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A system of gas chromatographic separation of the components

of the radio-exchange system thionyl fluoride--sulfur dioxide and

subsequent radioassay of these species in a flow-through ionization

chamber has been developed. The column used, a 1 m x 4 mm

Pyrex helix packed with 40/60 mesh Chromosorb T (Teflon) with a

20% by weight Haloca.rbon 10-25 oil liquid phase coating, gave re-

tention times (to peak maxima) of approximately 40 and 100 seconds

for thionyl fluoride and sulfur dioxide, respectively, with a helium

carrier gas flow rate of 35.3 ml /rain at a column temperature of

40.00C. Specific activities of the exchanging components, obtained

from the electronically integrated gas chromatograph peak area and

the activity as measured by a vibrating-reed electrometer in con-

junction with the ionization chamber, were found to be reproducible

to approximately ± 10%.



The above technique was applied to several investigations of
35S exchange between liquid thionyl fluoride and liquid sulfur dioxide:

(1) Uncatalysed exchange. Uncatalysed exchange between

thionyl fluoride and sulfur dioxide was investigated at 25. 0oC and

mole ratios of SOF2: SO
2

of approximately 6:1, 1:1, and 1: 6. No

evidence of any exchange was found for periods of as long as 150

days, despite evidence of chemical reaction having occurred in some

of the long term samples.

(2) Lithium fluoride (Lewis base) catalysis. No exchange was

observed up to 123 days in the heterogeneous system lithium

fluoride--thionyl fluoridesulfur dioxide at ambient temperature

and approximately 1: 1 mole ratios of SOF2; SO2. There was again

evidence of chemical reaction having taken place in the system.

(3) Antimony(V) fluoride (Lewis acid) catalysis. Antimony(V)

fluoride was found to exert a moderate catalytic action, with the

apparent order in catalyst ranging from about 0.5 in excess thionyl

fluoride to about 0.9 in excess sulfur dioxide. The
35S exchange

in this homogeneous system was investigated throughout the concen-

tration range from approximately 6: 1 to 1: 6 mole ratios of

SOF2: SO
2

at temperatures of 0.0, 25.0, and 40. 0oC. The results

were found to fit a rate law of the form



K

Rate = k(SOF2) [z]

[ (S02) - z] 2[ (SbF5)2]

where square brackets denote equilibrium concentrations, and [ z]

is the concentration of the adduct S02SbF
5

formed from a reaction

of sulfur dioxide with the dimeric species (SbF5)2, postulated as

being the predominant form in which antimony(V) fluoride exists in

solutions containing excess thionyl fluoride. The following mech-

anism has been proposed:

2 S*0
2

+ (SbF5)2 = 2 S*02SbF
5

(fast)

SOF
2

+ S
z

SbF
5

= S OF 2. SbF
5

+ SO2 (slow)

Values found for the rate constant, k, at 0, 25, and 40°C are,

respectively, 2.2 X 103, 1.6 X 10 -2, and 9.1 X 10 2
M

1hr1. The

equilibrium constant, K , was found to be about 3 X 10-3M-1 at

25oC, and of the order of 10-3 at 40oC. The Arrhenius activation

energy was found to be about 15 kcal/mole, and the entropy of acti-

vation was found to be approximately -55 cal/mole-°K.

The rather low degree of catalysis by antimony(V) fluoride,

the large negative entropy of activation, and the variable and non-

integral apparent order in catalyst as well as the absence of exchange



in the uncatalysed experiments are interpreted as indications that

molecular mechanisms involving Lewis acid-base interactions are of

primary importance in these systems, in contrast to the solvent

self-ionization required by the "solvent systems" picture of non-

aqueous reaction mechanisms.
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RADIOSULFUR EXCHANGE STUDIES IN THE LIQUID SULFUR
DIOXIDETHIONYL FLUORIDE SYSTEM

I. INTRODUCTION

Over the past two decades, isotopic exchange and other experi-

ments, primarily in sulfur-containing non-aqueous solvents, have

been conducted in this laboratory. 1 Results of these experiments as

well as work by others have generally been interpreted in terms of

Lewis acid-base concepts and molecular processes, in contrast to

the "solvent system" theory advanced by Cady and Elvy (1928) and

developed extensively by G. Jander (1949) in which self-ionization of

the solvent was of primary importance.

Lewis and Sowerby (1957 and 1963), for example, interpreted

the chlorine-36 exchange between phosphorus oxychloride and

chloride ion as indicating an association process rather than self-

ionization of the phosphorus oxychloride. Similarly, in the system

liquid sulfur dioxide--liquid thionyl chloride, neither oxygen-18 ex-

change (Grig and Lauder, 1950) nor sulfur-35 exchange (Muxart,

1950; Johnson, Norris, and Huston, 1951) was observed to occur at

1For a review of this work to 1959 see the reference (Norris, 1959).
Later work is contained in the references (Burge, Freund, and
Norris, 1959; Wiggle and Norris, 1964; Bain and Norris, 1965;
Mickelson, Norris and Smith, 1966; Mickelson and Norris, 1966).
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an appreciable rate. These results were interpreted as indicating

the absence of any significant self-ionization of thionyl chloride

and/or sulfur dioxide.

Sulfur-35 exchange between thionyl chloride and sulfur dioxide

was found to be catalysed by both chloride ion donors and acceptors

(Masters, 1952; Masters and Norris, 1955), but again, the inter-

pretation of these results does not necessitate invoking the concept

of self-ionization of the solvent. Masters and Norris found that the

results of catalysis by either tetraethylammonium chloride or

rubidium chloride (Lewis bases) fit a rate law of the form

Rate = k3(catalyst)(SOC12)(S02) (1)

in either excess sulfur dioxide or excess thionyl chloride, although

the value of k
3

was about three times as great in the latter case.

The value of the rate constant also depended upon which catalyst was

used. A mechanism consistent with the above rate law was proposed,

SO2* + C1-- = S*0 (fast)

S 0
2

+ SOC1
2

= S 0C1
2

+ SO
2
CL (slow)

for which the transition state was visualized as a bridged structure

in which exchange is effected by simultaneous interchange of chlorine

and oxygen atoms.

Lewis acid (chlorine acceptor) catalysis of sulfur-35 exchange
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between thionyl chloride and sulfur dioxide in the liquid state has

also been extensively investigated (Burge and Norris, 1959a; Burge,

1958). Catalysis by antimony(V) chloride produced data which fit

the relationships

Rate = k(S02)(SOCISbC15)

K = (SOCl2 SbC15)/(SOC12)(SbC15)

(4)

(5)

with essentially the same values of the rate constant, k, and the

equilibrium constant, K, in both excess sulfur dioxide and excess

thionyl chloride. The proposed mechanism

SOC1 + SbC1
5

= SOC1
2
SbC1 (fast)

SOC1
z
SbC1 + S 02 = S SbC15 + SO2 (slow)

involved an adduct formed by coordination of one of the chlorines of

SOC1
2

to the antimony, forming a hexachloroantimonate structure.

Subsequent coordination of the sulfur dioxide molecule through the

sulfur to a chloride adjacent to the chloride from thionyl chloride

in the hexachloroantimonate complex would leave the two sulfurs in

an appropriate position to form a double chlorine, oxygen bridge

between themselves. An interchange of bonds in the bridge followed

by dissociation of the activated complex would complete the exchange.

That the catalysis by antimony(V) chloride is not due to a



4

low chloride ion concentration arising from a slight dissociation of

SbC1
5 was demonstrated in further work by Burge and Norris (1959b)

in which tetraethylammonium chloride antimony(V) chloride present

together mutually inhibited each others catalytic effects, presum-

ably due to formation of the hexachloroantimonate ion, as maximum

inhibition occurred at a 1: 1 mole ratio of the two catalysts.

In contrast to the adduct between thionyl chloride and

antimony(V) chloride postulated above, in which the bonding takes

place through the chlorine of thionyl chloride, Lindqvist and

Einarsson (1959) have reported the 1: 1 adducts of antimony(V)

chloride with both thionyl chloride and sulfuryl chloride to be bonded

primarily through the oxygen. Indeed, bonding via the oxygen has

been found to be the case for a number of adducts between penta-

halides of Group V elements and oxyhalides whose structures have

been determined (Webster, 1966, p. 89-94). However, this does

not preclude the existence, in solution, of the weak addition com-

pound bonded through the halogen which was proposed in the exchange

mechanism.

The present work is an investigation of the kinetics of uncat-

alysed and antimony(V) fluoride catalysed exchange of sulfur-35 in

the liquid thionyl fluoride--liquid sulfur dioxide solvent system. As

fluorine-containing non-aqueous solvent systems had not previously

been investigated in this laboratory, this system was of great
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interest. In addition, it was hoped that some corroborating evidence

for an exchange mechanism similar to equations (6) and (7) might be

obtained by investigation of the analogous fluorine-containing system.

The antimony(V) fluoride catalysed sulfur exchange between

thionyl fluoride and sulfur dioxide was also of interest from other

aspects. The much slower rate of hydrolysis and lower chemical

reactivity in general of thionyl fluoride as opposed to thionyl chloride

suggested that a much slower rate might be observed, and that the

system might be suitably inert toward chemical reaction or de-

composition of its components. The tendency of SbF5 to form

fluorine bridges, as evidenced by the high degree of association in

the liquid state (Cotton and Wilkenson, 1966, p. 496-497) and the

fluorine-bridged adduct between SF4 and SbF5 (Oppegard et al.,

1960) leads one to expect that a fluorine-coordinated adduct

SOF2*SbF 5
in solution might not be too unlikely. In addition, the

relatively stable adduct SO2SbF5, which could also conceivably take

part in an exchange mechanism, is known and has been well-

characterized (Aynsley, Peacock, and Robinson, 1951; Moore,

Baird, and Miller, 1968). An equally important purpose of the

present work was to develop a system of component separation and

radioassay suitable for general use in isotope exchange experiments

in non-aqueous systems. A preliminary investigation of gas

chromatographic separations of thionyl chloride and sulfur dioxide
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by N. D. Potter (1962) suggested that this might be a fruitful

approach if a suitable column which did not catalyse the exchange

or react with the exchanging materials could be found. A flow-type

ionization chamber could provide convenient radioas say of the gas

chromatograph effluent.

The overall objective of this research was thus to develop an

instrumental system and experimental technique for gas chromato-

graphic separation and radioas say useful for the type of experiments

performed in this laboratory, and to apply these to a thorough in-

vestigation of the kinetics of antimony(V) fluoride-catalysed sulfur-

35 exchange between thionyl fluoride and sulfur dioxide.
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II. EXPERIMENTAL

A. General

All moisture sensitive compounds were handled either in a

vacuum line or a polyethylene glove bag.

The glove bag was purged with dry nitrogen four to six times

before use, and in cases of manipulations requiring more than 15 or

20 minutes, an open dish of phosphorus(V) oxide was also placed

in the bag. The dry nitrogen was provided by boiling liquid nitrogen

in an apparatus consisting of a narrow-necked four liter Dewar flask

provided with a tightly fitted two hole rubber stopper through which

were sealed a blade heater and glass nitrogen outlet tube. By adjust-

ing the power to the heater by means of a variable transformer, dry

nitrogen gas could be generated at a suitable rate and conducted

through Tygon tubing to the glove bag inlet.

The vacuum system was of Pyrex glass and of conventional de-

sign. Evacuation was accomplished through a liquid nitrogen cooled

trap by a mercury diffusion pump backed by a mechanical vacuum

pump. Pressures of 10-5 torr or lower were routinely attained.

Pressure measurement was by means of a McLeod gauge, mercury

manometer, or Halocarbon.2 oil manometer, as appropriate.

2Ha.locarbon is a trade name for mixed fluoro-chlorocarbon lubricants
obtainable from Halocarbon Products, Hackensack, New Jersey.
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All stopcocks exposed to thionyl fluoride, sulfur dioxide, or

antimony(V) fluoride were lubricated with Halocarbon or Kel-F3 high

vacuum stopcock grease. Sulfur dioxide and thionyl fluoride did not

visibly attack these materials. In contrast, antimony(V) fluoride did

react slowly with these lubricants, necessitating re-greasing of the

stopcocks involved after a few days of exposure. No other lubricants

were found, however, which were more inert toward SbF5. Ground

glass joints were generally sealed with Halocarbon wax, a material

similar in chemical composition to the Halocarbon greases used.

The antimony(V) fluoride was also observed to react with the

glass of the vacuum system over a period of several days, leaving a

white film which tended to adsorb other substances passed through the

line, making high vacuum difficult to attain. The section of the

vacuum line to which the handling of SbF
5

was restricted was made

up of several small sections connected with ground glass joints

sealed with Halocarbon wax. These sections could thus be easily

dismantled for the frequent cleaning necessary. The antimony(V)

fluoride also attacked the ground glass surfaces of the stopcocks ex-

posed to it, and these required re-grinding with 600 mesh Carbor-

undum powder or replacement after several weeks of exposure.

3Kel-F is a trade name for a mixed fluoro-chlorocarbon lubricant
obtainable from 3M Company, St. Paul, Minnesota.
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Sulfur dioxide pressures were measured with a mercury mano-

meter. As thionyl fluoride reacted slowly with mercury, SOF
2

pressures were generally measured with a manometer filled with

Halocarbon 10-25 oil, although the mercury manometer was used in

a few instances where the period of exposure was very brief.

Antimony(V) fluoride was excluded from any contact with mercury,

with which it reacted very rapidly.

Before use, the vacuum line and all storage and dosing bulbs

were pumped to a high vacuum for at least six hours, and generally

were heated with a luminescent flame or heat gun to desorb moisture

or other substances which may have been adsorbed by the glass.

The vacuum line and other pieces of glass apparatus, including

the exchange sample bombs, were cleaned by rinsing several times

with acetone or chloroform to remove any stopcock grease or wax,

followed by treatment with five percent hydrofluoric acid solution

and several rinses with distilled water. The hydrofluoric acid treat-

ment was carefully investigated to ascertain that it did not catalyse

the exchange.

Reaction temperatures were maintained to + 0. 1°C in the case

of the 25.0oC and 40.00C experiments by water-filled constant

temperature baths of standard design. In the case of the experiments

at 0. 0oC constant reaction temperature was maintained by crushed

ice packed in a Dewar flask, Reaction temperatures were monitored
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by thermometers which were occasionally checked against thermome-

ters which had been calibrated by the National Bureau of Standards.

B. Preparation and Purification of Materials

1. Antimony(V) Fluoride

Antimony(V) fluoride, SbF5, was obtained from K and K

Laboratories, Inc., in a metal cylinder. As received, the cylinder

was closed with a brass plug which was observed to have become

corroded, and the contents consisted of a bright blue viscous liquid

containing pieces of white solid.

About 50 ml of this material was poured into a 100 ml Pyrex

round bottom flask with a Standard Taper ground glass neck. A

ground glass joint coated with Halocarbon wax and equipped with a

stopcock was fitted into the neck of the flask. The above procedures

were carried out in a glove bag which had been flushed with dry

nitrogen several times before use. The apparatus was then removed

from the glove bag and the waxed joint heated carefully to seal it.

The container of SbF
5

was then attached to the vacuum line and

the contents distilled twice in vacuo, the first and last one-fourth

portions being discarded, and the middle portion being collected in a

Dry Ice-acetone cooled trap. The resulting material was a colorless,

highly viscous liquid.
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This material was further purified by fractionation at high

vacuum through a series of traps cooled to 0 °C (ice water), -10oC

(diethylene glycol slush), -23°C (carbon tetrachloride slush), and

-196°C (liquid nitrogen). The material in the first two traps (present

as an extremely viscous super-cooled liquid) was re-fractionated in

an identical manner, and the material from the second fractionation

was distilled into glass ampoules equipped with break-tip tubes.

These ampoules were sealed from the vacuum line and stored

in a refrigerator at approximately 0 °C. Even at this storage

temperature the antimony(V) fluoride attacked the glass very slowly,

and the material was therefore distilled once more in vacuo before

use. The dosing procedure used in making up the kinetic samples

constituted still another vacuum distillation.

The melting point observed on the purified product was 6.5 to

7. 5 °C. Previously reported values are 7.0oC (Chemical Rubber

Publishing Company, 1962, p. 536) and 8.3°C (Hoffman and Jolly,

1957). Melting points were difficult to obtain as the liquid SbF5

readily formed a glass when frozen. They were finally obtained by

condensing SbF
5

vapor at liquid nitrogen temperature on the walls of

a tube attached to the vacuum line, then removing this tube and

placing it in an unsilvered Dewar flask containing a thermometer and

water at about 0 to 5 °C, and observing the melting of the SbF5 frost

in the tube as the temperature of the water slowly rose.
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2. Thionyl Fluoride

Thionyl. fluoride, SOF2' was prepared by the reaction of

thionyl chloride (MCB b. p. 75-76°C) with antimony(III) fluoride

(B &A practical) in the presence of antimony(V) chloride (B&A

reagent) as described in Inorganic Syntheses, Vol. VI (Rochow,

1960, p. 162-163).

The faintly yellow material produced was distilled twice in

vacuo from a trap cooled with Dry Ice-acetone to a receiver cooled

with liquid nitrogen, the middle three-fourths being retained each

time. The final product was a colorless liquid at Dry Ice tempera-

ture and was stored at this temperature in a bulb attached to the

vacuum line.

Purity was checked by passing a small sample of the gas

through the gas chrornatograph at high sensitivity and noting the ab-

sence of any peaks other than that due to thionyl fluoride. Vapor

pressure measurement were also made. These results are given in

Table 1.

Table 1. Vapor Pressure of Thionyl Fluoride.

Temperature
(°C)

-77.9
-45.3

Vapor Pressure
Observed (torr)a

Vapor Pressure
bLiterature (torr)

93.5
710

97. 0
711.9

aUncorrected for capillary effects in the mercury manometer.bCalculated from data given by Booth and Mericola (1940).
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The density of liquid thionyl fluoride at various temperatures

was also measured. A section of Pyrex capillary tubing of about 20

cm length and two mm inside diameter was filled to approximately

half its length with mercury and weighed. After measuring the

length of the mercury plug with a micrometer caliper, the tube was

emptied and re-weighed. From the weight of the mercury, its den-

sity, and its length, the average cross-sectional area of the capillary

was found. Calibration data are given below:

Weight Mercury

(g)

Length Mercury Density Hg @ Area of Cap.
24.0°C X 102

(cm) (g/cm3) (cm2)

4.3376 9.75 13.55 3.28
4.2050 9.43 13.55 3.29

This section of capillary tubing was sealed and flattened on one

end and attached to the vacuum line. Purified thionyl fluoride was

then condensed into the tubing, frozen with liquid nitrogen, and the

tube sealed off from the line.

The tube containing the thionyl fluoride was immersed in a

Dewar flask containing water of the appropriate temperature, and

after allowing about 30 minutes for the contents to reach equilibrium,

the temperature of the bath was measured to the nearest 0. 05 °C and

the length of the liquid thionyl fluoride in the tube was quickly

measured with the micrometer calipers. After measurements were

made in the range of 0-40°C, the tube was weighed. The contents
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were then frozen with liquid nitrogen, the tube broken open, and

after the thionyl fluoride had evaporated, the tube was re-weighed.

Data for the density determination is given in Table 2, and a graph

of density vs. temperature, approximately linear over the small

temperature range involved, is shown in Figure 1.

3. Sulfur Dioxide

Sulfur dioxide, SO2' was obtained from the Matheson Company,

Inc., in a steel cylinder, or in one pound sealed cans from the

American Potash and Chemical Company or the Virginia Chemical

and Smelting Company. The gas was introduced into the vacuum

system, passing through two bubblers containing concentrated sulfuric

acid and through a drying tube containing phosphorus(V) oxide, and

was condensed in a trap cooled to -230C with a carbon tetrachloride

slush bath. The condensed sulfur dioxide was then distilled in vacuo

from the trap at -23°C to a receiver at liquid nitrogen temperature,

the first and last one-fourth being discarded. Sulfur dioxide was

stored as a gas in a large bulb attached to the vacuum line, and was

frozen with liquid nitrogen and pumped to a high vacuum before use

to insure removal of all permanent gases.

4. Labeled Sulfur Dioxide

Labeled sulfur dioxide, 35S02' was prepared from H235SO4
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Table 2. Density of Thionyl Fluoride at Various Temperatures.
Weight SOF2 used = 0.4018 g
Cross-sectional area
of Cap. Tubing = 3.28 x 102 cm2

Temperature
(oc)

Length SOF2
(cm)

Ave. Volume
SOF2 (cm3)

Density SOFZa
(g/cm3)

0.30 8.62 0.282 1.42
8.59
8.57

6.80 8.72 0.286 1.40
8.73
8.73

12.05 8.77 0.289 1.39
8.81
8.81

17.80 8.92 0.293 1.37
8.94
8.90

24.80 9.14 0.300 1.34
9.16
9.14

32.05 9.30 0.305 1.32
9.29
9.30

40.80 9.52 0.313 1.28
9.56
9.57

aNot corrected for the amount of SOF2 in the vapor state rather than
as a liquid. This correction would amount to about -0.2 to -0.4%.
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and purified sulfur dioxide by the method of Masters and Norris

(1952). The labeled sulfuric acid was obtained from Oak Ridge

National Laboratories or from Nuclear Science and Engineering

Corporation in lots of 50 millicuries of the carrier-free substance

dissolved in approximately 0.2 to 0.5 ml of dilute hydrochloric acid,

to which was added approximately 1-1.5 ml of inactive concentrated

sulfuric acid. An amount corresponding to two to five millicuries at

the time of use (about 0.1 to 0.5 ml) was mixed with enough inactive

concentrated sulfuric acid to make a total volume of about two ml

and evaporated to constant volume under a heat lamp. This labeled

H
2
SO4 was then placed in a one liter flask which was attached to the

vacuum line, pumped to a high vacuum, and filled with purified sul-

fur dioxide to a pressure of 350 torr (about 20 mmoles), After seal-

ing from the vacuum line, the flask was placed in an oven and heated

to about 350°C for one to two weeks to insure reasonably complete

exchange of 35S between the two compounds.

35The resulting high specific activity SO2 was transferred, by

means of a break-tip, to the vacuum line and condensed into a 500

ml bulb containing about five ml of inactive concentrated sulfuric

acid which had been pumped to a high vacuum. This second bulb was

removed from the vacuum line, shaken for several minutes, and re-

attached to the line through a drying tube filled with phosphorus(V)

oxide. The 35SO2 was then passed through the drying tube into a
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500 ml storage bulb on the vacuum line.

Since the high activity sulfur dioxide was often stored for

several months, the stopcock on the storage bulb was sealed with

Halocarbon wax rather than with stopcock grease to guard against

leakage. By careful and uniform heating the wax could be melted to

open or close the stopcock.

5. 1, 2- Dichloroethane

Technical grade 1, 2- dichloroethane was purified by distillation

through a water cooled glass condenser of standard design at atmos-

pheric pressure. The fraction boiling at 83. 5°C (about 80% of the

total) was retained.

C. Analytical Methods

1. Sulfur

Analyses for sulfur were performed by oxidizing the basic

sulfur-containing solution with bromine water or 30% hydrogen

peroxide, acidifying with 3 N hydrochloric acid, boiling to drive off

excess bromine or hydrogen peroxide, and precipitating barium sul-

fate by the addition of saturated barium nitrate solution. The precipi-

tate was digested for one hour at about 90oC, collected in weighed

sintered glass filters, and washed with water and acetone. The
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precipitate was then dried to constant weight (several hours) at

180 °C.

Z. Antimony

Analysis for antimony in the actual exchange sample was neces-

sary because of the failure to find a reproducible method of dosing

the very small amounts (on the order of hundredths of a mmole) of

SbF
5

used in the exchange bombs. Therefore a method of analysis

had to be developed which could be used in the presence of sulfur

dioxide and thionyl fluoride.

Several standard methods were investigated and found unsatis-

factory. Methods based on reduction of Sb(V) such as that involving

reduction of Sb(V) to Sb(III) by iodide and titration of the liberated

iodine with thiosulfate (Vogel, 1961, p. 366-367), in addition to being

somewhat tedious, were unsuitable because of the oxidizing and re-

ducing properties of the sulfur dioxide present.

The rhodamine B method (Ramette and Sandell, 1955), which

depends upon the extraction from 12 M hydrochloric acid into ben--
zene of a colored complex between the dye and the SbC16 ion, was

also investigated. This method likewise failed, as the visible spec-

trum obtained was highly dependent on the length of time that the

antimony(V) fluoride was in the hydrochloric acid solution before the

extraction into benzene was performed, probably due to slow
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Mal

equilibria involving conversion of SbF
5

to SbC1
6

or perhaps in-

volving hydrolysis of one of the species present. A highly time de-

pendent spectrum was also noted in an attempt to use the ultraviolet

spectrum of the SbC16 ion in 12 M HC1 directly as a quantitative

indication of the antimony(V) present (Neumann, 1954).

The existence of a large number of addition compounds of

antimony(V) fluoride (Webster, 1966) suggested that the formation of

an adduct species in a suitable donor solvent might provide an ab-

sorbance maximum in the visible or ultraviolet region which could

be used for antimony analysis. The solvents benzene, acetone,

chloroform, carbon tetrachloride, and acetonitrile, as well as tri-

ethyl amine in acetonitrile and sulfur dioxide in acetonitrile were

investigated in this regard without success. Benzene and acetone

reacted with SbF
5

producing black or brown substances which were

only partially soluble. In all other cases, a colorless solution re-

sulted which had no absorbance maxima in the visible or near ultra-

violet region of the spectrum.

It was found, however, that addition of antimony(V) fluoride to

1, 2- dichloroethane resulted in a violet solution, presumably due to

adduct formation, with two absorbance maxima in the visible region.

The abosrbance was somewhat time dependent, but during the first

20 or 30 minutes, the change was small, generally less than a five

percent change in the absorbance. A typical spectrum is shown in
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Figure 2.

All spectra and absorbance measurements were obtained with

a Bausch and Lomb Spectronic 600 double-beam instrument using a

matched pair of 1.00 cm standard silica cells, one containing the

pure solvent, and the other the SbF5 - -1, 2- dichloroethane solution.

The spectrophotometer was coupled to a Heath EUW-20A Servo

Recorder for recording spectra. Percent transmittance measure-

ments of single samples at one particular wavelength were read from

the meter built into the spectrophotometer and converted to absorb-

ance.

The solution of antimony(V) fluoride in 1, 2- dichloroethane

gradually changed color, and after 20 to 30 hours became gray in

color with an almost flat visible spectrum. After several days, a

black, finely divided material settled out leaving a faintly yellow

solution.

Two series of known concentrations of SbF
5

in 1, 2- dichloro-

ethane were made up to standardize the technique for analytical use.

The initial solution in each series was made up by condensing purified

SbF
5

into a 5 mm Pyrex tube on the vacuum line, and sealing it off.

The tube was then scored with a file and weighed. After the contents

had been frozen in liquid nitrogen, the tube was broken, quickly

dropped into a flask containing 50 ml of 1, 2- dichloroethane, and

swirled. The contents were then transferred to a volumetric flask
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Figure 2, Transmittance vs. Wavelength for a Solution of SbF in 1, 2-Dichloroethane.
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and diluted to volume, while the pieces of the broken tube were care-

fully rinsed, dried, and weighed.

Aliquots of the initial solutions were then diluted further and

the absorbances of these samples measured at 463 mp.. This ab-

sorbance peak was used as it was more sharply defined than the

other. All measurements were made within one-half hour after the

initial solution was made up. Results are given in Table 3.

A graph of absorbance vs. concentration is shown in Figure 3.

The slope and its standard deviation were determined by a standard

least squares analysis with the condition that the y-intercept be zero.

This value of 2.40 X 10-3M per unit absorbance was used in calcu-

lating all antimony(V) fluoride concentrations present in the exchange

bombs. The procedure for this analysis is given in Section III. E. 3.

Several other samples of SbF
5

in 1, 2- dichloroethane were

made up and their absorbances measured in a manner similar to that

described above, with the exception that the solvent used had pre-

viously had Halocarbon stopcock grease, sulfur dioxide, and thionyl

fluoride dissolved in it to test for possible interference from these

substances. Results are given in Table 4. The SO
2

and SOF
2

were

dissolved in the 1, 2- dichloroethane by condensing about 0.5 mmoles

of each sulfur compound into a 3 mm Pyrex tube on the vacuum line,

sealing it off, and breaking it in a flask containing about one liter of

the solvent. Within the estimated accuracy (about + 10%) of the
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Table 3. Standardization of Absorbance at 463 mp. of Solutions of
SbF

5
in 1 '2-Dichloroethane.

Sample Aliquot diluted Concentration Absorbance at
to 25 ml (ml) (M X 103) 463 mp,

Series Ia
1 10.00 2.65 1.06
2 1.00 0.265 0.0980
3 2.00 0.530 0.1952
4 3.00 0.794 0.2976
5 5.00 1.32 0.5406
6 7.00 1.85 0.7959

Series IIb

1 5.00 2.32 0.9666
2 3.00 1.39 0.5498
3 2.00 0.928 0.3768
4 1.00 0.464 0.2062
5 0.500 0.232 0.1113
6 1.500 0.696 0.3045

alnitial solution = 0.1436 g SbF5 in 100 ml 1, 2- dichloroethane = 6.62
X 10-3 M. Cell: 1.00 cm Std. Silica.

b Initial solution = 0.2510 g SbF5 in 100 ml 1,2-dichloroethane
1.16 X 10-2 M. Cell: 1.00 cm Std. Silica.
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Table 4. Absorbance of SbF
5

Solutions in 1, 2-Dichloroethane Containing Halocarbon Stopcock
Grease, SOF2, and SO2.

Cell: Std. Silica, 1.00 cm
Wavelength: 463 millimicrons

Sample Weight SbFs

(g)

Diluted
To (ml)

Conc. Calc.
(M X 103)

Absorbance Conc. Obs.
X 103)

1 0. 1114 250 2.06 0.810 1.94

2 0. 1001 250 1. 85 0. 695 1.67

3 0. 0958 250 1.77 0.754 1.81

4a 0.0637 250 1.18 0.420 1.01

5 0.0867 500 0. 800 0. 308 0.739

0.1031 250 1.90 0.830 1.99

aThis sample tube broke into several small pieces, which were difficult to collect and weigh. This,
together with the small sample weight, may account for the somewhat larger deviation in the re-
sults for this sample.
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method, the results are as expected from the standardization de-

scribed above. Sulfur dioxide gas was also bubbled through one of

the samples after it had been made up; no effect was observed.

D. The Separation and Radioas say System

1. General Considerations

The quantity observed as a function of time in any radio-

exchange kinetic study is the specific activity of each of the exchang-

ing species. This requires a chemical or physical separation, a

quantitative determination of the amount of each species, and a

measurement of the activity of each of the species.

In past experiments in this laboratory, the separation of the

exchanging species has frequently been irreproducible, resulting in

large and often erratic apparent exchange at zero time. The evolu-

tion of gas chromatographic separation techniques in recent years

suggested that this might be a suitable method for the separation of

the components of a radio-exchange study. For this particular area

of application, however, there is the additional requirement that

neither the solid support nor the liquid phase present in the chroma-

tograph column catalyse the exchange.

A series of experiments was undertaken by N. D. Potter (1962)

in this laboratory several years ago for the purpose of determining



28

the feasibility of separation of sulfur dioxide and thionyl chloride by

gas-liquid chromatography, in connection with a radiosulfur ex-

change study between these two substances. The support materials

silica gel, Chromosorb (a crushed, acid washed firebrick material

now known as Chromosorb P) and Celite 545 (a diatomaceous earth

material) in various combinations with the liquid phases silicone oil,

squalene, and di-butyl phthalate were used. Of these, 20% silicone

oil by weight on Chromosorb gave the best separation of the compo-

nents.

Two problems were encountered, however, which rendered the

separation impractical for the radio-exchange kinetic study in

question. First, the apparent fraction exchange in samples in which

no actual exchange had occurred increased as successive samples

were run through the chromatograph. This effect was attributed to

irreversible adsorption of some of the labeled component by the solid

support material, which was then eluted from the column by the next

sample. Second, the amount of material which could be separated by

the chromatograph without "overloading" the column was about 0.05

mmole of the major component. This gave only a 10 to 15 mg

precipitate of barium sulfate, in which form the radioassay was

carried out at that time, which was not sufficiently large for the

preparation of good counting samples. These problems, in addition

to that of finding a column packing suitable for the separation of
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thionyl fluoride and sulfur dioxide, had to be resolved in the present

study of sulfur-35 exchange between these substances.

Gas-liquid chromatographic separations of thionyl fluoride,

sulfur dioxide, and several other sulfur-containing compounds using

Halocarbon oil or silicone oil and various solid supports have

appeared recently in the literature (Campbell and Gudzinowicz, 1961;

Engelbrecht, Nachbauer, and Mayer, 1964). Other studies have been

made in which activity in the effluent of a gas chromatograph has

been monitored in a flow-through type ionization chamber (Cacace

and Inam-Ul-Haq, 1960; Winkelman and Karmen, 1962; Panek and

Mudra, 1965). This radioassay method seemed most suitable in the

present case, considering the relatively low energy negative beta

particle (0.16 MeV) emitted by sulfur-35 and the small sample size

involved in the gas chromatographic separation. Separation using a

Halocarbon or silicone oil coating on a suitably inert support

material, followed by radioassay of the chromatographic effluent in a

flow-type ionization chamber thus seemed the most promising

approach to the present problem.

2. The Completed System

The final system which evolved for the separation and radio-

assay of the components of the present exchange is shown in block

diagram form in Figure 4. The operation of the system, in brief, is
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Figure 4. Block Diagram of the Separation and Radioassay System.
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as follows:

A stream of helium carrier gas containing the sample to be

separated enters inlet "A', passes through the thermostated column

where separation of the components is effected, then flows past a

thermistor which is incorporated into one arm of a bridge circuit in

the thermostated detector section of the gas chromatograph. A

second stream of pure carrier gas, meanwhile, is passing through

inlet "B" into the detector section and past a second thermistor in

the other arm of the bridge circuit. This reference stream of helium

is then vented to the atmosphere.

The presence of substances other than helium in the carrier

gas stream containing the sample changes the thermal conductivity

of this gas, and produces an unbalanced condition in the thermistor

bridge. The output signal from the thermistor bridge is applied to a

strip chart potential recorder, which gives the familiar positive

potential peaks as each component passes through the detector. The

detector signal is also applied to an electronic integrator, which

produces a voltage proportional to the potential-time integral of the

detector signal. This integrator output is applied to a second strip

chart recorder. The integrator output voltage is proportional to the

amount of component which passed through the detector.

The gas stream containing the separated components now

passes via stainless steel tubing into an ionization chamber. A flow
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of argon, used as a counting gas, is also admitted into the ionization

chamber. A potential difference is maintained between the wall of

the ionization chamber and a central electrode by means of a battery.

The ionization of the counting gas caused by radiation given off by a

labeled substance passing through the chamber causes a small cur-

rent to flow through a very large resistor in series with the ioniza-

tion chamber. The resulting potential across this resistor, after

suitable amplification by the vibrating-reed electrometer, is dis-

played on a third strip chart recorder. The magnitude of this

potential is proportional to the activity of the sample.

The sample is then swept out of the ionization chamber by the

argon flow and is vented to the atmosphere via a fume hood.

A detailed description of each of the components of the system,

along with suitable operating conditions and special techniques em-

ployed for each is discussed in the following sections.

3. The Gas Chromatograph

The instrument used was an Aerograph Model A-90-P3,

equipped with optional Linear Temperature Programmer Model 326,

gas sampling valve, and thermistor bridge detector.

a. Column Selection and Preparation. Several combinations

of solid supports and liquid phases were tried. (See Table 5.) Of

these, the only one which proved satisfactory was 20% by weight of



Table 5. Columns Tested for Gas Chromatographic Separations.

Solid Supporta Liquid Phases Column Results

Chromosorb Wb

30/60 mesh
SE-30c 4mm x 1. 8m

30 wt % s. steel

Silica Gel (heat treated at 900
oC)d

Halocarbon Oile 6mm x 3. Om
30/60 mesh 30 wt % Pyrex

Halocarbon Oil
e

4 mm x 1.0m
20 wt % Pyrex

Silicone Oilf 4mm x 1. Om
20 wt % Pyrex

Chromosorb Tg Halocarbon Oil
e

4mm x 1. Om
40/60 mesh 20 wt % Pyrex

Silicone Oilf 4mm x 1. Om
20 wt % Pyrex

Poor separation of peaks with moderate tailing of both
SO2 and SOF

2.

Peaks overlap. Extreme tailing of SO2 peak. Poorly
packed column.

Peaks separated by about 30 sec.
SO2 peak.

Extreme tailing of

Peaks overlap. Extreme tailing of SO2 peak.

Peaks separated by about 50 sec. Considerable tailing
of SO2 (peak width approximately 2. 5 min. ).

Well resolved peaks with slight tailing of both compo-
nents. Retention times to peak maxima: SOF2 - 41
sec' SO2 - 105 sec.

aAll solid support and liquid phase materials were obtained from Wilkens Instrument and Research, Inc., P.O. Box 313, Walnut Creek, California.

b
(Now known as Varian Aerograph. )
An acid-washed diatomaceous earth material.

c
A silicone gum rubber.

dSilica Gel, Gas Chromatograph Grade, was heat treated at 900oC for one hour according to the method of Engelbrecht, Nachbauer, and Mayer
(1964).

eA completely halogenated alkane manufactured by Halocarbon Products, Inc., Hackensack, New Jersey.
f Dow-Corning 710 Fluid.
gA ground Teflon material.
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Dow Corning 710 Fluid (a silicone oil) on Chromosorb T, 40/60

mesh (a ground Teflon material).

All the solid supports were treated in a similar manner to coat

them uniformly with the liquid phase. The volume of the column was

estimated, and somewhat more than this amount of support material

was re-screened through the appropriate mesh size standard wire

sieves. This material was then weighed, and an appropriate amount

of the liquid phase was also weighed out.

This amount of liquid material was then dissolved in approxi-

mately ten times its volume of chloroform or acetone which had

been dried by shaking with phosphorus(V) oxide. The liquid was

then slurried with the solid support, this slurry spread out on large

stainless steel dishes, and the solvent allowed to evaporate at room

temperature. In practice, it was found that any amount of either

Halocarbon oil or silicone oil in excess of approximately 25% by

weight rendered the particles too sticky to pack easily into the

column.

The columns used were of Pyrex glass or stainless steel, and

of helical form, typically 4 or 6 mm i. d. and 1 to 3 meters in length.

Packing the solid support material coated with the liquid phase into

these columns uniformly presented some problems.

Initially, as suggested by the supplier of the gas chromato-

graph, an appropriate amount of silicone or Halocarbon oil was
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dissolved in chloroform. After slurrying with the Chromosorb T

support material and allowing the chloroform to evaporate, however,

the particles of Teflon appeared to have acquired an electrostatic

charge which caused them to stick to the walls of the column and the

funnel through which they were being poured. This problem was re-

lieved by substitution of the more polar solvent acetone for chloro-

form as a solvent for the silicone or Halocarbon oil.

Packing the columns by the usual method of pouring the material

into the top of the column while vibrating the column with a small

hand vibrator proved unsuccessful. The very shallow pitch of the

helix prevented the packing material from moving toward the bottom

of the column under the influence of gravity.

The silica gel columns and the first Chromosorb T column

were packed by forcing the packing material into the column with

about 25 psig air pressure while vibrating the column. This was not

altogether satisfactory either, as the air flow rate became so low

after the first few centimeters of the column had packed that subse-

quent packing was very slow and non-uniform.

The final method devised for successfully packing the

Chromosorb T-silicone oil column was to slurry a small portion of

the coated support material with distilled water and quickly pour it

through a funnel into the top of the column. The bottom end of the

column was fitted with a glass wool plug and attached to an aspirator,
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which drew off the water, leaving the packing material. This method

was somewhat tedious, as the water flow rate became very low as

more and more of the column became filled with the packing. The

packing was very dense and quite uniform.

After the column was completely filled, a glass wool plug was

placed in the upper end and the aspirator used to draw air through

the column for approximately 12 hours. To ensure complete re-

moval of the water, one end of the column was plugged with a rubber

stopper and the column was pumped out for several hours by means

of a mechanical vacuum pump. Finally, the column was attached to

the gas chromatograph and dry helium was allowed to flow through

it at the rate of about 30 ml per minute for 12 hours before use.

b. Sample Injection. During the initial experiments with the

gas chromatograph, the gas sampling valve, an optional accessory

supplied with the instrument, was used. This device consisted of a

two-position stainless steel valve with rubber "0" ring seals. In

one position, a gas sample from an external source could be con-

densed with liquid nitrogen into a loop of stainless steel tubing, and

by moving the valve to the second position, helium carrier gas swept

through loop, vaporizing the sample and carrying it into the column.

It was found that quantitative condensation of the sample into the loop

required a high vacuum, and the valve would not maintain such a

vacuum. Peaks due to air which had leaked into the gas stream also
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appeared in the detector output when the valve was used. Conse-

quently, a sample injection system which would not require conden-

sation of the sample and which would prevent the leakage of air into

the sample (and subsequent hydrolysis of the thionyl fluoride) was

devised. This system is shown in Figure 5.

The system was constructed of Pyrex tubing, with portions,

indicated by shading in the figure, made of capillary tubing. This

kept the volume of the tubing attached to the sample container small,

in order that small samples could be used without a large drop in the

pressure of the gaseous sample when it was admitted to the sample

injection system.

The doser loop was calibrated by filling with mercury, weigh-

ing, and calculating the volume from the density of mercury at the

temperature in question.

A gas-tight connection of the 3 mm o. d. glass tubing outlet of

the sample injection system to the stainless steel Swagelok input

fitting on the gas chromatograph was accomplished by using a stain-

less steel Swagelok nut, a Swagelok front ferrule, reversed from its

normal position, and a 1/8 inch i. d. silicone rubber "o" ring, placed

in that order over the glass tubing.

The operation of the system is outlined below. The stopcocks,

identified by number in Figure 5, must be set to the proper position

in order, reading from left to right. Brackets indicate that these
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stopcocks are turned simultaneously.

Step 1. Initial Evacuation

1}2
to "A" 3 to "A" 4 open
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The calibrated doser loop and glass tubing connected to the

sample container are now open to the vacuum pump. Helium flow to

the column is maintained through stopcock 3, up through the right

side of the "S" shaped loop, and through stopcock 2.

Step 2. Sample Into Doser Loop

4 close-d
21}

to "A" 3 to "A"

The sample container can now be opened, allowing the gaseous

sample to flow into the doser through stopcock 1. Helium flow to the

column is maintained exactly as in the previous step.

Step 3.

4 closed

Sample Into Chromatograph

3 to "A" 211 to "B"

Helium flowing through stopcock 3 now passes through the left

side of the "S" shaped loop and into the doser containing the sample.

The gas stream then sweeps the sample out through stopcock 2 and

into the chromatograph. The momentary interruption of the helium

flow while stopcocks 1 and 2 are being turned does not affect the

detector output.

Step 4. Re-Evacuation of Doser

4 closed 2 closed 1 to "B" 3 to "B"
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With the stopcocks in these positions the doser is evacuated

through the left side of the "S" shaped loop and stopcock 1. During

this evacuation, which takes from one to two minutes, the helium

flow to the column is interrupted. The detector bridge becomes un-

balanced during this time, but is restored to balance within four or

five seconds after helium flow is restored by returning to Step 2 in

preparation for the next sample.

c. Column Temperature Control. Column temperature was

maintained at 40. 0°C by the Linear Temperature Programmer

operated in the "Isothermal" mode. Separation of thionyl fluoride

and sulfur dioxide increased with lower column temperature. The

temperature of 40. 0oC, however, was about the lowest that could be

maintained reproducibly.

d. Detector Temperature Control. As the instrument is de-

signed, there is no thermostatic regulation of detector temperature.

The amount of heat supplied to the well-insulated detector block is

regulated by a small variable transformer, and for short periods of

time a reasonably constant detector temperature could be maintained

when heat supplied was in equilibrium with heat loss to the surround-

ings. Over periods of several hours, however, the detector tempera-

ture varied as the ambient temperature changed, having a consid-

erable effect on the detector output. (A decrease of approximately
o

i1 C in detector temperature caused about a 15% increase in the
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observed peak area of a component.)

To alleviate this problem the detector heater circuit of the

chromatograph was modified slightly by the insertion of a double

pole, double throw switch so that power could be supplied to the

detector heat variable transformer either from the A. C. line (as

originally designed) or from a temperature regulating device. By

retaining the variable transformer in the circuit rather than connect-

ing the temperature regulator power output directly to the detector

heater, the rate of heat supplied to the detector block during the "on"

cycle of the regulator could be controlled. This was important in

avoiding large oscillations of temperature about the control point.

The temperature controller used was a Thermotrol Model 1053A 4.

The sensing probe was placed in the top of the detector compart-

ment, in contact with the detector block.

The detector temperature was monitored periodically with a

calibrated thermometer, and adjusted as needed, Detector sensi-

tivity increased with decreasing temperature, but a temperature of

50. 0o was found to be the lowest which could be maintained accurate-

ly. The sensitivity at this temperature was considerably greater

than that actually needed.

The variation in detector output over a period of 12 hours due

4Manufactured by Hallikainen Instruments, Berkeley, California.
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to periodic fluctuations in temperature as the controller switched

on and off (about a ten minute cycle) was less than two percent of

full scale with the recorder on the 10 mV range and the detector out-

put on an output sensitivity range four times more sensitive than that

actually used in practice.

e. Carrier Gas Flow Rate. As the helium carrier gas flow

rate was increased, smaller separation of the components was ob-

served. At flow rates much below 20 ml/minute tailing of the peaks

became more pronounced. Gas flow rate was measured with a bubble

meter of 10.0 ml capacity, and a flow rate of 35.3 ml/minute (17.0

seconds for the bubble to traverse the volume of the flow meter) was

chosen as a convenient rate. Inlet helium pressure was 50 psig, and

the outlet was at atmospheric pressure. Flow rate was checked

periodically when the instrument was in use.

f. Thermistor Bridge Potential. The potential applied to the

thermistor bridge was 5.00 V. This gave sufficient detector response

with the output attenuator set at position 4 (output attenuated by a fac-

tor of 4).

4. The Integrator

The output from the detector of the chromatograph was record-

ed directly on a Honeywell Electronik 19 strip chart recorder,

using the 10, 20, or 50 mV full scale range, as appropriate. The
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chart speed used was 40 seconds per inch. This strip chart dis-

played the type of positive peak readout usually obtained in gas

chromatography.

The peak area above is commonly a linear function of the amount

of a given component passing through the detector, at least over a

limited range. In initial experiments the peak area was obtained by

the use of a planimeter, which was tedious and imprecise. The

method of cutting out the curve from the strip chart and comparing its

weight to the weight of a known area of chart paper was accurate, but

time-consuming. An electronic integrator was therefore constructed

to obtain peak areas directly.

The integration is performed by a resistor in series with, and a

capacitor in parallel with an operational amplifier. A chopper ampli-

fier was added to maintain stability of the operational amplifier. The

design of the chopper stabilizer and integrator is similar to that given

by Malmstadt, Enke, and Toren (1963, p. 356-363). A schematic

diagram of this chopper-stabilized integrator is given in Figure 6.

The principle of operation is as follows: As charge passes the

summing point, S, the output of the amplifier establishes a charge

on the capacitor Cl, while the summing point S remains at virtual

ground potential because of the very low input impedance characteris-

tic of the operational feedback configuration of the amplifier. From

the definitions
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C = Q/V (8)

Q = idt (9)

where C is the capacitance, Q the charge on the capacitor, V the

potential across the capacitor, i the current, and t the time, we may

solve for

t
V = -(1/C) i dt (10)

0

the minus sign arising from the fact that the operational amplifier is

an inverting amplifier. Since it is a potential that is to be integrated

in the present case, the input potential is applied to RI and we obtain

the relationship

ie.= x RI
in in

Solving equation (11) for i, and inserting into (10) we obtain
in

t
V = -(1/RC) tei.nd

.) 0
(12)

The voltage across the capacitor is thus proportional to the potential-

time integral of the input signal.

Stabilization of the operational amplifier requires that the

summing point S be held at virtual ground potential. This is

accomplished by the chopper amplifier, which takes the D.C.
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potential of the summing point and converts it to A. C. This A. C.

signal is then amplified by a factor of about 200 and inverted. After

de-modulation to regain a D.C. signal, this amplified potential is

applied to the non-inverting input of the operational amplifier to cor-

rect the offset at point S. The input signal also passes through the

chopper amplifier and into the non-inverting input of the operational

amplifier. (Inversion takes place in the chopper amplifier.) The in-

verting input of the operational amplifier is used to establish balance

initially, after which the chopper amplifier controls any drift in the

summing point potential.

The operational amplifier was a Heath EUW-19A Operational

Amplifier System. The chopper stabilizer and integrator were built

into a small chassis equipped with a five-pin socket which plugged

directly onto one of the four operational amplifier sections on the

EUW-19A. Power was supplied from the auxilliary power outlet on

the back of the EUW-19A through a five-conductor cable equipped with

an octal plug and socket. The chromatograph detector output was

connected to the input of the integrator via shielded cable. The output

from the integrator was connected, with reversed polarity since the

integrator is inverting, via shielded cable to a Honeywell Electronik

19 strip chart recorder identical to the one used to record the detector

output directly. The ground connection of this integrator recorder

was left "floating" because of the reversed polarity of the integrator
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output. All other instruments were connected to a common ground.

After allowing at least a one hour warm-up of all components,

the integrator was balanced. With the input shorted, the Coarse

Balance control is adjusted so that the potential between the positive

input jack and the Initial Balance jack is zero, as measured by the

recorder in the one volt full scale mode. The recorder is then, con-

nected to the integrator output in the normal fashion, and the Fine

Balance control adjusted until the integrator output remains at zero

when the integrator switch is placed in the "Integrate" position.

Calibration is performed by adjusting the chromatograph detector

bridge balance to give a 1.00 mV input to the integrator for 100

seconds, and adjusting the integrator Calibration control so that this

input gives an integrator output of 10.0 V. Calibration and balance

were checked periodically when the integrator was in use.

The lower limit of operation was about 30 mV-seconds peak

area (output 3. OOV). Much below this value, drift in the detector

baseline and background noise made the values unreliable. The

upper limit of the useable range was about 500 mV-seconds peak area

(50.0V output), above which leakage of charge from the integrating

capacitor became significant.

Use of a high-quality Mylar capacitor for Cl was found to be

mandatory for reproducible results. The capacitor C2 was also

necessary to bypass switch noise and other relatively high frequency
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background noise which was otherwise integrated along with the input

signal.

5. The Ionization Chamber--Electrometer

The ionization chamber--electrometer used was a Cary Model

31. The ionization chamber and its preamplifier were housed in an

Ion-Chamber Oven, Cary Model 5010, but all measurements were

made at ambient temperature.

a. Sensitivity. To conserve the sulfur-35 used it was neces-

sary to use the most sensitive range of electrometer input resistance,

1012 ohms. At this sensitivity, fluctuations in background radiation

caused a variation in electrometer output of about 1-2 mV. With this

noise level the lowest useable electrometer output range was the

0-100 mV scale. The 300 mV and 1 V scales were also used, and the

calibration of each of these ranges was checked from time to time.

The strip chart recorder used to monitor electrometer output

was a Varian Model G-11A operated at 10 mV full scale sensitivity

and 30 inches per hour chart speed.

b. Ionization Chamber Potential. Variation in electrometer

output was found to be negligible as the polarizing potential applied

to the ionization chamber was varied from 45 to 180 V. However, the

signal did tend to become more noisy near the upper end of this

range. A value of 90 V was selected for operation, which was
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provided by two 45 V batteries.

c. Counting Gas Flow Rate. Above approximately 300 ml/min

argon counting gas flow rate, there was a noticeable decrease in

electrometer output for a given activity. This was due to a signifi-

cant portion of the sample being swept from the chamber before

causing measureable ionization. A flow rate of 100 ml/min was used

in practice.

The flow rate was increased to 1000 ml/min or more to purge

the chamber in preparation for the next sample. The electrometer

required about one to two minutes to return to zero after this was

done, due to the nature of the circuitry.

6. Calibration of the Separation and Radioassay System

The operating conditions used for the calibration of the equip-

ment (and for obtaining all other data as well) have been described

in connection with the discussion of each of the components of the

system in the previous sections, and are summarized for convenience

below.

Gas Chromatograph:

Ionization. Chamber- -
Electrometer:

Helium flow rate:
Detector temperature:
Column temperature:
Bridge potential:
Output attenuator:

Argon flow rate:
Chamber potential:
Input resistance:

35.3 ml/min
50. 0 °C
40.0°C
5.00 V
Position 4

100 ml/min
90 V
1012 ohms
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a. The Gas Chromatograph. The gas chromatograph was

calibrated with respect to millimoles of thionyl fluoride vs. integrator

voltage by injecting known amounts of the material in the vapor state

from a bulb of approximately 100 ml volume attached to the sample

injection system and recording the integrator output. The amount of

thionyl fluoride injected was calculated, using the ideal gas law,

from the measured pressure, ambient temperature, and the known

volume of the sample loop in the injection system.

The thionyl fluoride data are presented in Table 6. The data

were taken in three groups approximately four days apart, to insure

that the equipment would yield reproducible results after being shut

down for some time and brought back to the prescribed operating

conditions.

The calibration of the gas chromatograph with respect to sulfur

dioxide was done in a manner identical to that described above, with

the exception that the sulfur-35 labeled compound was used so that

the ionization chamber-electrometer calibration could also be ob-

tained. The sulfur dioxide calibration data are presented in Table 7.

b. The Ionization Chamber-Electrometer. The labeled SO2

used for the gas chromatograph calibration above was also allowed to

pass through the ionization chamber, and the electrometer output

potential was recorded.

The specific activity of the labeled sulfur dioxide had previously
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Table 6. Calibration of the Chromatograph With SOFz.

Sample
Number

Pressure
(torr)

Millimoles
X 102

Integrator
Output (V. )

Group I Ambient Temperature 23. 0 °C Volume 0.8982 ml
1 103.8 0.4984 5.98
2 142.4 0.6837 8.02
3 197.2 0.9468 11.4
4 241.4 1.159 14.1
5* 855.0 4.105 53.8
6 456.4 2.191 27.4
7 349.6 1.678 20,9
8 252,4 1,212 14.4
9 275.6 1.323 16.0

10 375.0 1.800 22,2

Group II Ambient Temperature 22.0°C Volume 0.8982 ml
1 104.8 0.5048 5.95
2 155.8 0.7505 9.10
3 182.6 0.8796 10.9
4 208,8 1.006 12.3
5 392.4 1.890 24.0
6 413.4 1.991 25.3
7 434.0 2.091 26.5
8 471.8 2,273 29.3
9 508.0 2.447 31.6

10 533.8 2.571 33.5

Group III Ambient Temperature 22. 0 °C Volume 0.8982 ml
1 89.8 0.4326 5.14
2 115.2 0.5549 6,82
3 166.2 0.8006 9.70
4 195.2 0.9403 11.6
5 230,0 1.108 13.8
6 271,2 1.306 16.3
7 297,2 1.432 17.9
8 321.8 1.550 19.6
9 378.2 1,822 23,1

10* 718.2 3.460 45.9
11* 696.4 3.355 45.5
12
13

542.2
570.6

2.61 2
2.749

34.5
35.9

14 608.4 2.931 36.7
*Omitted from least squares analysis.
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Table 7. Calibration of the Chromatograph With SO2,
Sample Pressure Millimoles Integrator
Number (torr) X 102 Output (V. )

Group I Ambient Temperature 23. 0°C Volume 0.8982 ml
1* 663.4 3.228 31.2
2 634.4 3.078 33.8
3 597.2 2.906 31.5
4 561.2 2.731 29.2
5 495.8 2.413 26.2
6 431.6 2.100 21.5
7 285.2 1.388 15.5
8 225.0 1.095 11.3
9 163.6 0.7961 8.80

10* 126.8 0.6170
11 121.4 0.5907 6.15
12 101.0 0.4915 4.75
13 83.0 0.4039 4.00

Group II Ambient Temperature 24. 0°C Volume 0.8982 ml
1 552.8 2.681 28.8
2 530.0 2.570 27.8
3 468.8 2.274 24.8
4 411.0 1.993 21.8
5 332.8 1.614 17.5
6 265.0 1.285 13.8
7 243.8 1.182 13.1
8 242.4 1.176 12.8
9 151.2 0.7333 8.00

10 110.8 0.5374 5.80
11* 88.6 0.4297 4.70

Group III Ambient Temperature 26. 0°C Volume 0.8982 ml
1 642.8 3.096 32.5
2 613.2 2,954 32.0
3 558.4 2.690 29.0
4 535.0 2.577 28.0
5 514.2 2.477 27.0
6- 430.2 2.072 22.5
7 374.0 1.802 19.2
8 306.0 1.474 15.6
9 243.0 1.171 12.4

10 165.0 0.7948 8.20
11 117.6 0.5665 5.80
12 114.4 0.5511 5.55
13 93.0 0.4480 4.60
14 89.8 0.4326 4.60

*Omitted from least squares analysis.
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been determined by hydrolysing a sample of the material in sodium

hydroxide solution, oxidizing with bromine, and precipitating and

counting as barium sulfate, a method previously used in this labora-

tory (Burge, 1958, p. 8-9). After depositing the BaSO4 precipitate

in stainless steel planchets by slurrying with acetone and evaporating

to dryness under a heat lamp, the samples were counted with a

Beckman Lowbeta II automatic low level beta counter. All activities

were computed as cpm/mg barium sulfate corrected to zero thick-

ness. Although the results of this radioassay were not very precise,

the average specific activity of the three samples counted was taken

to be exact for the purpose of calibrating the ionization chamber, in

as much as only relative activities are involved in exchange rate

calculations. Moreover, the absolute activity was unknown, as the

efficiency of the Lowbeta II counter was unknown.

The ionization chamber calibration data are displayed in Table

8. The activity of each sample was calculated from the millimoles

of SO2 obtained in the calibration of the gas chromatograph and the

specific activity of the sulfur dioxide as measured above.

c. Summary of Calibration Results. The data for each of the

three calibrations were plotted, and on the basis of these graphs, the

few points (denoted by an asterisk in the tables) which deviated mark-

edly from the best straight line drawn by eye through the other points

were discarded. The rest of the data were subjected to a standard
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Table 8. Calibration of the Ionization Chamber-Electrometer.
Sample Millimoles Activity Electrometer
Number X 102 X 10-3 (cpm) Qutput (mV. )

Group I Specific Activity of SO2 = 4.400 x 105 cpm/mmole. a
1 3.228 14.20 174
2 3.087 13.58 314

. 783 2.906 12 282
4 2.731 12.02 250
5 2.413 10.62 229
6 2.100 9.239 201
7 1.388 6.106 120
8 1.095 4.818 101
9 0.7961 3.503 71.4

10 0.6170 2.715
597195

55.1
211 0.5907 54.1

12 0.4915 2.162 45.0
13 0.4039 1.776 36.2

Group II Specific Activity of SO2 = 4.363 x 105 cpm/mmole. a
1* 2.681 11.70 197.4
2 2.570 11.21 258.0
3 2.274 9.920 223.8
4 1.993 8.695 199.2
5 1.614 7.041 159.0
6 1.285 5.606 127.2
7 1.182 5.157 119.4
8 1.176 5.131 111.6
9 0.733 3.199 74.4

10 0.5374 2.345 50.1
11 0.4297 1.875 40.7

Group III Specific Acitivity of SO2 = 4. 297 x 105 cpm/mmole. a
1* 3.096 13.30

12.69.
___

2 2.954 313.6
3 2.690 11.56 261.0
4 2.577 11.07 249.0
5 2.477 10.64 255.0
6 2.072 8.904 186.6
7 1.802 7.743 172.2
8 1.474 6.333 138.0
9 1.171 5.032 109.8

10 0.7948 3.416 74.6
11* 0.5665 2.433
12 0.5511 2.368 50.3
13 0.4480 1.925 40.1
14 0.4326 1.859 40.1

aCorrected to time of use.
4tOmitted from least squares analysis.
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least squares analysis to obtain best-fit slopes, intercepts, and the

standard deviations of these quantities. The results are summarized

below.

Gas Chromatograph

SOF
2:

Slope = (7.591 + 0.185) X 10- mmoles/volt
Intercept = (6.82 + 3.89) X 10-4 mmoles

SO2: Slope = (9.197 + 0.055) X 10-4 mmoles/volt
Intercept = (1,92 + 1.10) X 10-4 mmoles

Ionization Chamber-Electrometer

Slope = (43.07 + 0.67) cpm/millivolt
Intercept = (275 ± 115) cpm

These calibrations were checked periodically during the approximately

three years in which the system was in use. The largest deviations

observed from the original calibration were about + 6% in the case of

amounts of thionyl fluoride or sulfur dioxide and about + 12% in the

case of specific activity measurements.

E. Run Procedures

1. Dosing

All materials were dosed on the vacuum line. The dosing sec-

tion of the vacuum system is shown in Figure 7. The dosing bulbs

were round bottom flasks or short sections of glass tubing equipped

with Standard Taper ground glass joints. These joints were waxed

to the mating section of the joint, which was attached to the vacuum
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line through a stopcock and a smaller waxed Standard Taper joint.

The dosers were calibrated by filling with water and weighing. There

were seven such dosers (only three were attached to the vacuum line

at any one time) ranging from 18.66 ml to 508.8 ml.

The arrangement of the Halocarbon oil and mercury mano-

meters is shown in Figure 8a. The oil manometer was calibrated by

taking a series of pressure measurements with both the oil and mer-

cury manometers. The conversion factor thus obtained was 6.94 mm

oil per mm mercury.

Dosing of each component will be discussed separately in the

following sections, in the order in which they were actually dosed in-

to the SbF 5-catalysed sample bombs. Dosing of thionyl fluoride and

sulfur dioxide was accomplished in an identical manner for the un-

catalysed and lithium fluoride catalysed experiments. In the latter

case, a small amount of LiF powder was poured into a sample tube

before attaching it to the sample tube manifold, and was dried by

pumping to high vacuum and heating to 1100 for two hours before

dosing the thionyl fluoride and sulfur dioxide.

a. Antimony(V) Fluoride. Attempts to dose reproducible

amounts of antimony(V) fluoride by taking a known volume of the vapor

in equilibrium with a bulb of the liquid at constant temperature

failed. Supposedly replicate samples showed deviations, on analysis,

on the order of + several hundred percent from one another and from
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the amount calculated using the vapor pressure as measured by the

oil manometer (about 2 torr in the vicinity of 20°C) and the ideal gas

assumption. The amount of SbF5 obtained was generally larger

than expected, indicating that adsorption by the glass walls of the

doser and vacuum line was an important factor, as already concluded

from the frequent cleaning of the dosing section which was necessary.

The low vapor pressure also made condensation into the sample

bombs slow and irreproducible. Consequently, dosing of SbF
5

was

done only approximately, and the analysis method described earlier

was used at the end of the experiment to determine the amount of

antimony(V) fluoride present.

The antimony(V) fluoride to be used was stored in a refrigerator

at approximately 0°C in the storage container shown in Figure 8b.

This container was constructed because the SbF
5

slowly dissolved

Halocarbon grease or wax, which then ran down into the liquid

SbF
5

when stored in an ordinary round bottom flask without the

trap arrangement used here. The dissolved grease or wax lowered

the vapor pressure of the antimony(V) fluoride to a point where dosing

was impossible, and eventually reacted, turning the SbF
5

yellow or

brown.

The storage container (at ambient temperature) was attached to

the vacuum line (Figure 7) via a Halocarbon waxed ball and socket

joint. The wax-sealed stopcock was then heated carefully to the
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point where it could be opened, and the SbF
5

pumped on for a few

minutes. Stopcock D just above the waxed stopcock on the storage

container was then closed, and the entire dosing section pumped to a

high vacuum. All other stopcocks were then closed, and stopcock E

on the three liter SbF
5

vapor storage bulb and stopcock D on the

SbF
5

liquid storage container were opened. After allowing about

one-half hour for equilibrium to be attained, one of the calibrated

dosing bulb stopcocks was opened for 30 seconds to admit SbF
5

vapor. After closing stopcocks D, E, and the doser stopcock, stop-

cock B was opened and the dosing manifold again pumped to a high

vacuum.

Stopcock B was then closed, the doser stopcock and stopcock

C opened and the SbF
5

vapor was condensed into the cold finger

attached to the sample tube manifold with liquid nitrogen. Stopcock

C was then closed, and stopcock B opened to evacuate the manifold

for the subsequent dosing of thionyl fluoride. The SbF5 in the cold

finger was warmed to room temperature and condensed with liquid

nitrogen into one of the sample tubes. By keeping the liquid nitrogen

just at the tip of the tube and warming the section immediately above

this with the fingers, the SbF5 could be condensed compactly into

the end of the tube over a period of about one-half hour.

b. Thionyl Fluoride. Thionyl fluoride in a large storage bulb

in the storage section of the vacuum line was cooled with liquid
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nitrogen until it condensed as a liquid. Stopcock B was then closed,

and stopcock A, along with the stopcocks on the thionyl fluoride

storage bulb and the appropriate doser were opened. Stopcocks G,

H, and I on the manometers (Figure 8a) were then opened until the

desired pressure of air entered one side of both the mercury and oil

manometers. (The other arm of each manometer had previously

b een evacuated.) Stopcock F was opened to the other side of the oil

manometer and the condensed SOF
2

was allowed to warm and eva-

porate until the two sides of the oil manometer were approximately

balanced, whereupon stopcock A was closed. After allowing several

minutes for the heavy oil in the oil manometer to come to equilibrium,

the pressure was read by taking the mercury manometer pressure

and adding or subtracting the mercury pressure equivalent of the oil

manometer reading. The dosing bulb stopcock was then closed and

the rest of the SOF
2

condensed back into the storage bulb.

After pumping the dosing manifold to a high vacuum again,

stopcock B was closed and the SOF
2

condensed from the doser into

the cold finger on the sample tube manifold. After closing stopcock

C, the thionyl fluoride in the cold finger was warmed and condensed

into the sample tube already containing the SbF5. By slowly raising

a Dewar flask containing liquid nitrogen on the sample tube so that

liquid SOF2 condensed above the liquid nitrogen level, the thionyl

fluoride could be frozen compactly into the bottom portion of the
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sample tube.

c. Sulfur Dioxide. The labeled sulfur dioxide was condensed

into the sample tube in a manner similar to that for thionyl fluoride,

with the exception that SO2 was admitted directly into the mercury

manometer for pressure measurement.

After all the components had been frozen into a sample tube,

it was sealed off and the contents allowed to warm to room tempera-

ture. An effort was made to seal off tubes of such length that the

vapor space would be minimized when the contents warmed and

melted to a liquid. Generally the sample bombs were 20 to 30 mm

in length with a vapor space of 1 to 5 mm. The contents were under

a vapor pressure of approximately 2 to 10 atmospheres in the

temperature range of 0 to 40oC used in the exchange experiments.

The sample bombs were inverted and shaken 15 to 20 times,

then placed in groups of five on a small sheet of plastic and held in

place by a rubber band. This sample holder was then suspended in a

constant temperature bath by a piece of copper wire passing through

a hole drilled in the top of the plastic sheet.

2. Separation and Radioassay

After the required length of time in the constant temperature

bath, the sample bomb was removed, rinsed several times with dis-

tilled water, and wiped dry. The bomb was then scored lightly with
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a file at eight or ten places along its length, and placed in the sample

bomb breaker, Figure 9. The Standard Taper cap was next sealed

on the bomb breaker, and the bomb breaker sealed to the vacuum

line, with Halocarbon wax. After pumping to a high vacuum, the

stopcock on the bomb breaker was closed, and the lower tip of the

bomb breaker immersed in liquid nitrogen. The glass-encased iron

rod was lifted with a magnet, then dropped to break the sample

bomb open. Upon removal of the liquid nitrogen and warming, the

contents vaporized, except for a white solid, probably the

SbF5.S02 adduct (Aynsley, Peacock, and Robinson, 1951), in the tip

of the bomb breaker. With the stopcock still closed, the bomb break-

er was removed from the vacuum line and attached to one of the

ground glass joints on the gas chromatograph vapor sample injection

system.

It was found necessary to run a few "dummy" samples of a

mixture of thionyl fluoride and inactive sulfur dioxide through the

system before reproducible results were obtained from either the

gas chromatograph or the ionization chamber. Two or three samples

from a bulb containing a mixture of inactive SO2 and SOF
2

were in-

jected into the chromatograph, followed by the vapor samples from

the bomb breaker. This was accomplished by appropriate manipula-

tion of the stopcocks of the injection system as described in part

D.3.b. of this section. Operating conditions used for the separation
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and counting system equipment have been summarized in part D. 6.

of this section.

Immediately after the injection of a vapor sample, the chart

drives on all three strip chart recorders were engaged. About 20

seconds after injection, the switch on the integrator was placed in

the "Integrate" position in anticipation of the appearance of the thionyl

fluoride peak. After the SOFz peak had passed, the integrator

switch was returned to the "Zero" position. When the electrometer

output from the activity contained in the SOFz had attained a maxi-

mum, the argon flow to the ion chamber was increased from 100 to

1000 ml/min or more to sweep the thionyl fluoride out of the cham-

ber. The high argon flow was maintained during the time that the

SO passed through the chamber, so no peak due to SO2 activity was

seen.

Usually five vapor samples in which SOF
2

amounts and

activity were measured were taken from each bomb. Figure 10 shows

a typical set of strip chart records from one such sample. (The

horizontal dimension, though not the actual time scale, has been ex-

panded for clarity.) In experiments where the activity and size of

the sulfur dioxide portion were within the calibrated range of the

ionization chamber and gas chromatograph, these quantities were

also measured in the manner described above. In this case the argon

flow to the ion chamber was maintained at 1000 ml/min until after the
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Figure 10. Strip Chart Records for Experiment K15-2, Sample b.
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SOF
2

peak had passed, to sweep the SOF
2

out of the chamber before

measureable ionization could occur. If this was not done, an

erroneous reading was obtained for the SO2 activity as the time re-

quired for the electrometer to return to zero was longer than the

separation between peaks.

3. Antimony Analysis

After the necessary samples were removed for separation and

radioassay, the remaining radioactive SO2 and SOF
2

were disposed

of by condensing them into a bulb attached to the injection system

which contained potassium hydroxide pellets. The stopcock of this

bulb was opened only briefly, to avoid distilling over any of the

SbF5. The sample bomb breaker was then removed from the injec-

tion system, the Halocarbon wax cleaned off the ball joint, and an

open-ended tube of 12 mm diameter and 20 cm length ending in a

matching socket was attached with a spring clip. About 5 ml of 1, 2-

dichloroethane was placed in the tube and the stopcock of the bomb

breaker opened, allowing suction to draw in the liquid. After being

mixed by tipping the bomb breaker back and forth, the violet solution

was poured into a volumetric flask of suitable volume (10, 25, or 50

ml). The bomb breaker was rinsed several times with 1, 2-dichloro-

ethane, the rinsings combined with the original solution, and the

solution diluted to volume.



68

The solution was centrifuged briefly to remove the fine

particles of glass resulting from the explosion of the sample bomb

when opened. The abosrbance of the violet solution at 463 milli -

microns was then measured and the amount of antimony pentafluoride

calculated from the previously determined calibration.

F. Data

A few uncatalysed exchange experiments at 25°C were per-

formed, but the unCia,talysed exchange was not investigated exten-

sively after it became apparent that exchange was extremely slow at

best, and that there was visible evidence of chemical reaction having

taken place in some of the long term samples. These data are given

in Table 9.

Antimony(V) fluoride was found to be an effective catalyst, and

experiments utilizing this catalyst were performed at 0.0, 25.0, and

40. 0°C. The data are given in Tables 10, 11, and 12, respectively.

Two experiments were run to test for heterogeneous catalysis

by lithium fluoride in approximately equimolar amounts of thionyl

fluoride and sulfur dioxide. No detectable exchange was observed

after periods of one day or 123 days at ambient temperature. The

data are given in Table 13.



T able 9. Uncatalysed Exchange of Sulfur-35 Between SOF2 and SO2 at 25, 0°C.

SO0Expt. A
5

X 105 Exchange Sample Int egr. Electrom. A
SOF2

X 10-5
2

Average Minimum
Number Time volts mV Fraction Detectable

(cpm/mmole)a (days) (SOF 2) (SOF 2) (cpm/mmole) Exchange Fract. Exch.

K1-1 SOF
2

0. 528 3.17 0. 01 a 20.0 0 0 0 0.05
SO 0.528 b 20.2 0 02

c 18.2 0 0
d 15.6 0 0
e 14.2 0 0
f 13.5 0 0
g 13.0 0 0

K1-2 SOF 0. 534 2, 77 13.6 a 18.6 0 0 0 0.052
SO2 0.523 b 14.6 0 0

c 12.5 0 0
d 10.6 0 0
e 9.96 0 0
f 8. 35 0 0
g 7.74 0 0

K1-713 SOF
2

0. 556 2.84 111. 8 a 8.10 0 0 0 0.05
SO 0.557 b 6.90 0 02

c 6.70 0 0
d 6.45 0 0

K2-1 SOF
2

0.633 11.0 1. 10 a 18.8 0 0 0 0.02
SO

2
0. 106 b 17. 5 0 0

c 16.5 0 0
d 16.0 0 0
e 15.0 0 0

continued on next page
a
Corrected for decay to time of SOF2 activity measurement.

b
Some chemical reaction of the components was observed to have occurred by the time of SOF

2
activity measurement.



T able 9 Continued.

Expt.
Number

Components
(mmoles)

A° X 10-5

(cpm/mmole)a

Exchange
Time

(days)

Sample Int egr.
volts
(50F2)

Electrom.
mV

(SOF 2)

A SOF2X 10-5

(cpm/ mmole)

Average
Fraction
Exchange

Minimum
Detectable
Fract. Exch.

K2-2 SOF
2

0.674 8.05 31.8 a 24.8 0 0 0 0.04
SO2 0.105 b 23.2 0 0

c 22.5 0 0
d 21.0 0 0
e 20.0 0 0
f 19.0 0 0

K2-4
b

SOF
2

0.651 0.801 1 49. 9 a 23.8 0 0 0 0.25
SO2 0.106 b 22.0 0 0

c 17.1 0 0
d 13.8 0 0
e 11.4 0 0

K3-1 SOF
2

0. 105 9.21 21.9 a 4.49 0 0 0 0.02
SO2 0.654 b 3.60 0 0

K3-2 SOF
2

0.106 6.73 61.8 a 8.50 0 0 0 0.01
SO2 0.656 b 7.40 0 0

c 6.05 0 0
d 4.90 0 0
e 4.10 0 0

K3-313 SOF
2

0. 105 3. 40 1 48. 0 a 8.90 0 0 0 0.02
SO2 0.656 b 7.15 0 0

c 5.70 0 0
d 4.00 0 0

a
Corrected for decay to time of SOF2 activity measurement.

b
Some chemical reaction of the components was observed to have occurred by the time of SOF2 activity measurement. O



Table 10, SbF
5

Catalysed Exchange of
35S

Between SOF
2

and SO
2

at 0.0 °C.

Expt. Components A°SO X 10-6 Exchange Sample Integr. ,Electrom. ASOF2 X 10-6 Average

(cpm/mmole)a
Number (mmoles) Time volts mV Fraction

(hours) (cpm/ mmole) Exchange

J1-2 SOF
2

0.642 2.03 671.6 a 27.0 19.0 0.0516 0.193
SO

2
0.103 b 26.2 19.0 0.0531

SbF5 0.0125 c 25.5 18.5 0.0536
d 23.8 17.0 0.0538
e 22.0 17.0 0.0578

J1-3 SOF
2

0.648 1.88 884.0 a 27.5 40.5 0.0932 ').388
SO

2
0.0985 b 26.2 40.0 0.0971

SbF
5

0.0447 c 25.2 38.0 0.0967
d 22. 5 33.0 0.0954
e 20.5 31.5 0. 101

J1-4 SOF
2

0.702 1.88 881.8 a 28.5 27.5 0.0653 0.278
SO

2
0. 101 b 28.0 27.0 0.0658

SbF
5

0.0173 c 26.8 26.0 0.0664
d 26.0 25.0 0.0663

J3-1 SOF
2

0.405 1.81 350.2 a 16.0 99.0 0.354 0.398
SO

2
0.402 b 15.4 96.0 0.356

SbF5 0.0660 c 13.3 83. 5 0. 358
d 11.8 74.5 0.361
e 10.8 69.5 0.368

J3-2 SOF
2

0.418 1.81 359.7 a 17.5 69.0 0.231 0.264
SO

2
0.407 b 17.2 67.0 0.230

SbF
5

0.0474 c 16.4 67.0 0.241
d 15.3 60.5 0.234

continued on next page e 14.0 57. 5 0.244
a

Corrected for decay to time of SOF2 activity measurement. I-.



T able 10 Continued.

Exit.
Number

Components
(mmoles)

A°SO2 X 10-6

(cpm/mmole) a

Exchange
Time

(hours)

Sample Integr.
volts

Electrom.
mV

ASOF2 X 10-6

(cpm/mmole)

Average
Fraction
Exchange

J2-1 SOF 0.121 2.26 288.5 a 6. 90 68. 5 0. 545 0.2972
SO2 0.650 b 6. 30 65.0 0. 563
SbF 0.0397 c 5. 30 55. 5 0. 5675

d 4.20 46.0 0.583

J2-2 SOF
2

0.120 2.17 335.3 a 6.60 70.5 0.637 0.347
SO2 0.657 b 6.00 62. 5 0. 624
SbF 0.0488 c 5. 50 59. 5 0.6505

d 5.15 54.0 0.634
e 4.75 50.5 0.647

j2-3 SOF 0. 120 2.14 441.0 a 6. 40 75. 5 0.637 0.359
41 2

SO2 0.644 b 5.70 69.5 0.653
SbF 0.0635 c 5.15 61.0 0.6315

d 4.50 57.0 0.665

J2-4 SOF 0. 123 2. 11 464. 5 a 6. 40 58. 5 0. 506 0. 2912
SO2 0.652 b 6.00 55.0 0. 504
SbF5 0.0367 c 5. 50 53.0 0. 526

d 5.15 50.0 0.528
e 4.95 46.5 0.511

a
Corrected for decay to time of SOF2 activity measurement.



Table 11, SbF
5

35
Catalysed Exchange of S Between SOF

2
and SO2 at 25.00C.

Expt.
Number

Components
(mmoles)

X 10-6A
o

SO
2

Exchange
Time

Sample Integr,
volts

Electrom,
mV

A X 10-6
SOF

2
Average
Fraction

(cpm/mmole) a (hours) (SOF2) (SOF
2) (cpm/mmole) Exchange

K9-2 SOF
2

0. S87 2, 71 106, 8 a 21, 0 68.0 0, 193 0. SOS
SO2 0, 102 b 19.8 68,5 0, 206
SbF

S
0, 0498 c 19, 2 65, 0 0, 201

d 18.4 62, 5 0, 203
e 17,1 58.0 0, 203
f 16, 8 S8.0 0, 207

K9-3 SOF
2

0, S89 2, 71 86.0 a 18, 2 63, 0 0, 206 0. 540
SO2 0, 0994 b 18,0 62, 0 0, 206
SbF 0, 0744 c 17, 3 61, 5 0, 213S

d 17,4 62,5 0,214
e 16.5 60,0 0,217
f 16, 0 S7.0 0, 213

K9-S SOF
2

0, S89 2, 91 0.2 a 22, S 0 0 0
SO2 0, 0986 b 21, 2 0 0
SbF 0, 0299 c 20,2 0 0S

d 19.5 0 0
e 18,8 0 0

K9-6 SOF 0,605 2, 18 184, 9 a 18.8 29, S 0, 103 0.3382
SO2 0,0971 b 19.3 30, 5 0, 104
SbF

S
0, 00432 c 20, 2 31, 5 0, 102

d 17.8 27,0 0,102
K9-7 SOF

2
0. 618 2, 26 91, 2 a 24. S 29, 0 0, 0791 0.268

SO
2

0. 101 b 40, 2 52, 5 0, 0814
SbF

S
0.00924 c 26, 0 35,0 0, 0875

d 16.6 22, 0 0, 0920
continued on next page
aCorrected for decay to time of SOF2 activity measurement,



T able 11 Continued.

Expt.
Number

Components
(mmoles)

A
o

X 10-6

(cpm/mmole) a

Exchange
Time

(holm)

Sample Integr.
volts
(SOF2)

Electrom.
mV

(SOF
2)

A X 10-6
SOF

2

(cpm/mmole)

Average
Fraction
Exchange

K9-8 SOF
2

0.612 . 2.24 128.0 a 21.0 32.5 0.101 0. 307
SO2 0. 102 b 21. 0 32.0 0. 0998
SbF

5
0.00734 c 22.5 34.0 0.0978

d 20.2 30.5 0.0991
e 20.0 28.0 0.0934

K9-9 SOF 0. 594 2. 16 192.2 a 21. 0 65.0 0. 186 6482
SO2 0. 0959 b 19.2 63.0 0. 196
SbF 0.0125 c 20.2 66.0 0.1945

d 19.5 63.0 0. 193
e 18.5 64.0 0.206

K10-.4 SOF
2

0.455 2.37 37.0 a 11.9 41.0 0.210 0. 377
SO2 0.136 b 8.70 25. 0 0, 186
SbF

5
0.0323 c 6.45 22.5 0.223

continued on next page
a
Corrected for decay to time of SOF

2
activity measurement.

-4



T able 11 Continued,

Expt.
Number

Components
(mmoles)

X 10-6 ExchangeA
o

a Time
(cpm/mmole) (hours)

Sample Integr.
volts
(SOF2)

Electrom.
mV

(SOF 2)

X 10ASOF
2

6

(cpm/ mmole)

Average
Fraction
Exchange

K10-5 SOF
2

0. 450 , 2. 37 29.5 a 27. 0 78.0 0. 171 0. 307
SO

2
0. 134 b 22.8 62.0 0. 164

SbF
5

0.0223

K10-6 SOF
2

0. 545 2.60 0.5 a 20.0 0 0 0
SO

2 0.158 b 19.6 0 0
SbF

5
0.00590 c 18.2 0 0

d 17.6 0 0
e 17.0 0 0

K10-7 SOF
2

0. 559 2. 58 66.0 a 20.2 75.0 0.218 0. 392
SO

2
0. 159 b 19.5 72. 5 0. 220

SbF
5

0.0110 c 17.6 66.5 0.224
d 15.6 60.0 0.228
e 15.0 58.0 0.228

K10-8 SOF2, 0. 567 2. 58 70.0 a 19.0 70. 0 0.217 0. 376
SO

2
0. 158 b 20.2 76.0 0.221

SbF
5

0.0233 c 19. 8 68.0 0.204
d 19.3 68.0 0.208
e 18.2 67.5 0.207

K11-1 SOF
2

0.508 2. 57 54.9 a 20.5 65.0 0. 190 0.228
SO

2
0.238 b 20.0 63.5 0. 190

SbF
5

0.00936 c 19.4 62.0 0. 191
d 18.6 58.0 0. 187
e 17.5 51.0 0, 177

continued on next page
a
Corrected for decay to time of SOF2 activity measurement.



T able 11 Continued.

Expt. Components A
o X 106 Exchange

Number (mmoles) Time
(cpm/mmole) a (hours)

Sample Integr.
volts
(SOF2)

Electrom.
mV
(SOF

2)

X 10-6ASOF
2

(cpm/mmole)

Average
Fraction
Exchange

K11-3 SOF
2

0. 512 2. 57 62. 2 a 22.0 82. 5 0. 220 0. 283
SO2 0.239 b 21.2 84.0 0.233
SbF

5
O. 0303 c 20. 2 82.0 0 0.238238

d 1 9. 0 76.0 0.234
e 18.3 71.0 0. 228

K11-4 SOF
2

0. 495 2. 43 68. 3 a 18. 1 70.0 0.228 \ 300
SO2 0.235 b 17.0 63. 5 0.221
SbF

5
0.01750175 c 1 4. 0 55. 0 0.234234

d 11.2 46.0 0.246
e 9.70 39.5 0.244

K11-5 SOF
2

0.519 2. 44 51. 8 a 18.0 96.0 0. 308 0. 428
SO2 0.240 b 18.2 99.0 0. 313
SbF

5
0.04710 471 c 16. 8 100.0 0 0. 343

d 14, 9 87.0 0. 336
e 13.1 79.5 0. 348

K4-0 SOF
2

0.287 0. 787 2. 1 a 8.50 0 0 0
SO2 0.288 7.95 0 0
SbF

5
0. 0170b c 6.90 0 0

d 6.50 0 0
e 5.65 0 0

K6-0 SOF
2

0. 3SS 1.27 0. 5 a 20.0 0 0 0
SO2 0' 350

b b 18.6 0 0
SbF5 O. 0152 c 17.0 0 0 0

d 15.4 0 0
continued on next page e 14.0 0 0
a
Corrected for decay to time of SOF activity measurement. f 12.8 0 0

2
See last page of Table 11. --4o



T able 11 Continued.

Expt.
Number

Components
(thmoles)'

Ao
SO

X 10-6
2

(cpm/mmole)a

Exchange
Time
(hours)

Sample Integr.
volts
(SOF2)

Electrom.
mV

(SOF
2)

A
SOF

X 10-6
2

(cpm/mmole)

Average
Fraction
Exchange

K12-1 SOF
2

0.374 2, 43 66.7 a 13. 8 97, 5 0, 398 0. 339
SO2 0.350 b 13.0 86.0 0. 376
SbF

5
0.0214 c 12.0 82.0 0.390

d 10.0 72, 5 0. 411
e 8.65 64.0 0.417

K12-2 SOF
2

0.340 2, 43 67.7 a 9. 10 80.0 0. 491 ). 428
SO2 0.344 b 10. 1 94. 5 0. 520
Sb15 0.0317 c 10.0 93.0 0.518

d 9.50 93.0 0.543
e 9, 10 89.0 0. 541

K12-3 SOF
2

0.323 2, 38 69.5 a 13.2 99.0 0. 424 0. 340
SO2 0.344 b 12, 5 90.0 0. 407
51e

5
0.0280 c 11. 4 85.0 0. 423

d 10.4 77.5 0. 421
e 9.50 69.5 0.414

K12-4 SOF
2

0.328 2.36 93.0 a 13. 1 141 0. 598 0. 525
SO2 0. 331 b 13. 1 147 0. 624
SbF

5
0.0383 c 12.7 144 0.630

d 12, 1 135 0.617
e 11. 4 132 0, 637

K12-5 SOF
2

0.351 2. 31 95.9 a 12.7 128 0. 561 0. 484
SO2 0.342 b 12, 2 120 0. 547
SbF

5
0.0351 c 11.4 114 0.555

d 10.7 105 0. 545
continued on next page
a

Corrected for decay to time of SOF
2

activity measurement.



T able 11 Continued,

Expt.
Number

Components
(mmoles)

X 10-6A
o

SO
2

(cpm/mmole) a

Exchange
Time
(hours)

Sample Integr.
volts
(50F2)

Electrom.
mV

(SOF
2)

X 106ASOF
2

(cpm/ mmole)

Average
Fraction
Exchange

K12-6 SOF
2

0.379 2.20 359.5 a 17.2 134 0.441 0. 404
SO

2
0.374 b 16.2 129 0. 448

SbF
5

0.00314 c 15.4 120 0.438
d 14, 6 111 0. 428
e 12.6 99.0 0.446

K12-8 SOF
2

0.398 2.20 374, 3 a 17.0 152 0. 501 460
SO

2
0.396 b 15.8 142 0. 50 4

SbF
5

0.00643 c 1 4. 0 123 0.493
d 12.3 112 0. 510
e 10.7 99.0 O. 516

K12-10 SOF
2

0.397 2.38 71.4 a 8.40 105 0.680 0. 593
SO

2
0.370 b 8. 10 96.0 0.645

SbF
5

0.0656 c 7.50 97.0 0.698
d 7.00 91.5 0. 703
e 6.70 84.5 0.678

K13-1 SOF
2

0.323 2.37 94.5 a 15.3 72. 5 0.276 0. 189
SO

2
0.611 b 13.8 68.5 0.288

SbF
5

0.0129 c 10.8 52.5 0.286
d 8.70 45.0 0. 304
e 6. 95 37.0 0. 314

continued on next page
a
Corrected for decay to time of SOF

2
activity measurement.



Table 11 Continued.

apt.
Number

Components
(mmoles)

A
o

SO
X 10-6

2

(cpm/mmole)a

Exchange
Time
(hours)

Sample Int e gr,

volts
(SOF2)

Electrom.
mV

(SOF2)

ASOF X 10-6
2

(cprn/mmole)

Average
Fraction
Exchange

1(13-2 SOF
2

0. 308 2. 36 118. 2 a 1 4. 3 135 0. 528 0. 340
SO2 0.618 b 12.4 118 0.530
SbF

5
0.00569 c 10.0 93.0 0.518

d 8.0 77.0 0. 531
e 6. 85 70.5 0. 563

K13-3 SOF
2

0. 330 2.36 136. 8 a 15. 2 310 1. 12 0. 72 9
SO2 0.637 b 12.6 261 1.13
SbF

5
0.0284 c 10.3 218 1.14

d 8.60 186 1. 15
e 7. 55 164 1. 15

K13-4 SOF
2

0.318 2.24 56.4 a 10.4 35.0 0.208 0.0968
SO2 0.605 b 9.70 33. 5 0. 213
SbF

5
0.00418 c 9.20 31.5 0.214

d 8.15 29.5 0.224
e 7. 45 27.0 0. 227

K13-5 SOF2 0.320 2.21 95.5 a 15.8 122 0.436 0.287
SO2 0.612 b 1 5. 0 112 0.421
SbF 0.0199 c 14.4 99. 0 0.3915

d 12.6 92.5 0. 417
e 11.4 87.0 0.430

continued on next page
a
Corrected for decay to time of SOF

2
activity measurement.



T able 11 Continued,

Expt.
Number

Components
(mmoles)

A
o

X 10-6

(cpm /mmole)a

Exchange
Time
(hours)

Sample Integr.
volts
(SOF2)

Electrom.
mV

(SOF 2)

A X 106
SOF

2

(cpm/mmole)

Average
Fraction
Exchange

K13-6 SOF
2

0.238 2.24 48.0 a 13.0 92. 5 0.401 0.267
SO2 0.544 b 12.3 89.0 0.411
SbF

5
0.0193 c 11.2 83. 5 0, 421

d 10.3 78.5 0.430
e 9, 5S 70.0 0.414

K14-1 SOF
2

0.232 2.21 65.9 a 11.3 61.0 0.313 0, 19S
SO2 0.672 b 10. 5 S7.0 0. 316
SbF

5
0.0168 c 8.55 47.0 0.320

d 7.00 39, S 0.328
e 6.15 33, S 0, 320

K14-2 SOF
2

0.257 2.17 119.6 a 12.1 268 1.20 0.751
SO2 0.732 b 11.0 248 1.21
SbF

5
0.0266 c 9.90 225 1.22

d 9, 1S 201 1. 17
e 8.20 188 1.21

K14-3 50F
2

0.209 2.16 134.2 a 12.4 210 0.924 0. 589
SO

2
0.639 b 11. 2 192 0. 930

SbF 0.0259 c 10.1 188 1.005
d 9.30 172 0. 992
e 8.65 1 S3 0. 947

continued on next page
a

Corrected for decay to time of SOF
2

activity measurement.

co



T able 11 Continued.

Expt.
Number

Components
(mmoles)

Ao
SO

X 10-6
2 a

(cpm/mmole)

Exchange
Time
(hours)

Sample Integr.
volts
(SOF2)

Electrom.
mV

(SOF
2)

A
SOF2

X 10-6

(cpm/mmole)

Average
Fraction
Exchange

K14-4 SOF 0.223 2. 16 121. 2 a 10. 4 200 1.04 0. 6262
SO2 0.675 b 9.80 188 1.03
SbFs 0.0191 c 9.30 171 0.987

d 8.60 162 1.01
e 7. 95 148 0. 990

K14-5 SOF
2

0.213 2.13 142.2 a 9.45 255 1.43 0. 879
0.665 b 7.05 195 1.44

SbFS 0.0422 c 6. 10 165 1. 39
d 5. 40 150 1.41

K15-1 SOF 0.138 2.17 137.0 a 8.30 76.0 0.507 0. 2822
SO2 0.762 b 7.60 73. 5 0. 534
SbFs 0.0137 c 6.90 65.0 0.518

d 6.20 59.5 0. 533
e 5. 55 51.5 0. 510

K15-2 SOF 0. 114 2.04 88.0 a 6.15 58.0 0.518 0.3272
SO2 0.670 b 5.70 64.0 0.604
SbFs 0.0146 c 5.35 56.0 0.567

d 4. 85 51.5 0. 573
e 4.45 48.5 O. 584

continued on next page
a
Corrected for decay to time of SOF

2
activity measurement.



T able 11 Continued.

Expt.
Number

Components
(mmoles)

A
o

X 10-6

(cpm/mmole)a

Exchange
Time
(hours)

Sample Irtegr.
volts
(SOF2)

Electrom.
mV

(SOF2)

A
SOF

X 106
2

(cpm/mmole)

Average
Fraction
Exchange

K15-4 SOF
2

0.120 2.23 90.9 a 6.70 168 1.30 0. 678
SO, 0.771 b 6.10 160 1.35
Sb1 0.0332 c 5.50 144 1.335

d 5.00 129 1. 30
e 4.60 114 1.24

K15-5 SOF
2

0.120 2.23 114.2 a 6.90 78.0 0.613 O. 319
SO2 0.766 b 6. 40 69.5 0. 590
SbF 0.0140 c 5.80 68.0 0.6305

d 5.35 61.5 0.617
e 4.90 58.0 0.630

K15-10 SOF
2

0.125 2.13 114.6 a 7.45 174 1.23 0. 683
SO2 0.772 b 6.70 165 1.28
SbF5 0.0436 c 6.05 150 1.28

d 5.50 132 1.23
e 5.05 123 1.23

K15 -12 SOF
2

0.121 1. 84 179. 5 a 5.95 138 1.20 0.741
SO2 0.753 b 4.00 99.0 1.14
SbF5 0.0271 c 3.10 78.0 1.19

K15-13 SOF
2

0.120 1.83 118.9 a 6.40 87.0 0.727 0. 461
SO2 0.787 b 5.70 81.0 0.753
SbF 0.0120 c 5.00 70. 5 0.7405

d 4.70 65.5 0.728
e 4.45 60.5 0.711

b
aCorrected for decay to time of SOF

2
activity measurement.

Calculated from vapor pressure and volume of doser, rather than by analysis as in later experiments. The amount of SbF
5

actually present is
probably larger than the amount given, possibly by as much as 100-200%.



T able 12. SbF
5

Catalysed of
35S

Between SOF
2

and SO2 at 40.
o

C.

Expt. Components Ao
SO

X 10-6 Exchange Sample Integr. Electrom. A
SOF2

X 10-6 Average
Number (m moles) 2 Time volts mV Fraction

(cpm/mmole)a (horns) (SOF2) (SOF
2) (cpm/mmole) Exchange

L1-1 SOF
2

0.680 2.43 14.8 a 26.8 32.0 0.0788 0.259
SO2 0. 103 b 26.0 33.0 0.0833
SbF5 0.0193 c 25.0 32.5 0.0848

d 24.0 30.5 0.0838
e 23.0 29.0 0.0844

L1-2 SOF 0.673 2.43 1 9. 3 a 27.5 55.0 0.122 0. 3682
SO2 0. 111 b 26. 8 55. 5 0. 127
SbF5 0.02480248 c 26.0 0 54.5 5 0.129129

d 2 4. 8 51.5 0. 128
e 23.8 49.0 0.128

L1-3 SOF
2

0.697 2.43 21.8 a 31.2 88.0 0.167 0. 511
SO2 0.111 b 30.0 86.5 0. 170
SbF5 0.0409 c 28. 8 82.0 0. 170

d 27.5 79.5 0. 171
e 26.5 75.5 0.170

L1-4 SOF 0.660 2.38 23.4 a 27.2 77.5 0.170 0. 5172
SO2 0. 111 b 23. 8 73. 5 0. 184
SbF5 0.0272 c 23.2 68.5 0.176

d 22.5 67.5 0.178
e 21.8 65.5 O. 180

continued on next page
a
Corrected for decay to time of SOF

2
activity measurement.



T able 12 Continued.

Expt.
Number

Components
(mmoles)

A
o

X 10-6

(cpm/mmole)a

Exchange
Time
(hours)

Sample Integr.
volts
(SOF2)

Electrom.
mV

(SOF
2)

A
SOF2

X 10-6

(cpm/mmole)

Average
Fraction
Exchange

L1-5 SOF
2

0.690 2.38 22.0 a 28.8 111 0.224 0. 633
SO2 0.114 b 27.8 100 0.210
SbF

5
0.0323 c 26.8 96.0 0. 210

d 25. 5 93.0 0. 21 4
e 2 4. 5 89.5 0.214

L3-1 SOF
2

0. 402 2.03 12. 1 a 18.0 130 0. 409 0. 416
SO2 0.401 b 17.4 129 0.416
SbF

5
0.0268 c 1 5. 9 122 0.431

d 13.9 104 0.42 4
e 12.5 94.5 0.426

L3-2 SOF
2

0.400 2.03 13. 5 a 16.2 52.5 0. 196 0. 197
502 0.400 b 15.6 S0.5 0.197
Sbf

5
0.0132 c 1 4. 6 47.5 0.197

d 13.8 46.0 0.201
e 12.3 42.5 0.210

continued on next page
a

Corrected for decay to time of SOF2 activity measurement.

00



Table 12 Continued.

Expt.
Number

Components
(mmoles)

Ao50 X 10-6
2

(cpm/mmole) a

Exchange
Time
(hours)

Sample Integr.
volts
(SOF2)

Electrom.
mV

(SOF 2)

-6
X 10A

SOF
2

(cpm/mmole)

Average
Fraction
Exchange

L2-1 SOF
2

0.122 2.38 18.9 a 9.65 190 1.06 0. 533
SO

2
0.678 b 8.05 162 1.07

SbF
5

0.0430 c 6.95 144 1.09
d 5.85 126 1.11

L2-2 SOF
2

0.118 2.37 17.6 a 7.50 100 0.718 0.357
SO

2
0.654 b 6.60 87.0 0. 708

SbF
5

0.0154 c 5.85 77.0 0.700
d 5.15 72.0 0.734
e 4.55 64.5 0.738

L2-3 SOF
2

0.118 2.37 16.2 a 7.30 135 0.978 0. 488
SO

2
0.652 b 6.50 123 0.991

SbF
5

0.0652 c 4.40 85.0 0.981
d 3.80 75.0 0.980

L2-4 SOF
2

0.118 2.36 18.9 a 6.20 118 0.994 O. 514
SO

2
0.660 b 5.65 114 1.04

SbF
5

0.0550 c 5.40 108 1.03
d 4. 50 93.0 1.05

L2-5 SOF
2

0. 125 2. 36 17. 3 a 8.65 236 1. 44 0.725
SO

2
0.638 b 6.95 196 1.46

SbF
5

0.0581 c 5.15 144 1.41
d 4.30 123 1.41

a
Corrected for decay to time of SOF

2
activity measurement.



Table 13. Test for Heterogeneous Catalysis by Lithium Fluoride at Ambient Temperature.

-5Expt, Components A X 10SO Exchange Sample Integr. Electrom, A
SOF2

X 10
5

Average
Number (mmoles) 2 Time volts mV Fraction

(cpm/mmole)a (days) (SOF2) (SOF
2) (cpm/mmole) Exchange

C-14 b

C-16b

SOF
2

0. 5 11.0 0. 98 a 15.0 0 0 0
SO, 0.5 18.0 0 0
LiF 2 c 12. 4 0 0

SOF
2

0.483 4.14 123.2 a 18.2 0 0 0
SO2 0.475 b 18.4 0 0
LiF 2 c 18.6 0 0

d 19, 1 0 0
e 19, 8 0 0

a
Corrected for decay to time of SOF

2
activity measurement.

b
A large, unidentified initial peak at about 24 seconds retention time was noted in both of these experiments. This peak was not observed in other
experiments using SOF

2
and SO2 from the same batches.
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III. METHODS OF CALCULATION

A. Specific Activity

The millimoles of SOF 2' nSOF millimoles of SO2,SOF
2

were obtained from the respective integrator output voltagesn502'

and V by the following equationsVSOF
2

SO2

= 7. 591 x 104V + 6. 82 x 104 ( 6)nSOF SOF2

= 9.197x 104V ( 7)n502 SO
+ 1. 92 x 104

2

in which the numerical constants were determined by the calibration

procedure discussed previously.

In a like manner, the activities of SOF
2

and SO2, a SOF
2

and a , in counts per minute (as BaS04) were determined from
SO2

their respective electrometer output potentials eSOF2 and e50

in millivolts by using the numerical constants found for the calibra-

tion of the ionization chamber-electrometer in the relationships

aSOF
43. 07 e + 275 ( 8)SOF SOF

2 2

a = 43.07 + 275 (9)SO2
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The specific activity in cpm/mmole of the desired component was

then calculated by dividing the activity by the number of millimoles

of that component. All specific activities for a given experiment

were corrected for decay to the time at which the sample bomb was

opened, using the sulfur-35 half-life value of 87. 39 days (Woodhouse

and Norris, 1968).

B. Concentration

Molar concentrations of all components were calculated from

the known amount of each component and its density, assuming the

volumes of the components to be additive. For convenience, densi-

ties were converted to molar volumes, which are tabulated below.

Molar Volumes x 102 ( ml/ mmole)

Temp. oC
SOF 2a SO 2b SbF5c

0.0 6..06 4.47 6.79
25. 0 6. 42 4. 68 6. 99
40. 0 6. 72 4. 83 7. 10

a Calculated from the density of SOF
2

determined as
described in Section II. B. 2.

bCalculated from the specific volume (cm 3/g) given by
Washburn (1926, p. 236).

cCalculated from the density, given as p (g/cm3)
3. 193 - 3. 6 x 10-3 T(0c) + 3 x 10-6 T2 by Hoffman and
Jolly (1957).
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C. Fraction Exchange and Rate of Exchange

The initial specific activity, A°, of the labeled SO2 was

obtained by running several samples of 35SO2 alone through the

separation and counting system, and calculating the specific activity

in the manner described in Section A. The infinite time specific

activity, A00, corresponding to complete randomization of the activ-

ity between the two components, was then calculated from the initial

activity of the SO2 and the dosed amounts of SOF2 and SO2,

and N , by the relationshipNSOF SO2

oo
A = A° N /(N + NSOF)SO2 SO2 SO2

2
(10)

The fraction exchange, F, was calculated in all cases from

the observed specific activity of the thionyl fluoride, AsoF, by

from

F = A SOF/A
2

w

The rate of exchange for each experiment was calculated

Rate
-2. 303 (SO

2
)(SOF

2) log (1-F)
[ (SO2) + (SOF2)1 (12)

where (SO2) and (SOF
2

) indicate the molar concentrations of these

components, and t is the time elapsed from initiation of the exchange
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to the time of thionyl fluoride activity measurement.

D. Rate Dependence on Concentrations

For the purpose of determining the exchange rate dependence

on the concentration of each of the components of the exchange system,

a rate law of the form

Rate = k(SOF
2

)a (SO
2

)b (SbF 5)c (13)

was assumed. To determine c, the order with respect to SbF5, a

series of experiments in which (SOF2) and (SO2) were approx-

imately constant was chosen, and a plot of log (rate) versus

log(SbF5) was constructed. The slope of this plot, obtained by a

standard least squares treatment, is equal to c. The reaction order

in (SO2), b, was found by constructing a plot of log [ (rate)/(SOF2)a

(S02)b] versus log (SO2) for the experiments in the range from

equimolar SO2 and SOF
2

to excess SOF2, assuming a value for

a, and giving c the value found previously. The slope of this plot,

again determined by the method of least squares, is equal to b. The

correction to the rate is necessary because the concentrations of the

three components could not be varied independently, and it was

therefore impossible to perform a series of experiments in which

the other two components remained even approximately constant as

one of the major components was varied. After determining b, a
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similar method was used to determine a, using the experiments in

the range from equimolar SOF2 and SO2 to excess 502. If the

value of a thus obtained does not agree with the value of a assumed

for the determination of b, b is re-determined using a new choice

of a until a set of self-consistent values of a and b is obtained.

E. Linear Least Squares Analyses

Two types of linear least squares analyses (Youden, 1951,

p. 40-45) were used both of which fit data to an equation of the form

y = mx + b (14)

where y is the dependent variable x is the independent variable

m is the slope and b is the y-intercept. In the first case both

slope and intercept and the standard deviations, bm and 5b' of

these quantities are found. The following equations apply.

,m

nZxy - ZxLy

nEx
2

(Ex)
2

n(Ey 2 - bEy - mEx)/(n - 2)

nrx2
(Ex)

2

(15)

(16)

mEx (17)
n

6
b

2 2 (18)=i6m(221c /n)
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In the second case, the y-intercept is required to be zero, and the

following equations determine the slope and its standard deviation.

m = Exy/Ex2 (19)

Ey
2 - mfxy

m (n - 1)Ilx2
(20)

In both cases, n is the number of observations of x, y pairs.

These linear least squares analyses were accomplished with

the aid of OSCAR, Oregon State Conversational Aid to Research, a

conversational computer language with teletype input to a CDC 3300

computer. Programs in the OSCAR language for both of these least

squares procedures are listed in the appendix.

F. Rate Law Model Calculations

1. Non-linear Least Squares Analysis

Upon examination of the data, the rate appeared to be a

somewhat complex function of the concentrations of the catalyst and

the exchanging species, necessitating a rate law involving one or

more equilibrium constants as well as the rate constant. A brief

outline of the least squares treatment of such a function, which is

non-linear in one or more of the parameters, to obtain the best-fit

values of these parameters follows. Further discussion of the



mathematical method can be found in Wentworth (1965a, b) and

Shoemaker and Garland (1962, p. 26-29).

Assume we have a function

y = f(xi, x2, , xm; A.1, A2, , A )

93

(21)

where y Is the dependent variable, x1, x2, , xm are the inde-

pendent variables, and Al, A2, , A are the parameters.

Given n observations of the dependent variable,
Y. .,

(n > p) the prob-

lem is to find values of the parameters which minimize

n
2

E w. Cy. f(x x , x .; A , A . , A )1 (22)
J.-1 J

1, j 2, j m, j A1,
J-

where w. are the weights given to the observations.

behaved function this requires that

ay ay ay
8A1 8A

2
aAp

For a well-

0 (23)

For the partial derivative of y with respect to Al we have

n
-2 E w.[ f x x x A A

of

j=1 J J
,j 2,j ...,

1 2 , Af)./1-aA = 0
1

(24)

Expanding f in a Taylor series about the values

0 0 0
y = f(x x , , x .; Al, A2, , A

1, j 2, .j m, 2' p
(25)



94

calculated using trial values of the parameters, A., estimated by

graphical or other means, and retaining only first order terms

enables one to write equation (24) in the form

n . n af, af.afi 2w. (--e-- ) AA + (Z w. ) AA +j aA1 j aA
1

aA
2

2
i=1

n af. af. n af.
+ (Z w.

aA AA
p

= w (y yj aA aA j j
1 pi=1 j=1

In a like manner we obtain from the other derivatives

n af. af. n af.
(z w. [ z w.(-1)2] b,A2 +
j=1

8A 8AaAl 1 j=1 aA2

(26a)

n af. af. n af.
(Z w.

aA
-1-) LA = w. (y. y°.) (26h)

j=1) 2 aAp P j=1 aA2

etc.

af.
where the partial derivatives are evaluated at Al

1
= A ,°

a- Al

A2 = A2, A = Ao Equations (26) thus become a set of p
P P

equations in the p unknowns AA1, tA2, , AA. ,, which are solved

to obtain new estimates of the parameters

Al Al + AA
1

A2 A2 + AA
2

A = Ao + AA
p p p

(27)
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These new values of the parameters can now be used as the

estimates for a second iteration of the procedure, and better and

better values of the parameters may be obtained by repeating the

cycle, subject to the condition that the original estimates of the

parameters were close enough to the true values so that the proced-

ure converges.

The standard deviations of the parameters can be found

from the inverse of the matrix consisting of the coefficients of the

AA. terms in the set of Equations (26), as follows:

If we let the elements of the inverse matrix be

dll d12 dlp

d
21

d
22

d
2p

dpl dp2 d
PP

then the standard deviations of the parameters are given by

SA1

SA2 =id22Vw

SA =id V
P PP w

where V , the weighted variance of y is given by

n
Vw = [ w.(y.

j=1
Y9j)2] /(n p)

(28)

(29)

(30)
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The non-linear least squares analyses were accomplished by

the use of the E2- OSU- CURVFIT computer program. This program,

written in FORTRAN IV, will perform an iterative regression anal-

ysis (least squares) on a function of one dependent variable and up to

eight independent variables which is either linear or non-linear in up

to nine parameters.. The program requires that two subroutines be

provided at the time of use for each particular function to be fitted.

The first of these reads the observations into the main program,

while the second provides the function to be fitted and the partial

derivatives of the function with respect to each of the parameters.

The CURVFIT program and the appropriate subroutines

were used to fit the data to the rate law model

R = kaz (31)

Ke
(b-z)

2 (c-z)

2z2

where R = the exchange rate
a = (SOF 2) dosed

b = (SO2) dosed

c = (SbF
5)

dosed

Z = (SO
2

SbF5) equilibrium

(32)

involving one equilibrium constant, Ke, and the bi-molecular rate

constant, k. To obtain the dependent variable R as a function of

the independent variables a, b, and c, and the parameters k and Ke,
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it is necessary to solve Equation (32) for z. Equation (32) can be

put in the form

z
3 + (2/K

e
- 2b - c) z 2 + b(2c + b)z - b2c

= 0 (33)

Letting the coefficient of z 2 be P, the coefficient of z be Q, and

the constant term be S , the cubic equation can be solved by the

following trigonometric method (Weast, 1964, p. 366-367).

1
(I) = Arcos [-

54
(2P3 - 9PQ + 27S)/

z =
2)}

(34)

(I)

3
cos

3
÷ 2n )] - P/3 (35)

where (I) is in radians and n has the values 0, 1, and 2. Although

all three roots are real numbers, only the one corresponding to

n = 0 is positive and hence of physical significance.

The necessary partial derivatives of R with respect to the

parameters are

aR
ak = az

aR (b-z) 2 (c-z)ak
8K

e
Ke[ 2c(z-b) + b(4z-b) - z(3z + 4/Ke)]

(36)

(37)

The main CURVFIT program and the two subroutines appropri-

ate to the rate law model discussed above are given in the Appendix.
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After obtaining best-fit values of k and Ke from the above

procedure, the Ke value together with the concentrations of the

three components and the observed rate were used to calculate a k

value for each experiment by solving Equation (33) for z as des-

cribed above, and substituting this value into Equation (31) and

solving for k. These calculations were performed with the computer

program KCALC, written in FORTRAN IV, which is given in the

Appendix. The k values thus obtained were plotted against SO2

concentration to ascertain that the distribution of k values was

essentially random about the least squares value of k obtained from

the CURVFIT program.

2. Estimation of Rate Law Parameters

To obtain the estimates of the parameters required as trial

values for the non-linear least squares analysis, a graphical method

was employed. Log(rate) was plotted versus log(SbF5) for the K9

group of experiments ( approximately 6: 1 mole ratio of SOF2:S02),

the K12 group of experiments ( approximately 1: 1 mole ratio of

SOF2: SO2) and the K15 group of experiments (approximately 1: 6

mole ratio of SOF2: SO2), and the best fit straight line, determined

by the least squares method, was drawn in. The three sets of

"average" data given below were then obtained by taking the rate and

SbF
5

concentration corresponding to the approximate mid-point of
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each line, and the numerical average of the SOF
2

and SO2 concen-

trations for each group of experiments.

Set 1

(1) 6: 1 SOF
2:

SO2

( SOF2)

( SO
2

)

(SbF
5

)

=

=

=

13.3 M

2.21

0. 380

Rate = 9. 00 x 103 Mihr

(SOF
2)

= 8.63 M
Set 2 ( SO2) = 8. 53

( N J 1 : 1 SOF : SO2
L

( SbF
5)

= 0.410

Rate = 2. 00 x 102 M/hr

(SOF
2)

= 2. 75 M
Set 3 ( SO2) = 16.9
(Ail: 6 SOF2: SO2 (SbF

5
) = O. 470

Rate = 1. 05 x 102 M/hr

Using data from Set 1 above, the values of k and Ke in the rate

law model discussed in the previous section were calculated for a

series of arbitrarily chosen z values in the range from zero to

(SbF
5
), and k versus Ke plotted. The data from Set 3 were treat-

ed identically and plotted on the same graph. The point of inter-

section of the two curves gave estimates of k and Ke which were

checked by using the data from Set 2 and the graphical k value to

calculate a Ke value which was then compared with the Ke

obtained graphically from Sets 1 and 3. Good agreement was found.
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(The results are given in Section IV. E. )

3. Theoretical Order in Catalyst

One of the distinctive features of the data from the exchange

experiments is the order in SbF5, which increased from about 0.5

in excess SOF2 to slightly less than 1.0 in excess SO2. It was

thus necessary to test the theoretical rate dependence on catalyst

concentration of the rate law [ Equations (31) and (32)] proposed to

explain the data. This was accomplished using the SOF2 and SO2

concentrations from the three sets of "average data" given in the

previous section along with the graphical estimates of k and K.

Using the values for "average data Set 1, representing approxi-

mately 6: 1 excess of SOF2, the rate R1 was calculated for (SbF5) =-

1. 00 M and the rate R2 for (SbF 5) = 0.100 M. The order in anti-

mony(V) fluoride at this particular ratio of SOF2 to SO2 is then

d log(rate)/d log(SbF5) = log R1 - log R2 (38)

The order in catalyst for approximately 1: 1 and 1: 6 mole ratios of

SOF
2

to SO2 were obtained in an identical manner from "average

data" Sets 2 and 3.

The calculation of rates from the concentrations and the values

of the two parameters was accomplished using Equations (31), (33),

(34), and (35) given previously. As the solution of these equations



was somewhat complex, the calculations were performed with the

aid of the OSCAR program MODEL 4, given in the Appendix.

G. Activation Parameters

The activation energy was determined from the Arrhenius

equation (Frost and Pearson, 1961, p. 23)

k = A e Ea/RT

where E is the activation energya
A is the "frequency factor"
R is the gas constant
T is the temperature in °K
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(39)

by constructing a plot of log(k) versus 1/T, using the values of k

found for the groups of experiments at 0,, 25, and 40°C. The slope

of this plot is equal to -Ea/2.303R.

The entropy of activation,AS , was found from the equation

(Frost and Pearson, 1961, p. 99-100)

-Ea/RT .0*/Rk = (eITT/h)

where k is Boltzmann's constant
h is Planck's constant

(40)

using the value of the activation energy found above and the value of

k found for the experiments at 25°C.
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IV. RESULTS AND DISCUSSION

A. Identification of Initial Gas Chromato raph Peak

Two sample bombs, one containing only labeled SO2 and

SbF5, and the other containing only SOF2 (inactive) and SbF5, were

prepared in an attempt to identify the very small (usually less than

5% of the area of the other peaks) initial peak at about 27 seconds

retention time observed in all of the antimony(V) fluoride catalysed

experiments (cf. Figure 10). When these bombs were opened and the

contents run through the separation and radioassay system, the bomb

containing the sulfur dioxide and antimony(V) fluoride showed the

small initial peak as well as the SO2 peak, while the bomb containing

the thionyl fluoride and antimony(V) fluoride showed only the peak

due to SOF2. Moreover, by using the 30 mV full scale sensitivity

of the electrometer, a small amount of activity (2-3 mV) was detect-

ed in the small initial peak. Samples of labeled SO
2

alone, used

for determining the initial activity of the sulfur dioxide used in the

exchange experiments, showed only the SO2 peak, eliminating the

possibility that an impurity in the sulfur dioxide was responsible for

the initial peak.

One explanation consistent with these qualitative observations

is that the initial peak present in the catalysed experiments was due

to a low concentration of undissociated SO 2*SbF
5

adduct in the vapor
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state, although one would expect this adduct to have a longer reten-

tion time than either SOF
2

or SO2 due to its considerably lower

volatility. An alternative explanation is that a volatile sulfur-

containing compound results from some reaction between SO and

SbF5, such as

SbF5 (1) + SO2 (g) = SbF3 (s) + SO2F2 (g) (41)

in which the equilibrium lies well to the left. Indeed, this reaction

is similar to the sulfuryl fluoride preparative reaction (Rochow,

1960, p. 158-162).

2AgF2 (s) + SO2 (g) = 2AgF (s) + SO2F2 (g) (42)

It is also interesting to note that Engelbrecht, Nachbauer, and Mayer

(1964), in a gas chromatographic separation using Halocarbon oil on

a specially treated silica gel support found the following retention

volumes:

SO2F2 - 356 ml

SOF
2

- 484 ml

SO2 - 1050 ml

Since retention volume is proportional to retention time, these peaks

are in approximately the same temporal relationship to one another

as the three peaks observed in the present work. This latter ex-

planation would thus seem to be the more probable one. If, in fact,
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this reaction does take place, its effect on the exchange rate would

probably be negligible, considering the small amount of substance

produced. The much less pronounced acceptor properties of SbF
3

compared to SbF
5

also suggest that the catalytic effect of any

antimony(III) fluoride present would be much less than that of the

antimony(V) fluoride.

B. Evidence for Complex Formation

The well-known adduct SO
2
SbF

5
(Aynsley, Peacock, and

Robinson, 1951; Webster, 1966, p. 99-102; Moore, Baird, and

Miller, 1968) was readily observed as a white solid whenever sulfur

dioxide came in contact with liquid antimony(V) fluoride in the pro-

cess of dosing the catalysed sample bombs. The contents of the

bombs were, however, homogenous, except in a few early experi-

ments where a very large amount of SbF
5

dosed gave rise to some

white solid remaining undissolved in the liquid thionyl fluoride and

sulfur dioxide. A white solid was also present in the sample bomb

breaker after the bomb containing only SO2 and SbF5 described

in the previous section was broken open and the contents had partially

vaporized. Similarly, a white solid was observed when the sample

bombs for the catalysed exchange experiments were opened.

The ratio of SOF
2

to SO2 observed in vapor samples injected

into the gas chromatograph from the catalysed exchange bombs was
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always considerably higher than the dosed ratio, indicating that a

significant portion of the SO2 was engaged in the formation of the

solid SbF
5

complex. The observed ratio also changed as successive

vapor samples were removed, the amount of SOF2 decreasing faster

than the amount of SO2' presumably due to a shift of the equilibrium

SO 2SbF 5
(s) = SbF

5
(1) + SO2 (g) (43)

to the right as the partial pressure of SO2 was decreased by the re-

moval of samples.

The experiments described in the previous section and the

dosing operations also provided some indication of the existence of

an adduct of SOF2 and SbF5. A thin film of white solid was ob-

served when SOF
2

vapor came in contact with liquid SbF
5

in the

dosing procedure, but only when the pressure of gaseous SOF
2

above the SbF
5

was rather high (near one atmosphere). The same

effect was noted when the sample bomb containing only SOF
2

and

SbF
5

was broken open and the contents had partially vaporized.

Although there are no reports in the literature to date of this adduct,

adducts of SbF
5

with SF
4

(Oppegard et al., 1960; Seel and Detmer,

1959; Bartlett and Robinson, 1961) and with SOF4 (Seel and Detmer,

1959) are known. These qualitative observations suggest an inter-

esting area for further research, particularly in view of the possi-

bility that an SOF2 adduct with SbF5 might be bonded via fluorine
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bridges, as the SF
4
SbF

5
adduct apparently is (Oppegard et al.,

1960).

The evidence cited above for the formation of adducts of

antimony(V) fluoride with sulfur dioxide and thionyl fluoride in the

solid state does not, of course, make their existence in solution

particularly probable, but does suggest that these adducts are pos-

sible species which could exist in solution and take part in the ex-

change mechanism. Further discussion of the possible roles of

these species in the exchange will be given in subsequent sections.

C. Uncatalysed Experiments

In either excess SO2, excess SOFz, or nearly equimolar

mixtures, no exchange of sulfur-35 was observed for times as long

as 150 days, although the activity of the longer term experiments

had decayed to such a low value that some exchange might have

occurred which could not be detected. Table 9 in Section II contains

estimates of the minimum detectable fraction exchange for each

experiment. It was also noted in the long term Experiments K1-7,

K2-4, and K3-3 that some chemical reaction of the components had

taken place. This was evidenced by the appearance of an extraneous

peak in the gas chromatograph output at about 22 seconds retention

time for all three of these experiments, and an additional extraneous

peak at about 80 seconds in the case of Experiment K1-7. The
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SOF
2

and SO2 peaks were slightly smaller in the case of Experi-

ments K2-4 and K3-3, and considerably smaller in the case of

Experiment K1-7 than would be expected on the basis of the peak

areas observed in the shorter term experiments. In addition,

there appeared to be a white solid remaining on the walls of the

sample bomb after opening, although this appearance may have

been caused by etching of the glass walls of the sample tube.

Despite the evidence of chemical change having occurred to

some extent, there was no detectable activity in the thionyl fluoride

fraction of any of the samples, and the uncatalysed rate in this

system thus appears to be extremely slow. This is in agreement

with the results observed in the analogous bromine-containing and

chlorine-containing systems (Johnson, Norris, and Huston, 1951),

and lends support to the conclusion that self-ionization of the com-

ponents is not an important factor in exchange mechanisms in these

sulfur dioxidethionyl halide systems.

Because of the low rate and the problem of slow chemical

reaction of the exchanging compounds, the investigation of the un-

catalysed exchange was not pursued further.

D. Lithium Fluoride Catalysed Experiments

Several unsuccessful attempts were made to prepare anhy-

drous tetraethylammonium fluoride from the monohydrate, primarily
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by the method of Seel and Riehl (1955) and variations thereof, in hopes

of investigating fluoride ion (Lewis base) catlysis. Halide ion cataly-

sis of the analogous chlorine and bromine-containing systems had

previously been investigated in this laboratory (Herber, Norris, and

Huston, 1954; Masters and Norris, 1955). Upon failure to prepare

the anhydrous tetraethylammonium fluoride, lithium fluoride was

chosen as a possible catalyst, as it appears to be the most soluble

of the alkali metal fluorides in SO2. The reported solubility, 23

millimoles per kg of SO2 (Waddington, 1965, p. 255), is still very

low, and is probably even lower in the mixed SOF
2

--SO
2

solvent

medium, as the dielectric constant of liquid thionyl fluoride would

be expected to be somewhat lower than that of liquid SO2 ( E = 14.1 at

20oC), judging from the values for SOBr
2

and SOC1
2

(E = 9. 06 and

9.25, respectively, at 20°C) (Chemical Rubber Publishing Company,

1962, p. 2612-2613). The two lithium fluoride test bombs were

therefore prepared with a large excess of the solid salt present, to

insure a saturated solution. This also created the possibility of

heterogeneous catalysis taking place. As can be seen in Table 13,

however, no exchange was observed up to 123 days. This is some-

what surprising, as potassium chloride, for which the reported

s o l u b i l i t y in SO2 i s only 5.5 millimoles per kg (Wadding-

ton, 1965, p. 255), strongly catalysed sulfur ex-
change in the liquid sulfur dioxide--liquid thionyl
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bromide system (Norris, 1959). An explanation for the lack of ex-

change in the present case might be that the solubility of LiF is in

reality very much lower than that expected from the reported solu-

bility in SO2, or alternatively, that the considerably lower reactivity

of SOF
2

as opposed to SOBr
2

causes a much lower exchange rate.

Two unusual effects were also noted in these experiments which

could bear further investigation. First, there was a large unidenti-

fied peak, comparable in size to the thionyl fluoride peak at about 24

seconds retention time. Second, the amount of thionyl fluoride in

each successive sample from the bomb breaker increased, while the

sulfur dioxide portion of the sample decreased, as expected, as

samples were removed. It would thus appear that a chemical reac-

tion of some sort is taking place, although more quantitative data

would be required for further speculation on this point and its possible

connection with the apparent lack of exchange.

E. Antimony(V) Fluoride Catalysed Experiments

1. Results

After abandoning the fluoride ion catalysis investigation due to

the difficulties discussed above, attention was turned to Lewis acid

catalysis. In view of the effective catalytic action of SbC15 found by

Burge and Norris (1959a) in the liquid S02--liquid SOC12 system,
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SbF
5

was considered a likely catalyst for the analogous fluorine-

containing system. It was found, in fact, to be an effective catalyst,

and results of exchange experiments at 0, 25, and 40°C (calculated

from the data in Tables 10, 11, and 12) are displayed in Table 14.

The choice of the method of calculation of the rate should per-

haps be explained here, as it differs somewhat from the procedure

generally used in the past in this laboratory. (See, for instance

(Potter, 1962, p. 93..98).) Previously, exchange samples were

usually made up so that a series of four to six samples each contained

very nearly the same amounts of the two exchanging species and the

catalyst. After the fraction exchange, F, for each sample had been

obtained from the activities of the components at the end of the ex-

change times (from equation (11) or its equivalent), the quantity

log(1-F) for each sample in the series was plotted vs. the exchange

time for that sample, and the best fit straight line obtained by stan-

dard least squares methods. The slope of this line (known as a

McKay plot) yields the rate from the relationship

Rate = -2. 303 (A)(B) . d log (1-F)
[(A) + (B)] d t (44)

where (A) and (B) refer to the concentrations of the exchanging

species. In other cases, several samples were withdrawn at inter-

vals from the same exchange system, rather than making up replicate
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Table 14. Rates of SbFs -Catalysed Sulfur-35 Exchange Between SO2 and SOF
2.

Experiment Concentration SOF
2

Concentration SO2 Concentration SbFs Rate x 102
1`Tiimber (M) (M) (M) (1\4/114 )

Series J, Exchange T emperature 0. 0°C.

J1-2
J1-3
J1-4

J3-1
J3-2

J2-1

14.5
13.9
14.6

8.62
8.95

3.09

2. 33
2.14
2. 10

8.55
8.72

16.6

0.282
0. 957
0.359

1.40
1.01

1.02

0.0641
0. 103
0.0678

0.622
0.376

0.318
J2-2 3. 00 16. 4 1. 22 0. 322
J2-3
J2-4

2. 97
3.15

1 5. 9

16.7
1. 57
0. 937

219562

Series K, Exchange Temperature 25.00C.

K9-2 12.8 2.22 1.08 1.25
K9-3 12.3 2.08 1, 56 1.61
K9-6 13. 8 2.22 0. 0988 0. 427
K9-7 13.7 2.24 0.205 0.659
K9-8 13, 7 2.28 0, 164 0. 560
K9-9 13.7 2.20 0.287 1.03

K10-4 12.0 3.59 0, 852 3, 53
K10-5 12, 2 3.64 0.633 3. 48
K10-7 12.7 3.60 0.249 2, 11
K10-8 12.5 3.47 0.512 1.83

K11-1 11.4 5.36 0.211 1.72
1(11-3 11.1 5.18 0.657 1. 89
K11-4 11.2 5.34 0, 398 1. 89
K11-5 10.8 5.01 0.983 3.69
K12-1 8.95 8.37 O. 512 2.68
K12-2 8.48 8. 58 0.790 3. 52
K12-3 8.32 8.86 0.722 2. 57
K12-4 8. 37 8.44 0. 977 3. 36
K12-5 8. 58 8.36 0, 858 2, 92
K12-6 9.02 8.90 0.0748 0.645
K12-8 8.94 8.90 0, 144 0.756
K12-10 8.39 7.82 1, 39 5. 10

K13-1 6.43 12.2 0.257 0. 933
K13-2 6.29 12, 6 O. 116 1. 47
K13-3 6.24 12.0 O. 537 3.92
K13-4 6. 50 12, 4 0.0855 0.772
1(13-5 6.34 12.1 0.394 1.47
K13-6 5.67 13.0 0.460 2, 55

continued on next page
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T able 14 Continued.

Experiment
'umber

Concentration SOF
2

Concentration SO2
(M) (M)

Concentration SbF
(a

Rate x 102
(M/hr. )

K14-1 4.89 14.2 0.354 1.20
K14-2 4.90 13.9 0. 507 4.21
K14-3 4.64 14.2 0. 575 2.32
K14-4 4.73 14.3 0. 406 2.88
K14-5 4.47 14.0 0.887 5.03

K15-1 3.04 16.8 0.302 0.622
K15-2 2.89 17.0 0.370 1.11
K15-4 2.61 16.8 0.723 2.82
K15-5 2.70 17.3 0. 315 0.786
K15-10 2.66 16. 4 0. 928 2.29
K15-12 2.69 16.8 0.604 1.75
K15-13 2.65 17.3 0.265 1.19

Series L, Exchange Temperature 40.00C.

L1-1 13.1 1.98 0.370 3.48
L1-2 12.8 2.12 0.473 4.32
L1-3 12.6 2.01 0.742 5.69
L1-4 12.8 2.15 0.526 5.72
L1-5 12.7 2.10 0. 596 8.21

L3-1 8. 32 8.30 0. 555 18. 5
L3.2 8.49 8.49 0.280 6.90

L2-1 2.78 15.4 0.977 9.49
L2-2 2.91 16.1 0.379 6.18
L2-3 2.68 14.8 1.49 9.38
L2-4 2.70 15.1 1.26 8.74
L2-5 2.89 14.7 1.34 18.0
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small samples, but the mathematical treatment of the data was

essentially the same. In addition, corrections were made to the

(1-F) values in some cases for small changes in concentration from

sample to sample.

In the present work, unfortunately, the amount of catalyst,

SbF5, could not be dosed with a better reproducibility than + several

hundred percent, precluding the possibility of setting up a series of

even approximately replicate samples. Introducing a correction to

(1-F) for varying catalyst concentration was not deemed practicable

either, as the order in SbF
5

was not known, and, from preliminary

observations, did not appear to be constant as the ratio of SOF
2

to

SO2 was altered. However, early experiments showed that the

fraction exchange at essentially "zero" time was invariably zero.

(cf. Experiments K4-0, K6-0, K9-5, and K10-6 in Table 11.) That

is, there was never any detectable activity appearing in the thionyl

fluoride for very short (two hours or less) exchange times and the

specific activity of the 35SO2 was essentially that of the initially

dosed material. Therefore, the rate was calculated for each sample

from equation (12) in Section III. D., which is identical to equation

(44) given above if the slope is determined from the point t=0, (1-F)=

1, and the single value of t and (1-F) obtained for each exchange

experiment.

Although the experimental results were treated by the method
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given above to obtain all kinetic data, it is still useful to construct a

McKay plot in the present case to show that the quantity log(1-F) is

actually decreasing in a linear manner with time. This can be

accomplished using the order in catalyst, which is established in the

next section for three of the groups of experiments, to correct the

(1-F) value for variations in catalyst concentration. The order in

SbF
5

for the K9 group of experiments, in which the concentrations of

sulfur dioxide and thionyl fluoride remain essentially constant at ca.

2.21 and 13.3 M, respectively, is found to be 0.444. The value of

(1,F) corrected to unit SbF
5

concentration, (1-F) can be ob-

tained for these experiments from

log( 1-F)corr
log(1-F)

.0 444(SbF
5)

(45)

where (SbF
5)

is the molar concentration of antimony(V) fluoride.

Values of (1-F) obtained in this manner for the K9 group of ex-
corr

periments are given in Table 15 below.

Table 15. Corrected Values of (1-F) for Group K9.
Experiment

Number
Conc. SbF5
(moles/liter)

(1-F) (1-F)corr Exchange
Time (hours)

K9-2 1.08 0.495 0.505 106.8
K9-3 1.56 0.460 0.529 86.0
K9-6 0,0988 0.662 0.316 184,9
K9-7 0.205 0.732 0.530 91.2
K9-8 0.164 0.693 0.442 128.0
K9-9 0.287 0.352 0.163 192.2
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The McKay plot constructed from the data in the table above, Figure

11, shows the expected linear decrease of the values of log(1-F) corr
with time, with the exception of the value for Experiment K9-9.

The fraction exchange was calculated from the gain in activity

of SOF
2

rather than the loss of activity in the initially labeled SO2

in all cases. This had the advantage of having a precisely known

value for the initial specific activity, i. e., zero, of the component

in question, whereas the calculation of F from the SO2 activity

would involve taking the difference (often small) between two quanti-

ties, A o
S02,

and AS02 which are both subject to uncertainty in

measurement. In most of the experiments in excess SO2, in fact,

this difference was of the same order as the precision of the specific

activity measurement. The amount of SO2 was also below the mini-

mum calibrated range of the gas chromatograph for most of the

samples in excess SOF2' due to a considerable portion of the small

amount of SO2 present being utilized for the formation of the

SO2*SbF 5
adduct. Similarly, the specific activity of the SO2 could

not be obtained in the samples containing excess S02, as the large

amount of sulfur dioxide and its high specific activity resulted in an

activity above the maximum calibrated range of the electrometer.

For the few samples near the middle of the SO2 and SOF
2

concentra-

tion range in which both the amount and activity of the sulfur dioxide

could be measured, the observed specific activity of the SO2 agreed,
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within the estimated + 10% uncertainty, with the specific activity

which would be expected for the SO2 from the fraction exchange, F,

calculated from the SOF
2

specific activity. The expected specific

activity of the SO2 is calculated from

-A Expected = A o
SO2 SO SO

-Aoo
) (46)

2
F(Ao

2

Representative examples of these data are given in Table 16 below.

Table 16. Observed and Expected Sulfur Dioxide Specific Activities
in Several Representative Experiments.

Experiment No. As02 Observed x 10 Aqn Expected x 10
(cpm/mmole) (cpm/mmole

K11-1 1.98 2.17
K11-3 1.88 2.07
K12-1 2.07 2.00
K12-3 2.11 1.98
K12-4 1.90 1.81
K12-5 1.87 1.74
K12-8 1.60 1.70
K13-2 2.00 2.08
K13-3 1.83 1.77

2. Concentration Dependences of the Exchange Rate

a. Order in SbF5 To obtain the rate dependence on catalyst

concentration, the three plots of log (Rate) versus log (SbF5) shown

in Figures 12, 13, and 14, were constructed as described in Section

III. D. Within each of the three groups of experiments used to con-

struct these graphs, the concentration of antimony pentafluoride was
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varied over a considerable range, but the concentrations of SOF,,

and SO2 varied only slightly, as SbF
5

was present in much smaller

amounts than the other two components. The least squares slopes of

the best-fit straight lines for each of the above plots lead to the

somewhat surprising conclusion that the order in SbF
5

changes

throughout the range from excess SOF2 to excess SO2, being ca.

one-half order at approximately a 6: 1 mole ratio of SOF
2

to SO2

and approaching first order at approximately a 1: 6 ratio of SOF
2

to

SO2' with the intermediate value of ca. 0.7 in nearly equimolar

sulfur dioxide and thionyl fluoride. Although the concentration range

of SbF
5

in Figure 14 is rather small, and the standard deviation of

the slope consequently somewhat larger than that of Figures 12 or 13,

the order in SbF
5

is clearly increasing as one progresses from ex-

cess SOF
2

to excess SO2 as a solvent.

b. Order in SOF2 and SO2. The order in SOF2 was deter-

mined from experiment Groups K12, K13, K14, and K15, represent-

ing the range from about 1: 1 to 1: 6 mole ratios of SOF2 to SO2. As

it is impossible to vary the concentration of either major component

independently in this type of experiment, the rate had to be corrected

for the change in SO2 concentration as well as the change in catalyst

concentration over this range, as described in Section III. D. The

correction factor 1/(SO 2) was an arbitrary assumption of first order

dependence on sulfur dioxide, to be justified by later calculations.
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The catalyst correction factor, 1/(SbF
5)

is only approximate, as the

order in SbF
5

varies from about 0.7 to about 0.9 over the range of

SOF
2

to SO2 ratios in question. The least squares slope of 0,99 ob-

tained from the data in Figure 15 indicates first order dependence of

the rate on SOF
2

concentration.

The rate dependence on SO2 was obtained in a similar manner

from the experiment Groups K9, K10, K11, and K12, representing

the range from about 6: 1 to 1: 1 mole ratios of SOF2 to SO2. The

log of the appropriately corrected rate is plotted versus the log of

the SO2 concentration in Figure 16. The rate correction factor

1/(SOF2) is in this case justified by the results of the determination

of the SOF
2

order above. The correction factor 1/(SbF
5
)1/2 is

again only an approximation, as the order in SbF
5

varies from

about 0.4 to 0.7 over the range in question. The least squares slope

of 0.83 indicates approximate first order dependence of the exchange

rate on sulfur dioxide, and justifies the assumption of first order

SO2 dependence made a priori in the determination of the rate de-

pendence on SOF2.

3. Estimation of Rate Precision

The larger scatter displayed in Figures 15 and 16 is probably

fairly typical of the rather modest precision usually encountered in

exchange experiments of this nature. The method of rate calculation
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used, however, emphasizes this scatter more than the calculation

methods used previously in this laboratory. In the latter case,

groups of four to six points were subjected to a least squares treat-

ment in determining a rate from a McKay plot, as discussed pre-

viously. These rates were then plotted in a fashion similar to

Figures 12 through 16 and subjected to another least squares treat-

ment to obtain rate dependences on concentrations. Thus, a large

part of the scatter in the data was distributed over the McKay plots,

rather than all being displayed on the final log(rate) vs. log(concen-

tration) plot. The two methods are mathematically equivalent, how-

ever, if the data are weighted correctly, and the sample size is large

enough to assume an approximately Gaussian distribution of the rates

in both cases.

The largest known factors contributing to the uncertainty in the

rate are probably the uncertainties in the determination of the cata-

lyst concentration and the determination of the two specific activities

used to calculate the fraction exchange.

The precision of the specific activity is observed to be on the

order of + 10%, with the errors in the determination of the amount

of component by the gas chromatograph and the measurement of

activity by the ionization chamber-electrometer making about equal

contributions. Although the precision of a group of samples within a

single experiment seems to be somewhat better than this, + 10%
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appears to be a realistic estimate of the uncertainty expected from

one experiment to the next. It is pertinent to note that Panek and

Mudra (1965) observed the precision of activity measurements of
35S using a similar ionization chamber to be + 6-12%.

The uncertainty in the rate caused by uncertainty in the speci-

fic activity is dependent on the magnitude of the fraction exchange

having taken place, increasing rapidly for fraction exchange above

about 0.7. A ± 10% uncertainty in the determination of the initial

activity of the labeled SO2, A°502, would lead to an uncertainty of

+ 10% also in the infinite time activity, A°°, assuming no uncertain-

ty in the determination of the amounts of SOF2 and SO2' since A°°

is simply equal to A°502 times a function of these amounts (equation

(10)). Assuming in addition a + 10% uncertainty in the specific

activity of the thionyl fluoride, AsoF5, the expected percent uncer-

tainty in the fraction exchange F, 6F, is given by

6 F = v 1/ 0
2

+ 102 = + 14.1% (47)

as F is simply the ratio of ASOF5 to A °° (equation (11)). Since the

rate is related to F by equation (12), the propagation of uncertainty

into the rate can readily be calculated, again assuming no uncertain-

ty in the concentrations of the reactants. The relative uncertainties

in the exchange rate for several values of F are tabulated below.
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Percent Uncertainty in Rate for
Fraction Exchange ± 10% Uncertainty in Specific Activity

0. 2 +16_0 to -15.4
0. 4 +20.5 to -18.9
O. 6 +27.0 to -21.0
0. 8 +51.0 to -27.4

The uncertainties in the rates calculated from the present

experimental data lie primarily in the range of + 15 to 30%, as most

F values were in the range of 0.2 to 0. 6. It might be noted here

that the irreproducible nature of the catalyst dosing technique made

it very difficult to estimate when a particular exchange should be

terminated to produce activities large enough to be measured

accurately, but still remain in a region where the uncertainty in the

rate due to uncertainty in the specific activity was relatively small.

The uncertainty in the SbF
5

concentration is estimated from

the analysis method calibration and test data given in Section II to

be about + 10%.

The overall uncertainty to be expected in the exchange rate is

therefore estimated to be, on the average, about ± 25%.

4. The Rate Law

It was initially hoped that the behavior of the thionyl fluoride- -

sulfur dioxide--antimony(V) fluoride system would parallel that of

the analogous chlorine-containing system investigated by Burge and

Norris (1959a), and thus provide additional evidence for the exchange
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mechanism proposed in that investigation. It is immediately apparent

that equations analogous to the rate law and mechanism of Burge and

Norris, equations (4) through (7) given in the Introduction, are un-

satisfactory in the present case from at least two aspects. First,

the equations would not provide the variable order in catalyst ob-

served, from ca. 0.5 in excess SOF2 to ca. 0.9 in excess SO2.

The predicted (and observed, in the S02--SOC12 system) rate de-

pendence on the catalyst for a rate law of this form is first order in

catalyst in either excess sulfur dioxide or thionyl halide. Second,

the fact that the order in SbF
5

approached unity only as the SO2

concentration was increased, suggested that the SO2' SbF5 adduct

rather than an SOF2' SbF5 adduct was involved in the exchange, or,

alternatively, that there was a different mechanism operating in ex-

cess SOF2 than in excess SO2.

It seemed more promising to look for a single mechanism to

explain the entire range of data, rather than adopt the alternative

approach of two different mechanisms, particularly in view of the

fact that the chemical environments in excess SOF
2

and excess SO2

were not that much different, as the excess of one component over

the other was not really very large, and SO
2

and SOF
2

have similar

dipole moments and, presumably, similar dielectric constants and

general solvent properties.

A model which successfully explains the behavior of the present
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Rate = k(SOF2) [z] (48)

[z]
2

[ (SO2) - z] 2 [(SbF
5)2]

(49)

where square brackets denote equilibrium concentrations and paren-

theses dosed concentrations, and [z] is the equilibrium concentra-

tion of the SO2 SbF
5

adduct formed from

2S0
2

+ (SbF 5)2 = 2 SO2' SbF5

Noting, in addition, that the relationship

(SbF
5)

= [z] + 2 [(SbF
5)2]

(50)

(51)

must also hold if the assumption is made that essentially none of

the SbF
5

exists in solution as the monomer or in other complex

form, equation (49) reduces to the mathematically convenient form

given in Section III (equation (32)).

The elucidation of the exchange mechanism and the postulation

of the existence of SbF
5

as a dimer in SOF
2

--SO
2

solutions will be

discussed in part E. 6. of this section.

The rate law above can be shown to produce the same sort of

variable apparent order in catalyst that was observed in the actual
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data. This was accomplished by calculating the theoretical rate

dependence on catalyst using the values of k and Ke found graphi-

cally as shown in Figure 17, along with typical concentration values

as explained in Section III. The results are tabulated below.

Order in SbF5
(SOF2) (SO2) Theoretical Observed

13.3 2.21 0.53 0.44+ 0.07
8.63 8.53 0.64 0.72 + 0.06
2.75 16.9 0.75 0.98 + 0.25

The theoretical orders are within or nearly within one standard devi-

ation of the observed orders.

The data from the exchange experiments at 25. 0°C were sub-

jected to a non-linear least squares treatment to fit the above rate

law, as discussed in Section III. F. The initial trial values of the

rate and equilibrium constants used were those given in Figure 17.

The following best-fit values of these parameters were obtained:

k = (1.57 + 0.43) X 102 M-ihr1

Ke = (3.59 + 2.66) X 10-3 M1

To test whether the data were well-fitted to the rate law, the

Ke value given above was used along with the observed rates and

concentrations to calculate a value of k for each experiment, as also

described in Section III. F. The results of this calculation are
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presented in Table 17. The graph of these values of the rate constant

versus the concentration of SO2' Figure 18, shows no apparent

trend of k with increasing SO2 concentration, although there is a

large scatter about the best-fit value, which might be expected from

the estimated precision and the observed scatter of the rate. The

fit of the data to the rate law proposed is therefore considered to be

reasonably good.

Still another rate law was considered, which consisted of the

set of equations

Rate =

Kel

Ke2

(SbF
5)

k' ((SO2) - [ z] ) [y]

[z] 2

(52)

(53)

(54)

(55)

2[(SO2) - z] [(SbF5)2]

2
[y]

[ (SOF
2

- y] 2 [(SbF 5)2]

= [y] + [z] + 2 [(SbF 5)2]

in which square brackets again denote equilibrium concentrations and

parentheses dosed concentrations, and [ z] arises as before from

equation (50). In addition, a third antimony species, SOF2SbF5,

denoted by [ y] , is postulated as being produced in significant

amounts by the equilibrium
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Table 17. Rate Constants For Experiments at 25.0°C.

Expt. Concentration
#

apt. Concentration
(M1 )

-1) (M-lhr-1 )SO2 (M) 502 (M)

K9-2 2,22 0.0108 K13-1 12.2 0.0091
K9-3 2.08 0.0129 K13-2 12.6 0.0265
K9-6 2,22 0.0123 K13-3 12.0 0.0241
K9-7 2.24 0.0126 K13-4 12.4 0.0174
K9-8 2.28 0.0119 K13-5 12.1 0.0108
K9-9 2.20 0.0167 K13-6 13.0 0.0181

K10-4 3.59 0.0235 K14-1 14.2 0.0112
K10-5 3.64 0.0263 K14-2 13.9 0.0310
K10-7 3.60 0.0258 K14-3 14.2 0.0164
K10-8 3.47 0.0158 K14-4 14.3 0.0252

K14-5 14.0 0.0280
K11-1 5.36 0.0187
K11-3 5.18 0.0112 K15-1 16.8 0.0097
K11-4 5.34 0.0144 K15-2 17.0 0.0155
K11-5 5.01 0.0187 K15-4 16.8 0.0272

K15-5 17.3 0.0131
K12-1 8.37 0.0154 K15-10 16.4 0.0187
K12-2 8.58 0.0161 K15-12 16.8 0.0185
K12-3 8.86 0.0123 K15-13 17.3 0.0232
K12-4 8.44 0.0140
K12-5 8.36 0.0129
K12-6 8.90 0.0132
K12-8 8.90 0.0096
K12-10 7.82 0.0186
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(56)

The mathematical difficulties invol od in the solution for the

rate in terms of the dosed concentrations which was necessary for

the non-linear least squares fitting of the data to this rate law, how-

ever, proved to be insurmountable, at least for the present. The

solution for either [ z] or [ y] in terms of the dosed concentrations,

Kel, and Keg involves solving an equation containing constants, and

terms of first, second, third, and fourth order in z or y. Since

all that is required in the non-linear least squares treatment is the

numerical evaluation of the function and its derivatives for each

of the sets of concentration values, some attempts were made to

obtain numerical values of [ z] and [ y] (and hence numerical values

of the rate and its partial derivatives with respect to the parameters)

by an iterative approximation process. This approach was aban-

doned after no function yielding an approximate solution was found

which would converge upon re-iteration.

It might be noted that this last rate law reduces to the form

of the successful rate law described by equations (48) and (49) in the

limit of Ke2 1, where k = k' (Ke2/Kel )1/2 and Ke = Kel. One

might, in fact, expect the present system to approach this condition,

as the SO2 adduct of SbF
5

is well-known and quite stable, at least

in the solid state, while the evidence for the SOF2.SbF 5
adduct is
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rather tenuous, as discussed earlier in this section. One would ex-

pect the SOF
2

adduct to be less stable than the SO2 adduct due to

the highly electronegative fluorine atoms withdrawing electron den-

sity from the sulfur atom, and hence from the oxygen atom as well.

This effect of electronegative substituents on donor strength has been

noted in the case of donor molecules of the form X
3
P=0 (Lindqvist,

1963, p. 100-101). Finally, the observed dependence of the rate upon

catalyst concentration provides some direct evidence that the forma-

tion constant for the proposed thionyl fluoride adduct of antimony(V)

fluoride must be considerably smaller than the formation constant for

the sulfur dioxide--antimony(V) fluoride adduct, which itself was

found to be moderately small (on the order of 103). The approach to

first order dependence on SbF
5

concentration of the rate in excess

SO2 shows that the sulfur dioxide molecule can compete favorably

with another SbF
5

molecule in forming a complex species, and the

S02 SbF
5

adduct predominates in these solutions, rather than the

(SbF
5)2

dimer. On the other hand, the approximately one-half order

dependence of the rate on SbF
5

concentration in excess SOF 2
shows

that thionyl fluoride cannot compete effectively for the SbF
5

mole-

cules, and the predominant species in these solutions is the (SbF 5)2

dimer.
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5. Activation Parameters

The results of the experiments at 4C°C, Series L, were sub-

jected to the CURVFIT non-linear least squares procedure in a

manner identical to that described previously for the 25°C data. The

best-fit values of the rate constant, k, and the equilibrium constant,

Ke, obtained were

k = (9.05 + 6.85) X 102 1hr1

Ke= (2.20 + 4. 08) X 103M1

The large uncertainties in these values are probably connected with

the small number of experiments (12) compared to the 25 °C case

(40). Omission of Experiments L3-1 and L2-5, whose rates seemed

to be somewhat larger than would be expected judging from the rates

and amounts of catalyst in the other Series L experiments, produced

no significant change from the results given above.

The 0 °C results, Series J, with even fewer experiments (nine),

caused the CURVFIT program to attempt to force the value of Ke

toward zero, regardless of the choice of initial estimates of k and

Ke, while the sum of the squares of the deviations (equation 22) in-

creased with each iteration (divergence rather than convergence of

the procedure). Use of only two of the groups of experiments (Groups

Jl and J3, Jl and J2, or J2 and J3) in the non-linear least program

produced the same effects, indicating that it was not a case of the
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data in one of the concentration ranges being "bad".

An estimate of the rate constant at 0 o C was obtained, however,

by assuming an equilibrium constant of the same order observed in

the 25 and 40oC experiments, i.e., 1 X 103, and calculating a value

of k for each experiment. The k values calculated in this manner

ranged from 1.66 X 10-3 to 3.54 X 10-3, with a mean of (2.44 +

0.25) X 103Mlhr 1. This estimate of the rate constant was quite

insensitive to the choice of Ke, the value Ke = 5 X 103 producing

a decrease of less than 3 X 104 in the mean value of k.

The values of the rate constant found at each of the exchange

temperatures are summarized below.

Temp. (0C)

0. 0
25.0
40. 0

k X 103 (M
1hr1)

2.44 + 0.25
15.7 + 4.3
90. 5 + 68. 5

Using these values, a plot of log(k) versus 1/T was constructed

(Figure 19) and the activation energy, Ea, was obtained from the

slope of this plot as described in Section III. G. An activation energy

of 14.9 kcal/mole was found. Using the 25°C data, the entropy of

activation, ,LS*, was calculated (equation 40, Section III. G.) to be

-55 cal/mole-0K.

The large uncertainty in the equilibrium constant, Ke, which is

probably best considered an order of magnitude calculation (about
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E = 14,9 Kcal/ mole
a
S-t- = -SS cal/mole °K

Slope (least sqs ) = -(3. 26 + 0. 53) X 103

3.2 3,3 3,4

1/T X 103, o K-1

3.5 3,6

Figure 19. Temperature Dependence of the Exchange Rate Constant, it.
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103), made it impossible to determine the enthalpy or entropy

change associated with the change of Ke with temperature.

6. Exchange Mechanism and Discussion

Perhaps the most surprising aspect of the results of the SbF5

catalysed 35S exchange between thionyl fluoride and sulfur dioxide is

the variable apparent order in catalyst, implying the existence of

SbF5 primarily as a dimeric species in excess SOF2, but not in

excess SO2. While the existence of dimeric SbF5 in any solvent

has not been reported to date, antimony(V) fluoride does appear to be

polymeric in the liquid state, nmr studies indicating that each Sb

atom is surrounded octahedrally by six fluorines, with two cis

fluorines being shared between adjacent octahedra (Cotton and

Wilkinson, 1966, p. 496-497). In addition, PC15 has been found to

be dimeric in carbon tetrachloride, but monomeric in benzene and

1,2-dichloroethane (Petro, Howatson, and Shore, 1965). Presum-

ably the donor properties of the latter two solvents favor the forma-

tion of a solvated species rather than the dimer. The structure is

that of two octahedra with two chlorines being shared along a common

edge (Cotton and Wilkinson, 1966, p. 496). Tantalum(V) chloride and

niobium(V) chloride are also dimeric in CC14, the structure again

involving two octahedra sharing an edge, but in acetonitrile and

other coordinating solvents, adduct formation seems to be favored
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(Kepert and Nyholm, 1965). In view of the rather poor donor proper-

ties of SOFZ, as evidenced by the very few reported adducts, and the

well-known strong donor properties of SO2, it seems quite probable

that a situation parallel to that of PC15, TaC15, and NbC15 exists in

the present exchange system; that is, SbF
5

exists primarily as a

dimer in the weakly-coordinating solvent thionyl fluoride, but

primarily as the SO
2*

SbF
5

adduct in the strongly-coordinating sol-

vent sulfur dioxide.

It is interesting to note that the rate law proposed in the pres-

ent exchange, equations 48 and 49, involves the S02 SbF5 adduct,

while in the analogous chlorine-containing system (Burge and Norris,

1959a) an adduct between the thionyl halide and the antimony(V)

halide was proposed. An exchange mechanism can be presented,

however, which is consistent with both of these views. Let us

suppose that the sulfur dioxide-antimony(V) fluoride adduct arises

from equation 50 as given previously, and the rate determining step

is the reaction of SOF
2

with this complex to bring about exchange.

A possible transition state for this mechanism is given in Figure

20a. This intermediate can be thought of as arising from the re-

arrangement of the SO2 SbF5 adduct so that the sulfur is now co-

ordinated via one of the fluorines of the SbF
5

rather than through

one of the oxygens of SO2, followed by coordination of the thionyl

fluoride (through one of its fluorines) to the rearranged adduct. This
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places the two sulfurs in a favorable position to form a double

oxygen, fluorine bridge between themselves as shown. This same

transition state could arise in another manner, however. Consider

the equilibrium

K'
SO2' SbF5 + SOF

2
= SOF

2
' SbF

5
+ SO2 (57)

in which the equilibrium would be expected to lie very far to the left.

The transition state of Figure 20a could now arise from the coordin-

ation of the sulfur atom of SO2 to a fluorine adjacent to the fluorine

of SOF
2

which is coordinated to the antimony. The exchange would

now be pictured as proceding via the slow reaction of the sulfur

dioxide with the very small concentration of the SOF2SbF5 adduct

(assumed to be fluorine- rather than oxygen-coordinated). This

mechanism would be indistinguishable from the one discussed pre-

viously, as

(SOF
2
SbF

5
)(SO 2) = K' (SO

2
SbF

5
)(SOF

2)
(58)

on the condition that K' << 1, with the observed rate constant k in

equation 48 being equal to the true rate constant k' times K'. Ex-

change would be effected in both cases by an interchange of the

fluorine and oxygen bridge bonds between the two sulfurs, followed

by dissociation of the species from the antimony, the former SO2

taking the fluorine originally belonging to the SbF5 to become SOF2,
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and the former SOF
2

leaving one of its original fluorines behind on

the antimony to become SO2.

An alternative transition state for the exchange can be pro-

posed (Figure 20b) which avoids the postulation of the rather unortho-

dox coordination of the thionyl fluoride and sulfur dioxide to the anti-

mony via fluorine rather than oxygen. Following the formation of the

well-known SO SbF
5

adduct, a thionyl fluoride is coordinated to the

SO2 in the adduct by the formation of one oxygen and two fluorine

bridge bonds, forming a trigonal bipyramidal structure with a sulfur

at each apex. Interchange of the bridge bonds, followed by the dis-

sociation of the newly formed SO2 and subsequent dissociation of the

SOF
2
SbF

5
(oxygen coordinated) adduct remaining would complete

the exchange. One objection which might be raised to this mecha-

nism is the fact that uncatalysed exchange, which was observed not to

occur, should be able to proceed by the formation of similar bridge

bonds. It is possible, however, that the positive character of the

sulfur of SO2 is enhanced sufficiently by coordination of one of the

oxygens to the antimony to favor the formation of bridge bonds be-

tween the sulfur and the electron-rich fluorines. That this effect

may, in fact, take place is indicated by a comparison of the sulfur- -

uncoordinated oxygen bond distance in the adduct, 1.38 X, with the
0

sulfur-oxygen bond distance of 1.43 A in crystalline sulfur dioxide

(Moore, Baird, and Miller, 1968).
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In summary, the results of the SbF5 catalysed exchange of
35S between liquid thionyl fluoride and sulfur dioxide fit the following

rate law

K

and the mechanism

T

e

Rate = k(SOF2) [z]

2

[ (SO2) - 2 [ (SbF5)2]

where z = (SO2." SbF5)

Ke
(SbF 5)2 + 2 S 02 = 2 S O2 SbF5 (fast)

S 02SbF
5

+ SOF
2

= S OF
2
SbF

5
+ SO2 (slow)

(59)

(60)

for which possible transition states are given in Figures 20a and b.

Either of the two proposed transition states are consistent with the

experimental results, and there is no compelling reason at present

to favor one over the other. A possible differentiation between the

two models might be made, however, if one could find an acceptor

molecule which would catalyse the exchange, but would not permit

coordination to itself through halogen atoms, as proposed in the first

model. This could perhaps be attained by substitution of methoxy or

similar groups in place of halogen atoms.

Both of the activated complex structures envisioned here may

appear rather unlikely, but it must be noted that the rates are very
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slow, even though the relative amounts of SbF
5

are very large in

comparison to catalyst concentrations usually encountered in aqueous

and organic systems. Further, the large negative entropy of activa-

tion observed also indicates a transition state of rather low probab-

ility. These observations, along with the non-integral apparent

order in catalyst, are consistent with a molecular exchange mech-

anism in which Lewis acid-base interactions are of primary im-

portance, in contrast to the solvent self-ionization required by the

"solvent systems" picture of non-aqueous reaction mechanisms.

F. Separation and Radioassay System Performance

The primary objective of the application of gas chromatographic

techniques to radio-exchange investigations, that of complete and re-

producible separation of the components without inducing exchange,

was completely fulfilled by the Halocarbon oil--Chromosorb T

column used in the present study. The same column was used for a

period of approximately three years, and after some 1,000 samples

had been passed through it, there was very little deterioration in its

performance. At the beginning of this period, retention times (to

peak maxima) were approximately 41 and 105 seconds for thionyl

fluoride and sulfur dioxide, respectively; for some of the last ex-

periments performed, retention times were 36 and 95 seconds for

SOF2 and SO2, respectively. This small decrease in retention
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times was probably due to slow elution of some of the Halocarbon oil

from the column by the gas stream.

The reproducibility of the peak area produced by the gas

chromatograph detector bridge for replicate samples was observed

to be about + 5%. The contribution to this uncertainty from the in-

tegrator was negligible. The integrator was found to be reproducible

to within the ability to read the recorder strip chart, 0. 5 % full scale.

The ionization chamber-electrometer output reproducibility

for samples of the same activity was found to range from about + 5%

near the upper end of the calibrated range of the electrometer (200-

300 mV) to about + 10% near the lower end of the calibrated range of

the electrometer (30-50 mV).

It was found that "conditioning" of the separation and radio-

assay system,by injecting three or four samples of a mixture of in-

active SOF
2

and SO2 was necessary to obtain the reproducibilities

stated above. If this was not done, the first few samples invariably

gave both peak areas and electrometer readings which were low by

as much as 50%. This "conditioning" was necessary if the column

had been out of use for more than a few hours.

The precision of the specific activity (about + 10%) was approxi-

mately the sa'rne as that obtained by the method of precipitation and

counting as barium sulfate used previously in this laboratory. The

time necessary for preparing the sample after the appropriate



148

exchange time to obtain a specific activity measurement was on the

order of 30 to 60 minutes, which represents a considerable improve-

ment over the previous method. Most of this time is required to

place the sample in the bomb breaker and evacuate it to insure re-

moval of water before terminating the exchange by breaking the

sample bomb. The shortest exchange times which can be dealt with

in the present case are thus on the order of one-half hour. By adopt-

ing some method of extracting consecutive samples from the same

exchange bomb, rather than having to make up small individual

samples, kinetic samples could be taken on the order of a few

minutes apart, and much faster exchanges than the present one could

be investigated. In addition, the sample handling techniques would

be made far less tedious, as the preparation of each small sample

bomb on the vacuum line takes two to three hours. A continuous

sampling technique such as this was not practical in the present ex-

change, as the pressure of the SO F2 and SO2, at any temperature

which produced a reasonable exchange rate, was too high to employ a

pressure stopcock or similar device on an exchange bomb.

The gas chromatograph--ion chamber separation and radioassay

system has two other important advantages over the older methods

which have been applied to exchange kinetics investigations. First,

there is no problem of irreproducible and incomplete separation of

components (and hence no erratic apparent exchange at zero time)
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which has sometimes been the case in separation methods based on

vacuum fractionation or distillation. Second, the gas chromatograph

provides a check on the purity of the exchanging compounds and on any

possible chemical reactions which might be taking place in the system,

factors which obviously can have a profound influence on the apparent

exchange rate.

The development of some type of continuous sampling system

as mentioned previously would be one of the major improvements

which could be made in the application of the gas chromatograph- -ion

chamber technique to exchange kinetics. Another major improvement

would be the use of a column of much larger capacity. (The limit of

sample size in the present column was about 0.05 mmole of the major

component.) This would enable larger samples of lower specific

activity to be used, which would be important in a chlorine-36 ex-

change study, for instance, where the labeled material is not avail-

able in high specific activity. Larger samples would also permit

positive identification of chromatograph peaks, as a sufficient quantity

of a particular component could be collected for analysis. The pri-

mary factor limiting the column size in the present case was the dif-

ficulty of packing the helical glass columns. An exchange system

where a metal column could be used would circumvent this problem,

as the metal column could be packed before being coiled into a helix.

The gas chromatograph--ionization chamber system has thus
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demonstrated that it is quite suitable for radio-exchange kinetics,

and, with the potential improvements discussed above, could be an

even more fruitful method of attack on this type of investigation of

non-aqueous solvent behavior.
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V. SUMMARY

A system of gas chromatographic separation of the components

of the radio-exchange system thionyl fluoride--sulfur dioxide and

subsequent radioas say of these species in a flow-through ionization

chamber has been developed. The column used, a 1 m x 4 mm Pyrex

helix packed with 40/60 mesh Chromosorb T (Teflon) with a 20% by

weight Halocarbon 10-25 oil liquid phase coating, gave retention

times (to peak maxima) of approximately 40 and 100 seconds for

thionyl fluoride and sulfur dioxide, respectively, with a helium

carrier gas flow rate of 35.3 ml/min at a column temperature of

40. 0oC. Specific activities of the exchanging components, obtained

from the electronically integrated gas chromatograph peak area and

the activity as measured by a vibrating-reed electrometer in con-

junction with the ionization chamber, were found to be reproducible

to approximately ± 10%.

The above technique was applied to several investigations of
35S exchange between liquid thionyl fluoride and liquid sulfur dioxide:

(1) Uncatalysed exchange. Uncatalysed exchange between

thionyl fluoride and sulfur dioxide was investigated at 25,0°C and

mole ratios of SOFz: SO2 of approximately 6: 1, 1: 1, and 1: 6. No

evidence of any exchange was found for periods of as long as 150

days, despite evidence of chemical reaction having occurred in some
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of the long term samples.

(2) Lithium fluoride (Lewis base) catalysis. No exchange was

observed up to 123 days in the heterogeneous system lithium

fluoride--thionyl fluoride--sulfur dioxide at ambient temperature and

approximately 1: 1 mole ratios of SOF2: SO2. There was again evi-

dence of chemical reaction having taken place in the system.

(3) Antimony(V) fluoride (Lewis acid) catalysis. Antimony(V)

fluoride was found to exert a moderate catalytic action, with the

apparent order in catalyst ranging from about 0.5 in excess thionyl

fluoride to about 0.9 in excess sulfur dioxide. The
35S exchange in

this homogenous system was investigated throughout the concentra-

tion range from approximately 6: 1 to 1: 6 mole ratios of SOF2: SO2

at temperatures of 0.0, 25.0, and 40.0 C. The results were found

to fit a rate law of the form

Rate

K

k(SOF2) [ z]

[z] 2

e [ (SO2) z] 2[ (SbF5)2]

where square brackets denote equilibrium concentrations, and [z]

is the concentration of the adduct SO
2

SbF
5

formed from a reaction

of sulfur dioxide with the dimeric species (SbF5)2, postulated as

being the predominant form in which antimony(V) fluoride exists in

solutions containing excess thionyl fluoride. The following
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mechanism has been proposed:

2 S + (SbF 5)2 = 2 S 0 SbF
5

(fast)

SOF
2

+ S 0 SbF
5

= S OF
2
SbF

5
+ SO2 (slow)

Values found for the rate constant, k, at 0, 25, and 40°C are, re-

spectively, 2.2 X 103, 1.6 X 102, and 9.1 X 10 2
M

-1hr-1. The

equilibrium constant, Ke, was found to be about 3 X 10-3M-1 at

250C, and of the order of 10-3 at 40oC. The Arrhenius activation

energy was found to be about 15 kcal/mole, and the entropy of activa-

tion was found to be approximately -55 cal/mole-°K.

The rather low degree of catalysis by antimony(V) fluoride, the

large negative entropy of activation, and the variable and non-

integral apparent order in catalyst as well as the absence of exchange

in the uncatalysed experiments are interpreted as indications that

molecular mechanisms involving Lewis acid-base interactions are of

primary importance in these systems, in contrast to the solvent self-

ionization required by the "solvent systems" picture of non-aqueous

reaction mechanisms.
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I. Linear Least Squares Programs

The two OSCAR language programs GENLS1 and GENLS2 are

reproduced on the following page. Data input from the teletype to

both programs must be as shown in the following example. (Computer

print-out is underlined.)

X =ARRAY(1.0, 2.0, 3.0, 4.0)

Y =ARRAY((2.1, 4.2, 6.3, 8.4))

M = 4OWINI

= 1

The independent and dependent variables are the X and Y values,

respectively, M is the number of X vlues, and N is the number of

sets of Y values corresponding to the set of X values given.
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OSCAR PROGRAM GENLS2 *
LINEAR LEAST SQUARES WITH Y-INTERCEPT = 0 *
&PRECISION = 10

LET LS2(XX, YY, MM) = CLEAR LL; LL(1) = BB; LL(2) = SSDB; LL]
BB:: = '(XX*YY)/(XX*XX)'
SSDB:: = 'SQRT (((YY*YY)/(XX*XX) - LL(1) 2)/(MM 1))'
READ "X = ", X, "Y =", 11, "A=", A
&INPUT, TTY
READ "M =", M, "N =", N
CLEAR AA; FOR I = I TO N DO AA(I, 1:M) = A(I)
FOR I = I TO N DO Y(I) - AA(I)
CLEAR L; FOR I = 1 TO N DO L(I) = LS2(X, Y(I), M)
PRINT "INDEX, SLOPE, S. D. SLOPE ARE: ", CR
FOR I = 1 TO N PRINT I, L(I), CR

OSCAR PROGRAM GENLS1 *
LINEAR LEAST SQUARES WITH Y-INTERCEPT NON-ZERO *
&PRECISION = 10
CLEAR TT; CLEAR LL
LET LS1 (XX, YY, MM) =rTT (1:MM) = 1; D = DD; LL(1) = BB; LL (3) =
AA; S2 = SS2; LL(2) = SSDB, LL(4) = SSDA; LL)
DD:: = 'MM*(XX*XX) (XX*TT) 1 21
BB:: = '(MM*(XX*YY) - (XX*I'T) *(YY*TT)) /D'
AA:: = '((YY*TT) - LL(1)*(XX*TT))/MM'
SS2:: = '((YY*YY) - LL(3)*(YY*TT) - LL(1)*(XX*YY))/(MM - 2)'
SSDB:: = 'SQRT ((MM*S2)/D)1

SSDA:: = 'SQRTMLL(2))i 2) *(XX *XX) /MM)'
READ "X = ", X, "Y = Y
&INPUT, TTY
READ "M = ", M
READ "N = ", N
CLEAR L; FOR I = 1 TO N DO L(I) = LS1 (X, Y(I), M)
PRINT "SLOPE, S.D. SLOPE, INTERCEPT, S.D. INTERCEPT ARE:", CR
FOR I = 1 TO N PRINT I, L(I), CR
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II. Program for Rate Calculation From Assumed Model

The OSCAR language program MODEL4 is given below.

*OSCAR PROGRAM MODEL4
&PRECISION = 12

READ "A =", A, "B= ", B, "C = ", C
1(1 = 1.35E-2; K2 = 3. 10E-3
P = 2/K2-2*B-C
Q =B*(2*C+B)
S = B'B *C
AA = (3*Q-P*P)/9
BB = (2*P*P*P-9*P*Q+27*S )/ 54
D = 2*SQRT (-AA)
XCOS = -BB /SQRT (-AA*AA*AA)
Z = SQRT (1-XCOS*XCOS)
T = PI-Z
Y1 = T/3
X1 = D*COS (Y1)-P/3
R = K1 *A*X1

PRINT "X = ", Xl, CR
PRINT "R IS LOGT R IS", CR
PRINT R, LOGT (R)

Data input from the teletype is in the form given in the follow-

ing example. (Computer print-out is underlined. )

A = 2.75

B = 16.9

C = 1.00

In the use of this program, as described in Section III. A, B, and C

correspond to the molar concentrations of thionyl fluoride, sulfur

dioxide, and antimony(V) fluoride, respectively.
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III. Program for Calculation of Rate Constants

The FORTRAN program KCALC is given below. Data input is

in the format specified by statement 50 and can be read from any

valid input device equipped to LUN (Logical Unit Number) 1. R, A,

B, and C corresponded in use to the rate of exchange and the concen-

trations of thionyl fluoride, sulfur dioxide, and antimony(V) fluoride,

respectively.

PROGRAM KCALC

49 FORMAT (2F20.6)
50 FORMAT (4F10. 4)
1 READ (1, 50) R, A, B, C

IF (EOD(1)) GO TO 2
AKE = 003 59
P = 2. 0/AKE-2. 0*B-C
Q = B*(2. 0*C+B)
S = -s*B*C
AX = (3. 0*Q-P*P)/ 9. 0
BX = (2. 0*P*P*P-9. 0*P*9+27. 0*S)/ 54.0
D = 2. 0*SQRT (-AX)
XCS = -BX/SQRT (-AX*AX*AX)
XTN = SORT (1. 0-XCS*XCS)/XCS
Z = (3. 141 5926536+ATAN(XT N)) / 3. 0
X = D*COS(Z)-P/ 3. 0
AK = R/(A*X)
WRITE (2, 49) B, AK
GO TO 1

2 CONTINUE
END



163

IV. Non-Linear Least Squares Program

The two CUR VFIT program subroutines OBS and FCN appropri-

ate to the rate law given by equations (48), (49), and (51) are given

on the following page. The main CUR VFIT program is reproduced

on the fold-out immediately following the subroutines.

The data, consisting of the variables R, C(1), C(2), and C(3),

which correspond to the observed rate of exchange and the concentra-

tions of thionyl fluoride, sulfur dioxide, and antimony(V) fluoride,

respectively, are read according to the format specified in statement

822 in the subroutine OBS from any valid input device equipped to

LUN 2. The program also requires that "header information" as

tabulated below must be equipped to LUN 1 from some input device.

Header Information

Card or Line Format Parameter Name Explanation

1 (13) NM Number of data sets.

2 (514, 13X, 1A4) N Number of points used.
L Number of independent variables.
IW Weighting factor:

If = 0 All wts. = 1.
= 1 Wts. read with data in last

field of card.
= -1 All wts. = 1/Y
= -2 All wts. = 1/Y2

NP Number of parameters.
NPX Number of parameters held fixed,
ID Four alphanumeric characters for

problem identification.

3 (1E11.4, 213) TEST Convergence criterion; iteration
continues until TEST exceeds the
relative change in all parameters.
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Card or Line Format Parameter Name Explanation

IN Iterations limit.
ISC If = 0, parameter signs can change.

= 1, parameter signs cannot
change.

4 (8F10. 4/8E10. 4) AP(I) Initial estimates of parameters.
I = 1 to NP.

Output is to any valid output device equpped to LUN 3.

SUBROUTINE OBS (L, IW, Y, W, Z)
C SUBROUTINE READS OBSERVATIONS, DEP. VARIABLE LISTED FIRST

DIMENSION Z (8)
822 FORMAT (5F 10.5)

IF (IW) 6, 3, 4
6 READ (2, 822) Y, (Z(I), I = 1, L)

W = Y**IW
RETURN

3 READ (2, 822) Y, (Z(I), I = 1,L)
W= 1.0
RETURN

4 READ (2, 822) Y, (Z(I), I = 1, L) , W
RETURN
END

SUBROUTINE FCN (C, A, R, RP)
DIMENSION C(3), A(2), RP(2)
P = 2. 0/A(2)-2. 0*C(2)-C(3)
Q = C(2)*(2. 0*C(3) i-C(2))
S = -C(2)*C(2)*C(3)
AX -z; (3. 0*Q-P*P)/9. 0
BX = (2. 0*P*P*P-9. 0*P*Q4-27. 0*S) / 54.0
D = 2.0*SQRT (-AX)
AC = AX*AX*AX
XCS = -BX/SQRT (-AC)
XTN = SQRT (1. 0-XCS*XCS)/XCS
Z = (3. 1415926536+ATAN(XTN))/3. 0
X = D*COS(Z)-P/3. 0
R =A (1)*C (1)*X
RP (1) = C(1)*X
U = -(C(2)-X)*(C(2)-X)*(C(3)-X)
V = A (2 )* (2. 0*C (3)*(X-C(2))+C(2)*( 4. 0*X-C(2))-X*(3. 0*X+4. 0 /A (2)))
RP(2) = A (1)*C(1)*U/V
END



PROGRAM CUR VFI T
C EL 0SE1$URVFI T NONLINEAR LEAST SGTAPES CURVE FITTIL7,
C E2 2'SUCUF:VFIT SOURCE FORTRAN
C G. STRUELE NON LI N1T:4\ F. CUP VF. ,FI TTI NG
C LEAST SQUARES CURVE FIT (REGRESSION)
C NONLINEAR WI T1; SEVERAL IND.ZPENDE.NT, ONE DEPENDENT :VARIAPLE
C EY GEORGE STRUELE DEC 62 AUG 63 .VERSION 2
C ADAPTED FROM PROGRAM BY P. VOGEL, OF KAMAN NUCLEAR

DIMENSION T(300), AP(9), FP(9), D(9), P(9,9), IDA(9),
DIMENSION ICNT(50)

716 FORMAT(11-1 ,I394(1X9E13.6),2X,F7.3)
741 FORMAT (1141,911PF:OELEM ,A4)
742 FOR T ( 1 1 : //IN. ,5N.POIrT 95X ,LINX(1)' .1.1X , 1NY , 10X ,:.;1-(FUNCTION 95X 9HAES.

1 DIFF,3X,8HREL DIFF)
761 FORMAT (1H /11H 926)(919HINVEP1 E OF .P MATRIX / /.)
762 FORMAT (6(IX, E13.6))
320 FORMAT (SI )
S21 FORMAT(.5I4913X9A4)
822 FORMAT (c3F10.4/3F10.4)
326 FORMAT(1H 932HOPSEPVATIO:NS LVAD EACH I TEF
F23 FORMAT (1H /1H 926H,C0 1PUTATION SECTION )
833 FORMAT(F.11.492I3) ,
R34 FORMAT (1H /1H 92 4HWEI GHT ED SUN SC .
837 FOP.vAT(IP /111 ,6HPARAM = ",L15.3412H -,:c.P OG.f.= 9E15.8)
838 FORMAT (IN /1H ,2IHOUTPUT SECTION PEGIrS)
Sal T.77F--7i1AT(111 ,13,1X,E10.3,3(1X,E13.6), IX,E.12.5,2X,F 7.3)
SzT F2R"A. T (1H /11-( ,151-TOIrT WFIGHT ,7X A14.)( ( 1) ,11Y , IFY,10X,BHFLTCTION

1,5X ,914APS. 'DIFF,:z.'",711REL DIFF) :, ,

743 FORMAT(1H /1H ,11HVARIANCE = ,E13.693X9.22HWEIGHTED. VARIAF_
I 1E13

Li 4.: fhp PP: ARA.,44,.I.2-9 31i = ,L15.8,3X,17HSTANDARD ERP77
I 712 .5)

3116 FORMA T (1H 1 929HL(AD OBSERVATIONS INTO MEMORY)
350 FORMAT(I3)
360 FORMAT (1H 1 )
361 FORMAT (11-i ,215)
362 FORMAT ( 1H1 9 1 SHPROPLEM ID ,A. 4/

1 1H0,16HINDEPENDENT VAR ,14/
2 IHC,16HCONVERGENCE TEST,E13.A/
3 1H0916HITERATIONS LIMIT,I4/

1H0,16HPARAMETERS ,14/1H 95X 910E13.4)
MM=0
READ(1,350) rv1N

999 FACT=1 .0
READ (1,321) N, L, IW, NP, NPX,IL
READ (1,833) TEST,IISC
FEAD (1,322) (AP(I), I=19NP)
WRITE(619362) ID,L,TEST,IN9NP (AP(I ),I=19NP)
I NL =0
Ir (NPX) 13,10

10 DO 9 I=I,NP
9 IDA(I) = 0

G TO 901
8 READ (19820) (IDA(I), I=19NP)

801 IF (N*(L+2) FOO) 3029802 9803
302 !".E: = 1

WRITE (3,946)
DO 5 I =1 ,N
LW = + I
CALL OPS (L, IW, T(1), T(L1,!), Z)
DO 5 LI=1,L
LW = + N

5 T(LW) = Z (LI )
GO TO 309

803 MEM = 2
WRITE (3.326)



S09 WRITE (3,823)
C CALCULATION SECTION CALCULATION SECTI

213 I NL =I rL+1
IF(IN.M.INL)210,23

C GENERATE LINEARIZED ECUATICNS
23 DO 20 I =1,NR

) = 0.
DO 20 J3=1,NP

20 P (I ,J3) = 0
WVAR = 0.
DO 21 J3=1,N
GC TO (701, 702) , NEM

701 LW = N + 33
= T(LW)

Y = T(33)
D0 399 LI=1,L
LW = LW + N

S99 Z (LI ) = T(LW)
GO TO 703

702 CALL OBS (L, IW, Y W, Z )
703 CALL FCN(Z 01-7,FP)

AF = Y -
WVA.F =,IVAR+W*AF*A F
DO 22 J2=1,NP
F = W At FP (J2).
D(J2) = AF*F + D(J2)
DO 22 ,11 =1 ,

22 P(J1,J2) = F*FP(J1) + P(J1,J2)
21 COVTINUE

C******** TO SUPF? ESS INTERMEDIATE OUP TPUT REMOVE THE NEXT THREE CA
WRITE(3,90) INL

90 FORMAT (1X, 16HITERATION NUMBER , 15)
WRITE (3,834) WVAR

C COMPRESS MATRIX IF THERE ARE VARIABLES HELD FIXED
NPV = NP - NPX
32 = 0
DO 41 I=1,NPV.

42 J2 = J2 + 1

IF (IDA(J2)) 42,43,42
43 D(I) = D(J2)

J3 =
DC 41 J1=1,NPV

44 J3 = J3 + 1

IF (IDA(J3)) 44,4,44
45 P(I,J1) = P(J2,J3)
41 CONTINUE

IF (NPX) 47,343,47
47 I = NPV + 1

DO AS J2=I,NP
DO 43 J3=I,NP

LIB P(32,33) = 0.
C SOLVE SYSTEM OF MtiATIONS



J3 - 1

P(1,1) = 1. / F(1,1)
IF (J3) 210, 13,100

100 DO 110 J'i:=1,J3
D2 101 I =19,12
F = 0.
DO 102 J1 =1

102 F = P (I ,J1)*P(J1,J2+1) + F
101 FF'CI ) -0

F = P(c_.+112.+1)
DO 103 I=1,J2

103 F = P(I,J2+1)*FF (I) +
F = 1. /
P(J2+1,J2+1) = F
DO 104 I=1,J2
DO 104 J1=1,J2

104 P (I 9,11) = FP (I )*FP (LI 1)*F + P (I ,J1)
00 110 I =1,JL
F (I ,J2+1) = 00(I) * F

110 P (J2+1 ) = P(I,J2+1)
13 DO 13/ I 7.1,NPV

FP(I) = 0.
DO 134 J1 =1 ,NPV

134 FP(I) = D(J1)*P(J1,I) + FP(I)
C01PUIE NEW PARAMETER VALUES

= 2
J1 = 0
DO 155 I =1 ,;TV

151 J1 = J1+1
IF (IDA(J1) J1) 150,151,150

150 F = FACT*FP(I ) + AP (J1)
IF(ISC.NE.1)154,152

152 IF (F * AP(J1))153,153,154
153 F = AP (J1) /

-Z0 402
154 Pi'. -7 (PP - F) / AP(J1)

((F) 300,A02,400
300 AF z -
400 I F (AF - TTT T ) 402,402 4C' 1
401 = 1

402 AP(J1)
C****T:' ZUFR ESC INT ER71E0 I A TE Ell PUT F EnVE NEXT ST T T

Tr: (3,;37) 01,_AP (J1) ,FP (I

tech:,



155 COrTINUE
GO TO (213,210),J2

C OUTPUT SECTIPN
210 WRITE (3,838)

IF (IW) 773,774,773
773 WRITE (3,642)

GO TO 371
774 WRITE(3,741) ID

WRITE(3,742)
871 VAR = 0.

WVAR = 0.
DO 207 J3=1,r
GO TO (733,734), :1.,

733 LW = N + J3
W = T(1:1)

Y = T(J3)
DO 898 LI=1,L
LW = LW + N

898 Z (LI) = T(LW)
GO TO 735

734 CALL OPS (L, Y, W, 7)
735 CALL FCN(Z,AP,F,FP)

AF = Y - F
VAR = AF*AF + VAR
WVAR = W*AF*AF + WVAR
PF = AF / F
IF (IW) 714,715,714

714 WRITE (3,841) J3, 14, Z(1), Y, F, AF, PF
GO TO 207

715 WRITE (3,716) J3, Z(1), Y, F, AF, E'r7
207 CONTINUE

WRITE (3,761)
DO 751 J3=1,NRV

751 WRITE (3,762) (P(J3,LI), LI=1 EV)
AF = N - EPV
VAR = VAR / AF
WVAR = WVPF / AF
WRITE (3,843) VAR, WVAR
J1 = 0
DO 208 I=1,NPV

209 J1 = J1 + 1

D(JI) = 0.
IF (IDA(J1) - J1) 208,209,208

208 D(J1) = SQRT (WVAR * P(I,I))
DO 211 I=1,NP

211 WRITE (3,844) I, AP(I), P(I)
rVi=11M+1

ICNT(MM)=INL
IF(MM.NE.MN)999,900

900 WRITE(61,850)
DO 901 I=1,11N

901 WRITE(61,361) I,ICNT(I)
END

OUTPUT SECTIOr


