with a water cooling jacket. In opera

tion, up to 100 gm of finely ground sulphur was placed in a pyrex boat



FIG.3 S-Se COMBUSTION TUBE



(3.4 cm x 20 cm) in the combustion section. Oxygen was then passed

through the apparatus, the inlet stopper removed, one end of the sul

phur sample ignitedd, the inlet stopper replaced, and the oxygen flow main

tained to provide a reasonable combustion rate. The sulphur was oxi

dized to SO2, SO3, and S2O3 gases which passed through the filtering

section*, while the less volatile SeO2 was solidified and trapped by the

asbestos in the cooled filtering section. The oxygen flow was continued

after the combustion was completed until the whole apparatus had cooled.

After the boat had been washed with hot concentrated nitric acid, the

combustion tube was mounted vertically over a filter flask and additional 

hot nitric acid was poured through the system to dissolve all SeO2. The 

boat rinsings and the combustion tube filtrates were combined, 50 ml. of 

concentrated sulphuric acid added, and the mixture heated and distilled 

as described previously. Since SeO2 attacked the inlet rubber stopper 

during combustion, the inlet tube was terminated in a bulb in order to 

minimize back diffusion of SeO2 (see Fig. 3).

In the case of samples dissolved in water, the solutions were made 

alkaline with sodium peroxide and evaporated to the point of dryness. 

Then the residue was taken up with 100 ml. of HBr-Br2 solution, and 

added to the distilling flask for distillation.

Since gypsum contains only 1 part in 500,000 of selenium (117), 

a large quantity of gypsum had to be treated in order to obtain a

suitable sample of selenium.

*S2O3, sulphur sesquioxide is sometimes trapped as a blue solid

in the asbestos filter. However, further passage of oxygen con

verts it to SO3.
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Since the solubility of CaSe4.2H2O (99 gm./litre) is about 40 

times larger than that of CaSO4.2H2O (2.58 gm./litre) at 25°C (146), 

attempts were made to extract the selenate from finely powdered gypsum

by stirring an aqueous suspension of it for several days and then 

filtering it. However, the yields of selenium obtained in this way were 

much smaller than expected and it appeared that most of the selenium

remained trapped in the CaSO4 crystals. However, gypsum treated directly 

with HBr-Br2 solution, then distilled, resulted in a much larger 

recovery of selenium.

In the case of natural samples which contained selenium in more 

than one form, attempts were made to extract the different forms 

separately. For example, plants may contain water soluble selenium

(SeO3=) in addition to selenium in complex organic compounds. The former

could be extracted with water and the solution treated as already described

above for aqueous solutions. The remainder of the plant was processed

by the method described for plant materials. In inorganic samples 

containing selenium, two or more selenium minerals may often be identified

by their colour. As an example, umangite, CuSe.Cu2Se, which is dark red

in colour and chalcomenite, CuSeO3. 2H2O, which is light blue, frequently

occur together. It was found that these two minerals could be separated

mechanically by their colour and therefore elemental selenium could be 

extracted from each separately.

In the digestion of samples prior to distillation, all nitrogen 

oxides must be removed. Otherwise, HBr may be oxidized to Br2 in the 

distillation or nitroxyl tribromide may be formed and distilled. Nitroxyl 

tribromide is not decolourized when SO2 is passed through the distillate.
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It was found that all tho oxides of nitrogen could be removed by the

digestion of the samples containing H2SO4 until white fumes of SO3 

appeared, but prolonged evolution of SO3 fumes might result in some 

loss of selenium. Another method used for the removal of nitrogen

oxides was the addition of urea to the digested sample prior to dis

tillation; this destroyed the nitrogen oxides by reactions such as

(NH2)2 CO + 2HN02-->2N2^ + CO2^ + 3H2O

Preparation of SeF6 Fluorination of elemental selenium can result in 

the production of both SeF4 and SeF6 the former being produced pre

ferentially at temperatures close to 0oC, In the method to be de

scribed, however, fluorine was present in a large excess and this re

sulted in the quantitative conversion of selenium to SeF6 at room 

temperature.

The fluorine line built for this preparation is shown in Figures 

5 and 6. Its construction may be better understood when it is re

called that fluorine, the most reactive of the elements, reacts with 

everything except inert gases and already fully fluorinated compounds. 

High heats of reaction always result and hence many precautions are 

required and the choice of materials for a fluorine line is limited. 

Since the reaction of fluorine with some metals (e.g. copper, monel)

is retarded after an initial fluoride coating is formed, these metals

can be safely used in the construction of a fluorine line. Glass is

resistant to dry fluorine but breaks easily and should definitely not 

be used where the pressure of fluorine is significant. The most im

portant precautions to be taken are the placement of the fluorine cy

linder behind a barricade and the operation of the cylinder valve by



FIG. 4 
STEEL-CABINET HOUSING OF FLUORINE CYLINDER



remote control. The barricade built for this purpose is shown in 

Fig. 4 and Fig. 6. It was simply a welded steel cabinet (l-l/4" angle 

stock frame and l/8" steel sheeting) designed to hold the fluorine 

cylinder securely. Remote control of the main cylinder valve was 

effected through lever A, while a Matheson #55 needle valve was ro

tated by extension B (Fig. 4).

In preliminary experiments with a fluorine line containing many 

pyrex components it was found impossible to prepare SeF6 samples free 

of SiF4 contamination. Therefore, the fluorine line was reconstructed 

of monel tubing with monel valves in the sample preparation section. 

All joints were argon are welded and overlayed with silver solder to 

eliminate all possible leaks.

With the exception of V4 (Fig. 5), the Hoke valves used were 

the M440 type since their teflon seats could be easily replaced. 

V4 was a Hoke 413 metal diaphragm type valve which would not absorb 

SeF6 in this section and cause intercontamination of samples. The 

line could be uncoupled and recoupled in the necessary places by Hoke 

410 couplings.

All glass stopcocks in the line were lubricated with Kel-f#90 

or Hooker Fluorolube GR470 grease.

Since commercial fluorine may contain up to 0.2 percent hydro

gen fluoride, it was desirable to remove this in order to protect 

certain essential pyrex components in the line, e.g., the flowmeter. 

This was accomplished by the sodium fluoride trap (Fig. 5) according 

to the reaction

NaF + HF --- > NaHF2
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The sodium fluoride used in this trap was prepared by heating 1/4" 

sodium bifluoride pellets at 275o in a nitrogen stream till all the 

HF was removed. This provided a highly efficient porous surface for 

reabsorption of hydrofluoric acid from the fluorine cylinder.

Another component of the line, the mercury manometer (Fig. 5) 

served as a pressure indicator and as a safety blowout device if the 

internal pressure of the line should become excessive. A layer of Kel-f 

oil on the mercury surface in the capillary reduced the reaction of 

the mercury with fluorine.

A conventional, U-tube design, pyrex flowmeter, (Fig. 5), half- 

filled with Kel-f #3 oil was used to measure flow-rates. The capillary 

joining the two arms of the flowmeter was selected so that a pressure 

difference of 1 cm of oil corresponded to a flow rate of 0.5 mole/hr. 

The bulbs in each of the arms of the flowmeter served as reservoirs 

to prevent loss of oil during inadvertently high flow rates.

Other equipment used in conjunction with the fluorine line in

cluded a polyethylene wash bottle of ammonium hydroxide so that fluorine 

leaks might be detected by the formation of ammonium fluoride, a mixture 

of glycerine and magnesium dioxide for fluorine burns and protective 

clothing, including rubber gloves, coat, and a face mask, which was worn 

during fluorinations.

The procedure for fluorinating small samples of elemental 

selenium is now discussed with reference to Fig. 5.

Elemental selenium was inserted in a monel boat at coupling 

C2. Prior to this insertion, it was found absolutely necessary 

to evacuate the line, flame the line and fill the volume between
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V3 and V4 with nitrogen before disconnecting C1 and C2, in order to 

minimize contaminations. Immediately upon insertion of the selenium

and recoupling of the line, V4 was opened slowly to re-evacuate the 

section back to V3.

During the rest of the procedure all valves had to be turned 

slowly to avoid blowing powdered selenium along the line. The mercury 

manometer served as a visual means of accomplishing this.

Liquid air was now placed around U-tubes B and C. The purpose

of these traps was to eliminate previously found contaminants which

had been identified with the mass spectrometer as fluorocarbons

lieved to have their origin in the cracking of the teflon packing of

the Matheson #55 needle valve due to high pressures of fluorine. These

traps had the disadvantage of freezing out some fluorine (B.P. - 188.14oC),

but both traps were necessary to remove the low molecular weight

fluorocarbons. All U-tube traps had packings of nickel sleeves to

increase their efficiency. Liquid air was also placed around U-tube A

to freeze out SeF6 as it was formed.

Nitrogen, which was used as a dilutant, was then introduced into 

the system. Better control of the nitrogen flow rate resulted if the 

diaphragm valve on the nitrogen cylinder was set at 5 to 10 lbs.

pressure and V2 was used to set the desired flow rate of 0.4 mole/hr.

as read on the flowmeter.

After five minutes the main valve of the fluorine cylinder was 

partially opened (Matheson #55 needle valve

was then adjusted so that the total flow rate was 0.6 mole/hr. i.e.,

N2 : F2 ~ 2:1. When fluorine was first observed at the exit ammonium

(e.g. CF++, CF+, CF3++ ................. C312F7+ Mass 169) etc.) and were be-
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hydroxide), thse main valve of the fluorine cylinder was closed and the 

needle valve gradually opened to maintain the flow rate, thus empty- 

ing the needle valve of fluorine. The needle valve was then closed, 

and nitrogen flow continued for 10 minutes after which V2, V5, V4, and

V8 were closed. Next, the line was evacuated to V4, V5 closed, and the 

selenium hexafluoride transferred from U-tube A to the sample tube. 

The sample tube (valve closed) of the SeF6 was then removed and taken for 

analysis with the mass spectrometer.

The Mass Spectrometer: The following ions: SeFe5+, SeF4+, SeF3+,
SeF2+ , SeF+ , and Se+ appeared when SeF6 gas was bombarded by electrons 

in the ion source of the mass spectrometer. It is known that in the 

electron bombardment of the analagous gas SF6, the undissociated ion 

SF6+ is also found in very low concentrations which suggested that SeF6+ 

was also present, but undetected. Of the ion species forms, SeF5+ 

was present in the highest concentration ( > 85% of the total ion 

species with 80 volt electrons) and therefore, this ion species was 

used for all measurements.

In the study, Se74 and Se82 would have shown the largest effect

in any fractionation of the selenium isotopes because these isotopes 

have the largest percent mass difference. However, it was more- 

venient to measure the two isotopes with the next largest percent 

mass difference, Se76 and Se82 because they occur in relatively 

high abundances (both~9%) in nature.
Initial studies were made with a 90°, 6 inch radius mass 

spectrometer which had a tube with teflon "O"-ring gaskets and a glass 

sample line with mercury reservoirs. With this mass spectrometer, the



-53-
SeF5+ mass spectrum was scanned by varying the magnetic field and 

the Se76F5+ and Se82F5+ ion currents were measured by single collection.

The magnetic field scanner buillt for these measurements is shown 

in Fig. 9. The Helipot (9) set the voltage at the grid of the magnet 

supply's series control tube. It was desired to rotate this Helipot at 

various speeds above and below 2 r.p.m. This speed variation was 

accomplished with a Metron variable speed changer, the principle of 

which is shown in Fig. 7. Figure 7, B and C shows how the tipping of 

the intermediate wheels between the hemispherical shells connected to 

the output and input shafts caused the output shaft to rotate slower 

or faster  than the input shaft. It was found necessary to drive this 

type of speed changer with an 1800 r.p.m. synchronous motor and then 

use an 800:1 gear reducer to drive the Helipot, in order to achieve 

smooth, consistent scanning of the magnetic field. A simple spring- 

loaded, dry-plate clutch (Fig. 8) was connected betweem the gear-reducer 

and the Helipot to permit manual scanning and to protect the Helipot 

from being ddriven past its terminals. The complete scaaneτ layout is

shown in Figure 9 and its components are listed on the page following 

the diagram.

To improve upon the precision of the measurements, a skip-scan 

techique was developed so that the Se76F5+ and the Se82F5+ ion currents 

could be measured quickly without the interference of the intervening 

ion currents. This technique involves the superimposition of a step

wise charts in the magnetic field upon the regular magnetic scanning 

of the ion currents. Fig. 10 shows the resultant recorder trace of 
 Se76F5+ and Se82F5+ with this type of scanning.



FIG. 7 PRINCIPLE OF METRON SPEED CHANGER

FIG.8 CLUTCH CARDBOARD DISCS

INPUT

OUTPUT

COIL SPRINGS



FIG. 9 SCANNER



Components of the Scanner
(Figure 9)

1. Reversing condenser for motor.

2. Westinghouse Type Fl, 1/100 H.P., 1800 r.p.m., 60 cycle 
single phase synchronous motor (U.S.A.).

3. Cooling fan.
4. Tygon couplings.

5. Metron Variable Speed Changer.

6. 800 to 1 gear reducer.

7. Flexible metal coupling.

8. Clutch.

9. 20 K Helipot.

10, 11, 12. Rotation of knob K2 turns the thread rod (11) 
through gearing (10) to move (12) connected 
to the speed control of the Metron.



FIG. 10
COMPARISON OF Se76 AND Se82 BY SKIP-SCANNING

INCREASING MAGNET 
CURRENT

DECREASING MAGNET 
CURRENT
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Using this method of scanning, and single collection, the 
Se76/Se82 ratios could be measured with a precision of + 0.2%.

The preliminary results indicated that a mass spectrometer 

with teflon gaskets and a glass sample line was not suitable for 

analysis of the selenium isotopes using SeF6. Firstly, with a 

glass sample line equipped with glass stopcocks and mercury reservoirs, 

it was impossible to introduce SeF6 into the mass spectrometer free of 

contamination, and in particular, free of SiF4. SiF4 is a troublesome 

contaminant in view of the fact that it cannot be removed by distill

ation procedures since SiF4 and SeF6 have similar vapour pressures over 

a wide temperature range. Since it was also apparent that some of the 

contamination resulted from impurities in the walls of the mass spectro- 

meter tube itself, both a new tube and an all metal mass spectrometer 

sample line were built.

The New Mass Spectrometer Tube: The new tube of the mass spectrometer  

(Fig. 12) had metal flanges and aluminum gaskets which allowed the

tube to be baked at very high temperatures, thereby attaining low 

pressures (< 10-7 mm Hg).

Simultaneous collection as described by Wanless and Thode (147)

was also incorporated into the new tube to improve upon the precision 
and reproduction of the comparison measurements of the Se76/Se82 isotope 

ratio. Se76F5+ and Se82F5+ ion currents were collected with two slits 

simultaneously. The output of the vibrating reed electrometer measur- 

ing the Se82F5+ ion current was placed across a 10K put-and-take 

potentiometer and a measured portion of this output was fed back 
inversely to cancel the Se76F5+ ion current at the input of its



FIGURE 11 MONEL SAMPLE LINE
(mass spectrometer)

FIGURE 12 MASS SPECTROMETER
(New tube with heavy flanges for aluminum gaskets. 
The source cover has been removed to expose the 
source)
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vibrating reed electrometer to give a null reading.

The spacing of the collector slits was calculated from the well- 

known dispersion formula for the magnetic analyzer 

d = r Δm/m

d = dispersion between masses m and m + Δm 

r = radius of mass spectrometer analyzer tube

For masses 171 and 177 (Se76F5+ and Se82F5+ ) and a six inch 

radius mass spectrometer, this spacing is calculated to be 5.36 mm.

The widths of these slits had to be calculated in conjunction 

with the width of the source slit to give the desired resolutions. A 
 narrow slit in the collector is necessary to resolve Se76F5+ from the 

 neighbouring Se77F5+ ion beam, whereas a wider slit can be used for 

the collection of Se82F5+ to permit easier setting up of simultaneous 

collection since the nearest ion current, Se80F5+ is two mass units away. 

Using the well-known formula for the resolution, 
r R = Σs

where R = resolution 

r = radius of magnetic analyzer

Σs = the sum of the source slit and the collector slit 

the choice of 0.15 mm width for the source slit, 0.5 mm width for the 

narrow collector slit and 1.0 mm width for the wide collector slit, 

results in a calculated resolution of 234 and 132 with the narrow and 

wide slits respectively. The actual resolution obtained with the narrow 

slit is indicated by the single collection recorder traces shown in 

Figures 14 and 15, while the resolution obtained with the wide slit



FIG. 13 MONEL SAMPLE LINE



FIGURE 14 Hg+ SPECTRUM 
(narrow collector slit)

FIGURE 15 SeF5+ SPECTRUM 
(narrow collector slit)



FIGURE 16 SeF5+ SPECTRUM
(wide collector slit)

FIGURE 17 COLLECTOR
showing where SeF5+ ion currents 
stained the plate while the instru- 
ment was set for simultaneous 
collection
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is indicated by the single collection recorder trace in Fig. 16. The 

stains on the collector plate (Fig. 17) caused by routine analysis of 

the SeFg+ mass spectrum by simultaneous collection indicate that both 

the slit spacings and the resolution were satisfactory for simultaneous 

collection.

All-metal Sample Line: The all-metal sample line which was constructed 

of monel 1/8" N.P.T. pipe and Hoke 413 metal diaphragm type valves is 

shown in Figures 11 and 13. These valves removed any possible contam- 

ination due to grease, and allowed the line to be flamed thoroughly 

for the elimination of moisture. The whole line was built small to

eliminate memory effects and could be used for the comparison of two
samples in the mass spectrometer. V3 and V3' (Fig. 13) are the sample

tubes (Fig. 18) of SeF6 which have been removed from the fluorine line

after sample preparation and attached here with Hoke 410 couplings C 

and C'. Whereas specific pairs of these couplings had been helium-

leak tested, their interchangeability was questioned and therefore 

aluminum foil gaskets were made for use with these couplings. B in 

Fig. 13, is a small nickel trap into which a very small couple of SeF6 

can be transferred and used within the volume bounded by valves V1, V2, 

and V2', to give a usable pressure behind the mass spectrometer leak. 

Normally, the samples occupied a larger volume of the system when 

examined.

Procedure: Before the introduction of a sample into the monel sample

line it is evacuated and thoroughly flamed. The nickel leak is also 

flamed. With reference to Figure 13, the sample contained by V3 is



now admitted. Initially, a coarse adjustment of the sample pressure

behind the leak of the mass spectrometer results from careful manipu-

lation of the sample valve V3 with valves V2 open and V1 and V2'

closed. If the sample pressure behind the leak is excessively high,

another coarse adjustment is made by freezing the gas between V3 and 

V2 back into the sample tube and then allowing the gas behind the leak 

to expand into this volume (V2 open, V3 closed). A very fine adjust- 

ment of the sample pressure behind the leak can be made by pumping a

small amount of sample through valve V1 with valve V2 closed. With the 

closing of V1 and the reopening of V2, the gas adjusts to a slightly 

reduced pressure.

When the pressure is adjusted, the magnetic field is scanned to

search for undesirable contaminants. With a negative result, the

instrument is now checked to see if it is properly focussed for 

simultaneous collection. This check is accomplished by setting the 

collector electronics for simultaneous collection and scanning the SeF5+ 

mass range. The asterisk on the resulting recorder trace in Figure 19

indicates the proper setting of the magnet current for simultaneous 

collection of the Se76F5+ and Se82F5+ ion currents. It is significant

that this portion of the recording trace is flat.

Since the volume of the sample tube is small, the pressure drops

noticeably in time. Because the balance point obtained in the comparison

of the two ion currents changes slightly with the signal, and therefore,

the pressure, the accurate comparison of two samples demands that the

balance point obtained be compared under identical conditions. The

balance point and the Se82F5+ signal for a sample under examination
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FIGURE 18 MONEL SAMPLE TUBE 
(Hoke 413 type valve and Hoke
410 coupling)

FIGURE 19 RECORDER TRACE SeF5+ SPECTRUM
which results when the magnetic
field is scanned and the collector 
electronics set for simultaneous 
collection.



are therefore recorded every three minutes for 15 minutes. At the end 

of this time the sample is stored between valves V3 and V2 and after 

thorough flaming of the volume behind the mass spectrometer leak, the 

other sample is admitted as described above. Its pressure must be 

carefully adjusted in relation to the pressure of the sample which was 

previously examined. After proper initial adjustments, both samples 

can be stored in the sample line and examined many times without farther 

pressure adjustments. The pressure adjustment is better understood by 

referring to Figure 20 (a) which shows an actual comparison of two 

samples. Note how the set of measurements (2) is centrally located 

between sets of measurements (1) and (3). Similarly (3) is centered 

between (2) and (4), etc., because of correct initial pressure adjust

ment. This was found to be the only way in which two identical samples 

could be shown to have the same Se76/Se80 ratio as was the case in 

Figure 20 (a). Figure 20 (b) shows an actual case where two samples 

of different Se76/Se82 ratios did not have their pressures properly 

adjusted till observation (6). It is obvious from these results that 

slight changes in the balance point results from both changes in signal 

and changes in time after the introduction of the sample and these 

changes are due to changing conditions in the mass spectrometer tube. 

The procedure used effectively compared the isotope ratios for the two 

samples over the same signal range and the same period of time.

Two methods were used to determine the difference in isotope 

ratio between two samples from the recorded data. The first method 
was that of a graphical plot as shown in Figures 20 (a) and (b). The 

best line was drawn through points obtained for each sample and the
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FIGURE 20 (a)

Results obtained by comparing two identical samples. The

balance point was plotted against the voltage developed by the

Se82F5+ ion current across the input resistor to the vibrating

reed electrometer. The initial sample pressures have been properly

adjusted to give meaningful data.

The same 20(a) with the exceptions that the two samples

are isotopically different and the pressure has not been properly

adjusted until observation (6).



VOLTAGE FROM MASS 177 ION BEAM

FIG. 20 (a)
SEE PRECEDING PAGE



VOLTAGE FROM MASS 177 ION BEAM

FIG. 20 (b)
SEE PRECEDING PAGE
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vertical distance between these two lines was measured at intervals 

along the plot. This measured difference and the balance point of 

the standard sample give directly the isotopic composition difference 

of the two samples.

In the second method, every balance point is taken into account 

in the analysis of the data. Referring to Figure 20, 1, 2, 3, etc., 

are "sets of observations". For each of these the recorded balance 
points were averaged. Then 1(av)+  3(av) was compared to (2)9av, etc., 

to give on isotope ratio difference for the two samples.

A "run" consisted of some 6 or 8 such measurements. In a run, 

a standard deviation of + 0.0005 in the measurements was obtainable. 

When several runs on the same sample were carried out, the reproducibility 

of the measurements could be obtained to + 0.0005 or better.

The same samples compared on different days gave results which 

were reproducible to + 0.0005. Also separate preparations of the same

samples were found to be reproducable within these same limits indicat

ing that the sample preparation methods were quantitative and little or 

no fractionation of the isotopes occurred in the preparation.

In the earlier stages of this investigation, it was found that 

after a vigorous baking of the mass spectrometer, well-resolved, flat- 

topped peaks resulted as shown in Figures 14 and 15. However, after a 

period of about a week of steady operation, the peak shape and 

resolution deteriorated. Subsequently, however, however, it was found that, by 

keeping the analyzer tube warm (~ 60°C) during analysis of the samples, 

the good peak shape and resolution could be retained indefinitely.
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Fractionation Studies
Harrison et al (109) reported large kinetic S32/S34 isotope 

effects in the chemical reduction of sulphate and sulphite to hydrogen 

sulphide. The corresponding isotope effects in the bacterial reduction 

of sulphate and sulphite are responsible for a large part of the sulphur 

isotope fractionation which occurs in nature. For this reason, it was of 

considerable interest to determine the extent to which selenium isotopes 

fractionate in the reduction of sodium selenite to elemental selenium.

Procedure for Reduction of Sodium Selenite: Hydroxylamine hydrochloride 

was found to be a satisfactory reducing agent for the study of isotope 

effects in the reduction of sodium selenite according to the reaction

2H+ + 2NH2OH + SeO3= -----> Se  + H2O + 4H2O 

if the reduction occurred in dilute solutions.

5.0 gm of sodium selenite are dissolved in 500 ml of water. 

Enough hydroxylamine hydrochloride (~0.04 gm) in solution is added to 

precipitate about 1 percent of the total selenium. The solution turns 

pink after a period of about on hour, indicating the slow precipitation 

of selenium. The solution is then allowed to stand overnight and the 

precipitated selenium is separated with a centrifuge since finely 

precipitated selenium in the red form goes through very fine filters. 

This selenium is then washed and dried at 80oC.

The vest of the selenium (99%) present as selenite in the 

supernatant solution is now quantitatively recovered by the addition 

of excess hydroxylamine hydrochloride, after which it is centrifuged, 
washed, and dried. The Se76/Se82 ratios for those two samples of 

elemental selenium are then compared.



RESULTS AND DISCUSSION

Natural Abundance Studies

In view of the remarkable uniformity in the S32/S34 ratio in 

meteorites of all types, and the considerable evidence that this ratio 

represents the primordial ratio of the sulphur isotopes in terrestrial 

sulphur, it seemed reasonable to assume in the first instance that the 

selenium isotope ratio for meteorites was also constant and represented 

the primordial ratio of the selenium isotopes.

Therefore, in the comparison of the selenium isotope ratios in 

various samples, selenium extracted from troilite in Canyon Diablo 

meteorite was used as a standard. In practice, however, a sample of 

selenium from Noranda was used as a secondary standard because of the 

small sample of meteoritic selenium available.

Table V and and Figure 21 summarize the selenium isotope abund

ance data obtained for a variety of natural samples. δ is the enrichment 

of Se82 in o/oo defined by

          Se82/Se76 sample - Se82/Se76 meteoritic δ =---------------------------------- x 1000 
Se82/Se76 meteoritic

The distribution of the selenium isotopes found in the samples 

investigated to date (Fig. 21) would seem to justify the choice of 

meteoritic selenium as a standard for comparison and suggest that the 

meteoritic value of the isotope ratio is indeed the primordial or base 

value from which isotopic fractionation has occurred in geological and 

biological processes.
It is seen, from the data, that the Se82/Se76 ratio in the 

samples examined varies by 1.5 percent. The selenium samples from
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TABLE V

Results of the Variations of the Se82/Se76 Ratio 

in Natural Samples

Sample 
No.

Location Alleged Type of Deposit δ82 %

1 Canyon Diablo 
Meteorite Selenium in Troilite 0.000

2 Noranda, Quebec Hypothermal or Magmatic 
Hydrothermal Massive 
Sulphide (151)

+0.5 + 0.5

3 Murdochville, 
Quebec Hypothermal or Magmatic 

Hydrothermal Massive 
Sulphide (151)

+1.0 + 0.5

4 Flin Flon, 
Manitoba Hypothermal or Magmatic 

Hydrothermal Massive 
Sulphide (151)

+0.5 + 0.5

5 Sudbury, 
Ontario Molten Magma or 

Igneous Origin (151)
+0.5 + 0.5

6 Mt. Lyell, Australia Mesothermal (151) -1.0 + 1.0

7 Mt. Wingen, N. S. W. Selenium precipitated 
below pyrite

-1.0 + 1.0

8 Beaverlodge Lake, 
Saskatchewan Umangite (Cu2Se Cu Se) 

in Hydrotherrial 
Pitchblende bearing 
sulphide vein

0.0 + 0.5

9 Beaverlodge Lake, 
Saskatchewan Chalcomenite (Cu Se O3.2H2O 

in Association with 8
 
+0.5 + 0.5

10 Unknown Refined selenium, Phelp's 
Dodge Refining Corp.
New York

+0.5 + 0.5

11 Unknown Refined selenium, 
American Smelting and
Refining Co.

+0.5 + 0.1
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TABLE V (continued)

Sample 
No.

Location Alleged Type of Deposit δ82 %

12 Unknown Commercial SeF6, Allied 
Chemical and Dye Corp., 
Baton Rouge, Louisiana— 
Selenium was purchased 
from Company in #11

+0.5 + 0.5

13 Unknown Astragalus Bisulcatus 
plant containing selenite 
and complex organic 
selenium compounds

+2.0 + 0.5

14 Unknown Astragalus Pattersoni 
plant containing 
selenite and complex 
organic selenium 
compounds

-11.0+ 1.0

15 County Meath, Ireland Soil Sample containing 
selenite and complex 
organic selenium 
compounds

+4.0 + 0.5

16 Mt. Shirane, Japan Elemental selenium in 
volcanic sulphur

-2.0 + 1.0 
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plant materials and soil show the largest variations in the selenium 

isotope ratios whereas the massive sulphide ores (probably igneous and 

magmatic hydrothermal deposits) show little or no variation with 

respect to meteoritic selenium.

It is interesting to compare these selenium isotope results with 

similar results obtained in the sulphur isotope studies.

The selenium extracted from massive sulphide ore appears to be 

slightly enriched in the heavy isotope Se ( δ = +0.5). Sulphur in 

similar ores has been shown to be enriched in the heavy isotope S34 al- 

though the results in this case are more pronounced (90). For example,

Sudbury igneous ore is enriched by 0.5 and 2.5o/00 in Se and S 

respectively, the meteoritic values being taken as standard in each case.

The Se82/Se76 ratio for elemental selenium from Mt. Shirane, 

Japan (volcanic) is, of course, not indicative of the average ratio for 

volcanic selenium, since selenium is present in other compounds and some 

fractionation between these compounds in volcanic gases is possible. 

Sulphur studies have shown wide variations in isotopic ratios for var

ious volcanic sulphur containing samples (150, 87, 74), however, when all the 

compounds arising from a volcano vent are collected and analysed, an 
average S34/S32 ratio very close to the meteoritic standard is obtained 

(149). The fact that the elemental selenium sample investigated is 
depleted in Se82 by 2 o∕00 indicates that some fractionation of the 

selenium isotopes has occurred in the volcanic gases. Elemental sulphur 

from the same volcano was also found to be depleted in the heavy isotope 

(δ = -5 (114)).
The sample from Beaverlodge Lake, Sachatchewan, which contains
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umangite (Cu2Se.CuSe) and chalcomenite (CuSeO3 ∙ 2H2O). (Samples 8 and 9 
Table V), is considered to have been derived from primary sulphide ore 

as the selenide and subsequently partially oxidized (Robinson 152).

The results show little or no fractionation of the selenium isotopes 

in this natural process.

The variations found in the Se82/Se76 ratios for selenium ex

tracted front plant material and soils indicates large isotopes effects 

which have occurred probably in oxidation and reduction processor in 

biological systems. It is now fairly well established that the major 

portion of sulphur isotope fractionation in biological systems occurs 

in the bacterial reduction of sulphate. Anaerobic bacteria are known 

to reduce selenates and selenites as well, and large selenium isotope 

effects under certain conditions are to be expected.

Although the kinetic isotope effects obtained in the bacterial 

reduction of sulphate varies with the metabolic, the maximum value 

of this isotope effect at low metabolic rates approaches that obtained 

in a direct chemical reduction (108, 109). The results from the deter- 

mination of the selenium isotope effect in the chemical reduction of 

selenite are reported below.

Reduction of Sodium Selenite

Three runs were carried out in which Na2SeO3 was reduced by 
enough hydroxylamine hydrochloride in dilute solution at 3oC to pre

cipitate 1 percent of the total selenite as elemental selenite. The 

isotope fractionation which occurred in this 1 percent reaction may 

be expressed in terms of
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Se76/Se82 reduced portion (Seo) R= 
Se76/Se82 reminder (SeO3=)

The results obtained were as follows:

Run R

1 1.014

2 1.016

3 1.016

Average 1.015 + 0.001

Those results indicate a kinetic isotope effect of (R-1) x 100 = 

1.5 percent in the chemical reduction of selenite to elemental selenium. 

The question arises as to whether this is a true kinetic isotope effect 

in which case R = k1/k2 for

Se76O3=  → Seo76

Se82O3=  → Seo76

or whether some isotopic exchange of selenium has also occurred between 

the reactant and the product in the course of the experiment. A slow 

exchange of the selenium isotopes between selenite and elemental selenium 

would result in a gradual increase of (R-1) since the equilibrium 

isotope effect for the exchange

Se76O3= + Seo82 <==> Se82O3= + Seo76

would be considerably larger than the kinetic isotope effect in the 

reduction process.
In this connection, Haissinsky and Pappas (153) have observed



with tracer experiments that amorphous selenium exchanges with its ions 

in a 5.5N HCl solution 0.1M with respect to SeO2. The rate was found 

to increase with acid concentration approaching 40 percent in 1 hour 

at 10 N HCl. Since the exchange was found to take place only at high 

acid concentrations, no appreciable exchange of the selenium isotopes 

would be expected in the almost neutral, dilute solutions of this 

reduction experiment.

Although the possible exchange in neutral solutions should be 

investigated further, the results indicate a 1.5 percent isotope Se76 - 

Se82 effect in the chemical reduction of selenite.

The kinetic isotope effect for the reduction of selenite to 

elemental selenium may be calculated using the equation of Bigeleisen 

(page 37 no. 20) providing we have the normal vibrational frequencies 

for the reactants and the activated complex. However, in the absence 

of any information about the activated complex for the reaction, it is 

necessary to make certain assumptions. By considering the breaking of 

the Se-O bond in a simple diatomic model and assuring the bond to be 

completely broken in the activated complex, k1/k2 from the Bigeleisen 
equation is found to be 1.015 at 0°C.

The agreement between the experimental and the theoretical 

result is fortuitous in view of the simple model assumed. Nevertheless,

this model shows that the result is of the order expected.
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APPENDIX I

where -k(r - re ) is the restoring force for the displacement (r - re) and μ 

is the reduced mass of tho two atoms.
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Calculation of Isotopic Vibrational Frequency Shifts for Selenium-Containing

Molecules

Experimental values for the normal vibrational frequencies of many se- 

lenium-Containing molecules are available. Since Se is the most abundant 

(about 50%) of the selenium isotopos, these experimental values are assumed 

 
to apply to the Se containing compound. The vibrational frequencies of 

the Se76 and Se82 containing molecules are now calculated from these observed 

frequencies with available "normal force equations" which describe molecules 

of different symmetries.

Diatomic Molecules: The assumption is made that the diatomic molecule is 

an enharmonic oscillator with a potential energy function of the form

U = f(r - re)2 - g(r - re )3 etc. .........  (1)

where re represents the equilibrium internuclear distance and (r - re) re

presents the displacement from this equilibrium position.

If ths anharmonicity is small (g « f), it is found that the energy 

values (eigenvalues) of the Schrodinger equation

are given by

Ev = hc we (v + 1/2) - wexe(v + 1/2)2 + weye(v + 1/2)3 + --— ...(3) 

where v is the vibrational quantum number, w is the classical vibrational

frequency in cm-1 units and μ is the reduced mass of the two atoms

The classical vibrational frequency of a harmonic oscillator for a 

diatomic molecule in units of sec-1 is given by

.......... (2)
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Assuming that the force constant "k" is the same for isotopic molecules, 

the classical vibrational frequency for an isotopic molecule is given in terms 

of the frequency of the more abundant molecule by

and from the relationship v = cw, it follows that

The assumption that ”k’’ io th semo for isotopic Jnolcculos is based on 

tho observation that the potential energy curves for isotopic diatonic mole

cules have been found alike to a very high do,3100β

Tho selection rule for vibrational energy transitions io given by 

∆v ≡ - 1 and the energy change in the vibrational transition v «» 1 to v =* O 

is given by equation (J) as

= “° ** ^ + ≈ hCV e∙.∙∙.∙.βo ∖J∕

From (⅛)j tho energy levels for tho isotopic molecule are given in tcr_:; 

of tho Ubundaet Sioleculo by

√ « ho [fw/v ÷ ⅛ - ^ ¾(v * ^ + f’ '⅛√v iI^. .. <6) 

and the energy change in the transition v α 1 to v ≡ (/ is given by

^^ = ho (⅛wβ - 2√%≡Jv* ^o+]= hew. ......  (7;

Tho calculations for tho vibrational frequencies of 60' and 6o'"*-con- 

taining diutc□io molecules then proceed as follo√a:

w and w x for the Se -containing molecule is obtained Tr n observed 
0 e e ∙

data (Heraborg ( 148 )), Then

62 √gO7 62 CO _ CO 
wo "^ y* wO 'a f 2 uo

IC λ 80 
e I 0

(17 X )£$ -J P . ?' (w x )^θ 
0 e' (62 v 0 oz

............ ..  (4)



TABLE VI CALCULATION OF VIBRATIONAL FREQUENCY SHIFTS FOR Se76 and Se82 - CONTAINING DIATOMIC SPECIES
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From those

(wexe)76 = ρ276(wexe)80

w82 = we82 — 2(wexe)82

w76 = we76 - 2(wexe)76

Table VI summarizes the calculations made to determine the vibrational 

frequencies of some Se76 and Se82 -containing molecules.

Selenate Ion (SeO4= ). This ion is of tetrahedral structure. Heath and

Linnett (156 ) have compared the assumptions of "Simple Valence Force Fields 

(SVFF)" with those of "Orbital Valency Force Fields (OVFF)" in their appli

cation to tetrahedral XY4 compounds and have found the latter to be superior. 

In particular, with other compounds, they considered SeO4= and found the cal

culated and the observed frequencies to be in excellent agreement as shown:

SeO4= N1 N2
N3 N4

Observed Frequencies (161) 834cm-1 875cm-1 416 cm-1 339 cm-1

OVFF Calculated Frequencies 834 cm-1 875 cm-1 406 cm-1 346 cm-1

It is seen that there are four normal modes for molecules of this 

symmetry type. Of these modes, N1 and N4 are non-degenerate while modes 

N2 and N3 are triply-degenerate.

From the OVFF approach the following equations were given for SeO4= 

by Heath and Linnett (154).

................. (1)

∙∙∙∙∙∙∙∙∙∙ (2)



....................... (3)

................. (4)

mse = mass of selenium atom 

mo = mass of oxygen atom 

k1 = bond stretching constant for Se - O bond

= (5.40 x 105 dynes/cm)

r2k'α = bending constant of the O - Se - O angle

(k'α = 0.84 x 105 dynes cm)

-B and 2A are the first and second differentials of the potential energy 

function representing repulsion between non-bonded atoms. For SeO4=

A = 0.135 x 105 dynes/cm B/R = 0.21 x 105 dynes/cm

It is firstly noted that λ1 and λ4, are not dependent upon the mass of 

selenium and therefore remain the same with isotonic substitution of selenium. 

λ2 + λ3 and λ2λ3 can now be calculated from equations (2) and (3) using the 

values of the constants given by Heath and Linnett (156). Then, λ1 and 

λ2 and subsequently w1 and w2 can be obtained by using the equation:

λ2 = (λ2 + λ3)λ + λ2λ3 = 0, 

whose roots are given by       2 λ = λ2 + λ3 + √(λ3 + λ2)2 -4λ2λ3

Those values are found to be the following:
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where λ1 = 4π2c2wi2  wi = frequency in cm-1 
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Now if the calculated normal vibrational

λ2 + λ3 λ2λ3 w2 w3
Se76O4= 5.5354 x 104 sec-2 4.4593 X 108 sec-4 879.6 cm-1 407.7 cm-1

Se80O4= 5.4717 x 104 sec-2 4.3537 x 108 sec-4 874.6 cm-1 405.1 cm-1

Se82O4= 5.4421 x 104 sec-2 4.3100 x 108 sec-4 872.2 cm-1 404.2 cm-1

frequencies, w2 and w3

for Se80O4= are compared to the observed values a discrepancy is noted for

w3.

is of octahedral

Se76O4= Se82O4=

w1 834 cm-1 834 cm-1

w2 880.0 cm-1 872.6 cm-1

w3 418.6 cm-1 415.1 cm-1

w4 339 cm-1 339 cm-1

SeF6: Selenium hexafluoride structure of Oh

symmetry. Heath and Linnett (156) have applied the SVFF and the OVFF

method to molecules of this structure, in particular SeF6, and found

the OVFF method to give better agreement. The calculated values and

the observed values of the fundamental frequencies were compared as

follows:

Therefore, a correction factor of 416/405.1 is now applied to the

calculated w3's for Se76O4= and Se82O4= to align their values with the 

observed value for Se84O4=. After doing this, the normal frequencies 

for Se76O4= and Se82O4= are found to be:

Se80O4 = observed
w2

875 cm-1 416 cm-1

Se80O4 = calculated 874.6 cm-1 405.1 cm-1
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Of these 6 normal modes, N,

SeF6 N1
N2 N3 N4 N5

N6

Observed (157) 708 cm-1 442 cm-1 787 cm-1 461 cm-1 405 cm-1 245 cm-1

Calculated OVFF 720 cm-1 650 cm-1 802 cm-1 463 cm-1 402 cm-1 
350 cm-1

is non-degenerate, N2 is doubly degenerate and

N3, N4, N5, and N6 are triply degenerate. N1, N2, and

valency vibrations while N4, N5, and N6 are associated

N1, N2 and the Raman spectrum while

are associated with

with deformation vibrations.

N3 and N4 appear in the

infra red spectrum. N6, however, is forbidden in either spectrum and cannot

be observed spectroscopically It must be calculated by combination tones or

obtained from specific heat data. It is noted that this normal vibration is

not satisfactorily considered in the OVFF approach.

Heath and Linnett ( 156 ) give the following equations for SeF6 from the 

OVFF approach.

where



λ6 = (kβ + 2A)/mf .......... (6)

where nSe = mass of selenium atom

mF = mass of fluorine atom

The constants have been calculated by Heath and Linnett to be as 

follows:

k1 = 4.3 x 105 dyne/cm.

kβ = 1.00 x 105 dyne∕cm. 

A = 0.1875 X l05 dyne/cm. 

B/R = 0.0290 x 10 dyne/cm.

It is immediately seen from the equations that λ1, λ2, λ5, and λ6 are 

independent of the mass of selenium and therefore remain the same for iso

topic substitution of selenium. In isotope shift calculations, therefore, 

the poor agreement of the calculated λ6 with the observed value no longer 

presents a problem. Using equations (3) and (4), λ3 + λ4 and λ3λ4 are 

obtained. As before, λ3 and λ4 and subsequently w3 and w4 can be deter-

mined. The results are as follows:

λ3
+ λ4 λ3 λ4 w3 w4

Se76F6
5. 1150 x

104 sec-2 4.8872 x 108 sec-4 807.8 cm-1 464.7 cm-1

Se80F6 5. 0289 x
104 sec-2 4.7405 x 108 sec-4 800.3 cm-1 461.9 cm-1

Se82F6 5. 0289 x 104 sec-2 4.7405 x 108 sec-4 800.3 cm-1 461.9 cm-1

The calculated values of w3 and 34 for Se80F6 are now compared with

the observed values, and

Se80F6
w3 w4

Observed 787 cm-1 461 cm-1

Calculated 800.3 

cm-1

461.9 cm-1
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787 461correction factors (800.3 and 461.9) are used 

vibrational frequencies for Se76F6 and Se82F6

to align the calculated

with the observed vibra

tional frequencies
for Se80F6.

Summarizing:

w1        w2 w3 w4 w5 w6

Se76F6 708 cm-1 662 cm-1 794.7 cm-1
463.8 cm-1

405 cm-1 245 cm-1

Se82F6 708 cm-1 662 cm-1 783.9 cm-1 459.7 cm-1 405 cm-1 245 cm-1

H2Se: Triatomic non-linear molecules have been studied by Glocker and Tung (158)

with the assumption of general force fields which produce three equations with

four force constant for isoceles non-linear triatomic molecules as follows:



The observed angle α for H2Se is close to 90° while the two symmetric 

frequencies observed are 2260 and 1074, and the antisymmetric frequency 

observed is 2350 (159). Since a is 90°, the equations are simplified

because:

which gives

Smith and Linnett (160) have subsequently applied these equations

to H2Se and found the following force constants

c1 = 3.4 + 0.1 x 105 dynes/cm

c2 = 0.38 + 0.06 x 105 dynes/cm

c3 = 0.15 + 0.03 x 105 dynes/cm

c4 = -0.15 + 0.15 x 105 dynes/cm

It is seen from (2) that the isotopic frequencies for w3 are related

by

.................  (2)



Assuming that the observed frequency value of w3 applies to H2Se80, 

w3 for H2Se76 and H2Se82 is calculated to be 2350.7 cm-1 and H2Se82 is 

calculated to be 2350.7 cm-1 and 2349.7 cm-1 respectively (w380 = 2350 cm-1).

If the constants of Smith and Linnett (160 ) are used to find λ1λ2 

and λ1 + λ2, w1 and w2 for the isotopic molecules are found to be

w1

H2Se76

2430.7 cm-1

H2Se80

2430.1 cm-1

H2Se82

2429.8 cm-1

w2
960.1 cm-1 959.7 cm-1 959.5 cm-1

The observed values of w1 and w2 are 2260 cm-1 and 1074 cm-1 respec

tively. If these frequencies are assumed to be those for H2Se80, the cal

culated values are corrected to the observed values to give

w1

H2Se76

2260.7 cm-1

H2Se80

2260.0 cm-1

 
H2Se82

2259.8 cm-1

w2
1074.4 cm-1 1074.0 cm-1 1073.8 cm-1

The errors between the observed values and the calculated values of

w1 and w2 result because four force constants cannot be determined uniquely 

with three frequencies. However,this method is considered to be more

accurate than other methods which assume fewer force constants.
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Calculations of Q2'/Q1' for Se82 and Se76 containing compounds were 

made using the isotopic vibrational frequencies found in Appendix I 

and the Bigeleison Mayer Equation (No. 14, page 34). The G(u) values 

were taken from the table of Bigeleisen and Mayer (134).

APPENDIX II



TABLE VII

Calculation of Q2'/Q1' for Se-Containing Diatomic Species

Molecule Temp oC u76 u82 Δu G(u82) G(u)Δu
Q2'/Q1'=

1+G(u)Δu

PbSe82 0oC
1.4839 1.4439 0.0401 0.1163 0.0047 1.0047

PbSe76 25 1.3595 1.3228 0.0367 0.1071 0.0039 1.0039

100 1.0662 l.0569 0.0294 0.0891 0.0026 l.0026

250 0.7748 0.7559 0.0209 0.0621 0.0013 1.0013

0oC 2.1616 2.1221 0.0595 0.1669 0.0069 l.0069
GeSe82 25 1.9804 1.9442 0.0362 0.1499 0.6054 1.0054

100 1.5825 1.5534 0.0289 0.1245 0.0056 1.0056
250 1.1207 1.1080 0.0206 0.0899 0.0019 1.0019

SnSe82 
 

SnSe76

0oC 1.7655 1.7255 0.0400 3.1555 0.0054 1.0054
25 1.6156 1.5790 0.0567 0.1245 0.0046 1.0046

100 1.2509 1.2616 0.0295 C.1017 0.0050 1.0030
250 0.9208 0.8999 0.0309 0.0740 0.0023 1.0025

CSe82 0oC 5.4227 5.3959 0.0269 0.5195 0.0086 1.0086
CSe76 25 4.9680 4.9454 0.0246 0.3049 0.0075 1.0075

100 5.9695 5.9499 0.0197 0.2665 0.0052 1.0052
250 2.8314 5.8174 0.0140 0.2605 0.0057 1.0057

0oC 5.0557 5.0262 0.0295 0.2205 0.8065 1.0065
SiSe82 
SiSe76 25 2.7995 2.7725 0.0270 0.2060 0.0056 1.0056

100 2.2569 2.2155 0.0216 0.1711 0.0037 1.0037
250 1.5995 1.5801 0.0154 0.1265 0.0020 1.0020

Se82Se80 0oC 2.0784 2.0594 0.0590 0.1592 0.0062 l.0062
Se76Se80 25 1.9041 1.8684 0.0557 0.1475 0.0055 1.0055

100 1.5214 1.4929 0.0285 0.1200 0.0034 1.0034

250 1.0852 1.0649 0.0203 0.0871 0.0018 1.0018

Se82Se82 0cC 2.1051 2.0269 0.0762 0.1584 0.0124 1.0124
Se76Se76

25 1.9285 l.8569 0.0716 0.1465 0.0105 1.0105

100 1.5409 1.4357 0.0572 0.1195 0.0068 1.0068

250 1.0991 1.0585 0.0408 0.0893 0.0057 1.0057

Se82O16 
Se76O16 0oC 4.7486 4.7138 0.0299 0.2971 0.0089 l.0089

25 4.5505 4.5251 0.0274 0.2821 0.0077 1.0077

100 5.476l
2.4794

5.4542 0.0219 0.2450 0.0055 1.0055

250 2.4650 0.015 0.1672 0.0029 1.0029
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TABLE VIII -79-

Calculation of Q2'/Q1' for SeO4= at 0oC

w2i (cm-1) w1i(cm-1) Δwi (cm-1)
u2i Δui G(u2i) G(u)Δu

1 834 834 0.00

2 872.6 880 7.4 4.5946 0.05396 0.29256 0.0114

2 872.6 880 7.4 4.5946 0.03896 0.29256 0.0114

2 872.6 880 7.4 4.5946 0.03396 0.29256 0.0114

5 415.1 418.6 3.5 2.1857 0.01843 0.16910 0.0031

5 415.1 413.6 3.5 2.1857 0.01843 0.16910 0.0031

5 415.1 418.6 3.5 2.1857 0.01845 0.16910 0.0031

4 559 559 0.0

ΣG(u)Δu = 0.044 
Q2'/Q1' = 1.044 at 0oC

TABLE IX

Calculation of Q2'/Q1' for SeO4= at 25°C

ΣG(u)∆u ≡ 0.038 

Q2'/Q1'= 1.030 at 25oC

i w2i(cm-1) w1i (cm-1) ∆wi (cm-1) u2i Δui G(u2i) G(u)Δu

1 834 834 0.00

2 872.6 880 7.4 4.2093 0.03570 0.27750 0.00990

2 872.6 800 7.4 4.2093 0.05570 0.27750 0.00990

2 872.6 880 7.4 4.2095 0.05570 0.27750 0.00990

5 415.1 418.6 5.5 2.0024 0.01688 0.15666 0.00264

5 415.1 418.6 5.5 2.0024 0.01660 0.15666 0.00264

5 415.1 418.6 5.5 2.0024 0.01688 0.15666 0.00264

4 559 539 0.0
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TABLE X

Calculattion of Q2'/Q1' for SeO4= at 100oC

i w2i(cm-1) w1i(cm-1) Δwi (cm-1) u2i Δui G(u2i) G(u)Δu

1 834 834 0.00

2 872.6 880 7.4 3.3633 0.02447 0.24609 0.00602

2 872.6 880 7.4 3.3653 0.02447 0.24609 0.00602

2 872.6 880 7.4 3.3655 0.02447 0.24603 0.00602

5 415.1 418.6 3.5 1.6000 0.01280 0.12797 0.00164

5 ⅛1‰1 418.6 3.5 1.6000 0.01280 0.12797 0.00164

5 415.1 418.6 3.5 1.6000 0.01280 0.12797 0.00164
4 539 339 0.0

∑G(u)Δu = 0.023

Q2'/Q1' = l.023 at 100oC

TABLE XI

Calculation of Q2'/Q1' for SeO4= at 250oC

i
w2i(cm-1) w1i(cm-1) Δwi(cm-1)

u2i Δui G(u2i)
G(u)Δu

1 834 834 0.0

2 872.6 880 7.4 2.3990 0.02055 0.18304 0.00572

2 872.6 880 7.4 2.5990 0.02035 0.18304 0.00372

2 872.6 880 7.4 2.5990 0.02055 0.18304 0.00372

3 415.1 416.6 3.5 1.1412 0.00962 0.09309 0.00009C

3 415.1 410.6 3.5 1.1412 0.00962 0.09309

3 415.1 418.6 3.5 1.1412 0.00962 0.07309

4 339 339 0.0

ΣG(u)Δu = 0.014
Q2'/Q1' = 1.014 at 250oC



TABLE XII

Calculation of Q2'/Q1' for SeF6 at 0oC

i w2i w1i Δwi u2i △ ui G(u2) g(u2)Δu

1

cm-1

70S
cm-1
706

cm-1

0.0

2 662 662 0.0

2 662 662 0.0

5 705.8 754.7 11.1 4.1273 0.05693 0.27410 0.01562

3 785.3 794.7 11.1 4.1275 0.05693 0.27410 0.01562

3 735.8 794.7 11.1 4.1273 0.05698 0.27410 0.01562

4 459.7 465.8 4.1 2.4205 0.02155 0.18455 0.00598

4 459.7 465.8 4.1 2.4205 0.02155 0.18455 0.00398

4 459.7 465.0 4.1 2.4205 0.02155 0.18455 0.00398

5 405 405 0.0

5 405 405 0.0

5 405 405 0.0

6 245 245 0.0

6 245 245 0.0

6 245 245 0.0

ΣG(u)Δu = 0.059
Q2'/Q1' = l.059 at 0oC
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Calculation of Q2'/Q1' for SeF6 at 25°C

i w2i w1i Δwi u2i Δ ui G(u2)
 

G(u2)Δu 

cm-1 cm-1 cm-1

1 700 708 0

2 662 662 0

2 662 662 0

5 785.8 794.7 11.1 5.7015 0.05220 0.25886 0.01551

5 783.8 794.7 11.1 5.7015 0.05220 0.25886 0.01551

5 783.8 794.7 11.1 5.7015 0.05220 0.25086 0.01351

4 459.7 463.8 4.1 2.2173 0.01974 0.17124 0.00338

4 459.7 463.8 4.1 2.2178 0.01974 0.17124 0.00338

4 459.7 465.8 4.1 2.2178 0.01974 0.17124 0.00338

5 405 405 0.0

5 405 405 0.0

5 405 405 0.0

6 245 245 0.0

6 245 245 0.0

6 245 245 0. 0

ΣG(u)Δu = 1.051

Q2'/Q1' = 1.051 at 25oC



TABLE XIV

Calculation of Q2'/Q1' for SeF6 at 100oC

i w2i 21i Δwi u2i Δui G(u2) G(u2)Δu

1

cm-1

708

cm-1 

700

cm-1 

0.0

2 662 662 0.0

2 662 662 0.0

5 783.7 794.7 11.1 5.0215 0.04171 0.22024 0.00919

5 735.7 794.7 11.1 5.0215 0.04171 0.22024 0.00919

5 783.7 794.7 11.1 5.0215 0.04171 0.22024 0.00919

4 459.7 465.8 4.1 1.7719 0.01577 0.14046 0.00215

4 459.7 465.8 4.1 1.7719 0.01577 0.14046 0.00215

4 459.7 465.8 4.1 1.7719 0.01577 0.14046 0.00215

5 405 405 0.0

5 405 405 0.0

5 405 405 0.0

6 245 245 0.0

6 245 245 0.0

6 245 245 0.0

ΣG(u)Δu = 0.034

Q2'/Q1' = 1.034 at 100oC
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TABLE XV

Calculation of Q2'/Q1' for SeF6 at 250oC

i w2i w1i ∆wi
u2i Δui G(u2) G(u2)Δu

1

cm-1

708 706

cm-1

0.0

2 662 662 0.0

2 662 662 0.0

5 785.6 794.7 11.1 2.1848 0.02975 0.16904 0.00505

3 783.8 794.7 11.1 2.1θ48 0.02975 0.16904 0.00505

5 785.θ 794.7 11.1 2.1848 0.02975 0.16904 0.09505

4 459.7 465.8 4.1 1.2659 0.01125 0.10262 0.00115

4 459.7 465.6 4.1 1.2659 0.01125 0.10262 0.00115

4 459.7 465.8 4.1 1.2659 0.01125 0.10262 0.00115

5 405 405 0.0

5 405 405 0.0

5 405 405 0.0

6 245 245 0.0

6 245 245 0.0

6 245 245 0.0

ΣG(u)Δu = 0.019

Q2'/Q1' = 1.019 at 250oC



Calculation of Q2'/Q1' H2Se at 0oC

i w1 w2 Δw u2 Δu G(u2) G(u)∆u

1

cm-1 

2260.7

cm-1 

2259.8

cm-1

0.9 11.8980 0.004759 0.41597 0.0020

2 1074.4 1075.6 0.6 5.6540 0.002977 0.32671 0.0010

5 2550.7 2349.7 1.0 12.3721 0.005265 0.41917 0.0022

ΣG(u)Δu = 0.0052

Q2'/Q1' for H2Se at 0oC = 1.005

TABLE XVII

Calculation of Q2'/Q1' for H2Se at 25°C

i υl *2 ∆w u2 Ul C(⅛) U (u)Zu

1

cm~l 

2260.7

cm“l

2259.8

cm-x

0.9 10.9010 0.004342 0.40829 0.0013

2 1074.4 1075.8 0.6 5.18C0 0.002894 υ.51265 0.0009

5 2350.7 2549.7 1.0 11=3547 0.004824 0.41178 0.0020

Ξ,g(u)ui ≈ C.tO⅛7

’^/ :£ for H^o® at ^5°C = 1.005

TABLE XVIII

Calculation of Q2'/Q1' for H2Se at 100oC

i wi w2 Δw u2 Δu G(u2) G(u)Δu

1

cm-1 

2260.7
cm-1

2259.8

cm-1

0.9 8.7102 0.003469 0.38556 0.0013

2 1074.4 1075.6 0.6 4.1569 0.002515 0.27458 0.0006

5 2550.7 2349.7 1.0 9.0567 0.005854 0.36970 0.0015

  Σg(u)Δu = 0.0034
Q2'/Q1' for H2Se at 100oC = 1.003

TABLE XVI
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TABLE XIX

Calculation of Q2'/Q1' for H2Se at 250oC

i wi w2 Δw u2 Δu G(u2) G(u)Δu

1
cm-1 

2260.7
cm-1

2259.6
cm-1
0.9 6.2129 0.002474 0.34119 0.0008

2 1074.4 1073.0 0.6 2.9522 0.001650 0.21636 0.0004

5 2550.7 2549.7 1.0 6.4600 04002749 0.34676 0.0010

ΣG(u)Δu = 0.0022 

Q2'/Q1' for H2Se at 250oC = 1.002
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