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The rates of chlorine -36 and sulfur -35 exchange between 

thionyl chloride and su].furyl in the pure solvents have been investi- 

gated. For the chlorine -36 exchange reaction, the rate law 

Rate k1(50C12)(502C12) + k2(SOC 12)2(SO2C 12)2 + k3 (SOC 12)3(502C12)2 

gives a moderately good fit to the observed rate of exchange. The 

rate constants are found to be 

k1 1.51 x lO5litersg-atoday 
k2 1.80 x l07liters3g-atomday 
k3 8.41 x lO8liters g-atom day1 4 -4 

The Arrhenius energy of activation in an equimolar mixture of the 

reactants is found to be 7. 23 kcal/mole for the chlorine -36 exchange 

reaction. 

The exchange of sulfur-35 between thionyl chloride and sul- 

furyl chloride is found to follow the rate law 

Rate : k1(SOC12)(5O2C12) 

where k1 is found to be 1. 01 x l0 lite gram-atomday. The 



Arrhenius energy of activation is found to be 3.8 kcal/mole in 

excess thionyl chloride and 5. 3 kcal/mole in excess sulfuryl chlor - 

ide. 

The exchange reactions are interpreted in terms of a molecular 

mechanism, rather than as involving any possible ionic dissociation 

processes. It is conluded that, in contrast to suppositions of other 

workers, ionic dissociation processes in these media must. be of 

quite minor significance. 

Chloride ion (tetramethylammonium chloride) exhibits a strong 

catalytic effect on the rates of exchange of chlorine-36 and sulfur 

35 between thionyl chloride and sulfuryl chloride. The kinetic data 

for the exchange reactions suggest that complexes between chloride 

ion and the solvents are formed. 

For the chlorine -36 exchange reaction in excess sulfuryl 

chloride, chloride ion exhibits a fourth order kinetic dependency 

and thionyl chloride exhibits a third order kinetic dependency. In 

excess thionyl chloride, chloride ion exhibits a first order kinetic 

dependency and sulfuryl chloride exhibits a second order kinetic 

dependency. The Arrhenius energy of activation is 16. 7 kcal/mole 

in excess sulfuryl chloride and 3. 7 kcal/mole in excess thionyl 

chloride. 

The sulfur-35 exchange reaction catalyzed by the addition 

of chloride ion follows the rate law 

Rate = k (SOC12)(S02C12)(Me4NC1)2 

over a wide range of concentrations. 



The value of k is 0.52 liters3gram-atom3minute in excess 

sulfuryl chloride and 13. 8 liters3gram-atom3minute in excess 

thionyl chloride. The Arrhenius energy of activation is 3.3 kcal/ 

mole in excess sulfuryl chloride and 10. 5 kcal'mole in excess 

thionyl chloride. The exchange mechanism for this exchange reac - 

tion has been interpreted in terms of bimolecular interaction be- 

tween the species S0C13 and S02C13. 

Antimony pentachloride is found to exchange chlorine-36 

rapidly and completely with thionyl chloride but at best only slowly 

with sulfuryl chloride. The result suggests a greater chloride 

releasing ability towards a strong Lewis acid on the part of the 

sulfur (IV) as compared to the sulfur (VI) compound. Antimony 

pentachloride exhibits a weak catalytic effect on the chlorine-36 

exchange reaction between thionyl chloride and sulfuryl chloride. 

There appears to be no catalysis by antimony pentachloride for the 

analogous sulfur -35 exchange reaction. 

Triethylamine catalyzes the exchange of chlorine-36 and 

sulfur-35 between thionyl chloride and sulfuryl chloride. 

Sulfur dioxide exhibits no catalytic effect on the exchange of 

chlorine-36 between thionyl chloride and sulfuryl chloride. 

In the solvent acetonitrile chloride ion is found to inhibit the 

exchange of chlorine-36 between thionyl chloride and antimony 

pentachloride, (presumably due to hexachloroantimonate (V). ion 

formation). 
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ISOTOPIC EXCHANGE REACTIONS BETWEEN THIONYL 
CHLORIDE AND SULFURYL CHLORIDE 

I. INTRODUCTION 

In recent years radioisotopes have been used to further 

elucidate the acceptor and donor properties of solvents, particularly 

non-protonic solvents. Masters et al. ( 19), for example, have 

shown rapid radjochiorine exchange between the acid chloride sol- 

vents thionyl chloride, selenium oxychioride and phosphorus oxy- 

chloride and basic chloride solutes, indicating a ready lability of 

chloride ion in these solvents. Lewis and Sowerby (14) have done 

a kinetic study of the exchange of radiochiorine between chloride 

ion and phosphorus oxychioride in acetonitrile; the results indicate 

a pathway of exchange proceeding via an association process or an 

SN-2 mechanism as opposed to a self-dissociation of the solvent 

phosphorus oxychioride. Further work by the same investigators 

with phosphorus oxychioride ( 15, 16) has shown that only very slow 

exchange of radiochlorine occurs between solvent nitrosyl chloride 

and phosphorus oxychioride although a rapid exchange of radio- 

chlorine does occur between nitrosyl chloride and the solutes ferric 

chloride, antimony pentachioride and arsenic trichioride. This 

last result indicates some tendency towards chloride ion dissociation 

'on the part of the solvent nitrosyl chloride, while phosphorus oxy- 

chloride presumably shows little such tendency. The rate of the 

slow exchange between the two solvents has been used to estimate 

the degree of chloride ion dissociation by nitrosyl chloride. 
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In conflict with the foregoing implications, a recent 

spectrophotometric study of the interaction of phosphorus oxychlor- 

ide and ferric chloride by Baaz et al. ( 1, 2) was interpreted as indi- 

cating a chloride ion transfer from the solvent phosphorus oxy- 

chloride to ferric chloride to account for the appearance of the 

tetrachloroferrate (III) absorbtion maximum occurring in the ultra- 

violet region of the spectra when these solutions were examined. 

However1 Meek and Drago ( 20), using the solvent triethyl phos- 

phate, found that solutions of this solvent with ferric chloride show- 

ed the same tetrachloroferrate (III) adsorption maximum. The use 

of triethyl phosphate precluded the transfer of any chloride ion from 

the solvent to ferric chloride, the result therefore rendering 

questionable the earlier deduction of phosphorus oxychloride dis soc- 

iation by Baaz et al.(l,Z). 

The question of the extent to which a solvent undergoes self- 

dissociation and the characterization of the species formed has 

been of major interest in this Laboratory. The solvents liquid 

sulfur dioxide, thionyl chloride, thionyl bromide, sulfur monochlor- 

ide and sulfuryl chloride have been examined using radiotracer 

techniques (13, 19,37).. In particular, some radiosulfur exchange 

reactions between sulfur oxyhalides have been examined by Johnson 

and Norris (13). The rapid sulfur-35 exchange reaction between 

thionyl chloride and thionyl bromide both in sulfur dioxide solution 

and in the pure compounds has been interpreted as demonstrating 

the probable existence of a halide ion dissociation of the thionyl 

halides. 
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In contrast to this result, sulfur-35 was shown to exchange 

only slowly between thionyl chloride and sulfuryl chloride, indicat- 

ing that an ionization pathway for this exchange is improbable. 

Johnson and Norris (13) suggested that the slowness of this ex- 

change reaction may be attributed to the reluctance of the two com- 

pounds to form an oxygen bridge involving the symmetrical activated 

complex 

Ci Cl 

o-s ....... o-so 
Cl Cl 

since such an activated complex would require the stronger acid 

sulfuryl chloride to act as a base towards the weaker acid thionyl 

chloride. Such an explanation seems reasonable and suggested to 

Johnson and Norris (13) the desirability of further detailed study 

of the kinetics of the exchange of radiosulfur as well as of a study 

of the radiochlorine exchange between thionyl chloride and sulfuryl 

chloride. These suggestions provided in large measure the im- 

petus for the present research. Such studies would presumably 

indicate specific exchange pathways and give support for either 

ionic or molecular mechanisms for the exchanges. 

In a number of investigations in recent times evidence has 

been advanced in support of the idea of ionic dissociation processes 

in the solvents thionyl and sulfuryl chloride. Spandau and Brunneck 

(29, 30), for example, have explained the observed low self- 

conductance of thionyl chloride in terms of a self-ionization of 
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the form: 

soci2 Socl+ + cl 

socl+ so++ + c1 

the second ionization of a chloride presumably being of far less 

importance than the first. Similarly the observed iow self -conduct- 

ance of sulfuryl chloride has been explained by Gutmann (9 ) in 

terms of some degree of self-ionization of the form: 

S02c12 :. S02c1+ + cl_ 

In harmony with the same idea, the general chemical behavior of 

suifuryl chloride as a solvent has, in other research, been inter- 

preted as suggesting a slight degree of ionization of this medium 

in many acid-base neutralization reactions ( 22). 

Further, the interaction of thionyl chloride with antimony 

pentachioride (and the observed increase in conductance of these 

solutions) has been attributed to the formation in solution of a corn- 

pound 

(Soci) (Sbcl6) 

with a dissociation constant of 4 x 10 at 75. 6°C (30). Similarly, 

the formation in solution of an addition compound between antimony 

pentachloride and sulfuryl chloride at 20°C with the subsequent 

ionization of a hexachioroantimonate V ion has been postulated to 

explain the increase in conductance of sulfuryl chloride with small 

amounts of antimony pentachioride added ( 9 ). To illustrate: 
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SO2C12 + SbCl5 SbCl5-SO2Cl2 SO2Cl + SbC16 

In research quite pertinent to these results, Linqvist and 

Einarsson (17) have demonstrated the formation, in the pure state, 

of 1:1 addition compounds both between thionyl chloride and anti- 

mony pentachloride and between sulfuryl chloride and antimony 

pentachloride with melting points at 6°C and -22°C, respectively. 

The bonding between these two sulfur oxyhalides and antimony penta- 

chloride was suggested, however, to be primarily through the oxygen 

rather than a chlorine. Such a conclusion conflicts somewhat with 

the ideas recorded above, but certainly does not preclude the 

occurrence, at least to some extent, of chlorine-bonded and chlor- 

ide dissociating species in solution. 

In further tracer work, in harmony with the results already 

cited (13, 19), the rapid and complete radiochlorine exchange be- 

tween pyridinium chloride and thionyl chloride as well as sulfuryl 

chloride in chloroform solution (7 ) again demonstrated the lability 

of chloride ion with respect to these sulfur oxyhalides, although 

giving no indication as to whether such lability involves dissociation 

or association equilibria. In research aimed at providing such a 

distinction, some preliminary radiochlorine exchanges between 

thionyl chloride and sulfuryl chloride were carried out in this 

Laboratory, by J. L. Teague (34). The results presented a striking 

contrast to the previously observed rapid exchanges in related 

systems (in particular the fast radiosulfur exchange between thionyl 

bromide and thionyl chloride). Here the exchange was found to be 



at best exceedingly slow. These results seem to suggest that self- 

ionization schemes hitherto advanced to explain the solution chem - 

istry of these compounds have probably been over emphasized. 

Along the same line, more recently, Wiggle ( 37) has shown that 

the solvent sulfur monochioride exchanges radiochiorine rapidly and 

completely with tetraethylammonium chloride, antimony trichloride 

and antimony pentachioride while at best only a slow radiochlorine 

exchange occurs between sulfur monochloride and thionyl chloride. 

Again the results appear to demonstrate that the 'free" chloride 

ion concentration in these latter two materials is quite low. 

The slowness of the radiochiorine exchange between thionyl 

chloride and sulfuryl chloride invited further exchange studies in 

systems involving these materials. It was hoped that through a 

detailed kinetics investigation one mightlearn something of the 

mechanism of the exchange as well as gather some evidence for 

or against the existence of some degree of self-dissociation in the 

pure solvents thionyl chloride and sulfuryl chloride. Such a study 

forms the substance of the present thesis. 
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II. EXPERIMENTAL 

A. General 

All compounds sensitive to moisture, after purification, 

were handled either in a glove box or an all glass high vacuum 

system. The glove box was of standard design with a.circulating 

pump attached so that dry air could be cycled through the series 

of drying agents calcium sulfate, barium oxide and phosphorus 

pentoxide, passed into the glove box and returned to the drying 

agents. A positive pressure was maintained in the glove box by 

means of the slow evaporation of liquid nitrogen in a dewar flask, 

which was placed inside the glove box prior to its closure from the 

atmosphere. The atmosphere in the dry box was re-cycled through 

the drying agents for at least ten hours (a dew point of -22°C was 

attained after two hours) prior to exposure of moisture sensitive 

compounds to the atmosphere in the dry box. 

The vacuum system was of standard design and pressures 

of 5 x lO mm of Hg or lower were readily attained using a liquid 

nitrogen cooled trap with a mercury diffusion pump backed by a 

mechanical oil pump. Pressures were measured with a Veeco 

discharge gauge' or a mercury manometer, whichever was 

appropriate. 

Veeco Discharge Gauge type DG-2-lO. Available from Veeco 
Vacuum Corp., 86 Denton Avenue, New Hyde Park, Long Island, 
N.Y. 



Thionyl chloride, s ulfuryl chloride, antimony pentachioride 

and triethylamine were never exposed to mercury. Sulfur dioxide 

pressures were measured on a mercury manometer. All stopcocks 

were lubricated with Halocarbon' stopcock grease (regular grade). 

This grease was attacked slowly and the stopcocks had to be re- 

greased periodically. 

The glass reaction ampoules, after being attached to the 

vacuum system and evacuated, were heated with a luminescent 

flame until the pressure of the system dropped to 5 x lO mm of 

Hg or lower and no increase in pressure was noted with additional 

heating. Generally ampoules were pumped on overnight - if con- 

venient - or at least four hours before being filled with moisture- 

sensitive compounds. 

Temperature control was achieved with regulated constant 

temperature baths of conventional design or, whenever appropriate, 

a slush-bath of a material with a known melting point, contained in 

+ o a dewar flask. Bath temperatures could be controlled to - O. i C 

and were occasionally checked with a National Bureau of Standards 

calibrated thermometer. 

i Halocarbon is the trade-name for a lubricant which is a blend of 
hydrogen-free chioro and fluorocarbons. It is available from 
Halocarbon Products Corp., 82 Burlews Court, Hackensack, N. J. 



B. Radioactivity Assay 

The isotope used for the radiochiorine exchange reactions 

in this study was chlorine-36, obtained as a hydrochloric acid 

solution from the Oak Ridge National Laboratory of the U.S. Atomic 

Energy Commission. Chlorine-36 emits negative beta particles of 

maximum energy 0. 714 Mev and has a half-life of 3.08 x 10 years 

(31). 

Radiochiorine samples were assayed as mercurous chloride. 

Radiochiorine (as radioactive chloride ion) was precipitated with a 

solution of 0. 2 N mercurous nitrate solution (Z N in HNO3, stabilized 

by the presence of mercury). The precipitate was allowed to stand 

two to four hours in contact with the solution, decanted, transferred 

to a test tube and centrifuged, then washed with distilled water 

three times and at least three times with acetone, being centrifuged 

after each washing. The aging of the precipitate in contact with 

the solution was necessary in order to obtain a solid from which 

satisfactory counting samples could be deposited on the planchets. 

Finally the mercurous chloride (radioactive) was slurried with one 

milliliter of acetone and deposited on cupped, stainless steel 

planchets of uniform area (1" diam. x 5/16" deep). The acetone 

was evaporated under an infrared lamp leaving a layer of mercurous 

chloride, 3-12 mgm/cm2 in thickness. Generally duplicate samples 

were made for each exchange solution. 

Since the observed exchanges in many cases were quite low 

and initial specific activities were also low, beta activity 
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determinations were made in these instances with a low background 

gas flow detector. The low background (Z-4 cpm) was achieved 

by means of an anti-coincidence circuit. The pulses from the 

detector (resolving time of 150 microseconds, determined experi- 

mentally) were scaled on a counts pre-set binary scaler with a 

capacity of more than 2. 5 x lO4 counts per second. An automatic 

sample changer and a printout of both sample number and count 

time facilitated the counting procedure. The author acknowledges 

his indebtedness to Dr. C. H. Wang of this Laboratory who kindly 

made this counter available for this work. 

For beta activity determinations in which the count rate was 

at least five times the background count, a Geiger tube with standard 

shielding was used. The determinations were made with an end 

window tube having a window thickness of less than 2 rngm/cm2 

(Tracerlab TGC-2). The pulses from the Geiger tube (resolving 

time of 135 microseconds, determined experimentally) were scaled 

on a time-preset decimal counter with a capacity of more than 

3 x lO counts per second. 

Self-absorption corrections were empirically determined for 

both the low background counting technique and the standard Geiger 

tube arrangement and were applied to all sample measurements. 

Samples (to be compared in a related set of experiments) which 

1 Nuclear-Chicago Model GliB Low Background Automatic Sample 
Changer used with a standard Nuclear-Chicago scaler, Model ClllB 
Printing Timer and Q-gas. Available from Nuclear-Chicago Corp. 
333 East Howard Avenue, Des Plaines, Illinois. 
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were counted on separate days generally had a standard reference 

sample (initial activity, A°, in the tables of data)counted at the 

same time in order to avoid corrections for varying counter effic- 

iencies. Low level samples were counted on the low background 

counter and higher level ones on the conventional counter, but no 

intercalibration was necessary (samples on the low background 

counter gave about i . 8 times the rate found with the conventional 

counter), since in no case were exchange calculations made which 

involved intercomparison of samples counted by the two different 

techniques. The total number of sample counts and background 

counts were, in most cases sufficient to insure a standard deviation 

in the net counting rate of not more than three percent. A few of 

the extremely low activity samples had standard deviations in the 

net counting rate of about eight percent. 

The radiosulfur exchanges in this study were carried out 

using the isotope sulfur-35. Sulfur-35 emits negative beta particles 

of maximum energy 0. 167 Mev and has a half-life of 86.35 days (4 ). 

Radiosulfur samples were assayed as barium sulfate. For 

this purpose, labeled compounds were dissolved in sodium hydro- 

xide solution, oxidized with bromine water if necessary, brought 

to a pH of i with nitric acid, heated to boiling and treated with 0. 5 

N barium chloride. After digestion for an hour at boiling tempera- 

ture, the precipitate was collected on a sintered-glass filter, wash- 

ed several times with distilled water and ethanol and finally slurried 

with ethanol. Appropriate amounts of the slurry were transferred 

to cupped, nickel-plated steel planchets and dried under an infrared 
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lamp. Sample thicknesses were 2-20 mgm/cm2 and generally 

duplicate samples were made. 

Counting procedures for the radiosulfur exchange experi- 

merits were in general those described above for the radiochlorine 

exchange experiments. It was necessary, however, to intercali- 

brate the low background counter used with the standard Geiger 

tube counting arrangements because many of the radiosulfur samples' 

initial activities were too high to be determined very accurately 

directly on the low background counter (i. e. coincidence losses 

were extreme). Coincidence losses and coincidence corrections 

( for the Geiger tube counting arrangements) were further kept to a 

minimum by counting the extra high level activity samples (usually 

a zero time "standard") on a shelf further removed from the Geiger 

tube than the normally used top shelf. Applying the experimentally 

determined "shelf-factor" (to convert sample activities to the 

standard top shelf position) and a counter intercalibration factor 

( for the radiosulfur samples used, the count rate on the lów back- 

ground counter was about 3. 8 times higher than the count rate on 

the Geiger tube counting arrangement) the count rate of a sample 

could be determined for the low background counter whenever 

necessary. Hence all specific activities for radiosulfur recorded 

in the tables are given in terms of the low background counter 

sensitivity. (The same is not, however, true for radiochlorine.) 

Coincidence corrections were never made on the low background 

counter since only those samples whose activities (and coincidence 

corrections) were iow were counted on this counter. 
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Self-absorption corrections for the radiosulfur samples 

were made using a self-absorption correction curve previously 

prepared in this Laboratory by Potter (24). Decay corrections for 

the radiosulfur samples were avoided by counting standard samples 

(initial activity samples, A°, in the tables) with the related samples 

whose activities were being determined. All related counts were 

made within, at most, a few hours of each other, hence eliminating 

the need for a decay correction for the radiosulíur samples. 

The total number of sample counts and background counts 

were, in most cases, sufficient to insure a standard deviation in 

the net counting rate of not more than three percent. A few of 

the extremely low activity samples had a standard deviation in the 

net counting rate of about ten percent. 

C. Chemical Analysis 

Analysis for chloride was carried out by potentiometric 

titrations with a standard solution of silver nitrate. A Beckman 

Model H pH meter with a silver-silver chloride indicator electrode 

and a mercury-mercurous sulfate reference electrode was used to 

detect the end point. 

D. Preparation of Materials 

1.Chlorine-36 was received in the form of high specific 

activity hydrochloric acid solution ( 99% purity; typically 4. 0 N 

Available from Beckman Instrument Co., Fullerton, Calif. 
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and containing . 35 mc/gm of chlorine) froni the Oak Ridge 

National Laboratory (Item Number Cl-36-P) and did not require 

furthe r purification for labeling purposes. 

¿ Sulfur-35 was received in the form of carrier-free sulfate 

(' i mc/ml; 0. 1 N in HC1 solution) from the Oak Ridge National 

Laboratory (Item Number S-35-P-1) and did not require further 

purification for labeling purposes. 

3.Thionyl chloride, SOC12, (Matheson, Coleman and Bell, 

Practical) was purified by a procedure which has evolved in this 

Laboratory. Details have been described by Wiggle (37, p. 17- 

18), whose thesis may here be quoted. 

The material was refluxed at atmospheric pressure 
( protected from moisture by a calcium chloride drying 
tube) with raw linseed oil (30% linseed oil, 70% thionyl 
chloride), being heated with a heating mantle. It was 
then distilled from this mixture through a 30 cm column 
packed with glass helices, about the middle 65% of the 
distillate being collected in seal-off ampoules equipped 
with break-off tips for later opening. For further puri- 
fication, one of these ampoules (containing perhaps about 
¿0 milliliters of liquid) would be sealed to the high vacuum 
system and the break-tip broken. After degassing, about 
10% of the liquid was distilled away at room temperature 
and discarded. The next 80% (about a 10% residue being 
discarded) was fractionated by passage through cold traps 
cooled with slush baths to, successively, -ZZ. 90, ...45 ¿O, 

and -83. 6°C and then finally into a liquid nitrogen cooled 
trap. The materials retained in the -45. 2° and -83. 6° 
traps (about half the total) were then combined and re- 
fractionated in like manner through the same series of 
cold traps. The material retained a second time in the 
-45. ¿0 and -83. 6° traps, combined (perhaps about 3 muli- 
liters) was then distilled into a storage flask, where it 
was kept either frozen or sealed until used. As prepared, 
the product was completely free of any yellow tinge. 
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Previous precise determinations of density and chloride 

percentage (24) of thionyl chloride prepared and purified by the 

above procedure have shown good agreement with published analyti- 

cal data. In the present instance, no precise analyses were done, 

but approximate determinations showed, very roughly, reasonable 

agreement, within the limits of precision of the determinations, 

with expected values. Typical results were: density at 3°C, 1.57 

g/ml (1.671 g/ml expected); chloride, 57.5% (expected, 59. 61%). 

It may further be noted that preparation of chlorine-36 labeled 

thionyl chloride and sulfur-35 labeled thionyl chloride directly 

prepared from these purified thionyl chloride preparations, showed 

satisfactory agreement of percentage chloride with that expected 

(see below). 

4.Chlorine-36 labeled thionyl chloride, SOCi2, was prepared 

from chlorine -36 labeled tetramethylammonium chloride, 

(CH3)4NC14, by an adaptation of the above procedure, (again in the 

words of R.R. Wiggle (37, p. 1920)), 

involving the rapid exchange of thionyl chloride with labeled 
tetramethylamrnonium chloride ( 19 ). After the first dis- 
tillation at atmospheric pressure, one of the break-off 
tip bombs containing a portion (perhaps about 20 muli- 
liters) of the middle fraction of the first distillate was 
sealed onto a manifold which was then thoroughly evac- 
uated. The break-off tip was broken by means of a 
magnetic hammer and the thionyl chloride distilled into 
another reaction bomb containing about one gram of 
labeled tetramethylammonium chloride previously pre- 
pared and dried. The tetramethylammoniurn chloride 
had been prepared (as by Herber (ii)) by adding one 
milliliter of labeled hydrochloric acid solution to solid 
tetramethylammonium chloride (see below) in a reaction 
bomb (the salt dissolves), and then neutralizing the sol- 
ution to a pH of about two with solid potassium hydroxide. 
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After the excess liquid had been evaporated (in vacuo), 
the residual salt was then dried under high vacuum 
(lo-lO millimeters of mercury) overnight at 115°C, 
yielding the desired labeled tetramethylammonium 
chloride (the slight potassium chloride contamination 
being immaterial). The thionyl chloride was allowed to 
warm to room temperature over the labeled tetramethyl- 
ammonium chloride and stirred vigorously with a Teflon- 
coated magnetic stirring bar for about an hour (only a 
fraction of the salt dissolves). The labeled thionyl chlor- 
ide was then distilled off into a fractionation train of 
successively colder cold traps and fractionated according 
to the above described procedure. The fractionation was 
carried out using slush baths of carbon tetrachloride 
(-2Z. 9°C), chlorobenzene (-45. 2°C), ethylacetate (-83. 6°C) 
and liquid nitrogen, being repeated as many times as 
necessary to achieve a preparation free of any tinge of 
color. 

The purified product was then stored in a sealed glass 

ampoule equipped with a break-tip for use at a later time and 

stored in subdued light. After the purified material was used for 

experimental purposes (dosing reaction ampoules on the vacuum 

line) it was distilled into a new glass ampoule equipped with a 

break-tip, removed from the vacuum line and stored in subdued 

light. 

If one assumes complete exchange to have occurred in the 

activation of the tetramethylammonium chloride, an estimated 

absolute specific activity for this material (for the reactant 

quantities as given, which it should be understood are only examples 

of a typical case, and based on the initial labeled 4. 0 N hydro- 

chloric acid specific activity of 0. 050 mc/ml) would be about 

3.8 x l0 mc/mmole. This corresponds (for an estimated 10% 

counter efficiency) to an estimated expected experimental specific 

activity of 3. 6 x l0 cpm/mg, counted as mercurous chloride on 
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the conventional Geiger counter apparatus. One would further 

estimate an expected specific activity for the thionyl chloride pre- 

pared as in the above example of a typical preparation, again 

assuming complete exchange to have occurred and making no allow- 

ance for incomplete dissolution of the salt, very roughly of about 

z . . 

6. 7 x 10 cpm/mg, a figure in reasonable harmony with those 

actually observed. These latter actually observed specific activities 

for the preparations used, as well as those for subsequently des- 

cribed preparations, are as recorded in the tables of data; the 

figures given are those determined on the low background counter 

or the standard Geiger tube counting arrangement, whichever was 

appropriate. 

A chloride analysis of the labeled material showed 59. 14 

percent chloride (59. 61 percent chloride expected in thionyl chlor- 

ide). The density at 0°C was found to be 1.673 g/ml (expected 

density at 0°C is 1.677 g/ml). 

5.Sulfur-35 labeled thionyl chloride, S35OC12, was prepared 

from purified thionyl chloride and sulfur-35 labeled sulfur dioxide 

by means of the base catalyzed exchange between labeled sulfur 

dioxide and thionyl chloride. Purified thionyl chloride (100 mrnoles) 

and sulfur-35 labeled sulfur dioxide (5 mmoles) (see below) were 

distilled onto about Z mmoles of tetramethylammonium chloride. 

The ampoule was sealed and the reaction was allowed to run 

several days at 25°C. The ampoule was then sealed to the vacuum 

system and the thionyl chloride freed of sulfur dioxide by 
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fractionation through a series of I?UtI traps maintained at -22. 9°C, 

-45. 2°C, -83. 6°C and liquid nitrogen temperature. The material 

retained in the traps at -45. 2°C and -83. 6°C was saved and re- 

fractionated twice more in exactly the same way. About 30 mmoles 

of the original thionyl chloride remained finally in the middle two 

traps. The sulfur-35 labeled thionyl chloride was then stored in a 

sealed ampoule equipped with a break-tip for use at a later time 

and stored in subdued light. For specific activities obtained using 

this labeling procedure see the initial specific activities, listed 

in the tables. 

After the purified material was used for experimental pur- 

poses (dosing reaction ampoules on the vacuum line) it was distilled 

into a new glass ampoule equipped with a break-tip, removed from 

the vacuum line and stored in subdued light. 

The density of the labeled material at 0°C was found to be 

1.668 g/ml (expected density at 0°C is 1.677 g/ml). A chloride 

analysis of the labeled material showed 58. 39 percent chloride 

(expected percent chloride is 59. 61). 

6.Sulfuryl chloride, S02C12, Matheson, Coleman and Bell, 

Inc., (b.p. 68-70°C) was purified by a distillation from a glass 

helix packed column at a reduced pressure, about the middle 60% 

of the distillate being collected in a series of glass ampoules and 

retained for further purification. One of these ampoules (contain- 

ing typically about 25 milliliters of sulfuryl chloride) was then 

placed on the vacuum system and the contents were fractionated 
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through a series of TUH tubes at - 10°C (Dry-Ice chloroform mix- 

ture), -45. 2°C, -83. 6°C and liquid nitrogen temperature. The 

material in the traps at -45. 2°C and -83. 6°C was saved (about 40% 

of the total material in the starting ampoule) and re-fractionated 

repeatedly through the same traps (about three times) until a water- 

white product was obtained. The purified sulfuryl chloride (about 

8 milliliters or about 32% of the starting Z5 milliliters in the am- 

poule) was then stored in a sealed glass ampoule equipped with a 

break-tip and stored in subdued light until used. 

After the purified material was used for experimental pur- 

poses (dosing reaction ampoules) it was distilled into a new glass 

ampoule equipped with a break-tip1 removed from the vacuum line 

and stored in subdued light. 

A density determination and chloride analysis were carried 

out ocassionally for the purified sulfuryl chloride to check on 

sample purity and dosing procedures. A typical analysis gave: 

density at 00C, 1.708 g/ml; 52.53% chloride. The reported density 

of sulfuryl chloride at 0°C (see Section IV below) is 1. 704 g/ml. 

The calculated percent chloride in sulfuryl chloride is 52. 53%. 

7. Chlorine-36 labeled sulfuryl chloride, SO2Cl2, was obtain- 

ed by distilling purified sulfuryl chloride onto either chlorine-36 

tetramethylammonium chloride (see labe led thionyl chlor ide pre - 

paration) or chlorine-36 pyridine hydrochloride (see below) and 

allowing the mixture to warm to room temperature (total contact 

time about one hour). 
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In the case of labeled tetramethylammonium chloride, an 

excess of the salt was present for all labeling procedures (the 

tetramethylamrnonium chloride did not all dissolve). The low 

solubility of this salt limited the specific activity attainable by dis- 

tilling the sulfuryl chloride directly onto the salt only once. It was 

found that a higher specific activity of sulfuryl chloride could be 

obtained by a repeated distillation of sulfuryl chloride onto and 

from the salt. Teague ( 34 ) has suggested that the low specific 

activity obtained using this salt is due strictly to a solubility effect; 

any salt that dissolves presumably undergoes complete and rapid 

radiochlorjne exchange with suifuryl chloride. Typically, the 

specific activity of 200 millimoles of sulfuryl chloride obtained by 

about 10-15 distillations onto and from three grams of labeled 

tetramethylammonium chloride was about 50 cpm/mg assayed as 

mercurous chloride (counted on the standard Geiger tube counting 

arrangement). If one assumes complete exchange to have occurred 

in each of the repeated activations (as well as in the original label- 

ing of the tetramethylammonium chloride itself), one may estimate 

by comparison of this observed specific activity with the estimated 

initial tetramethylammonium chloride specific activity of 3 . 6 x 

lo cpm/mg (see above), that an average of about 50 mg of tetra- 

methylammonium chloride dissolved in each of the successive 

activation steps in the 200 millimoles of sulfuryl chloride. This 

figure is clearly much less than the amount of pyridine hydrochlor- 

ide it was found convenient to dissolve. 
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In the case of a typical preparation with chlorine-36 pyri- 

dine hydrochloride the amount of salt present (about O. 5 grams) 

dissolved completely in the sulfuryl chloride (about 100 millimoles). 

The specific activity of the sulfuryl chloride attained using these 

quantities was about 18 cpm/mg, assayed as mercurous chloride 

( counted on the standard Geiger tube counting arrangement). 

Complete exchange in both this procedure and in that involved in 

the activation of the pyridine hydrochloride should have led to aì 

estimated absolute specific activity (based on the specific activity 

of the initial labeled hydrochloric acid) of about 5. 5 x lO mc/ 

mmole of SO2C12, which, for an estimated 10% counter efficiency, 

would correspond to about 26 cpm/mg. It is evident that the calcu- 

lated apparent overall percent exchange (ti7O%) corresponds t0 

reasonably complete exchange in both steps of the labeling pro- 

cedure, the observed deviation being within the limits of reliability 

of the estimates involved in arriving at this figure. 

The salt pyridine hydrochloride was preferred for labeling 

purposes since its solubility in sulfuryl chloride is much greater 

than that of tetramethylammonium chloride and, although solubility 

limitations probably limit the specific activities attainable in either 

case, satisfactory specific activities of sulfuryl chloride could be 

much more conveniently attained using this salt. After being 

labeled, the sulfuryl chloride was then fractionated by repetitive 

passage through cold traps on the vacuum line as previously des- 

cribed for the inactive preparation, until a water-white product 

was obtained. The purified material was stored in a flask on the 



¿z 

vacuum line, typically about 4 milliliters being prepared in a 

particular case. Exposure of the sulfuryl chloride to the grease 

(Halocarbon) on the stopcock at the top of the flask was minimized 

during storage by inclusion of a magnetically controlled glass ball- 

ground seat valve (used without mercury) between the sulfuryl 

chloride and the stopcock. 

A density determination was made for the labeled material 

and showed a density of 1.717 g/ml at 00C (expected density at 

0°C is L 704 g/ml). 

8. Sulfur-35 labeled sulfuryl chloride, S3502C12, was prepared 

from SO2 (prepared and purified as described below) and dry 

chlorine gas (21 ). The reaction was carried out by distilling the 

two gases 
( 

f-') 10 millimoles each) into a ¿50 milliliter reaction 

flask at liquid nitrogen temperature and allowing them to warm 

slowly to room temperature in the presence of a small amount of 

activated charcoal (Norit). The reaction is rapid, being complete 

by the time room temperature is reached (z-3 minutes). The 

reaction mixture was then fractionated on the vacuum system 

through a series of U tubes at 1O0C, -45. °C, -83. 6°C and 

liquid nitrogen temperature as previously described for the in- 

active preparation, and stored as described inSection lID (7.Chlorine - 

36 labeled sulfuryl chloride). 

About 10 millimoles of the labeled material were made and 

diluted with about 50 millimoles of inactive (purified) sulfuryl 

chloride. Specific activities obtained uing this procedure are 
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listed under initial specific activity, A0 in the tables. 

9. Sulfur dioxide, SO2, was obtained in a purified form from 

N. D. Potter' of this Laboratory. The sulfur dioxide (obtained from 

the American Potash and Chemical Corp. in a sealed one-pound 

can) was introduced into a vacuum system, passed twice through 

concentrated sulfuric acid, dried by passage over phosphorus pent- 

oxide or through anhydrous magnesium perchlorate and condensed 

as liquid into a Dry Ice-acetone cooled trap. The sulfur dioxide 

in the trap was allowed to vaporize and the first and last one-third 

portions of the gas discarded. The middle portion of the gas was 

transferred to a glass ampoule fitted with a break-tip, removed 

from the vacuum system and stored (as a liquid) for use at a later 

time. 

lO.Sulfur-35 labeled sulfur dioxide, S3502, was prepared from 
35 . 

H2S 04 (prepared by adding measured amounts of carrier-free 

sulfate in dilute hydrochloric acid to concentrated sulfuric acid 

and evaporating the resulting solution, with the aid of an infrared 

lamp, to about 12 M (estimated H2SO4 concentration)) and purified 

sulfur dioxide by the method of Masters and Norris (18). About 

3 mc (about 0. 5 ml) of the labeled concentrated sulfuric acid and 

5 mmoles of purified sulfur dioxide were sealed in a 250 ml flask 

equipped with a break-tip seal and heated to 350°C for two weeks. 

1 The author directs thanks to Dr. Potter for making the purified 
materials available for this study. 
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The now labeled sulfur dioxide was transferred from the reaction 

flask to the vacuum system through the break-tip seal, bubbled 

through concentrated sulfuric acid and passed through anhydrous 

magnesium perchiorate. The dried product was stored (as a gas) 

in a sealed ampoule (equipped with a break-tip) to be used later in 

the preparation of sulfur-35 labeled thionyl chloride (see above). 

1 1 .Tetramethylammonium chloride, (CH3)4NCI, 99+%, obtained 

from Matheson, Coleman and Bell, Inc. , was purified by recrystal- 

lization from absolute ethanol. The recrystallized material was 

washed several times with dry ether on a fritted glass filter, placed 

in a weighing bottle, dried at 125°C in a drying oven and stored in 

a dessicator over calcium chloride. 

Solutions prepared from this material (used for dosing it in 

all cases) were standardized by titration with a O. i N silver nitrate 

solution. Whenever, for certain purposes, the solid material was 

used as such it was, after being placed in the vacuum system, dried 

further by heating to 11 5°C while being pumped onto a high vacuum 

for 4-6 hours. 

While no precise analysis of the above material was made, 

an approximate indication of the chloride percentage was provided 

as a by-product of the preparation and standardization of the above 

solutions. In a particular case a certain quantity of tetramethyl- 

ammonium chloride (purified and dried) was weighed (only approxi- 

mately and in the air) and transferred to a volumetric flask and 

distilled water was added. An aliquot of the resulting solution was 
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titrated with 0. 1 N silver nitrate solution in order to determine 

accurately the concentration of the tetramethylammonium chloride. 

Thus it was also possible, on the basis of this procedure, to obtain 

an approximate percent chloride analysis for the solid material. 

(Since the solid is hygroscopic no attempt was made to weigh the 

material other than approximately.) The results of the titration 

show an approximate percent chloride for the solid material of 

33. 0%. The calculated percent chloride in tetramethylammonium 

chloride is 32. 35%. 

12 .Tetraethylammonium chloride, (C2H5)4NC 1, (obtained as 

the hydrate from K and K Laboratories, Inc.) was re-crystallized 
o from acetone and dried under high vacuum at 110-115 C to a con- 

stant weight. The material was stored in a weighing bottle in a 

dessicator over phosphorus pentoxide. All transfers with this 

material after purification were carried out in a dry box. 

A chloride analysis carried out by R. R. Wiggle 1 (37), 

from whom the purified material was obtained, showed 21.3% 

chloride in the tetraethylammonium chloride. The calculated 

percent chloride in tetraethylammonium chloride is 21. 40%. 

13 .Chlorine -36 labeled pyridine hydrochloride, was obtained 

by dissolving four grams (34. 5 mmoles) of pyridine hydrochloride 

(98%, Matheson, Coleman and Bell, Inc.) in ten milliliters of dry 

i The author is indebted to Mr. Wiggle for carrying out the puri- 
fication and analysis of the tetraethylammonium chloride. 
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chloroform and bubbling dry chlorine-36 labeled hydrogen chloride 

gas through this solution for 20-60 minutes. The chlorine-36 

hydrogen chloride gas was obtained by boiling one milliliter of high 

specific activity (O. 050 mc/ml) chlorine-36 hydrochloric acid 

(4. 0 N; see Part i above) with 20 milliliters of concentrated 

sulfuric acid, while bubbling nitrogen through the mixture to serve 

as a carrier gas. The chlorine-36 hydrogen chloride and nitrogen 

gasses were dried by use of a phosphorus pentoxide gas drying 

tower and bubbled directly into the chioroform-pyridine hydro- 

chloride solution. The chlorine-36 pyridine hydrochloride was 

then precipitated ( 7 , p. 337) by addition of ten milliliters of dry 

ethyl acetate to the chloroform solution while the solution was 

stirred with a Teflon-coated magnetic stirring bar. The chlorine- 

36 pyridine hydrochloride was filtered on a sintered glass filter, 

washed several times with cold ether, placed on the vacuum system 

in a glass ampoule and pumped on (high vacuum) overnight at 35°C. 

This material was then used immediately for labeling sulfuryl 

chloride (see above). Assuming complete exchange to have occurred 

in this procedure, the estimated absolute specific activity of the 

product would have been about 1.3 x lO mc/mmole. 

14. Antimony pentachioride, SbCl5, "Baker Analyzed Reagent", 

was placed in a glass ampoule, attached to the vacuum line and 

degassed under vacuum. The antimony pentachloride (at room 

temperature) was then fractionated through cold traps at 0°C and 

liquid nitrogen temperature. About the middle 60% of the total 
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sample was retained in the cold trap at 0°C, about equal portions 

passing through to the liquid nitrogen and being retained in the 

initial ampoule. This fraction was transferred to a break-tip glass 

ampoule and removed from the vacuum system. 

No chemical analyses were carried out for this material. 

However, the results of the radiochlorine exchange experiments 

themselves provided good evidence for the purity of the preparation. 

Two radiochlorine exchange experiments with thionyl chloride were 

done (see Table lilA), using in one case inactive antimony penta- 

chloride and in the other case active antimony pentachloride (see 

below). Calculation of the percentage exchange from the observed 

final activities in these experiments involved the assumption that 

the molecular weight and chemical composition of the weighed 

quantities of antimony pentachioride used conformed to those ex- 

pected. On the basis of this assumption, the two experiments showed 

(after sufficiently long exchange times) very close to 100% complete 

exchange under two widely divergent sets of experimental conditions, 

namely a long exchange time at 250 in excess antimony penta- 

chloride, and a relatively short exchange time at the significantly 

lower temperature of 0° in excess thionyl chloride. Now one could 

expect reasonably to find, for a progressing exchange, the same 

percentage exchange figure under such widely different conditions 

only for the unique figure of 100% exchange. Hence one must 

conclude that the calculated figure of 100% is valid and further, 

therefore, that the basic assumption relative to the molecular 

weight and chemical composition of the antimony pentachloride used 
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(both active and inactive) was valid. Hence, one may conclude 

that these materials were relatively pure. 

* 
15.Chlorine-36 labeled antimony pentachloride, SbCl5 , was 

made by warming 25 milliliters of purified antimony pentachioride 

(the ampoule was opened in the dry box) with ¿ grams of solid 

mercurous chloride (radioactive) in a flask in the dry box. (The 

mercurous chloride had been prepared by precipitation from labeled 

hydrochloric acid, washed and centrifuged repetitively and dried in 

a drying oven at 125°C.) Stirring and warming the mixture to 

35°C (measured with a thermometer) in the dry box was accomplish- 

ed with a hot plate equipped with a magnetic stirring motor. Very 

little of the solid dissolved. After the mixture had been allowed to 

cool to room temperature, the bulk of the antimony pentachloride 

was decanted (aided by a small funnel with a capillary stem small 

enough to fit through the bore of a stopcock) in the dry box from 

the solid mercurous chloride into a glass ampoule equipped with a 

stopcock (through which it was filled) and a standard taper ground 

glass joint (to facilitate attachment to the vacuum line). The 

ampoule was then placed on the vacuum line, degassed under 

vacuum, and the contents fractionated and stored as described in 

Section lID (1 3 .Chlorine-3 6 labeled pyridine hydrochloride). Evi- 

dence attesting to the purity of the material obtained in this pre- 

paration has been given in the preceeding section. 

It should be noted here that the radiochlorine exchange in- 

volved in this preparation has not been previously reported. Hence 



¿9 

it is of interest to compare the specific activity of the antimony 

pentachioride obtained (60.3 cpm/mg as mercurous chloride, 

counted on the standard Geiger tube counting arrangement) with 

that expected for complete exchange. Visually it was estimated 

that a definite, but very small amount of the mercurous chloride 

(possibly about O. 1 g) dissolved in the ¿5 ml of antimony penta- 

chloride. For this quantity of dissolved material undergoing com- 

plete exchange with the solvent, one would have expected (on the 

basis of the approximately known specific activity of the initial 

labeled hydrochloric acid used for making the. mercurous chloride) 

a final preparation specific activity of about 5 cpm/mg. Hence the 

observed figure of 60. 3 cpm/mg certainly suggests that essentially 

complete exchange occurred in the preparation. It further appears 

to suggest, however, that much more than the estimated quantity 

of mercurous chloride dissolved, viz. about 1. 2 g or somewhat 

more than half the solid present. Such a solubility, however, is 

clearly at variance with the visual qualitative observations. Hence 

one must conclude that either the exchange further was aided by a 

rapid recrystallization occurring between solid and solution, or 

alternatively that a large amount of heterogeneous exchange occurred. 

Such a process could possibly have been aided by a possible com- 

plex formation between the solid and the solvent. Further study 

fo this system would be of some interest. 



30 

16.Triethy1amine (C2H5)3N, was obtained from N.D. Potter' 

of this Laboratory. The triethylamine (Matheson, Coleman and 

Bell, Inc.) had been refluxed over sodium for two hours and then 

distilled, the middle fraction being retained. This fraction was 

degassed under vacuum, dried by passage over phosphorous pent- 

oxide or through magnesium perchiorate and vacuum fractionated; 

the heart fraction of the condensate in a 30°C trap was retained 

for use. The material was then stored in a sealed ampoule for 

further use. 

17.Acetonitrile, CH3CN, £vlatheson, Coleman and Bell, Inc. 

b. p. 80. 5-82. 5°C, was distilled at atmospheric pressure in a dry 

box from phosphorus pentoxide using a heating mantel as a source 

of heat. The middle one-third of the distillate was retained and 

stored in a glass stoppered flask. The flask was further stored 

in a dessicator with phosphorus pentoxide as the dessicant. All 

further transfers of this material were made in a dry box. 

i The author directs thanks to Dr. Potter for making the purified 
materials available for this study 
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III. RUN PROCEDURE AND DATA 

A. Radiochlorine Exchange Eperiments between Thionyl Chloride 
and Sulfuryl Chloride, No Catalyst. 

Experiments covering a range of concentrations in excess 

thionyl chloride and excess sulfuryl chloride were carried out in 

sealed glass ampoules. The ampoules were made from 6' Pyrex 

test tubes with glass extensions sealed ori for ease of sealing to the 

vacuum system. Near the top, these extension tubes were constrict- 

ed and thickened to facilitate later removal from the vacuum 

system. The reaction ampoule containing the exchange mixture 

was kept frozen in liquid nitrogen until the exchange experiment 

was started. The ampoule was then sprayed with acetone and the 

contents warmed rapidly to a desired temperature, for example, 

0°C. 

For this series of experiments, the thionyl chloride and 

sulfuryl chloride were dosed in succession from cold finger dosers, 

a few centimeters in length (capillary, if necessary), calibrated 

(by weighing filled with mercury) to contain known volumes of these 

compounds at 0°C. After the doser had been filled to above the 

calibration mark (the compounds were condensed in with liquid 

nitrogen and then rapidly melted by spraying of the doser with 

acetone) the thionyl chloride or sulfuryl chloride was distilled into 

a throw-away container, cooled with liquid nitrogen, untilthe 

liquid level in the finger (held at 0°C with an ice bath) dropped to 

the calibration mark. This technique had the advantage of 
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discarding the most volatile portion of either of the two compounds. 

Each of the compounds was then distilled from its doser into the 

reaction ampoule at liquid nitrogen temperature, after which the 

latter was sealed off from the vacuum line. 

The method of separation of these two compounds varied 

depending upon whether thionyl chloride was the solvent (excess 

thionyl chloride) or whether sulfuryl chloride was the solvent 

(excess sulfuryl chloride). 

In the case of excess sulfuryl chloride the separation method 

was relatively straightforward, involving a procedure which took 

advantage of the much greater rate of hydrolysis of thionyl as corn- 

pared to sulfuryl chloride. The reaction ampoule (containing up 

to 50% thionyl chloride in sulfuryl chloride) was frozen with liquid 

nitrogen at the end of a certain exchange time, cracked open and 

placed with its contents under water in a beaker at 0°C . The water 

(5-IO m; kept at 00C with small additions of ice) and the su1fury 

chloride-thionyl chloride mixture were allowed to react for about 

one minute with vigorous stirring; most of the thionyl chloride was 

destroyed in this time according to the reaction: 

SOd2 + H20 -h + ZHC1 

The sulfuryl chloride undergoes the analogous reaction with water, 

S02C12 + 2H20 -p H2SO4 + ZHC1 

much more slowly the reaction occurring to a much smaller ex- 

tent in the time allowed. 
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After a minute of reacting with the water, the bulk of the 

residual suLfuryl chloride, one-half to two milliliters, which forms 

a separate, lower layer, was separated from the water layer and 

transferred by means of a small pipette to a 6" test tube and then, 

in order to insure completion of hydrolysis of the thionyl chloride, 

washed at least three times with small, excess portions of distilled 

water. The water was sprayed forcefully into the sulfuryl chloride 

to break up the liquid into several small droplets. After each 

washing the droplets of sulfuryl chloride fell to the bottom of the 

test tube and the supernatant wash water was removed with a pipette. 

About 30% of the originally dosed sulfuryl chloride remained 

after use of this water wash technique. The sulfuryl chloride(about 

one-third to one milliter) was then allowed to react to completion 

in a beaker with five milliliters of distilled water and the resulting 

chloride was precipitated by the addition of 0. 2 N mercurous 

nitrate. The precipitate was then treated as described earlier and 

prepared for counting as in Section lIB (Radioactivity Assay). 

The foregoing procedure, as described, was designed to 

yield sulfuryl chloride samples as free as possible from thionyl 

chloride contamination, since the progress of the exchange, except 

in a single case, was followed by observing the growth of activity 

in these samples. In the one case where the thionyl chloride 

fraction's activity was also followed, chloride was precipitated from 

the water layer from which sulfuryl chloride had been separated 

after the approximate one minute initial hydrolysis. This "thionyl 

chloride" fraction would, of course, have been significantly 
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contaminated with chloride derived from partial hydrolysis of the 

sulfuryl chloride, a hydrolysis which, for the procedure as used, 

would not have been as reproducible as one might have desired. 

This irreproducibility would, in turn, have led to a relatively 

variable apparent zero time exchange. It was because of this 

contamination reproducibility pr oblern with the separated "thionyl 

chloride" fraction, that it was decided to follow most of the experi- 

ments by radioassay of the separated sulfuryl chloride fractions. 

In the case of the experiments involving equal quantities of 

thionyl and sulfuryl chlorides, the separation procedure was sub- 

stantially the same as that described above, with the exception that, 

in most cases, in the initial one minute hydrolysis, a 50% ethanol- 

water solution was used, rather than pure water, in the expectation 

that a more controlled hydrolysis rate might be obtained. While 

this procedure proved satisfactory, it seems questionable, in 

retrospect, whether the addition of ethanol was very important; it 

seems probable that water alone, adequately cooled, would have 

served as well. Following the initial hydrolysis, pure water was 

used in the subsequent washings of the separated sulfuryl chloride, 

as described above. 

For those experiments in which thionyl chloride was pre- 

sent in excess (50% or greater mole fraction of thionyl chloride), 

the water wash technique described above was found unsatisfactory, 

in that no sulfuryl chloride was found present after the thionyl 

chloride had completely reacted with the water. This difficulty 

presumably stemmed in part from the smaller amount of sulfuryl 
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chloride initially present and in part from the fact that the heat 

generated by the hydrolysis of the large amount of thionyl chloride 

served to accelerate unduly the sulfuryl chloride hydrolysis, even 

when cooling was used. 

Because of this situation it was necessary to seek an alter- 

native separation technique. Various reagents were mixed with 

the thionyl chloride-sulfuryl chloride mixtures in the hope that one 

reagent would react preferentially with thionyl chloride while 

reacting only slowly or not at all with sulfuryl chloride. Some of 

the compounds tested in this regard were tertiary butyl alcohol, Z- 

hexanol, octyl alcohol and triphenyl carbinol, all of which, however, 

proved to be unsatisfactory. 

A satisfactory separation technique for use in excess thionyl 

chloride for thionyl chioride-sulfuryl chloride mixtures up to the 

maximum mole ratio used of ten to one (100 mmoles of thionyl 

chloride and 10 mmoles of sulfuryl chloride) was finally developed 

using formic acid. The thionyl chioride-sulfuryl chloride exchange 

mixture was frozen with liquid nitrogen, the ampoule cracked open 

and placed with its contents in 3-4 milliliters of technical grade 

formic acid ( 90% acid), which had been cooled to 0°C. The 

resulting mixture was stirred vigorously and the reactions 

SOC l + HCOOH ) ZHC1 + SO2 + CO 

and SO2C12 + ZHC 00H ) H2SO4 + 2HC1 + 2GO 

allowed to proceed for three minutes. 
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The amount of formic acid used corresponded roughly to the maxi- 

mum amount needed for completion of these reactions, calculated 

for the case involving the largest gross combined amounts of 

thionyl and suLfuryl chlorides. The first reaction proceeds signifi- 

cantly faster than the second, but not sufficiently so to make more 

than a partial effective separation in this step. Thus the time used 

represented a compromise, not long enough for complete reaction 

of the thionyl chloride, but not short enough but what a significant 

amount of sulfuryl chloride would react also. It may be noted that 

the fact that the above reactions are observed to be endothermic, 

unlike the hydrolysis processes, undoubtedly helped in making this 

a workable procedure. The mixture was then transferred to a 25 

milliliter Erlenmeyer flask containing ten grams of ice and five 

grams of water. The reaction was allowed to proceed further at 

0°C with vigorous stirring. After about a minute, the sulfuryl 

chloride could be seen to be dispersed in small droplets throughout 

the mixture. By use of a small, capillary pipette, as many as 

possible of these droplets of sulfuryl chloride (they tend to disappear 

through continued reaction within a minute or So) were then trans- 

ferred to a 6?! test tube and washed with ice cold distilled water at 

least three times (in the latter medium the reaction is again 

conveniently slow). The sulfuryl chloride (about O. i to 0. 5 ml) 

was then allowed to react to completion with excess water and the 

resulting chloride treated as previously described in Section lIB 

(Radioactivity Assay). 
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The results of this series of exchange experiments are 

given in Table IA. 

B. Radiosulfur Exchange Experiments between Thionyl Chloride and 

Suif uryl Chloride, No Catalyst. 

Experiments covering a range of concentrations in excess 

thionyl chloride and excess sulfuryl chloride were carried out in 

much the same manner as those described for the radiochlorine 

exchange experiments. Sealed glass ampoules were used for 

containing the exchange mixture and the dosing technique on the 

vacuum system was the same as described in Section III A (Radio- 

chlorine Exchange Experiments between Thionyl Chloride and 

Sulfuryl Chloride, No Catalyst). 

Separation of the reactants for all of these exchange experi- 

ments, irrespective of mole ratios, was accomplished by boiling 

the exchange mixture (after stopping the exchange by freezing with 

liquid nitrogen, opening the ampoule and placing the ampoule with 

its contents in water) with water. The sulfur dioxide formed by 

the reaction between the thionyl chloride and the water was swept 

into a sodium hydroxide solution by a stream of nitrogen gas (the 

evolved gases first being dried by successive passage through a 

cold trap (Dry Ice and chloroform) and a calcium chloride drying 

tube). The sulfuryl chloride also reacts completely with the water 

and forms the non-volatile compound sulfuric acid, so that a 

complete and clean separation of the sulfur (IV) and sulfur (VI) 

fractions was easily achieved bythis procedure. (Some difficulty 
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with contamination of the separated sulfur (IV) fraction by the 

sulfur (VI) was experienced, presumably because of entrained spray 

in the gas stream, until the indicated cold trap was used.) 

The sulfur dioxide in the sodium hydroxide solution was oxi- 

dized and prepared for counting as previously described in Section 

JIB (Radioactivity Assay). The sulfuric acid solution (from the 

sulfuryl chloride-water mixture) was treated with 0. 5 N barium 

chloride and the resulting barium sulfate prepared for counting as 

previously described in Section lIB (Radioactivity Assay). The 

results of this series of radiosulfur exchanges are given in Table 

IB. 

C. Radiochlorine Exchange Experiments between Thionyl Chloride 
and Sulfuryl Chloride in the Presence of Tetramethylammonium 
Chloride. 

Experiments in excess thionyl chloride and excess sulfuryl 

chloride were carried out to determine the catalytic effect of small 

amounts of added chloride ion in the form of tetramethylammoniurn 

chloride. The tetramethylammonium chloride was pipetted quanti- 

tatively (typically about l-5 ml) into the reaction ampoule from a 

standardized stock water solution containing a small amount of 

tetramethylammonium chloride ("-'l-2 x 10 M). The ampoule 

was then placed in a drying oven at 115°C and the water allowed to 

evaporate (generally ove might), leaving the tetramethylammonium 

chloride. The ampoule was then sealed to the vacuum line and 

evacuated to a pressure of 5 x l0 mm of Hg or lower for at least 
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four hours. Thionyl chloride and sulfuryl chloride were then dis- 

tilled into the ampoule from the calibrated cold finger doser and the 

subsequent procedure for running the exchange experiment and 

separating the reactants was similar to that described in Section 1H 

A ( Radiochiorine Exchange Experiments between Thionyl Chloride 

and Sulfuryl Chloride, No Catalyst), except for the initial wash (for 

excess sulfuryl chloride) which was done with five milliliters of a 

10% solution of sodium hydroxide. This variation in procedure 

was introduced in order to accelerate the hydrolysis of the thionyl 

chloride and thus obtain a rapid termination of these relatively fast 

reactions. The bulk of the sulfuryl chloride was then removed 

from this solution after about a minute and the sulfuryl chloride 

treated as described in Section lilA (Radiochlorine Exchange Experi- 

ments between Thionyl Chloride and Sulfuryl Chloride, No Catalyst). 

The results of this series of experiments are given in Table lIA. 

D. Radios ulfur Exchange Experiments between Thipn'rl"Chloride and 

Sulfuryl Chloride in the Presence of Tetramethylammonium 
Chloride. 

Dosing procedures for this series of experiments were 

exactly the same as those described in Section hIC (Radiochlorine 

Exchange Experiments between Thionyl Chloride and Sulfuryl 

Chloride in the Presence of Tetramethylammonium Chloride). The 

separation procedure and subsequent sample preparation were the 

same as described in Section IIIB (Radiosulfur Exchange Experi- 

ments between Thionyl Chloride and SuIf uryl Chloride, No Catalyst). 
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The results of this series of experiments are given in Table JIB. 

E. Radiochiorine Exchange Experiments between Thionyl Chloride 
and Antimony Pentachioride. 

The reaction ampoule for these experiments is shown in 

Figure 1. Antimony pentachloride was pipetted into the tared glass 

ampoule (fitted with two break-tip seals) while in a dry box, the 

ampoule was stoppered and then reweighed. The ampoule was 

next sealed onto the vacuum system and the system evacuated to a 

high vacuum. The antimony pentachioride was then frozen with 

liquid nitrogen, the break-tip broken by means of a magnetic hammer 

and the ampoule evacuated to a pressure of 5 x l0 mm of Hg for 

two hours. Thionyl chloride was then dosed (using the dosing finger 

technique as previously described for this compound) into the 

reaction ampoule, cooled with liquid nitrogen, and the reaction 

ampoule, still at liquid nitrogen temperature, was removed from 

the vacuum line. The contents of the ampoule was warmed rapidly 

and the exchange experiment allowed to proceed for a specified 

time. 

Separation of the reactants was accomplished by fractionally 

distilling the thionyl chloride away from the antimony pentachloride. 

The contents of the ampoule was frozen with liquid nitrogen at the 

end of the exchange period and the ampoule reattached to the 

vacuum line and the system evacuated (see Figure Z). The break- 

tip was broken by means of a magnetic hammer and the contents 

of the ampoule allowed to warm to -5 1°C in a cold bath 
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( chloroform with some added Dry Ice) for one minute while an 

ampoule. B, was kept at liquid nitrogen temperature. A small 

initial portion of the thionyl chloride (about a drop) was allowed to 

condense into the ampoule at B, then the original ampoule A was 

also cooled to liquid nitrogen temperature and the ampoule B sealed 

off from the vacuum line. The contents of this ampoule B appeared 

to be relatively pure thionyl chloride (no tinge of yellow appeared 

and a negative hydrogen sulfide test for antimony was obtained), 

and was hydrolyzed with water and the chloride thus obtained then 

treated as previously described for radioactive assay in Section II. 

The contents of the ampoule A was then allowed to warm to 

0°C (ice-water bath) while the ampoule C was kept at liquid nitro- 

gen temperature. The remainder of the thionyl chloride distilled 

into C along with some of the antimony pentachioride. After about 

90 minutes the residual contents of A was frozen with liquid nitro- 

gen and the ampoule A containing presumably relatively pure 

antimony pentachloride (about 0. 2 milliliters in each case) removed 

from the vacuum line and the contents prepared for radioactive 

assay. 

For this assay, the antimony pentachloride in the ampoule 

was poured into 5 N nitric acid in a test tube, diluted to a 2 N acid 

concentration with water and centrifuged (antimony oxychioride 

precipitates). The supernatant liquid was then decanted and treated 

with hydrogen sulfide gas for 15 minutes. The resulting antimony 

sulfide was removed by centrifugation, the supernatant was decant- 

ed, boiled (to remove hydrogen sulfide), and the chloride was 
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precipitated with the addition of 0. 2 N mercurous nitrate. The 

mercurous chloride was then prepared for counting as previously 

described in Section lIA (General). 

The results of these experiments are given in Table lilA. 

F. Radiochiorine Exchange Experiments between SuIíuryl Chloride 
and Antimony Pentachioride. 

A few experiments of this nature were carried out in a 

reaction ampoule as shown in Figure 3. The antimony pentachlor- 

ide was pipetted (while in a dry box) into the tared glass ampoule, 

the ampoule stoppered and reweighed. The ampoule was attached 

to the vacuum line, the system evacuated, the contents of the 

ampoule frozen with liquid nitrogen, the break-tip seal opened by 

means of a magnetic hammer and the entire system evacuated to a 

pressure of less than 5 x l0 mm of Hg or lower. The sulfuryl 

chloride was then distilled into the ampoule (still at liquid nitrogen 

temperature) from a calibrated cold finger doser and the still cold 

ampoule was sealed off from the vacuum line. 

The exchange mixture was then warmed rapidly to a desired 

temperature (the materials were completely miscible) and the 

exchange reaction allowed to take place. After a certain time the 

exchange was stopped by removing the stopper and pipetting the 

exchange solution into ten ml of a 10% aqueous solution of potassium 

tartrate at room temperature. The tartrate forms a water soluble 

complex with the antimony (from the completely hydrolyzed anti- 

mony pentachloride), and the sulfuryl chloride reacts only slowly 
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with the water. The bulk of the sulfuryl chloride forms a separate 

layer and was removed from the mixture by a pipette, washed 

several times with distilled water, finally hydrolyzed with water 

and the chloride thus obtained,prepared for radioactive assay as 

described in Section lIA (General). The results of these experiments 

are listed in Table IIIB. 

G. Radiochlorine Exchange Experiments between Thionyl Chloride 

and Sulfuryl Chloride in the Presence of Antimony Pentachioride. 

The design of the reaction ampoule for these reactions is 

shown in Figure 3. The procedure for adding the reactants was 

the same as described in Section 111E (Radiochiorine Exchange 

Experiments between Thionyl Chlor ide and Antimony Pentachioride). 

The separation procedure was similar to that in Section IIIF(Radio- 

chlorine Exchange Experiments between Sulfuryl Chloride and 

Antimony Pentachioride) except that to stop the exchange reaction, 

ten milliliters of a 10% aqueous solution of potassium tartrate were 

added to the exchange mixture just after freezing the contents with 

liquid nitrogen. The reaction proceeds smoothly as the mixture 

comes to room temperature, both the antimony pentachioride and 

the thionyl chloride hydrolyzing completely, and the antimony then 

complexing with the tartrate. Again the sulfuryl chloride hydrolyzes 

to only a minor extent, most of it forming a separate lower layer 

which was separated from the aqueous layer with a pipette. The 

sulfuryl chloride was washed thoroughly with distilled water as 

previously described in Section III A (Radiochiorine Exchange 
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Experiments between Thionyl Chloride and Sulfuryl Chloride, 

No Catalyst) and prepared for radioactive assay as in Section II A 

(General). The sulfuryl chloride was the only reactant whose radio- 

activity was measured at the end of the exchange time. The results 

of these experiments are given in Table IHC. 

H. Radiosulfur Exchange Experiments between Thionyl Chloride and 

Sulfuryl Chloride (Excess) in the Presence of Antimony 
Pentachioride. 

Dosing and separation procedures were identical with those 

described in Section IIIG( Radiochior me Exchange Experiments be - 

tween Thionyl Chloride and Sulfuryl Chloride in the Presence of 

Antimony Pentachloride). The results are listed in Table hID. 

I. Radiochiorine Exchange Experiments between Thionyl Chloride 
and Sulfuryl Chloride (Excess) in the Presence of Triethylamine. 

A small amount of triethylamine was added to a mixture of 

thionyl chloride and sulfuryl chloride (descriptions of dosing pro- 

cedure s in Section lilA (Radiochlorine Exchange Experiments between 

Thionyl Chloride and Sulfuryl Chloride, No Catalyst). The triethyl- 

amine was dosed from a small calibrated cold finger into the glass 

reaction ampoule at liquid nitrogen temperature. The ampoule 

was sealed off from the vacuum line and warmed to a desired 

temperature. The reaction was stopped by cooling the mixture to 

liquid nitrogen temperature and the separation carried out exactly 

as described in Section IIIA(Radiochlorine Exchange Experiments 

between Thionyl Chloride and Sulfuryl Chloride, No Catalyst). 



45 

The results are listed in Table IVA. 

J. Radiosulfur Exchange Experiment between Thio»yl Chloride and 

SuIf uryl Chloride (Excess) in the Presence of Triethylamine. 

Dosing and separation procedures were those as described 

inSectionlil I( Radiochiorine Exchange Experiments between Thionyl 

Chloride and Sulfuryl Chloride (Excess) in the Presence of Triethyl- 

amine). The results are listed in Table IVB. It is to be noted that 

a certain amount of color developed in this solution on its being 

warmed to reaction temperature (cf. footnote, Table IVB), suggest- 

ive of some reaction between the triethylamine and one or both of 

the solution components. The color did not, however, appear to 

deepen noticeably over the period of the experiment from its initial 

intensity. 

K. Radiochlorine Exchange Experiments between Thionyl Chloride and 

Sulíuryl Chloride in the Presence of Sulfur Dioxide. 

Two experiments were carried out in which to the exchange 

mixture of thionyl chloride and sulluryl chloride (description of 

dosing procedure and separation procedure in Section lilA (Radio- 

chlorine Exchange Experiments between Thionyl Chloride and 

Sulfuryl Chloride, No Catalyst) was added a small amount of sulfur 

dioxide. The sulfur dioxide was dosed as a gas, a known volume 

at a known temperature being condensed into the reaction ampoule. 

The results of these experiments are given in Table V. 



L. Radiochiorine Exchange Experimentsbetween Th&onyl Chloride 
and Antimony Pentachioride in the Presence of Tetraethylammonium 
Chloride--Acetonitrile as the Solvent. 

The design of the reaction ampoule for these experiments is 

shown in Figure 1. The antimony pentachloride was pipetted, in the 

dry box, into the tared ampoule, which was then capped, removed 

from the dry box and weighed. The ampoule was then returned to 

the dry box and an aliquot of an acetonitrile solution of tetraethyl- 

ammonium chloride was pipetted in. The tetraethylammonium 

chloride solution of known concentration had itself been prepared 

by weighing the salt and dissolving it in a known volume of solvent 

entirely within the dry box. The ampoule was stoppered, removed 

from the dry box and sealed to the vacuum line. The exchange 

mixture was then treated almost the same as those described in 

Section IIIE(Radiochlor me Exchange Experiments between Thionyl 

Chloride and Antimony Pentachloride) except that the separation 

was not carried beyond the collection of the first volatile fraction, 

i.e. no residue was collected. The results of these experiments 

are shown in Table VIA. 

M. Radiochiorine Exchange Experiments between Thionyl Chloride and 

Antimony Pentachioride in the Presence of Triethylamine. 

One experiment was carried out in a reaction ampoule as 

shown in Figure 1. The thionyl chloride and antimony pentachioride 

were dosed as previously described in Section 111E (Radiochiorine 

Exchange Experiments between Thionyl Chloride and Antimony 
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Pentachioride). The triethylamine was dosed into the ampoule at 

liquid nitrogen temperature from a calibrated cold finger at 00C 

. o 
on the vacuum line. The ampoule was sealed off, warmed to O C 

for a specified time and then the exchange reaction stopped by 

freezing the mixture with liquid nitrogen. The separation procedure 

was that described inSection 111E (Radiochiorine Exchange Experi- 

ments between Thionyl Chloride and Antimony Pentachioride), 

except that,as inSection uIL (Radiochlorine Exchange Experiments 

between Thionyl Chloride and Antimony Pentachioride in the Pre- 

sence of Tetraethylammonium Chloride--Acetonitrile as the Sol- 

vent), only a volatile fraction and no residue were collected. The 

result of this experiment is given in Table VIE. It is to be noted 

that the solution in this experiment underwent considerable dis- 

coloration, indicative of an unstable system, turning essentially 

black within five minutes after warming to reaction temperature, 

as indicated in the footnote in Table VIE. 

N. Radiochlorine Exchange Experiments between Thionyl Chloride and 

Sulfuryl Chloride (Excess) in the Presence of Triethylamine and 

Antimony Pentachioride. 

Experiments were carried out using a reaction ampoule as 

shown in Figure 3. The procedure for adding the reactants has 

been de scribed in Sections 111E , I (Radiochlorine Exchange Experiments 

between Thionyl Chloride and Antimony Pentachioride and Radio- 

chlorine Exchange Experiments between Thionyl Chloride and 

Sulfuryl Chloride (Excess) in the Presence of Triethylamine); i.e. 
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the antimony pentachloride was first put in the dry box, being 

weighed after removal of the ampoule from the dry box, and then 

the other reactants were dosed in on the vacuum line. As indicated 

in a footnote to Table VIB, a yellow-white precipitate of unknown 

composition (possibly an SbCI5-Et3N addition compound?) formed 

in the solution immediately upon the reaction mixture 's being 

brought to the reaction temperature. For separation of reactants, 

therefore, the supernatant liquid (mainly sulfuryl chloride) was 

drawn off with a pipette and then washed repeatedly in a test tube 

with distilled water to eliminate thionyl chloride. The results of 

this experiment are given in Table VIB. 

O. Radiochiorine Exchange Experiment between Sulfuryl Chloride and 

Antimony Pentachloride in the Presence of Triethylamine. 

One experiment was carried out using a reaction ampoule 

as shown in Figure 3. The addition of sulfuryl chloride ("-' 20 

mmoles) and antimony pentachioride (labeled; 3. 38 mmoles) was 

the same as described in Section 111G (Radiochiorine Exchange 

Experiments between Thionyl Chloride and Sulfuryl Chloride in 

the Presence of Antimony Pentachioride). Triethylamine (3.38 

mmoles) was dosed as a liquid as described in Section III I (Radio- 

chlorine Exchange Experiments between Thionyl Chloride and 

Sulfuryl Chloride (Excess) in the Presence of Triethylamine). 

This experiment was not a success. After dosing of reactants, the 

mixture was warmed to 0°C. Thereupon a white to orange solid 

appeared and some gas evolution was observed. Within two 
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minutes the whole mixture had become semi-solid. Attempts 

thereupon to effect a separation of reactants by treatment with 

water yielded no fruitful results. 
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TABLE I A. Radiochiorine Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride. No Catalyst. 

Activities, (c) cpm/mg S 

Experiment(a) Group Reactants(b), Time, 
Number Number millimoles A 

502C12 50C12 A° -- i F 502C12 1-F 50Cl2 days 
Temperature 25.0°C 

1-38-1 1 50C12* 0. 100 0. 156 684. 6 6. 78 0. 977 --- 10. 00 
1-38-6 502C12 10.0 0.129 684.6 6.78 0.981 --- 13.00 
1-38-8 0.229 684.6 6.78 0.966 --- 19.00 
1-38-9 0. 137 684. 6 6. 78 0. 980 --- 23. 00 
1-38-12 0. 237 684. 6 6. 78 0. 965 --- 26.00 

1-37-1 2 50C12* 1. J(J 0. 831 --- 684. 5 22. 08 0. 962 --- 9.00 
1-37-5 502C12 30. 0 0. 452 --- 684. 5 22. 08 0. 980 --- 15. 00 
1-37-9 0.606 --- 684.5 22.08 0.973 --- 22.00 
1-37-11 0.594 --- 684.5 22.08 0.973 --- 25.00 

1-56-3 3 50C12* 1. 00 0. 286 --- 252. 0 8. 13 0. 965 --- 55. 00 
1-56-5 502C12 30.0 0.600 --- 252.0 8. 13 0.926 --- 78.00 
1-56-7 0.586 --- 235.0 7.58 0.923 --- 108.00 

1-28-1 4 50C12* LOO 0.054 10.48 10.77 0.979 0945 0.970 Zero 
1-29-1 502C12 10.0 0.962 8.78 10.77 0.979 0.017 0.797 1.00 
1-30-1 --- 7.89 10.77 0.979 --- 0.706 4. 00 
1-30-7 --- 7.44 10.77 0.979 --- 0.660 6.00 
1-31-1 --- 7.35 10.77 0.979 --- 0.651 8.00 
1-32-1 --- 775 10.77 0.979 --- 0.692 13.00 
1-34-3 --- 5.78 10.77 0.979 --- 0.490 34.00 

1-57-1 5 50C12* 1.00 1.25 --- 252.0 22.91 0.945 --- 39.00 
1-57-3 502C12 10.0 1.73 --- 252.0 22.91 0.924 --- 54. 00 
1-57-5 3.14 --- 252.0 22.91 0.863 --- 78.00 
1-57-7 2.62 --- 252.0 22.91 0. 886 --- 109. 00 
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TABLE IA. Continued. 

Activities,( C) cpm/mg 
Experiment(a) Group Reactants(b) Time, 
Number Number millimoles ASOC1 ASOC1 A° Act l_FS02C12 l_FsoCl2 days 

1-39-1 6 SOC12* 10.0 14. 79 --- 203.0 101. 5 0. 854 --- 4.00 
1-39-3 S02C12 10.0 17.09 --- 203.0 101.5 0.832 --- 7.00 
1-39-5 18.20 --- 203.0 101.5 0.821 --- 10.00 
1-39-7 19.28 --- 203.0 101.5 0.810 --- 13.00 

1-60-1 7 SOC12* 10.0 25.10 --- 252.0 126.0 0.801 --- 31.00 
1-60-3 S02C12 10.0 32.00 --- 252.0 126.0 0.746 --- 49.00 
1_60_5(d) 1. 53 --- 252. 0 126. 0 0. 988 --- 78.00 
1-60-7 55.70 --- 235.0 117.5 0.526 --- 102.00 

1-106-1 8 SOC12 61.4 14.20 --- 18.37 4.51 0.699 --- 54.00 
1-106-2 S02C12* 20.0 12.06 --- 18.37 4.51 0.545 --- 74.00 
1-106-3 10. 09 --- 18. 37 4. 51 0. 403 --- 96.00 

1-46--1 9 SOC12 61.4 148.6 --- 155.1 21.72 0.951 --- 8.00 
1-46-3 S02C12* 10. 0 142. 6 --- 155. 1 21. 72 0. 906 --- 35.00 
1-46-5 133.9 --- 155.1 21.72 0.841 --- 40.00 
1-46-7 111.7 --- 155.1 21.72 0.675 --- 62.00 

1-47-1 10 SOCi2 100 143.6 --- 155.1 14.10 0.918 --- 8.00 
1-47-3 S02C12* 10.0 133. 7 --- 155. 1 14. 10 0. 848 --- 35.00 
1-47-5 138.6 155. 1 14. 10 0. 883 --- 40.00 
1-47-6 119.5 --- 155.1 14.10 0.748 --- 62.00 

Temperature 0.0°C 
1-40-1 11 SOC12* 10.0 13.23 --- 203.0 101.5 0.870 7.00 
1-40-2 S02C12 10.0 13.64 --- 203.0 101.5 0.866 --- 10.00 
1-40-4 14.11 --- 203.0 101.5 0.861 --- 13.00 
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TABLE IA. Continued. 

Activities,') cpm/mg 
Experiment(a) Group Reactants(b), Time, 
Number Number millimoles Aso2ci2 Asi2 A° AG) l_Fso2ci2 l_Fsoci2 days 

Temperature 45. 0°C 
1-41-1 12(d) soci2* 10.0 12.56 --- 203.0 101.5 0.876 --- 2.00 
1-41-2 S02C12 10.0 15.01 203.0 101. 5 0. 852 --- 6.00 
1-41-6 18.87 --- 203.0 101.5 0.814 --- 9.00 
1-41-4 22.22 --- 203.0 101.5 0.781 --- 12.00 

(a) The experiment number refers to the research notebook volume number, the page number and the ampoule number for each series of 

experiments. 
(b) Asterisk indicates reactant initially active. 
(c) ASO2C12, ASOC12 and A° (initial activity) are experimentally measured specific activities, A is a specific activity calculated from A° 

and the recorded reactant amounts. 
(d) These experiments had a yellowish color in the exchange mixture after about one day. 
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TABLE I B. P.adiosulfur Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride. No Catalyst. 

Activities(c), cpm/mg 
Experiment(a) Group Reactants(b) Time 

A A A° A 1F 1F Number Number millimoles 502C12 50C12 502C12 50C12 days 
Temperature 25. 0°C 

2-26-1 13 5*0Cl2 0.100 2.70 --- 5200.0 5L48 0.9476 --- 21.00 
2-26-2 502C12 10.0 0.202 --- 4701.4 4655 0.9957 --- 34.00 
2-26-3 0.476 --- 3633.1 35.97 0.9868 --- 67.00 
2-26-4 0. 318 --- 3414. 1 33. 80 0. 9906 --- 78.00 

2-25-1 14(d) 5*0Cl2 1.00 10.11 --- 5200.0 167.7 0.9397 --- 22.00 
2-25-2 502C12 30.0 28. 52 --- 4701.4 151.6 0. 8119 --- 35.00 
2-25-3 6. 07 --- 3633. 1 1 17. 2 0. 9482 --- 68.00 
2-25-4 0.005 --- 3414.0 110.1 0.9999 --- 79.00 

2-24-1 15 S*0C12 1.00 6.82 --- 5200.0 472.7 0.9856 --- 22.00 
2-24-2 S02C12 10.0 3.06 --- 4701.4 427.4 0.9928 --- 35.00 
2-24-3 4.07 --- 3633.1 330.3 0.9877 --- 68.00 
2-24-4 4.55 --- 3414.0 310,4 0.9854 --- 79.00 

2-27-1 16 5*0C12 10.0 12.08 --- 5175.0 25875 0.9953 --- 29.00 
2-27-2 502C12 10.0 8.41 --- 3633.1 1816.6 0.9954 --- 66.00 
2-27-3 21.10 --- 3414.0 1707.0 0.9876 --- 77.00 

2-43-1 17 50C12 10.0 934.3 0.167 965.3 87.75 --- 0.9981 11.00 
2-43-2 S*02C12 1.00 665.6 0431 703.0 63.91 --- 0.9933 44.00 
2-43-3 615.6 0.218 654.9 59.54 --- 0.9963 55.00 

2-46-1 18 SOC12 61.4 --- 0.010 965.3 15.47 --- 0.9994 11.00 
2-46-2 S*02C12 1.00 694.7 0.071 703.0 11,27 --- 0.9937 44.00 
2-46-3 638.1 0.079 654.9 10.50 --- 0. 9925 54.00 

2-47-1 19 SOd2 100 --- 0.000 965.3 9.56 --- 1.000 10.00 
2-47-2 S*02C12 1.00 686.1 0.000 703.0 6.96 --- 1.000 43.00 
2-47-3 --- 0.000 654.9 6.48 --- 1.000 53.00 



TABLE I B. Continued. 

Activities(ì, cpm/mg 
Experiment(a) Group Reactants(b), Time, 
Number Number millimoles AS02C12 ASOC12 A° Aco l_FSO2C1Z l_F'soci2 days 

Temperature O. 0°C 
2-28-1 20 S*0C12 1.00 2.46 --- 5738.8 521.7 0.9953 --- 23.00 
2-28-2 S02C12 10.0 2.61 --- 4701.4 427.4 0.9939 --- 31.00 
2-28-3 0.946 --- 3633. 1 330. 3 0.9971 --- 64.00 

2-56-1 21 SOC12 10. 0 183. 5 --- 189. 7 94. 85 0. 934 --- 17.00 
2-56-2 S*02C12 10.0 174. 6 --- 175.4 87.70 0.991 --- 28.00 

2-44-1 22 SOC12 10.0 825. 5 0. 000 965. 3 87. 75 --- 1. 000 11.00 
2-44-2 S*02C12 1.00 716.9 0.000 7030 63.91 --- 1.000 44.00 
2-44-3 613.0 0.000 654.9 59.54 --- 1.000 55.00 

Temperature 45. 0°C 
2-29-1 23(d) S*0C12 1. 00 17. 83 --- 5647. 4 513. 4 0. 9653 --- 14.00 
2-29-2 S02C12 10.0 2.57 --- 470&4 427.4 0.9940 --- 30.00 
2-29-3 2. 92 --- 3633. 1 330. 3 0. 9912 --- 64.00 

2-57-1 24(d) SOCi2 10.0 188.4 --- 189.7 94.85 0.986 --- 17.00 
2-57-2 S*02C12 10.0 172.5 --- 175.4 8770 0.967 --- 28.00 

2-45-1 25(d) 0.0 887. 1 0. 250 965. 3 87. 75 --- 0.9972 11.00 

2-45-2 S*02C12 1.00 702.0 0.453 703.0 63.91 --- 0.9929 44.00 
2-45-3 643.8 0.446 654.9 5954 --- 0.9925 55.00 

( 
a) The experiment number refers to the research notebook volume number. the page number and the ampoule number for each series of 

experiments. 
(b) Asterisk indicates reactant initially active. 
(c) ASO2C12, ASOC12 and A° (initial activity) are experimentally meas'imd specific activities. A is a specific activity calculated from A° 

and the recorded reactant amounts. 
(d) The exchange mixture for thisseries of experiments turned a yellow color in less than 12 hours. Most J.iIceiy decomposition of one or both of 

the compounds is taking place. 



TABLE II A. Radiochlorine Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride with Added Tetramethylammonium Chloride. 

Activities(c), cpm/mg 
Experiment(a) Group Reactants, ------------------------------------------------ Time, 
Number Number millimoles ASO2C12 ASOC12 A° A lFSO2Cl2 minutes 

Temperature -45. 2°C 
1-72-1 26(g) 50C12* 1.00 0.287 147.1 4.74 0.940 Zero 
1-72-2 502C12 30.0 0.270 147.1 4.74 0.943 Zero 
1-72-3 Me4NC1 none 0. 532 147. 1 4.74 0. 888 Zero 
1-77-1 0.235 30.01 1471 4.74 0.950 Zero 
1-77-2 0. 640 28. 86 147. 1 4,74 0. 865 Zero 
1-77-3 0.315 29.22 147.1 4,74 0.934 Zero 

1-78-1 27 50C12* 1.00 0. 285 29. 61 147. 1 4. 74 0.940 60.0 
1-78-2 SO.,Cl, 30.0 0.435 31. 00 147. 1 4.74 0.908 360.0 

Me4NC1 1.00xlO4 

1-66-1 28 50C12* 1.00 6.98 
1-74-1 502C12 30.0 4.69 
1-74-3 Me4NC1 1.00x103 4.23 
1-74-5 4.72 

1-75-1 29 50C12* 1.00 4.84 
1-75-3 502C12 30.0 4.71 
1-75-5 Me4NC1 5.00x103 4.93 
1-75-7 4.63 

1-89-1 30 50C12* 1.00 0.215 54.40 
1-89-2 502C12 10.0 0.265 57.95 

Me4NC1 2.00x104 

254.9 8.22 0.151 1.0 
147.5 4.76 0.015 90.0 
147.5 4.76 0.111 240.0 
147.5 4.76 0.008 510.0 

147.1 4.74 -0.021 30.0 
147.1 4.74 0.006 60.0 
147.1 4,74 -0.040 90.0 
147.1 4.74 0.023 150.0 

102.5 9.32 0.977 1860.0 
102.5 9.32 0.972 4320.0 
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TABLE II A. Continued. 

Activities(C), cpm/mg 
Experiment(a) Group Reactants(, ----------------------------------------------- Time. 
Number Number millimoles As02C12 Asoci2 A° Aw l-Fs02C12 minutes 
1-85-1 31 SOC12* 1.00 3.64 46.55 104.7 9.52 0.618 30.0 
1-85-2 S02C12 10.0 3.22 52. 26 104.7 9.52 0.662 60.0 
1-85-3 Me4NC1 5.00x104 4.60 58.35 104.7 9.52 0.517 120.0 
1-85-4 5.48 26.90 104.7 9.52 0.424 180.0 
1-85-5 6.20 103.6 9.42 0.342 240.0 

1-101-3 32 SOC12* 1.00 1.65 33.30 104.9 9.54 0.827 Zero 

1-101-1 S02C12 10.0 4.18 11.50 104.9 9.54 0.562 30.0 
1_101_3(i) Me4NC1 7.00xlO4 9.61 11.50 104.9 954 -0.007 50.0 
1-101-4 6.22 9.80 104.9 9,54 0.348 70.0 
1-101-5 6.53 9.90 104.9 9.54 0.316 80.0 
1-101-6 7.10 10.15 104.9 9.54 0.256 90.0 

1-82-4 33 SOC12* 1.00 2.10 42.60 102.0 9.27 0.774 Zero 

1-83-1 S02C12 10.0 3.83 36.40 99.10 9.01 0.575 15.0 
1-82--5 Me4NC1 1.00x103 5.90 21.90 102.0 9.27 0.364 20.0 
1-83-2 6.30 15.70 99.10 9.01 0.301 30.0 
1-83-3 6.43 18.02 99.10 9.01 0.286 45.0 
1-82-2 8.25 16.81 105.1 9.55 0.136 70.0 
1-82-3 8.51 9.85 102.0 9.27 0.082 100.0 

1-86-1 34 SOC12* 1.00 7.94 14.95 103.6 9.42 0.157 0.5 
1-86-2 S02C12 10.0 8.48 14.85 103.6 9.42 0.100 1.0 
1-86-3 Me4NC1 2.00x103 9.02 14.45 103.6 9.42 0.042 2.0 
1-86-4 9. 24 12. 80 103,6 9.42 0.019 3.0 
1-86-5 9. 58 10. 90 103.6 9.42 -0. 017 4.5 

1-84-1 35 SOC12* 1.00 8.26 17.75 99.00 9.00 0.082 Zero 

1-84-5 S02C12 10.0 9.33 9.27 98.70 8.97 -0.040 1.0 
1-84-6 Me4NC1 5. 00x103 9.60 9. 30 98.70 8.97 -0. 070 2.0 



TABLE II A. Continued. 

Activities( c) cpm/mg 
Experiment(a) Group Reactants(b), ------------------------------------------------ Time. 
Number Number millimoles AS02C12 ASOC12 A° Ax l-FSO2C12 minutes 
1-84-7 8. 01 9. 32 98. 70 8. 97 0. 107 3.0 
1-84--8 9.02 9.15 98.70 8.97 -0.006 4.0 
1-84-3 7.68 9.27 99.00 9OO 0.147 6.0 
1-84-4 7.56 9.33 99.00 9.00 0.160 12.0 
1-84-2 9.32 9.04 99.00 9.00 -0.036 150.0 

1-90-4 36 SOC12* O. 57 1. 22 --- 102. 3 5. 52 0. 779 10.0 
1-90-8 S02C12 10. 0 2. 52 10. 85 104. 2 5. 62 0. 552 40.0 
1-90-9 Me4NC1 i.00xiO 3.04 5.70 104.2 562 0.459 60.0 
1-90-3 3. 19 15. 50 102. 5 5. 53 0. 423 80.0 
1-90-6 4.20 5.80 102.3 5.52 0.239 120.0 
1-90-7 5.78 5.69 104.2 5.62 -0.028 720.0 

1-92-1 37 SOC12* 1.57 5.56 39.75 104.2 14.14 0.607 5.0 
1-92-5 S02C12 10.0 4.60 19.80 61.00 8.28 0.444 12.0 
1-92-3 MeNC1 i.oOxio3 8.90 21.70 104.2 1414 0.371 15.0 
1-92-6 5.74 19.05 61.00 8,28 0.307 20.0 

1-96-1 38 SOC12* 2.00 3.50 44.50 99.45 16.58 0.789 1.0 
1-96-2 S02C12 10.0 5.20 37.35 99.45 1658 0.686 2.0 
1-96-3 Me4NC1 1.00x103 7.84 35.50 99.45 16.58 0.527 3.0 
1-96-4 7.04 30.86 99.45 16.58 0.575 4.0 
1-96-5 10.35 29.90 99.45 1658 0.376 5.0 
1-96-6 8.60 35.80 99.45 1658 0.481 6.0 

1-108-1 39(k) sci2 61.4 11.66 --- 18.37 2.57 0.575 5.0 
1-108-2 S02C12* 10.0 12.70 --- 18.37 2.57 0.641 15.0 
1-108-3 Me4NC1 2.00x103 15.60 --- 18.37 2.57 0.825 30.0 
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TABLE II A. Continued. 

Activities(C), cpm/mg 
Experiment(a) Group Reactants(b), ------------------------------------------------ Time, 
Number Number millimoles AS02C12 ASOC12 A° Acn l_FS02C12 minutes 
2-6-3 40 SOCi2 61.4 13.56 18.37 2.57 0.696 20.0 
2-6-2 S02C12* 10.0 8.40 18.37 2.57 0.369 40.0 
2-6-4 Me4NC1 1.95x103 8.90 18.37 2.57 0.401 60.0 
2-6-1 5. 58 18. 37 2. 57 0. 190 90.0 

1_110_1 41(k) 61.4 16.05 -- 18,37 2,57 0.853 60.0 
1-110-3 SO2C1* 10.0 12.28 --- 18.37 2.57 0.615 150.0 
1-110-4 Me4NC1 5.00x103 9.05 --- 18.37 257 0.410 270.0 
1-110-2 3.40 --- 18.37 2.57 0.053 360.0 

2-43-2 42 SOC12 61.4 5.97 --- 8.41 1. 18 0.663 10.0 
2-13-3 S02C12* 10. 0 4. 51 --- 8. 41 1. 18 0. 461 25.0 
2 13-1 MeNC1 4.88x103 2. 18 --- 8.41 1 18 0. 138 50.0 

1-1 12-4 43 SOCl2 61. 4 13. 05 --- 18. 37 2. 57 0. 663 8.0 
1-112-2 502C12* 10.0 11.85 --- 18.37 2.57 0.587 12.0 
1-112-1 Me4NC1 6.82x103 6.47 --- 18.37 2.57 0.247 30.0 
1-1i2-3 8.16 --- 18.37 2,57 0.354 45.0 

2-2-4 44 SOCi2 61.4 18.32 --- 18.37 2.57 0.997 Zero 

2-2-2 502C12* 10.0 16.86 --- 18.37 2.57 0.904 1.5 
2-2-3 Me4NC1 9.75x103 13.89 --- 18.37 257 0.716 3.5 
2-2-1 11.89 --- 18.37 2.57 0.590 5.0 

2-15-1 45 SOCi2 100 10.00 --- 9.88 0.898 1.013 Zero 

2-15--3 502C12* 10.0 4.33 --- 9.88 0.898 0.382 100.0 
2-15-2 Me4NC1 2.98x103 3.86 --- 9.88 0.898 0.330 120.0 



TABLE II A. Continued. 

Activities( c), cpm/mg 
Experiment(a) Group ReactantsU') -- Time 
Number Number millimoles A 

S02C12 A 
SOC12 

A° A 1F S02C12 minutes 
2-14-4 46 SOCi2 61.4 9.82 --- 9.88 2.43 0.992 Zero 

2-14-1 S02C12* 20.0 8.70 --- 9.80 2.41 0.851 2.0 
2-14-3 MeNC1 2.24x103 7. 10 --- 9.88 2.43 0.627 15.0 
2-14-2 6.81 --- 9.80 2.41 0.595 25.0 

Temperature -55. 0°C 
2-11-3 47 SOC12* 1.00 1.05 6.57 56.30 5,12 0.795 60.0 
2-11-2 S02C12 10.0 2.78 7.18 56.30 5.12 0.457 240.0 
2-11-1 Me4NC1 5.85x104 3.42 7.80 56.30 512 0.332 360.0 

2-18-2 48 SOCi2 61. 4 15. 45 ---- 17. 21 2. 41 0. 881 25.0 
2-18-1 S02C12* 10.0 11.90 --- 17.21 241 0.641 50.0 
2_18_3(1) Me4NC1 1.95x103 2.62 --- 17.21 2.41 0.014 100.0 

Temperature -31°C 
1-61-3 49 SOC12* 1.00 8.48 --- 254.9 8.22 -0.032 10.0 

S02C12 30.0 
Me4NC1 i. 00xiO3 

Temperature -22. 9°C 
1-97-1 so(i) SOC12* 1.00 0.398 29.50 99.40 9.04 0.956 25.0 
1-97-2 S02C12 10.0 0.645 28.60 99.40 9.04 0.929 45.0 
1-97-3 MeNC1 4.88x104 0.800 27.65 99.40 9.04 0.912 65.0 

2-9-3 51 SOC12* 1.00 1.11 7.46 55.70 5.06 0.781 Zero 

2-9-2 S02C12 10.0 2.70 6.82 55.20 5.02 0.462 1.0 
2-9-1 MeNC1 5. 85x104 4. 40 5.93 55.70 5.06 0. 130 5.0 
1-97-4 9.24 9.50 101.4 9.22 -0.002 45.0 
1-97-5 9.66 9.34 101.4 9.22 -0.048 65.0 
1-97-6 9.60 9.65 101.4 9.22 -0.041 90.0 

2-17-2 52 SOC12 61.4 12.17 --- 17.21 2.41 0.659 15.0 
2-17-3 S02C12* 10.0 6.59 --- 17.21 2.41 0.282 40.0 
2-17-1 MeNC1 1.95x103 3.88 17.21 2.41 0.099 100.0 



TABLE II A. Continued. 

________________________________ 
- 

Activities), cpm/mg 
xpeHment Group Reactants -- Time, 

Number Number millimoles AS02C12 ASOC1 A° A l_FS02C12 minutes 
Temperature O. 0°C 

1-81-1 53(d) soci2* 1.00 0.690 24.92 147.1 4,75 0.855 60.0 
1-79-1 S02C12 30.0 0.220 26.02 147.1 4.75 0.954 720.0 
1-79-3 Me4NC1 see note (h) O. 440 22. 46 147. 1 4. 75 0. 907 720.0 

1-98-1 54(i) soci2* i.00 0.560 33.77 99.40 9.04 0.938 5.0 
1-98-2 S02C12 10.0 0.755 28.45 99.40 9.04 0.916 10.0 
1-98-3 MeNC1 4.88x104 0.640 33.20 99,40 9.04 0.929 15.0 

2-10-2 55(d) SOC12* 1.00 3.96 4.95 55.20 5.02 0.211 1.0 
2-10-1 S02C12 10.0 4.15 5.50 55.70 5.06 0.180 5.0 
1-98-4 MeNC1 5.85x104 9.40 9.60 10L4 9.22 -0.020 15.0 
1-98-5 9.65 9.75 101,4 9.22 -0.047 27.0 
1-98-6 8.55 9.58 101.4 9.22 0.073 380 

Temperature 25. 0°C 
1-55-5 56( d) SOC12* 1. 00 3. 00 --- 254. 9 8. 22 0. 635 120.0 
1-55--3 S02C12 30.0 2.20 --- 254.9 8.22 0.732 360.0 
1_55_1(f) Me4NC1(e) 5.00x106 0.056 --- 254.9 8.22 0.993 900.0 

1-54-7 57(d) 1.00 8.07 --- 254.9 8.22 0.018 2880.0 
1-54-1 S02C12 30.0 8.02 --- 254.9 8.22 0.024 3600.0 
1-54-5 Me4NC1 1.00x104 7.40 ---- 254.9 822 0.100 4260.0 
1-54-3 8.00 --- 254.9 8.22 0.027 4500.0 

1-61-1 58(d) SOC12* 1.00 8.61 --- 254.9 8.22 -0.047 10.0 
1-51-1 S02C12 30.0 7.07 --- 254.9 8.22 0.140 1440.0 

1-51-3 Me4NC1 1.00x103 7.76 --- 254.9 8.22 0.056 3900.0 
1-51-5 8.09 --- 254.9 8.22 0.016 6660.0 
1-51-7 7.85 --- 254.9 8.22 0.045 8340.0 
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TABLE II A. Continued. 

Activities( c) cpm/mg 
Experiment(a) Group Reactants(b) ------------------------------------------------- Time 

A A A° A 1V 
Number Number millimoles S02C12 SOC12 - S02C12 minutes 
1-82-1 59(d) SOC12* 1.00 9.77 10.11 105.1 9,55 -0.023 70.0 

S02C12 10.00 
Me4NC1 1.00x103 

1-108-4 SOCi2 61.4 2.56 18.37 2.57 -0.001 720.0 
S02C12* 10.0 
Me4NC1 1.95x103 

(a) The experiment number refers to the research notebook volume number. the page number and the ampoule number for each series of 

experiments. 
(b) Asterisk indicates reactant initially active. 
(c) A502C12, ASOC12 and AO (initiai activity) are experimentally measured specific activities. AQD i the specific activity calculated from A° 

and the recorded reactant amotmts. 
(d) Exchange solutior. turned yellow upon reaching the desired temperature. 
( e) Added by means of a micropipette ( in contrast to larger and hence moie precise standard solution volumes normally dosed). 

(f) Colorless at end of exchange time: perhaps Me4NC1 inadvertently not added. 

( g) Zero time exchange experiments run to show if separation technique with 10% solution of NaOH induced some exchange of radiochlorine. 
(h) Experiment Numbers 1-79-1. 1-79-3 and 1-81-1 had 1.00x104, 5.00x104 and 1.00x103 millimoles of Me4NC1 added. respectively. 

( i) Complete exchange observed within exchange time. Perhaps some contamination in reaction ampoule caused this result. 

(i ) 502C12 showed little appearance of activity for some reason. Perhaps Me4NC1 was inadvertently not added. 

( k) This series of experiments had a different stock solution of Me4NC1 used for the added chloride source than the succeeding series of experiments 

( Group Numbers 40-52) in which 50Cl2 was the solvent, a fact which may, in part, account for some apparent inconsistency between exchange 
rates derived from the two sets of exchange groups. 

( 1) During the separation procedure some diacetone alcohol (from the 550 cold bath) may have dropped into the exchange mixture. perhaps 
catalyzing the exchange. 



TABLE lIB. Radiosulfur Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride with Added Tetramethylammonium Chloride. 

Experiment(a)Group Reactants(1') 
, 

Number Number millimoles 
A 

502C12 

Activities( e), 

A 
50C12 

cpm/mg 

A° A 1-F 
502C12 

1-F 
50C12 

Time 
hours 

Temperature -45. 2°C 
2-Si-2 6i 5*0Cl2 i.00 3.83 --- 335.5 30.50 0.874 --- iO.00 
2-Si-i 502C12 iO.00 9.46 --- 357.3 32.48 0.709 --- 29.00 
2-Si-3 Me4NC1 S. 85xiO3 i6. iO --- 335. 5 30. 50 0. 472 --- iOO. 00 

2-62-i 62 50Cl2 iO.00 --- i.69 i89.8 i7.25 --- 0.902 i.00 
2-62-2 5*Q2Cl2 i.00 --- 9.68 i85.2 i6.84 --- 0.425 iO.00 

Me4NC1 S. 85xiO3 

2-59-i 63 50Cl2 iO. 00 --- S. 38 60. 34 5. 48 --- 0. 0i8 i. 00 
2-59-2 5*Q2Cl2 i. 00 --- s. 82 60. 34 5. 48 --- -0. 062 i. 00 

Temperature -22. 9°C 
2-4i-i 64 5*0Cl2 LOO i.25 --- 4i5.4 37.76 0.967 --- i2.00 
2-4i-3 502C12 iO.00 i3.32 --- 4i6.8 3789 0.648 --- i24.00 

Me4NC1 i.95xiO3 

2-48-4 65 5*0Cl2 i. 00 2. Oi --- 335. 5 30. 50 0. 934 -- - Zero 
2-48-2 502C12 iO. O 8. 88 --- 380. 0 34. 55 0. 743 --- 22. 00 

2-48-3 Me4NC1 S. 85xiO3 ii. 04 352. 3 32. 03 0. 655 --- 33.00 
2-48-i i6.89 380.0 34.55 O,Sii --- 45.00 

2-36-3 66 5*0Cl2 i.00 i.ii 39.iS ii7.3 iO.66 0.896 --- i.00 
2-36-4 502C12 io. o 3.42 36. 41 ii7. 3 iO. 66 0.679 --- 6.00 
2-36-S Me4NC1 9. 75xiO3 i9. 54 --- 380. 0 34. SS 0. 434 --- i2. SO 

2-S0-4 67 S*0C12 O.S7 i. 84 --- 33S. S i8, 09 0. 898 --- 5. 00 

2-SO-i 502C12 iO.O 6.6i --- 380.0 20.49 0,677 -- 24.00 
2-S0-3 Me4NC1 S.85xiO3 S.64 --- 33S.S i8.09 0.688 --- 2S.00 
2-S0-2 iO. oo --- 3S7. 3 i9. 27 0. 48i --- 50. 00 



TABLE LIB. Continued. 

Activities('), cprn/rng 
Experiment(a) Group Reactants), Time, 

A - A° - A 1-F 1-F 
Number Number millimoles S02C12 SOC12 SOC12 SOC12 hours 

2-49-4 68 S*0C12 2. 00 6. 36 --.- 335. 5 55. 92 0. 886 --- Zero 

2-49-3 S02C12 10. 0 5. 52 --- 335. 5 55. 92 0. 901 --- 2.00 
2.-49-1 Me4NC1 5. 85x103 9. 36 --- 380. 0 63. 33 0. 852 --- 4.00 
2-49-2 13.94 --- 357.3 59.55 0.766 --- 9.50 
2-49-5 18. 36 --- 335. 5 55. 92 0. 672 --- 20.00 

2-61-1 69 SOCi2 10.0 --- 1.63 189.8 17.25 --- 0.906 1.00 
2-61-2 S*02C12 1. 00 --- 4. 17 189. 8 17. 25 --- 0. 758 3. 33 

2-61-3 MeNC1 l.95x103 --- 8.73 185.2 16.84 --- 0.482 10.00 

2-58-3 70 SOCi2 10. 0 --- 1. 22 56. 58 5. 14 .--- 0. 763 0.42 
2-58-2 S*02C12 1.00 --- 3.80 61.59 5.60 --.- 0.321 100 
2-58-4 Me4NC1 5.85x103 --- 3.90 56.58 5. 14 --- 0.241 2.00 
2-58-1 --- 5. 38 61. 59 5. 60 --- 0. 039 5.00 

2-60-1 71 SOCi2 10. 0 --- 4. 32 185. 2 30. 87 --- 0. 860 2. 00 

2-60-2 S*02C12 2. 00 --- 10. 68 185. 2 30. 87 --- 0. 654 6.00 
2-60-3 Me4NC1 l.95x103 --- 15.37 185.2 30.87 .--- 0.502 10.00 

Temperature 25. 0°C 
2-23-1 72 S*0C12 1.00 39.21 --- 1734.4 157.7 0.751 --- 5.0 

S02C12 10.0 
Me4NC1 l.95x103 

(a) The experiment number refers to the research notebook volume number. the page number and the ampoule number for each series of 
experiments. 

(b) Asterisk indicates reactant initially active. 
(c) ASO2C12, ASQC12 and A° (initial activity) are experimentally measured specific activities. A is a specific activity calculated from A° 

and the recorded reactant amounts. 
(d) Exchange mixture turned yellow upon reaching 25°C. 

o» 



TABLE III A. Radiochiorine Exchange Experiments Between Thionyl Chloride and Antimony Pentachloride. 

Activities4'), cpm/mg 
Experiment(a) Group Reactants(b), ----------------------------------------------- Time, 
Number Number millimoles Asl2 ASbC15 A° A l_Fsl2 minutes 

Temperature 0.0°C 
1-88-1 73 SOd2 49.31 8.85 1220(d) 60,30 11.36 0.221 30.0 

SbC15* 4.58 

Temperature 25. 0°C 
1-53-1 74 SOC12* 2.00 28.85 255.0 28.98 -0.0006 21600.0 

SbC15 6.24 

( a) The experiment number refers to the research notebook volume number. the page number and the ampoule number for each series of 
experiments. 

(b) Asterisk indicates reactant initially active. 
(c) ASOC12, ASbC1S and A° (initial activity) are experimentally measured specific activities Aco is a specific activity calculated from A° 

and the recorded reactant amounts. 
(d) Activity recorded is that of the antimony pentachloride residue (obtained after the thionyl chloride had been distilled away from the exchange 

mixture). The recorded activity, ASbC15, is that which is observed after an estimated total contact time of 130 minutes with the thionyl 
chloride. This activity corresponds to an F value of 98. 3% for the exchange reaction. 



TABLE III B. Radiochlorine Exchange Experiments Between Sulfuryl Chloride and Antimony Pentachloride. 

Activities( c), cpm/mg 
Experiment(a) Group Reactants(b), -------------------------------------------- Time, 
Number Number millimoles ASO2C12 ASbClS A° A(I) lFso2Cl2 as indicated 

Temperature 0. 0°C 
1-91-1 75 SO2C1 10.0 0.000 --- 60.30 16.44 1.000 46.0 minutes 

SbC15* 1.50 
Me4NC1 5.00x103 

Temperature 25. 0°C 
1-48-1 76 S02C12 10.0 156.5 --- 155.1 S2.3 1.014 6.00days 

SbC15 7.86 

77 S02C12 10.0 0.041 60.30 1444 0.997 20.00 days 
SbC15 1.26 
Me4NC1 1.00xlO3 

(a) The experiment number refers to the research notebook volume number, the page number and the ampoule number for each series of 
experiments. 

(b) Asterisk indicates reactant initially active. 
(c) A5Q2C12 and A° (initial activity) are experimentally measured specific activities. Aco is a specific activity calculated from AO and the 

recorded reactant amounts. 

o» 
-J 



TABLE III C. Radiochlorine Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride in the Presence of Antimony Pentachloride. 

Activities( c), cpm/mg 
Experiment(a) Group Reactants(b), Time, 
Number Number millimoles AQ2ç A° A 1F50ZC12 day 

Temperature 25.0°C 
1-95-1 78 SOC12 10.0 0.014 60,30 21,58 0.999 0.54 

S02C12 10.0 
SbC15* 4.46 

1-107-1 79 SOd2 10.0 14.55 18.37 6,89 0.667 54.00 
S02C12* 10.0 
SbC15 2.66 

(a) The experiment number refers to the research notebook volume number, the page number and the ampoule number for each series of 
experiments. 

(b) Asterisk indicates reactant initially active. 
(c) A5Q2C12 and A° (initial activity) are experimentally measured specific activities. A cn is a specific activity calculated from A° and the 

recorded reactant amounts. 



TABLE III D. Radiosulfur Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride in the Presence of Antimony Pentachloride. 

Activities( c) cpm/mg 
Experiment(a) Group Reactants(b), Time, 
Number Number millimoles ASO2C12 A° A lF5O2C12 days 

Temperature 25.0°C 
2-37-1 80(d) S*0C12 1.00 0.370 5200.0 472.7 0.9992 5.00 
2-37-2 S02C12 10.0 0.601 5739.2 521.7 0.9988 13.00 
2-37-3 SbCl5 1. 5x103 4. 28 3633. 1 330. 3 0.9870 55. 00 

(a) The experiment number refers to the research notebook volume number, the page number and the ampoule number for each series of 
experiments. 

(b) Asterisk indicates reactant initially active. 
(c) A502C12 and A° (initial activity) are experimentally measured specific activities. A is a specific activity calculatedfrom A° and the 

recorded reactant amounts. 
(d) Exchange mixtures turned yellow after reaching the desired temperature 



TABLE IV A. Radiochlorine Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride in the Presence of Triethylarnine. 

Activities('), cprn/rng 
Experirnent(a) Group Reactants), --------------------------------------------- Time, 
Number Number millimoles ASQ2C12 ASOC12 A° A 1FSO2C12 minutes 

Temperature 0.0°C 
1-103-2 81 SQC12* 1.00 4.54 5.84 61.80 562 0.192 Zero 

1-103-1 S02C12 10.0 4. 10 5.53 61.80 5. 62 0.270 30.0 
Et3N 0.053 

(a) The experiment number refers to the research notebook volume number, the page number and the ampoule number for each series of 
experiments. 

(b) Asterisk indicates reactant initially active. 
(c) A502C12, ASOC12 and AO (initial activity) are experimentally measured specific activities, Acc' i a specific activity calculated from A° 

and the recorded re actant amounts. 

-J 



TABLE IV B. Radiosulfur Exchange Experiment Between Thionyl Chloride and Sulfuryl Chloride in the Presence of Triethylamine. 

Activities('', cpm/mg 
Experiment(a) Group Reactants{1') Time, 
Number Number millimoles ASQ2C12 A A l_FSQ2C12 days 

Temperature 25. 0°C 
2-39-1 82(d) S*0C12 1.00 48.8 412.1 37.5 -0.30 1.00 

S02C12 10 

Et3N 0.15 

( a) The experiment number refers to the research notebook volume number, the page number and the ampoule number for each series of 
experiments. 

(b) Asterisk indicates reactant initially active. 
(c) ASQ2C12 and A° (initial activity) are experimentally measured specific activities, A w is a specific activity calculated from A° and the 

recorded reactant amounts. - 

(d) Exchange mixture turned a pale yellow color upon reaching the desired temperature, and remained the same color for the duration of the 
experiment. 

-J 



TABLE V. Radiochiorine Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride in the Presence of Sulfur Dioxide. 

Activities(C), cpm/mg 
Experiment Group Reactants, --------------- 

Asci2 Asoci2 A A l_Fs02c12 
Time, 

Number Number millimoles days 

Temperature 0.0°C 
1-102-1 83 SOC12* 1.00 0.00 --- 61.80 5.62 1.00 1.00 

S02C12 10.00 
So2 0.565 

Temperature 25. 0°C 
1-111-1 84 SOCi2 39.4 15.99 --- 18.37 3.72 0.838 48.00 

SO2C12* 10.0 
SO2 2.66 

(a) The experiment number refers to the research notebook volume number, the page number and the ampoule number for each series of 

experiments. 
(b) Asterisk indicates reactant initially active. 
(c) ASO2C12, ASOC12 and A° (initial activity) are experimentally measured specific activities. Aa, is a specific activity calculated from A° 

and the recorded reactant amounts. 

-J 



TABLE VI A. Radiochiorine Exchange Experiments Between Thionyl Chloride. Chloride Ion and Antimony Pentachioride--Acetonitrile The Solvent. 

Activities( c); cpm/mg 
Experiment(a) Group Reactants('), ---------------------------------------------- Time, 
Number Number millimoles ASyCl2 Asbcls A° A 1_FSocl2 minutes 

Temperature 0.0°C 
1-100-1 85 SOC12 23.24 0.015 60.30 8.87 0.998 30.0 

SbC15* 1.66 
Et4NC1 1.65 
In 5. 00 ml of acetonitrile 

1-94-1 86 SOCi2 23.24 2.00 --- 60.30 4.55 0.560 30.0 
SbC15* 0.766 
Et4NC1 0.420 
In 5. 00 ml of acetonitrile 

Temperature 25°C 
1-99-1 87 SOCi2 28. 18 2. 10 --- 60.30 17.41 0. 879 30.0 

SbCJ5* 4.99 
Et4NC1 5.11 
In 15. 00 mi of acetonitrile 

(a) The experiment number refers to the research notebook volume number, the page number and the ampoule number for each series of 

experiments. 
(b) Asterisk indicates reactant initialiy active. 
(c) ASOC12, ASbC15 and AO (initial activity) are experimentaliy measured specific activities. A is a specific activity calculated from A° 

and the recorded reactant amounts. 

-J 



TABLE VI B. Radiochlorine Exchange Experiments with Thionyl Chloride and/or Sulfuryl Chloride in the Presence of Triethylamine and Antimony 
Pentachioride. 

Activities(c), cpm/mg 
Experiment(a) Group Reactants(b), Time, 
Number Number millimoles Aso2cl2 ASQC12 A° AO) 1FSO2C12 lFsoCl2 minutes 

Temperature 0. 0°C 
1-113-1 88(d) 11.4 --- 14.50 62.40 13.26 --- -0.094 15.0 

SbC15* 1.23 
Et3N 0.88 

2-8-6 89( e) SOC12* 1. 40 3. 15 - -- 30. 80 3. 38 0. 068 --- 10. 0 

S02C12 10.0 
SbC15 0.54 
Et3N 0.51 

Temperature 25. 0°C 
2-7-1 9(e) SOC12* 1.40 2.77 --- 30.80 3.37 0.178 --- 540.0 

S02C12 10.0 
SbCl5 0.56 
Et3N 0.53 

( a) The experiment number refers to the research notebook volume number, the page number and the ampoule number for each series of 
experiments. 

(b) Asterisk indicates reactant initially active. 
Ic) ASO2Cl2, ASOC12 and A° (initial activity) are experimentally measured specific activities. A is a specific activity calculated from A° 

and the recorded reactant amounts. 
(d) This mixture changed color from yellow-_,red .__pbiue-grean__pblack. within 5 minutes at 0°C. 
(e) A yellowish-white solid formed (SbC15 . Et3N ?) in the mixture immediately upon warming to the desired temperature. At the end of the 

experiment the supernatant liquid (mostly SO2C12) was drawn off with a pipette and hydrolyzed with water for an activity determination. 

-J 



IV. CALCULATIONS 

A. The Concentrations 

75 

In all cases, the molar concentrations were calculated by 

using the known amounts of added reactants (weights or volumes) 

and their densities, assuming additivity of volumes. The pertinent 

densities and molar volumes were (units,grams/milliliter and 

milliliter s/millimole): 

Temp. SOCi2 a) b) Et3N 
c) 

so2 d) 
SbC15 g) 

°C g/mI ml/mmole g/m1 m1/mmole g/m1 m1/mmole g/xnl m1/mmole g/ml m1/mmole 

45.0 1.589 0.0749 1.6325 0.0827 

25.0 1.628 0.0731 1.6645 0.0811 1.369 0.0468 2.341 0.1277 

0.0 1.6767 0.07096 1.7045 0.07919 0.74561 0. 1357 1.434 0.0447 2.392 0. 1250 

-22.9 1722e) 0.0691 1741e) 0.0775 

-45. 2 1. 77 
f) 

o 0672 1. 0. 0754 

-55.0 1.80 0.0661 1798f) 0.0751 

a) Given as d = 1.6767 - 1.951 x 103t + 6.5 x 107t2 - 1. 17 x 108t3 (0° to 69°C) (36 
, 

p. 22). 

Equation used for -22.9° and above. 

b) Given as d = 1. 7045 - 1. 60x 103t (0° to 50°) (36, p. 22). Equation used for -27.9° and above. 

c)(Reference 33 

d) Given as specific volume ( 36 p. 236). 

e) Calculated using density formula (see notes a and b above). 

f) Density determined experimentally; the S02C12 (reported m. p. -54. 1°C) was presumably 

supercooled at -55. 0°C. 

g) (References 28. 32). At 00C the extrapolated density of SbC15 (m. p. 2.8°C) was taken as 

2.392 g/ml. 
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B. Exchange Rate 

The fraction of radiochlorine or radiosulfur exchanged, F, 
was in all cases calculated using the relation 

A-A 
F. 

1 Aç;A? 

where i refers to the ith exchanging component, either sulfuryl 

chloride or thionyl chloride or antimony pentachloride. 

A1 is the specific activity (cpm/mg) of the ith component at a 

time t. 

A is the specific activity of all the exchanging components 

(either two or occassionally three in the present work) if 

all the activity were completely randomized in the system 

under consideration. 

A is the initial specific activity of the ith component. 

and A. were experimental quantities. The value of 

was calculated from the initial specific activity of one of the 

components (the initially active one) in the system and the known 

(dosed) quantities of all the exchanging species in solution, i. e., 

A 

where n refers to the total number of gram-atoms of the exchang- 

ing element in the ith exchanging component in the system under 

consideration. A» was also determined experimentally by allowing 

the exchange to go to completion whenever feasible to check on the 
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dosing procedures and radioactivity balance. Good agreement 

between A (experimental) and A (calculated) was found in all 

cases except a few where perturbing experimental factors appeared 

to enter the picture (e. g. decomposition of reactants as shown by 

solution discoloration). 

For the radiochlorine exchanges between sulfuryl chloride 

and thionyl chloride, the exchange was, in all but one case, followed 

via the activity of the sulfuryl chloride, i. e. the calculated 

"fraction exchanged", Fs02c12 was the one used for the calcu- 

lations of rates, since the activity of the separated "thionyl chlor- 

ide" fraction was subject to error due to a dilution of the chloride 

(from thionyl chloride) by chloride from sulfuryl chloride arising 

during the separation procedure. The thionyl chloride fraction 

was generally also counted, however (except in the excess thionyl 

chloride experiments, where the separation procedure yielded 

irreproducible thionyl chloride fraction activities), to show that 

there was roughly the expected amount of activity present and that 

in fact often a major portion of the activity resided in the thionyl 

chloride (if initially labeled). Thus, inspection of the activities 

of these fractions provided a quick, approximate check on the 

reliability of the activity figures for the sulfuryl chloride fractions. 

The quantities log (l-Fso2ci2) were then tabulated as a function 

of time. 

For the radiosulfur exchanges between thionyl chloride and 

suif uryl chloride, the specific activities of both separated fractions 

were determined in some cases, although more often only one 
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fraction was counted. From these the "fraction exchanged", either 

Fsoci or Fso2ci2 , was calculated (in all cases used for rate 

calculations) on the basis of the activity observed in the initially 

inactive fraction. The values so obtained were then tabulated as 

log (l-Fi) versus time. 

Except for the three component system referred to below, 

the exchange rates for the radiochiorine exchanges were found from 

the slopes of the straight lines resulting from plots of the tabulated 

log (l-Fi) versus time values using the relation: 

[(Z)(S0cl2) x 2(SO2cl2) d log(1-F) 
Rate -Z. 303 I I 

L 
Z(S02c12) + 2(50Cl2 

J 
dt 

where the quantities (SOCi2) and (S02C12) represent molar concen- 

trations of the reactants in the system under consideration and the 

multiplier (Z) takes into account that there are two chlorine atoms 

per molecule of each exchanging reactant. Thus the units of the 

calculated rate are gram-atoms of chlorine per liter per unit time. 

For the radiosulfur exchange rate, plots of log(l-F1)'versus 

time were again made and, from the slopes of the straight lines thus 

obtained, the rates were calculated by means of the relation: 

SOCl2)(SO2Cl2) d log(l-F) 
Rate -2.303 

J I 

RS0C1Z) + (SO2c12)J dt 

Here (SOCi2) and (S02C12) refer to the molar concentrations of 

the reactants. Thus here the calculated rate can be thought of as 

being either in moles per liter of either reactant per unit time, or, 

if convenient, in gram-atoms of sulfur per liter per unit time. 
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In the above plots of log(1-F) versus time (used for the 

exchange rate calculations), while the points in general were 

reasonably consistent with straight line plots, they did show varying 

degrees of scatter (as is common in work of this sort). Hence it 

was necessary to draw best fit lines through such points. For 

those experiments in which three or more data points were avail- 

able, a best fit straight line (in the least squares sense) was calcu- 

lated (38 , p. 40) and the slope of this line was used to determine 

the rate. In a few cases this procedure led to apparent zero time 

exchanges somewhat less than zero, a physically impossible situation. 

Hence it seemed best in these cases to assume that the zero time 

exchange was exactly known to be zero (normally the plotted line 

did not necessarily go through the origin), and make the least 

squares calculation accordingly. This procedure amounts to 

"forcing" a least squares best fit line to go through the origin 

(cf. 3 , p. 298). 

For those few experiments in which only two data points 

were available an estimated best fit plot was made visually, the 

line being drawn through the origin if necessary to avoid an 

apparent negative zero time exchange, or if, as was the case with 

the uncatalyzed radiosulfur exchange between thionyl and sulfuryl 

chlorides, the reactant separation had been shown to be essentially 

complete (see below). In another few cases where only one point 

was available, any rate reported was obtained from a plot deter- 

mined by the origin and that one point. 



In order to decide whether sorne apparent zero time ex- 

change between thionyl chloride and sulfuryl chloride resulted from 

the separation procedure used, either as a result of incomplete 

reactant separation, or, alternatively, as a consequence of a 

separation induced exchange, several "zero-time" exchanges were 

carried out in a number of cases and values of F were calculated 

( see the data tables). The apparent F values obtained, while some- 

times insignificant, did in other cases have appreciable values. In 

no cases, however, did they appear excessive. The points so ob- 

tamed, then, were simply used as one point in the establishment of 

the log(l-F) versus time straight line plots. The validity of this 

procedure rests on the treatment of exchange kinetics for the case 

where a separation induced exchange (or apparent exchange) 

occurs, as given by Prestwood and Wahl (25). These authors 

showed that, even though such an apparent zero time exchange 

might be present, so that the log(1-F) versus time plot failed to 

go through the origin, the slope of the best fit straight line still 

conforms to the true exchange rate in accordance with the equations 

given above, F values having been calculated on the assumption of 

complete separation of reactants. 

In the case of the non-catalyzed radiosulfur exchange between 

thionyl chloride and sulfuryl chloride, it was experimentally 

established that essentially complete reactant separation was 

achieved. In the least squares calculation of the slopes, then, the 

origin ((l-F) i at t O) was employed as one of the calculation 

points in each case. 
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Estimates of the errors of the slopes obtained from the 

log(l-F) versus time plots were obtained wherever possible. In 

those cases where a least squares treatment was used, standard 

deviations of the slopes were also calculated by standard methods 

(38, p. 4Z). Where visual estimates of the best fit lines were 

drawn, visual estimates were also made of the probable upper limits 

of the possible variation of the slope. These estimates were 

based on reasonable estimates (generally a reliability of ± 10% in 

the measured specific activities was assumed) for the probable 

percentage reliability of the individual (l-F) value points. Values 

for these errors (calculated standard deviations or estimated) 

insofar as they apply to calculated rates and half-times, are given 

in the tables of results. 

For the very slow, non-catalyzed exchanges between thionyl 

and sulfuryl chlorides, there was a legitimate question as to whether, 

in a particular case, the observed apparent rate (as derived from 

the apparent slope of the linear log (1-F) versus time plot) was truly 

different from zero. This problem was treated by application of the 

"t" test, as specifically illustrated for the sample calculated below. 

The discussion (above) of the rate of isotopic exchange is 

valid if there are only two exchanging components present in the 

reaction mixture. If there are three (or more) components in the 

reaction mixture (for example thionyl chloride, sulfuryl chloride 

. and antimony pentachloride), all of which are capable of entering 

into the exchange, it is necessary to make some assumption about 

the relative rates of the various possible exchange reactions under 
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question in order to calculate one particular rate of exchange. The 

problem of the kinetics of competitive isotopic exchange reactions 

has been treated by Darbee et al. ( 5 ). 

A number of experiments in this research involved three 

potentially exchanging components. In most cases, however, one 

of two simplifications applied. In a large number of the cases one 

of the components was present in very minor stoichiometric pro- 

portions (e. g. the chloride catalyzed chlorine exchanges), so that 

the two component rate treatments still applied. In other cases, 

all three components may have been present in significant amount, 

but no attempt was made to calculate an actual exchange rate, 

"fraction exchanged", F, values only being computed. In one 

single instance (Group 79), however, it was of interest to calculate 

an actual rate in a solution of the latter type, namely one involving 

chlorine exchange between thionyl chloride, sulfuryl chloride 

(initially labe led) and antimony pentachioride. 

The possible exchange reactions which may occur in this 

three component case may be represented by the following 

schematic diagram: 

s02c12* /\ 
SbCI5 SOCi2 

If it is assumed that the rate of radiochiorine exchange between 

sulfuryl chloride and antimony pentachioride is extremely low 

(a reasonable assumption; see results below), then the mathematical 
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treatment of the kinetics of the remaining two exchange reactions 

can be based on that given by Darbee et al. ( 5 ). 

For purposes of the rntst obvious direct applicability of the 

treatment, as well as for clarity and consistency in nomenclature 

with the treatment of Darbee et al, it will be assumed for the 

moment that the thionyl chloride is the initially radioactive com- 

ponent. It will later be seen that the fact that sulfuryl chloride was 

actually the initially labeled component is immaterial as far as the 

validity of thetreatmentis concerned inthe presentcase. It is further 

assumed that any exchange reaction between sulfuryl chloride and 

antimony pentachioride is extremely slow. 

Consider then the exchange reactions 

and 

SbCl5 SOCI SbCl5' + SOC!2 

* * 
S02Cl2 + SOC12 S02C12 + SOC!2 

which give exchange of radiochiorine of rates R1 and R2, respective- 

ly, with initially radioactive thionyl chloride. The units of R1 and 

R2 will be gram-atoms of chlorine per liter per unit time. Let 

a, b, and c be the total concentrations (active plus inactive species) 

of antimony pentachioride, sulfuryl chloride, and thionyl chloride, 

respectively. The concentration units will be in terms of gram- 

atoms per liter of contained chlorine in each of the species. Let 

x, y, and z be the gram-atoms per liter concentration of radio- 

active chlorine in each of the three respective species at any 



time t. In accordance with the treatment of and using the nomen 

clature of Darbee et al. (5 ), the appropriate first-order different- 

ial equations governing the exchanges are: 

dx fRl[aw - (a+c)x - ay] 
dt LacJ 

dy [bw - bx - (b+c)y] and - dt LbdJ 

where w x+y+z 

The solution of these equations 2 is. 

x x + c1 exp 
e L1 

+ Ca exp 

y y + c3 exp 
(- [] 

± C4 exp í rp+n 

LJ 
where x w 

aw 
(.+b+c) ' 

bw 
(TjT) 

ra+c) rb+c 
p = R1 LJ + R2 

1 Darbee et al ( 5 ) define their concentrations in terms of molarity 
of exchanging species. However, they limit their discussion to 
species containing only a single exchanging radioactive atom per 
molecule. It may easily be shown that, for exchanging species 
containing more than one exchanging radioactive atom per molecule 
(as in the present case) that their equations remain directly appli- 
cable if, as here, all concentrations are expressed in terms of 
gram-atoms per liter of exchanging atom in each of the exchanging 
species. The calculated rates, then, will be in gramatoms per 
liter per unit time of the exchanging element. 
z In the expressions given by Darbee et al. (5 ), for q, Ci and C 
there occurs an apparently undefined quantity C (upper case). It can 
be shown that this quantity should be a lower case c (as given here), 
and hence evidently represents a misprint. 



q [ERl a+c 

(--j 
-R (b+c 2 4R1R21 

+ z 

i 
z 

j 
(positive root oniy for q) 

Ia+c Ib+c 
1 

- 

[ 

+ Rl tac) -R2----J -q 

rR2X Y Ia+cnl (b+c 
C3 -y -C4 

[ 
- R1 

) 

-R2)+q 

The solution of these equations in terms of the rates is 

moderately complicated. However, if a further assumption is made 

concerning the relative rates R1 and R2, then a considerable simpli- 

fication results. If it is assumed that R1» R2 (a reasonable 

assumption, see below), then the solution of the equations for R2 

reduces to: 

R = 
[(b)(a+c) 

F-k- Iln (1- 
Z L(a+c)+b [t [ 

Since at t = O, y = O in this treatment, y/y = F. (Also recall 

that F A50 Cl / A .) 

Hence i 
R2 - 

r(b)(a+cfl [ln (l-F)i 
- Lc+b] L t j 

It is clear that this expression for R2 is essentially equivalent to 

the conventional McKay expression for isotopic exchange between 

two components. Here the two components involved are (1) sul- 

furyl chloride and (2) the 'pooP' of thionyl chloride and antimony 

pentachioride (in rapid exchange equilibrium with each other). 

The concentrations involved are those of chlorine atoms in each of 
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these two pools', and the measured exchange rate is simply the 

rate of exchange of these atoms between these two "pools', by 

whatever mechanism. For example this might, now, involve ex- 

change between sulfuryl chloride and either thionyl chloride or 

antimony pentachloride (the latter was assumed above to be negligibly 

slow). It is further to be noted that, since this is the equivalent 

of the two component exchange system, it is, in fact, as in that 

system, immaterial which of the two "pooIs' is initially labeled. 

This is important, since, in the above derivation, in order to make 

the treatment consistent with that of Darbee et al.(5), it was assumed 

that thionyl chloride was labeled initially, whereas actually the 

sulfuryl chloride was the initially labeled material. 

In the present work, then, the rate of disappearance of 

activity from initially abe1ed suifuryl cMoride in the presence of 

thionyl chloride and antimony pentachioride (Group Number 79) was 

calculated using the formula for R2 above. The concentrations of 

antimony pentachloride , sulfuryl chloride and thionyl chloride used 

to calculate R2 were in units of gram-atoms of chlorine per liter. 

C. Sample Calculation 

The calculation procedure used can best be followed by the 

consideration of a specific example. Consider the data tabulated 

for the experiments in Group Number 33, Table ITA. The amounts 

of reactants added were: SQC - 1.. 00 mmoes (radioactive) 

502C12 - 10.0 mmoles; tetramethylammonium chloride - 1.0 x l0 

mmoles. 



Consider experiment number 1-82-Z in Group Number 33. 

The initial specific activity of the thionyl chloride, A°, was 105. 1 

cpm/mg. Under the conditions of the experiments the infinite time 

specific activity, A, was calculated as: 

A 
ZxnSOCl 

[z x nSO2C12+ Z x nSOcl ] 
A° 

A 
2x1,00 

105,1 
[zxlo.o+zxlooj 

1. 00 A 11.0 
x 105.1 9.55 cpm/mg 

The factor (Z) takes into account that there are two equi- 

valent chlorides on each of the exchanging species. The measured 

specific activity of the sulfuryl chloride at the end of the exchange 

time (70. 0 minutes) for this experiment was 8. 25 cpm/mg. Thus 

the fraction exchanged was 

Aso Cl F: 2 

8.25 
F : 0.864 

and lF 0.136 

After tabulation of each of the l-F values for the experi- 

ments in Group Number 33 , a least squares calculation for the 

best fit straight line of the log (l-F) versus time plot (see Figure 4) 

was carried out as shown below. 
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Least Squares Treatment of Data for Experiments in Group 
Number 33. 

Experiment 
2 

Number n (minutes) t 
- 

1-F log(1-F) t(log(1-F) 

1-82-4 1 0 0 0.774 -0.1113 0 

1-83-1 1 15 225 0.575 -0.2403 -3.604 
1-82-5 1 20 400 0.364 -0. 4389 -8. 778 

1-83-2 1 30 900 0.301 -0.5214 -15.642 
1-83-3 1 45 2025 0.286 -0. 5436 -24. 462 

1-82-2 1 70 4900 0. 136 -0. 8665 -60. 655 

Letx1 

X2 = 

X3 = It2 

Yi = log (l-F) 

y2 t [log (l_F)] 

a1 slope of the best fit straight line 

a0 intercept at t = O on the log (l-F) axis for the 
best fit straight line 

In the above tabulation of data the last point given in Table 

lIA (for 100 minutes and l-F : O. 082 ) has been omitted from 

consideration because of the lack of experimental precision for 

such a large fraction exchange. 

The slope of the best fit straight line is given by the formula 

x1y2 - x2y1 
a1 2 X1X3 - X2 

and the intercept by the formula 

X3y1 - x2y2 
a0 2 xix3 - XZ 



The intercept is also, alternatively, given by the formula 

- a1x2 
a o 

For Group Number 33, the calculated slope of the best fit 

straight line is 

a1 -1.032 x lO2(minute) 

and the calculated intercept is 

a0 = -0.1440 

This intercept corresponds to a (l-F) value of 0. 718. The half- 

time of the exchange reaction can be calculated from the formula 

log 0.5 0.3010 
t1 = 

1.032 10-2 = 29.2 minutes 
a1 

The standard deviation Sb of the slope can be calculated using 

the formula 

-í S2 
S V z, b x3-x2'x1 

where S2 is obtained from the formula 
2 

2 (1) [2 
x2y1 ] 2 

____ 
Xl J 
x2' (x1-2)S2 :[log(l-F)] 

- - 
- , 

An alternative form giving S2 is 

(x1-2)52 = : [log(l-F)] 2 a0y1 - a1y2 
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The standard deviation of the half-time is given by: 

Si-. 
c1:-- xt1 

-a1 

For the experiments under consideration 

S : 0.131 xlO min 

and = 3. 72 minutes 

Thus, the values for a1 and t1 are 
z 

a1 -1.032 x 102 ± 0.132 x lO2minutes' 

and t1 29.2 ± 3.7 minutes 
z 

For those least squares calculations where the log (1-F) 

versus time plot was assumed to be known to go through the origin, 

i.e. where the intercept, a0, was taken as being known to be zero, 

the formulas used differed somewhat from the above. Here the 

slope of the best fit straight line was calculated from the formula 

y2 
a1 

L 

The standard deviation of the slope was obtained from the formula 

Sb 

where S2 was obtained from the formula 

(x1-1)S2 :[log(1-F)] 2 - a1y2 
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The rate of exchange of radiochlorine can now be calcu- 

lated using the formula: 

r 2soCl2 x 2(SO2Cl2 
Rate -2.303 1 -- I a 

L 20z) ± 2(S02C12)J 1 

where the quantities in the parentheses refer to the concentrations 

of reactants in moles/liter and the factor (2) takes into account that 

there are two equivalent chlorides on each of the exchanging species. 

The units of concentration then are, in effect, gram-atoms of 

chlorine per liter. Thus the calculated rate will be in gramatoms 

of chlorine per liter per unit time. 

For Group Number 33 the concentrations of reactants 

(at -45. 2°C) were calculated assuming additivity of volumes. The 

reactant quantities and their volumes were: 

IO. O mmoles S02C12 0. 754 ml 

1.00 mmoles SOC12 0.067 ml 

Total volume 0. 821 ml 
o 

The concentrations at -45.2 C were: 

S02C12 = 12. 18 moles/liter 

Sod2 1.22 moles/liter 

Thus, the rate was calculated as 

Rate - 
(-2.303)(2)(12.18)(L22)(-l.032x 102) 

- 
(12.18± 1.22) 

Rate z 5. 27 x 102 ± 0. 67 X l02 gram-atoms/ 
liter-minute 
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The question of whether exchange is actually occurring (is 

the slope of the line of the log (l-F) versus time plot truly differ- 

ent from zero?) arose in a number of cases, particularly in 

connection with the slow (non-catalyzed) exchange reactions involv- 

ing thionyl chloride and sulfuryl chloride. Statistical methods were 

therefore used to obtain some insight into this question. This was 

done in terms of the 't" test (cf. Youden (38), p. 25). The calcu- 

lation of the slope of a best fit straignt line and its standard 

deviation enables an estimate to be made of the confidence level at 

which the slope of the line may be considered truly different from 

zero. That is, a 't" test can be made by comparing a 

't'ca1cu1ated to a 't"tabulated and noting at which confidence level 

't"calculated matches "t'1tabulated . This confidence level then 

represents the probability that the slope of the line is in fact 

different from zero. If 't1tcalculated exceeds "t'tabulated at a 

certain trial confidence level, then one can say that the probability 

that the slope is different from zero is greater than that corres - 

ponding to this particular confidence level. 

The value of It?!calculated 15 given by 

lit't - calculated - Sb 

Values for titlitabulated as a function of confidence level 

( or vice versa) may be obtained from appropriate statistical tables 

(38 , p. 119; 27 , p. 271; 23 , p. 132-134, 138). The table in the 

ttHandbook of Mathematical Tables" (27 , p. 271) has actually 

been employed in the present case. Values not immediately 



94 

evident from the table have been obtained by graphical interpolation. 

For the experiments in Group Number 33 't'calculated is 

7. 8. In the table of "t'tabulated, Ittt at the 99 percent confidence 

level is 4. 6 (for 4 degrees of freedom, that is, (n-2) for Group 

Number 33). The value of "t"calculated exceeds the value of 

"t"tabulated at the 99 percent confidence level. Hence, the confi- 

dence level at which they would match is greater than 99% in this 

particular case. This means that there is better than a 99 percent 

probability of the slope of the linear plot of log (1 -F) versus time 

being different from zero for the experiments in Group Number 33. 

It may be noted that, in applying the ItH test to the usual 

'east squares data, where both best fit slopes and intercepts have 

been calculated, the Hdegrees of freedomit to use in working with 

the "t'i test is (n-Z). For those cases, however, where the least 

squares calculation was made on the assumption that the intercept 

of the log (l-F) versus time plot was at the origin (a0z O), the 

udegrees of freedom" to be used was (n-l). Otherwise the pro- 

cedure was the same in both cases. 

In the tables of results values for the apparent confidence 

levels found as in the above example are reported. These figures 

give a means of judging the probability of whether various reported 

slopes (and exchange rates) are in truth different from zero. These 

figures are of particular interest in the case of the very slow 

exchanges. 
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V. RESULTS AND DISCUSSION 

A. Non-c atalyzed Exc hange Experiments Between Thipnyl Chloride 

and Sulfuryl Chloride 

1. Cl-36 Exchange Reactions. Fairly extensive Cl-36 ex- 

change studies between thionyl chloride and sulfuryl chloride were 

carried out in an effort to obtain evidence which might lend support 

to either an ionic or a molecular mechanism for the exchange reac - 

tion. The conductance studies of Spandau and Brunneck (29, 30) 

and Gutmann (9) for these solvents suggest that there may be some 

degree of self-ionization of the form: 

SOC12 SOC1+ + C1 

l- and 502C 502C1+ + C1 

A possible ionic mechanism whereby Cl-36 can be exchanged 

between the two sulfur oxychlorides is via a partial ionization of 

both materials to yield chloride ion and the subsequent re-combi- 

nation with the one or the other of the cationic species (e. g. 

SO2C1+) in solution. Another ionic mechanism might be one in 

which only one of the solvents undergoes any appreciable self- 

ionization to yield a chloride ion and the subsequent attack by or 

association of this chloride ion with the other, non-ionized sulfur 

species. 

For example: 

SOC12 - SOC1 + Cl 



* O 
Cl +S02C12- C12_... S...C12' ,SO)ClCl +Cl 

Cl 

A molecular mechanism which can lead to Cl-36 exchange 

between these sulfur oxychlorides has been described by Johnson 

and Norris (13) in connection with their preliminary experiments 

showing very slow radiosulfur exchange between these two com- 

pounds. The mechanism described requires the formation of an 

oxygen bridged intermediate species, thus, 

* 
Cl Cl 

Cl Cl 

which could lead to Cl-36 exchange. 

Since it is known that radiochlorine exchange between 

chloride ion and either of the sulfur oxyhalides is fast, it would 

seem probable that, unless chloride ion concentrations are exceed- 

ingly low, the operation of an ionic exchange mechanism should 

lead to the observation of a relatively rapid exchange between the 

two sulfur oxyhalides, whereas the molecular mechanism, e spec - 

ially in view of the only slow sulfur exchange observed by Johnson 

and Norris (13), should yield only a very slow radiochlorine ex- 

change rate. Another obvious difference between the two types of 

mechanism is the fact that, for the ionic mechanism, no sulfur 

exchange (as might be observable by use of radiosulfur) between 

the oxyhalides would accompany the radiochlorine exchange, while 
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in the case of the molecular mechanism such a sulfur exchange 

would accompany the chlorine exchange (at a rate exactly half that 

of the chlorine exchange). These points suggest an experimental 

approach to the problem of distinguishing between these two alter- 

native types of mechanisms. First, a possible indication of the 

relative probabilities of the two types might be obtained simply from 

finding the general magnitude of the chlorine exchange rate, whether 

relatively fast, or quite slow. Second, quantitative comparison of 

the rates of radiochlorine and radiosulfur exchange should provide 

an indication of whether these exchanges go by the same or differ- 

ent pathways. A common pathway, for example, would surely 

imply a molecular mechanism for the exchange. 

The experimental results for the exchange of Cl-36 between 

thionyl chloride and sulfuryl chloride are given in Table VITA. The 

table gives the temperatures and calculated concentrations for each 

group of experiments. The observed half-times (derived from 

log (l-F) vs. time plots, as previously described) are recorded, 

together with the observed standard deviations of these half-times 

as obtained, in most cases, from a least squares treatment of the 

raw data (see Calculations section). From these half-times, then, 

the recorded rates, together with their experimental uncertainties, 

have been calculated as previously described. Since the observed 

rates are in all cases quite low, the data have also been examined 

with a view to establishing in each case whether the indicated rate 

is, in fact, really greater than zero. To this end the et" test has 

been applied (see Calculations section), and "confidence levels 



TABLE VILA. Rates for Radiochiorine Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride, No Catalyst. 

Concentration 
Group moles/liter Temperature 1/2a) Ratea) 

Number 502C12 SOCl2 °C days gram-atoms/liter-day b 
P 

i 12.22 0.122 25.0 1095± 1005 (1.53± 1.40)x 1O 0.64 

2,3 11.97 0.399 25.0 1172f 257 (4.57w 1.O1)x 10 0.994 

4 11.31 1.13 25.0 54.7w 10.3 (2.6Ot 0.49) x i02 0.994 

5 11.31 1. 13 25.0 674t 395 (2.11 1.24) x 1O 0.77 

6 6.49 6.49 25.0 121 16 (3.72 ± 0.49) x i02 0.98 

7 6.49 6.49 25.0 114t 10 (3.95 t 0.35) x i02 0.95 

8 3. 27 10. 05 25. 0 80. 6 6. 9 (4. 24 t O. 36) x i02 o. 993 

9 1.89 11.59 25.0 133± 21 (1.69w 0.27)x i02 0.992 

10 1. 23 12. 31 25. 0 192 66 (8. 07 1 2. 77) x O. 90 

11 6.66 6.66 0.0 401t 24 (liSt 0.069)x i02 0.96 

12 6.35 6.35 45.0 59.4 7,1 (7.41 0.89)x io_2 0.99 

(a) Plus or minus values quoted are standard deviations obtained from least squares analysis of log(1-F) versus time data. 

(b) P is the confidence level at which "tilcalculated equals t 'tabulated" and indicates the confidence level at which the slope of the least 
squares lines for the log(1-F) versus time plots may be considered different from zero. (See Section IV above.) 

'.0 



established in each case, as recorded in the last column of the 

table. These figures give the calculated probability that the calcu- 

lated rate is, in truth, greater than zero. As may be seen, this 

probability is, except in two cases, quite high. 

The immediately striking feature of these experiments is 

the exceedingly slow rate of the exchange (half-times from about 

55 to about 1172 days at 25°C). Hence we have here a clean indicat- 

ion of the absence of any significant chloride ion concentration in 

these solutions. This follows since, on the one hand, chloride ion 

is known to exchange rapidly with both thionyl and sulfuryl chlorides 

and, on the other, the presence of even a very small concentration 

of chloride ion has been found in this work to have a powerful 

catalytic influence on the chloride exchange between these two 

compounds (see Section VB). From the chloride catalysis rate 

results subsequently to be presented, one may approximately esti- 

mate what the maximum chloride ion concentration could be in 

these solutions which would yield the observed "non-catalyzed" 

exchange rates. The figures obtained are: (1) for excess thionyl 

chloride (6 to 1 mole ratio) at 25°, approximately 1.5 x 108 M; 

(2) for excess sulfuryl chloride (10 to 1 mole ratio) at 25°C approxi- 

mately 6. 7 x 10_6 M. The actual chloride ion concentrations may, 

in fact, be much smaller than these values. Evidence in this re- 

gard is provided by the observation that different rate dependencies 

on reactant concentrations are observed in the uncatalyzed as com- 

pared to the catalyzed exchanges (e. g. in excess sulfuryl chloride, 

the thionyl chloride dependency varies between first and second 
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order for the former system but in third order is the latter system. 

Hence it seems probable that different mechanisms prevail in the 

two cases and that the huncatalyzed exchange is independent of 

chloride ion, a situation possible only if chloride ion concentration 

is very low, indeed. Hence it seems likely that, in these systems, 

such is the case, and that one should attempt to interpret the 

presently observed exchange in terms of a molecular rather than 

an ionic mechanism. It may be noted, however, before proceeding 

to such an interpretation, that the arguments here presented would 

appear to suggest that ionic dissociation equilibria as visualized by 

Spandau (29,30) and by Gutmann ( 9) are probably a good deal less 

significant in these solvents than these investigators have imagined, 

a point not too surprising, in view of the low dielectric constants of 

the media. 

The bulk of the experiments were done at 250. In order to 

establish the kinetic dependencies on both reactant concentrations, 

the experiments covered a complete concentration range from 

minor amounts of one reactant in excess of the other to the other 

extreme . Figure 5 shows a plot, for data in excess thionyl chlor- 

ide, of the logarithm of the exchange rate versus the logarithm of 

sulfuryl chloride concentration. The points appear to suggest an 

approximate second order dependency on sulfuryl chloride concen- 

tration. (The straight Ene drawn is shown with a slope of two, 

although the best straight line through the three experimental points 

would actually yield a slope of about 1.73. At least in part, this 

discrepancy could arise from the lack of any correction for varying 
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solvent, i. e. thionyl chloride, concentration. ) Figure 6 shows, 

for data in excess sulfuryl chloride, a log-log plot of rate versus 

thionyl chloride concentration. Here one finds an apparent order 

with respect to thionyl chloride varying from about one at low 

thionyl chloride concentration (the actually indicated order is about 

0. 78) to a value approaching two at high concentration (1. 73 actually 

observed). (One point on this graph is assumed to be grossly in 

error.) Lest too great emphasis be placed on the apparently differ- 

ent kinetic dependencies shown by these two figures, however, it 

should be pointed out that the data for Figure 6 cover a significantly 

greater concentration range than these of Figure 5, in particular 

going to much lower concentration. It seems not impossible that, 

if further experiments at lower sulfuryl chloride concentration 

were to be done, a decrease in the apparent order of reaction 

might be observed for this reactant also, comparable tothat shown 

for thionyl chloride in Figure 6. This is a point worthy of further 

future study. 

While there may or may not be a kinetic difference in reac- 

tion order with respect to thionyl and sulfuryl chlorides suggested 

by Figures 5 and 6, it is clear that a difference in absolute rate 

in the two different media is indicated. Thus comparing rates at, 

for example, 2 M thionyl chloride in excess sulfuryl chloride, and 

the inverse system (with reactant species identity reversed), one 

finds a rate of about 0.0052 gram atoms of chlorine literday, 
in the first case and 0. 018 (same units) in the second. Clearly 

the rate in excess thionyl chloride is materially greater than in 
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excess sulfuryl chloride. This point is further underlined when 

one plots the ¿50 experiments, from excess of one reactant to 

excess of the other in the form of a plot of rate versus reactant 

mole fraction (Figure 7). The rate goes from a low value in excess 

of either component, through a maximum in the middle concentration 

range, but with the maximum lying on the thionyl chloride side of 

the equimolar mixture. 

Clearly the data indicate a fairly complex exchange mecha- 

nism, and it has been postulated that a multiple term rate law is 

involved, containing terms with both first and higher order concen- 

tration dependencies. While no claim can be made that this is the 

only possible, nor necessarily the 'true" rate law, since almost 

certainly variants on it could also be made to fit the data, it has 

been possible to interpret the results reasonably adequately in 

terms of the empirical rate law 

Rate k1 (S0C12)(502C12) + k2 (Soc 12)2(S02c 12)2 

+ k3 (SOC l2)3(So2C l) 
o where (at 25 ) 

k1 = 1.51 x 10 liters g-atomday 
k2: 1.80x lO liters3g-atom3day1 

k3 : 8.41 x 10-8 liters4g-atomday 

It is to be noted here that all concentrations have been expressed 

in g-atoms of chlorine per liter (e. g. 2 M SOCi2 would have a 

concentration of 4 g-atoms of chlorine per liter). The term cubic 
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in thionyl chloride was included to account for the higher relative 

rate in excess thionyl as compared to excess sulluryl chloride. 

The rate constants were obtained by an iterative graphical treat- 

ment of the data, involving repeated least squares fitting of the 

data to a straight line. The line plotted in Figure 7 has been calcu- 

lated from this rate equation and may be seen to fit the plotted 

experimental points reasonably adequately. (Group 4, the presum- 

ably "bad" point, has been omitted from the plot.) A test of the 

rate law is also provided by the figures recorded in Table VHB. 

Here the calculated rates are compared with those observed, and 

percentage differences between the two have been computed. The 

experimental percentage standard deviation ( (% deviation)2/ 

(n-l) 2) is 26.4%. 

The exchange rate was also studied as a function of tempera- 
. . . o o . ture, experiments being carried out at O and 45 C in equimolar 

mixtures of the reactants (Groups 11 and 12, Table VIlA). These 

data together with the corresponding 250 experiments have been 

plotted in Figure 8 as the logarithm of the rate versus the recipro- 

cal of the absolute temperature. As is to be expected, the points 

give a reasonable approximation to a straight line. From the 

slope of this line one may calculate an apparent Arrhenius acti- 

vation energy, Eap in accordance with the equation 

-dln(Rate) Ea 
d(l/T) R 

The value so obtained for Ea is 7.23 kcal/mole. Since we are 

here dealing with a three term rate law, it is not possible to assign 



TABLE VIIB. Comparison of Calculated Rates of Radiochlorine Exchange Between Thionyl Chloride and Sulfuryl Chloride (No Catalyst) 
With Observed Rates. 

Concentration Rate a) Rate b) 

Group gram- atoms/liter gram-atoms/liter-day gram- atoms/liter-day % Deviation 
Number Sod2 S02C12 Calculated Observed of Rate 

1 0.244 24.44 9.74x 1O 1.53 x io 57.1 

2, 3 0.798 23.94 3. 79 x 10 4. 57 x 10 20.6 

5 2.26 22.62 1.74 x 10 2.11 x 1O3 21.3 

6 12.98 12.98 3.86 x iO_2 3. 72 x io2 3.63 

7 12.98 12.98 3. 86 x i02 3 95 x io2 2. 33 

8 20. 10 6. 54 3.42 x io_2 4. 24 x iü.2 24.0 

9 23. 18 3.78 1.77 x io2 1. 69 x i02 4.52 

10 24.62 2.46 9. 17 x 1O 8.07 x 1O3 12.0 

Percentage Standard Deviation of Rate = 26. 4% 

(a) The rate was calculated using the rate law: 
Rate = k1 (50C12X502C12) + k2 (50C12)2(502C12)2 + k3 (50C12)3(502C12)2 

where 
k1 = 1.51 x i0 liters (gram-atom)day 
k2 = 1.80 x i07(liters)3(gram-atom)3day 
k3 = 8.41 x i08(1iters)4(gram-atomyday 

(b) See Table VILA. 
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this activation energy precisely to any one of the three postulated 

specific rate constants. However, examination of the rate equation 

with reference to the relative contribution of the three terms in the 

equimolar solutions here under consideration does allow of an 

approximate assignment of this sort. Thus, it is found that, in 

these mixtures, the k3 term appears to account for about 80% of the 

total exchange rate . Hence one may, with some justice , assume 

that the quoted activation energy is at least an approximate indi- 

cation of the activation energy value to be associated with k3. On 

this assumption, a calculation of the Arrhenius energy frequency 

factor', A, has been made, in accordance with the Arrhenius 

equation 

k: Aea/RT 

-7. 4 -4 -1 
The A value so obtained is 1. 90 x 10 liters g-atom second 

From the same data, one may cacuate (still primarily with 

reference to k3) an entropy of activation, ¿S*, from the relation- 

ship given by Glasstone, Laidler and Eyring (8, p. 199) 

k e ea/RTeR 
h 

Here ; is the Boltzmann constant, T the absolute temperature, h 

is Planck' s constant, and k is the experimental rate constant, 

that is, k3. The calculated value of is found to be -91.2 

entropy units. 

As already indicated, the slowness of the exchange here 

manifested clearly suggests a moleculai rather than an ionic 
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mechanism. It is of real interest to observe that this slowness 

is not to be attributed to the activation energy, the magnitude of 

which is relatively low. Rather it is apparently related to the 

exceedingly high negative entropy of activation of -91. 2 e. u. Such 

is the case, at any rate for the k3 rate term. The situation relative 

to the k1 and k2 terms is unknown, but it is to be noted that the 

data for radiosulfur exchange presented in the next section, a pro- 

cess in which there appears a definite possibility of a reaction 

pathway closely related to that of the present k1 term, also indicate 

an exceedingly high negative entropy of activation. 

The large negative entropy of activation clearly seems indi- 

cative of a molecular mechanism involving activated complexes of 

a very high degree of organization. If the above quoted rate law 

is to be accepted, the k3 term in particular would involve a parti- 

cularly high degree of order, having in its activated complex three 

thionyl chlorides and two sulfuryl chlorides. 

The question arises as to the structures of the activated 

complexes for the three rate terms . The k1 term is the simplest 

and appears to suggest a bimolecular complex formed between 

thionyl and sulfuryl chlorides. Such a complex might well be of 

the oxygen bridged type suggested by Johnson and Norris (13). 

Such a possibility is clearly suggested by the fact that the value 

of k1, the chlorine exchange rate constant, is found to be of the 

same order of magnitude as the bimolecular rate constant found 

for sulfur exchange between these same compounds (see next 

section). On the other hand, the two constants are not identical, 
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the chlorine exchange rate appearing to be definitely greater than 

the sulfur exchange rate by more than the anticipated factor of two, 

Hence it seems likely that at least one other type of bimolecular 

complex, not involving an oxygen bridge from the sulfuryl chloride, 

must be involved. Such a complex might involve for example, either 

a double or triple chlorine bridge, thus 

Cl 
Cl Cl O \/' \/ 

S S /\ //\ 
O Cl O 

The second, k2, rate term, with the concentration depend- 

ence SOC12 2 502C12 2, might ormight not involve oxygen 

bridged species. It seems quite possible that only chlorine bridges 

may here be formed. Such a possibility is rendered particularly 

attractive by the observation that in the case of radiosulfur exchange 

no rate term corresponding to this k2 term was found. Such a 

chlorine bridged intermediate could lead to chlorine exchange with- 

out sulfur exchange . The exact structure of the activated complex, 

which would contain two molecules each of thionyl and sulfuryl 

chloride, can only be speculated on at this point. It might possibly 

consist of a linear extension to a four molecule chain of the type 

of double chlorine bridge bonding suggested immediately above as 

a possibility for the bimolecular complex. Alternatively it might 

possibly involve a ring structure such as 
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cl) o 

Cl 'NC Cl / 
O3,, 

>¼ 

o2 

Cl 

/\ 
o Cl 

The k3 term, then, would appear possibly to involve an obvious 

extension to a five-molecule containing complex of one of the 

above types of structures. 

Activated complexes of the above sort, containing such a 

large number of molecules, do not, of course, appear altogether 

appealing. Certainly it is not easy to imagine the exact steps lead- 

ing to their formation. However1 while they may appear at first 

glance somewhat improbable,it must be remembered that the ob- 

served entropy of activation does have an exceedingly large nega- 

tive value, a fact clearly consistent with a very high degree of 

organization in the activated complex, just such as is here 

suggested. 

It is recognized that the rate law here presented is not 

altogether satisfying, and attempts have been made to arrive at 

a more appealing interpretation of the data. There does appear to 

be a possibility that such might be achieved, but in order to make 

this possible more extensive investigations than those so far 

carried out would be desirable. Such future work would seem most 
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inviting. Particularly pertinent would appear to be experiments 

in an inert solvent in which both the thionyl and the sulfuryl chlor- 

ide concentrations could be independently varied. 

Since the first term in the postulated rate law suggested 

that oxygen bonding might be present in the activated comp'ex, the 

carrying out of radiosulfur exchange experiments seemed most im- 

portant. Such experiments were therefore done with a view to 

obtaining rate data to compare with the chlorine exchange rate data. 

The results of these experiments are given in the next section. 

z. S-35 Exchange Reactions. The exchange of S-35 between 

thionyl chloride and sulfuryl chloride was carried out in the hope 

of clarifying the exchange mechanism for Cl-36 exchange. The 

S-35 exchange is exceedingly slow, in agreement with the prelimi- 

nary findings of Johnson and Norris (13) and, further, is a good 

deal slower than the Cl-36 exchange, but the exchange of S-35 

does occur at a measurable rate . The rate data are given in 

Table VillA in a form generally comparable with that used for 

presentation of the chlorine exchange data. As may be seen the 

confidence levels which give an indication of whether the apparent 

exchange rates are truly greater than zero are generally somewhat 

lower than in the case of the chlorine exchange experiments, a fact 

resulting from the extreme slowness of the reaction and the conse- 

quent very small amounts of exchange actually observed even in 

very long time experiments. Nevertheless the confidence levels 

do appear to be sufficient to indicate the true occurrence of an 



TABLE VillA. Rates For Radiosulfur Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride, No Catalyst. 

C oncentrat ion 
Group moles/liter 

Number 502C12 50Cl2 
Temperature 

°C 

t1/2a) 
days 

Rate 
gram-atoms/liter-day 

b) 
P 

13 12. 22 0. 122 25. 0 4576 t 1410 
( 

1. 83 ± O. 56) x 1O O. 92 

15 11.31 1.13 25.0 5018± 2794 (l.42t O.79)x iO4 0.82 

16 6.49 6.49 25.0 5570± 2464 (4.03w 1.79)x iO4 0.85 

17 1.23 12.31 25.0 78614061 (9.86 5.09)x 10 0.81 

18 0. 219 13. 44 25. 0 4668 259 
( 
3. 20 ± 0. 18) x 10 0. 997 

20 11. 59 1. 16 0. 0 17, 414 27, 973 (4. 20 ± 6. 75) x 10 0.40 

23 11.09 1.11 45.0 4400f l2ooc) (1.59±0.43)x 

25 1.20 12.02 45.0 5130f 729 (1.47±0.21)x io 0.98 

(a) Plus or minus values quoted are standard deviations (except where noted) obtained from a least squares analysis of the log of (1-F) versus 
time data. (An additional point of F = O when t = O was used in the least squares analysis). 

(b) P is the confidence level at which the slope of the least squares line for the log of (1-F) versus time plots may be considered different 
from zero. 

(c) Errors quoted were estimated visually. 
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exchange, and the quoted standard deviations of the rates do suggest 

a reasonable reliability in the apparent figures. 

Plots of the logarithms of the rates as a function of the 

logarithms of the solute concentrations show that in excess thionyl 

chloride the order with respect to sulfuryl chloride (Figure 9) is 

about i (actual best slope through points 0. 74) and that in excess 

sulfuryl chloride the order with respect to thionyl chloride (Figure 

10) is also about 1 (actual best slope through points (VO. 80). These 

results suggest a bimolecular exchange mechanism between the two 

compounds according to the rate law 

Rate = k0 (SQC12)(S02C12) 

Table VIIIB presents calculated values of the bimolecular rate 

constant, k0, over the entire solution range from excess of one 

reactant to excess of the other, the data including all five experi- 

ments done at 25°C. It may be seen that the k0 values are reason- 

ably constant throughout the solution range, so that good support is 

lent the proposed rate law. The average value is (1. 01 ± O. 22) x 

10 liters gram-atom'day, the quoted error range representing 

the experimental standard deviation of the calculated values. 

The reaction rate was also examined as a function of tempera- 
. . o o ture in experiments at O and 45 C. Three comparable experiments 

in excess sulfuryl chloride have been plotted in Figure 11 as the 

logarithm of the rate versus the reciprocal of the absolute tempera- 

ture. The points give only a fair approximation to a straight line 

(as one might expect with data subject to the present large 
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TABLE VIIIB. Values of k for Radiosulfur Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride at 25°C, No Catalyst. 

Group 
Number 

Concentration 
moles/liter 

S 02C12 SOCl2 
Rate 

gram-atoms/liter-day 
' 

liter (gram-atom) 1day1 

13 12.22 0.122 1. 83 x 1O 1.23 x 10 

15 11.31 1.13 1.42 x 1.11 x 10 

16 6.49 6.49 4.03x104 O.96x105 

17 1.23 12.31 9.86 x 1O 0.65 x 10 

18 0.219 13.44 3.20 x 1O 1.09 x 10 

Average value of = (1.01 ± 0.22) x lO5liter (gram-atomsday 



o 

4-I 

o 

o. 

I 

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 

Figure 1.1. The Temperature Dependence of the Rate for Radiosulfur Exchange 

in Excess SO2 Cl2, No Catalyst 

119 



izo 

experimental uncertainties). Nevertheless, one may obtain from 

this plot an approximate estimate of the Arrhenius activation energy, 

Eap calculated as for the chlorine exchange. The value so calculated 

is 5.3 kcal/mole. The value of A, the Arrhenius frequency factor, 

calculated using this value of Ea and k0: 1.01 x 10 lg-atom 
-1 -7. -1 -1 day , was found to be 9. 2 x 10 liters gram-atom second 

From these figures, then, the entropy of activation, was 

calculated as -84 entropy units. 

The immediately foregoing figures apply to excess sulfuryl 

chloride solutions. Since, however, the same rate law appears 

to prevail throughout the solution composition range from excess 

of one component to excess of the other, it seems probable that 

these E, A and AS* values should also apply , at least approximate- 

ly throughout this range. This supposition is lent some support by 

the results of the experiments in excess thionyl chloride, although 

these results can only be treated as quite approximate since they 

involved experiments at only two temperatures . In this connection 

it should also be noted that the experiment at the higher temperature 

( Group No. 25), along with the companion experiment in excess 

thionyl chloride (Group No. 23), is probably of somewhat less 

reliability than those at lower temperature , since a yellow dis - 

coloration appearing in the solutions in the course of the runs 

as referred to in the Data section, appeared to suggest at least 

some decomposition of one or both of the reactants. The possible 

effect of some slight decomposition on the exchange rate is, of 

course, an unknown quantity, but it seems possible that the 
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poorness of fit of the points in Figure 11 to a straight line might 

conceivably be related to this factor. Thus, for example, it seems 

possible that the rate at 45° should have been higher than the appar- 

ent value. Were this so, the apparent activation energy.might then 

have been somewhat higher. 

With the foregoing reservations, then, one may use the two 

related experiments in excess thionyl chloride (Group Nos. 17 and 

¿s), to observe, at least approximately the temperature effect under 

these conditions. The two points have been plotted in Figure 12 as 

log (Rate) versus the reciprocal of the absolute temperature. 

From the slope of the line so obtained, then, together with the 

. o previously recorded value of k0 at 25 , one may calculate Ea z 

3.8 kcal/mole, A = 6. 7 x 10 8 liters g-atom and = 

-93.5 e.u. As already anticipated, these figures are, within 

their experimental reliability, in reasonable accord with those in 

excess sulfuryl chloride. It could well be that more precise 

experiments would show the figures to be the same in excess of 

either reactant. 

These results immediately suggest the idea that the first, 

bimolecular, k1 , rate term in the chlorine exchange rate law 

might possibly involve the same process as that leading to sulfur 

exchange. While the chlorine exchange rate is significantly greater 

than the sulfur exchange rate, this fact could be accounted for by 

the operation of the k2 and k3 rate terms in the chlorine exchange, 

with no corresponding terms for the sulfur exchange. This differ- 

ence might be understood if one assumed the k2 and k3 terms to 
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relate to activated complexes involving only chlorine and no sulfur 

(VI)-derived oxygen bridges, while the bimolecular complex did 

involve an oxygen bridge (e . g of the type previously mentioned as 

suggested by Johnson and Norris ( 13). In this connection, it is of 

real interest to find the values of the two bimolecular rate constants 

relatively close quantitatively in absolute magnitude: k1 (chorine) 

1.51 x 10 liters g-atomday; k0 (sulfur) z 1.01 x lO liters 

g-atom 1day 1 Direct comparison between these two quantities, 

however, is complicated by the fact that, in the calculation of k1 

reactant concentrations have been expressed in terms of gram- 

atoms of chlorine per liter (two to each molecule), while, for the 

sulfur exchange , no such complication occurs, with one sulfur 

per molecule. Had concentrations in the three term chlorine ex- 

change rate law been expressed in molar rather than gram-atoms 

per liter units (concentrations in the McKay exchange rate law 

used for the original rate calculations, however, necessarily re- 

maining in gram-atoms per liter units), the observed k values 

would have been somewhat different. Specifically k1 would have 

been higher by a factor of four; i.e. k1 6.04 x lO gram-atom 

liters mole 2day. 
This last figure, then is the one which should be compared 

with the sulfur exchange rate constant, k 1.01 x l0 liters g- 
-1 -1 -5 -2 -1 atom day 1.01 x 10 gram-atom liters mole day . It is 

apparent that the two figures are still relatively close, with the 

chlorine constant, as expected, somewhat greater. If the postu- 

lated oxygen bridge concept used in interpreting the sulfur 
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exchange is, in fact, correct, one would expect to find a chlorine 

exchange occurring at at least twice the sulfur exchange rate . The 

observed chlorine exchange rate is, however, about six times the 

sulfur exchange rate . The most reasonable interpretation of this 

observation would appear to be that more than one kind of bimole- 

cular interaction is contributing to the chlorine k1 rate term. Thus, 

in addition to an oxygen bridged complex giving both sulfur and chlor- 

me exchange, it seems likely that a chlorine bridged complex might 

also be involved leading exclusively to chlorine exchange. The 

occurrence of such a complex would be consistent with the idea 

already advanced that chlorine bridging is involved in the activated 

complexes associated with the k2 and k3 chlorine exchange rate 

terms. 

Thus it may be seen that the chlorine and sulfur exchange 

rate data correlate quite reasonably. It may finally be mentioned 

that it is most interesting to find the other related kinetic para- 

meters also in reasonable accord. Thus, the chlorine exchange 

values of Ea A and are not too greatly different from those 

found for the sulfur exchange, relatively low Ea values, quite low 

. . . 

4: 

A values, and quite high negative ¿S values being found in both 

cases. While the values cannot be too closely compared, being 

associated with the multi-molecular k3 rate step for the chlorine 

exchange, and with the bimolecular, k0, process for the sulfur 

exchange, the similarity in the values does suggest that both 

processes have elements in common. The most striking feature 

of the data is, of course, the exceedingly high negative entropy of 
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activation. Such a value is highly suggestive of a very high degree 

of order in the activated comp'ex. It is not difficuli to reconcile 

this point with the kind of complex which might be involved in the 

chlorine exchange multi-molecular, k3 term, but it now seems 

necessary also to associate a similar high degree of order with the 

bimolecular sulfur exchange complex. While the exact interpretation 

of this suggestion tends, with the data so far available, to lead one 

rather far afield speculatively, one possibility which might be 

considered is that the bimolecular complex could involve a three 

atom bridge between sulfur, two chlorines and one oxygen. This 

would amount to the sharing of a common octahedral face between 

the two sulfurs. Thus 

O Cl O 

Cl NC1 

Study of possibilities of this sort presents an inviting area for 

further investigation. 

3. Discussion. From the rate data obtained for Cl-36 and 

S-35 exchange between thionyl chloride and sulfuryl chloride it is 

evident that at least two types of mechanism must be preseit to 

account for the observed exchange reactions. The exchange of 

S-35 is much slower than the Cl-36 exchange reaction, the rate of 

o 
the former being, in equimolar reactant mixtures at 25 C, about 

1% of the latter. There is no question that exchange of S-35 is 
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occurring, but at rates so slow that the half-times of exchange 

appear to be about loo times the half-life of the radioactive S-35. 

Hence the possibility of following the S-35 exchanges for these 

systems for long periods in the hope of obtaining significantly more 

precise kinetics data appears to be out of the question. 

It would have been highly desirable to have obtained more 

extensive data showing the variation of exchange rate with tempera- 

ture. However, experiments directed to this end present real diffi- 

culties . Low temperature experiments tend to become exceedingly 

slow, on the one hand, especially for the radiosulfur exchange, 

while, on the other hand, higher temperature experiments appear 

to present problems in terms of reactant decomposition. Thus at 

45°C it was noted that all the exchange mixtures of thionyl chloride 

and sulfuryl chloride turned yellow. This change of color was 

taken as an indication that some decxnposition of one or both of the 

compounds was taking place. If such is the case then the observed 

rates of Cl-36 and S-35 exchange at 45°C are probably somewhat 

less meaningful than those at lower temperature. Hence it seems 

quite possible that the Arrhenius energy of activation determination 

may be somewhat in error. The plots of the logarithm of the rate 

versus the reciprocal of the absolute temperature might not then 

strictly follow the usual straight line. Examination of the activation 

energy plots reveals that such is, indeed, the case. 

The hall-times of the S-35 exchanges are greater than 

those for the Cl-36 exchange by factors ranging from about 5 to 

about 50, depending on conditions. Such results preclude the 
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operation of a common exchange mechanism for the two processes. 

While sulfur exchange probably takes place via the formation, in 

the activated complex, of an oxygen bridge between sulfurs (the 

oxygen originating with the S (VI), a process which wou'd of course 

also lead to chlorine exchange, it appears that some sort of multipli- 

chlorine bridging occurs which may be the primary mechanism for 

the Cl-36 exchange. 

The chlorine exchanging bridged species may or may not 

involve ring formation but the extremely large negative value for 

observed (-91.2 e.u. for the k3 rate term) suggests a highly 

order system. Even if one takes into account the fact that the 

experimentally determined energy of activation may possible be 

low by a factor of about two (that is, assuming Ea = 14 kcal/mole), 

the value of only increases to -69 e. u. Hence the data continue 

to suggest a highly ordered arrangement for the exchange inter- 

mediate. 

In summary then, the rate data suggest that S-35 exchange 

takes place by means of oxygen bridging between the thionyl chlor- 

ide and sulfuryl chloride. This pathway will also give a portion of 

the observed chlorine exchange . It seems likely, however, that, 

primarily, the Cl-36 exchange takes place by means of multiple 

chlorine bridging between thionyl. cMoride and sulíury ch'oride. 

The chlorine exchange rates are given to a reasonable 

approximation by the rate law; 

Rate k1 (50C12)(502C12) ± k2 (SOClz)2(SQ2C12)2 ± 

k3 (50C12)3(502C12)2 



where k1 1. 51 x JO5 liters gram_atorn_ldayl 
-7. 3 -3 -1 

k z l.80x 10 liters gram-atom day 

k3 8.41 x 10 litersgram-atom4day 

The sulfur exchange rates are given reasonably well by the 

rate law, 

Rate k0 (SOC12)(S02C12) 

-5. -1 -1 where k0 = 1.01 x 10 liters gram-atom day 

B. Exchange Reactions Between Thionyl Chloride and Sulfuryl 
Chloride in the Presence of Chloride Ion Catalyst 

1. Cl-36 Exchange Reactions. From the results of Masters 

etal. (15), Frazer (5) and Teague (Z7),which showed rapid exchange 

between chloride ion and either thionyl or sulfuryl chloride , it is 

apparent that the addition of chloride ion to thionyl chloride- 

sulfuryl chloride mixture should almost inevitably catalyze the 

Cl-36 exchange reaction between these species. While such cataly- 

sis could obviously occur through the intermediate of free chloride 

ion, if no other pathway were available, it could also be that some 

other pathway might be available. It seemed of interest, therefore, 

to examine the kinetics of the process. Such a study was of parti- 

cular interest as a suppliment to the already reported chlorine 

exchange studies between the two pure mixed oxyhalides. The 

establishment of a functional dependence of exchange rate on 

chloride ion concentration would make possible the calculation, on 
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the basis of the observed, slow exchange rate, of a maximum 

possible "free"chloride ion concentration in the pure mixed com- 

pounds. Such a possibility was of real interest for one thing in 

connection with the general question of just how significant ionic 

dissociations really are in these media, viz. 

Soci2 SOC1+ + C1 

Sozci -b'- So2cf + ci 
Z m- 

It was also of interest as a possible help in elucidating the kinetics 

of the exchange between the pure compounds. 

Fairly extensive data were obtained for rates of the chlorine- 

36 exchange between thionyl and sulfuryl chlorides, in mixtures 

to which small amounts of chloride ion(as tetramethylammonium 

chloride) had been added. The results are recorded in Table IX. 

It is immediately apparent from the data in the table that 

chloride ion does, indeed, have a strong catalytic effect, only very 

low concentrations being necessary to yield quite rapid exchanges, 

even at low temperature. The rates were studied for a variety of 

conditions with a view to obtaining specific kinetic information. 

Considering first the experiments in excess sulfuryl chloride, 

Figure 13 shows the rate dependency on tetramethylammonium 

chloride concentration, while Figure 14 shows that on thionyl 

chloride concentration. The two figures appear to suggest reaction 

rate orders with respect to the two solute species of about four 

and three, respectively. Similar log-log plots of rate versus 

concentration in excess thionyl chloride (Figures 15 and 16) show 



TABLE IX. Rates For Radiochiorine Exchange Experiments Between Thionyl Chloride and Suifwyl Chloride in the Presence of Chloride Ion. 

Group 
Number 

Concentration 
moles/liter 

SOCi2 Me4NCI 
Temperature 

° 

412 
a 

minutes 
Rate 

gram-atoms/liter-minute 

31 12. 18 1. 22 6. 09 x iO4 -45. 2 224. 0 ± 32. 4 (6. 86 O. 99) x 1O 

32 12. 18 1. 22 8. 52 x iO -45. 2 55. 2 2. 1 (2. 78 t O, Il) x 102 
33 12.18 1.22 1.22 x 1O -45.2 29.2 3.7 (5.27 ± O.67)x 102 
34 12.18 1.22 2.44x 1O -45.2 0.82 0.02 187 t 0.05 
36 12.62 0. 719 1.26 x -45. 2 67. 3 6. 0 (1. 40 ± O. 112) x 10 

37 11.63 1.83 1.16x io -45.2 15.0 t 0.7 (1.46 t O.07)x 10_1 

38 11.26 2.25 1. 13 x io -45. 2 7. 18 t 0.44 (3.62 t 0.22) x 10_1 

40 2.05 12.58 4.00x i0 -45.2 39.6 2.4 (6.17 t 0.37)x i02 
42 2.05 12.58 1.00x i0 -45.2 1.2 1.2 (1.34t 0.09)x 10_1 

43 2.05 12.58 1.40x 10 -45.2 33.6 ± 19.7 (7.27 t 4.26)x i02 
44 2.05 12.58 2.00x i0 -45.2 6.92 t 0.45 (3.53 t 0.23)x 10 

45 1.34 13. 38 3.99 x i- -45. 2 73. 8 t 1.4 (2. 29 ± 0.04) x i02 
46 3.55 10.90 3.98 x icr4 -45. 2 35. 0 6. 8 (1.06 t 0.21) x 10_1 

47 12.24 1. 22 7. 16 x 10 -55. 0 237. 0 ± 9 O (6. 49 t 0. 26) x 

48 2.08 12.77 4.OSx -55.0 84 t 40 (b) (2.95 1.40)x 10-2(b) 

51 11.85 1. 18 6.93 x 10 -22.9 2. 00 0. 20 (7.44 0.74) x 10 

52 1.99 12. Z4 3. 89 x io -22. 9 25 t (b) 
+ 2. 28) X 10_2(b) 

(a) Plus and minus values quoted are standard deviations (except where noted) obtained from a least square analysis of the logarithm of 

( l-F) versus time. 

(b) Errors quoted were estimated visually from the plot of the logarithm of (1-F) versus time. 
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in that medium approximate orders with respect to tetramethyl- 

ammonium chloride and sulfuryl chloride of one and two, 

respectively. 

On the basis of the foregoing plots, one may write empirical 

rate laws for the catalyzed chlorine exchange as follows: 

(1) For excess sulfuryl chloride solutions 

Rate = k7 (SOC12)3(Me4NC1)4 

where k7 (2. 61 ± 0. 98) x lO9 liters6gram-atoms6minute 

(T -45.2°C) 

(2) For excess thionyl chloride solutions 

Rate k3 (S02C12)2(Me4NC1) 

+ . 2 -2. -1 where k3 7.33 - 2. 70 liters gram-atom minute 

(T -45.2°C) 

The constants quoted here represent averages of all experiments 

at -45. 2° under each of the two types of conditions (Groups 3 1-38 

for the first case and 40-46 for the second). The quoted uncertain- 

ties represent experimenta' standard deviations of the observed 

rate constants. 

Experiments at two other temperatures permitted the 

drawing of plots of log (Rate) versus the reciprocal of the absolute 

temperature. From these plots, then, (Figures 17 and 18), it was 

possible to calculate apparent Arrhenius activation energies of 

16. 7 kcal/mole in excess sulfuryl chloride and 3. 7 kcal/mole in 

excess thionyl chloride. 

An important conclusion may be drawn at once from these 

data, namely that it seems most unlikely that the slow chloride 
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exchange occurring between the two pure oxyhalides takes place 

via any appreciable degree of ionic chloride dissociation by either 

of the two compounds. The results given in this section clearly 

demonstrate that the slightest trace of chloride ion catalyzes the 

chlorine-36 exchange reaction to a very great extent. Hence the 

very slow rate of radiochiorine exchange in the ?non_catalyzedIJ 

exchange mixtures clearly precludes any appreciable ionization in 

these systems. The results of the present section have already 

been anticipated in the estimates given in the presentation of the 

"non-catalyzed" results for maximum possible chloride ion concen- 

trations in these media. 

It is of interest to consider in a general way what sort of 

processes might lead to the exchange observed in the present 

catalyzed systems. It would appear that, in principle, the exchange 

reaction might occur by one or more of at least three mechanisms. 

(1) Probably the most obvious possibility is a direct interaction 

between chloride ions and each of the two exchanging species. This 

could involve either reversible equilibrium association processes 

or SN-Z attack. Thus the free chloride ions would become a "pool" 

for the transfer of radioactive chloride from one reactant to the 

other. Thus 

SOC1Z* + Cl SOC12*Cl SOCI*Cl + Cl* 

Cl + SO2C12 SO2C12C1* SO2C1*Cl + Cl 
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( 2) As a second alternative, the exchange might take place via 

interaction of charged intermediate species with the formation of 

an oxygen bridged intermediate. For this case it would be necessary 

to assume that the charged intermediates (formed by chloride addi- 

tion to one or both of the reactants) would be considerably more 

prone to such type of bridged complex formation than are the ori- 

ginal neutral molecules. Such an oxygen bridged species would, of 

course, also lead to sulfur exchange, in contrast to both possibility 

(1) above and possibility (3) below. For example: 

So2C12' + Cl ;::± 

SOCi + C1 -4 Cl SOCI 
2 - 2 

-2 r ci 
I I ici 

C12SOCI+C12"SO2C1# Io -,S. . .O-S-O *c12so2c1+Soclz*C1 

IGl I i 

L c ci 

C12SOCl SOC12' + Cl 

(3) As a third possibility, chlorine exchange might take place via 

the formation of poly-nuclear species involving chlorine bridges. 

Again it would be necessary to assume that chloride ion addition 

to the reactants would enhance greatly their tendency towards such 

bridged complex formation. Complexes of the type suggested 

might be either ring or linear chain structure. For example: 

SOC12 + Cl.± SOCl2Cl 

SOCl2'Cl SOC12 SOC1'SQCl'Cl 



S02C12 + C1 - S02C13 
- 

soci2: + so2ci3 -- so2ci3 soci2 

s0c12*.soclz*c1_ 
+ sozc13.soc1,. 

02 
cl ci 

cl ci 
cl 

o-s s- 
* ; cl 

ci ci ci' 

s 

0 'ci 
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-2 

A ring structure of the indicated sort could exchange chiorides 

rapidly by either dissociation of chlorides to the surrounding sol- 

vent media or by the making of new bonds (indicated by dotted lines) 

and the breaking of old bonds (indicated by solid lines). 

The rate data for the Cl-36 exchange reaction between 

thionyl chloride and sulfuryl chloride catalyzed by the addition of 

chloride ion indicate that the mechanism or mechanisms involved 

for these exchanges appear to be relatively complex with complex 

equilibria quite likely accounting for the observed exchange reaction. 

The high experimental order of the reaction, especially the fourth 

order with respect to chloride ion observed in excess sulfuryl 

chloride, clearly suggests that the principal exchange pathway in- 

volves a more complex process than that involving simple chloride 

ion association, dissociation equilibria, along the lines of possibility 

( 1) above. Furthermore, if one may anticipate the results of the 

next section, it may be noted that, in the catalyzed radiosulfur 
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exchange, it appears quite likely that no more complicated corn- 

plex than a bimolecularly formed one need be considered. Hence 

it seems improbable in connection with the chlorine exchange that 

the high order mechanistic processes involve oxygen bridged 

structures of the sort suggested in possibility (Z) above. Thus we 

are left with possibility (3) as apparently the most likely. It seems 

probable, then, that, in a general way, the catalyzed exchange is 

brought about through the formation of relatively complicated, 

chloride bridged complexes. 

The foregoing remarks are of a rather general nature. 

When one is faced with the problem of becoming more specific, 

one is immediately confronted with the rather drastic change of 

rate law on going from excess thionyl chloride to excess sulfuryl 

chloride. Which, with the data in hand, it is clearly impossible 

to arrive at an unambiguous interpretation of this effect, it is 

naturally inticing to try and imagine some sort of possible explana- 

tion, and the following is quite tentatively offered as one possibility. 

The results of the catalyzed radiosulfur exchange experi- 

ments (next section) suggest that chloride ion tends to form 1:1 

complexes both with thionyl and with sulfuryl chloride, with the 

stability of the latter addition complex being a good deal greater 

than that of the former . Thus it appears that in excess sulfuryl 

chloride the ratio of the two complexes would be displaced greatly 

in favor of the sulfuryl chloride complex, while in excess thionyl 

chloride, there might tend to be a more or less even distribution 

between the types of species . Starting from this picture, then, 
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one may arrive at an understanding of the rate results in excess 

thionyl chloride. We imagine the presence of the complex 

S02C12C1, engaged in the equilibrium 

sO2cl2.Cl_+ Soci2 :± SOClzCi + So2c12 

Because of this equilibrium, the concentration of the complex 

SO2C 12 C1 will be proportional to other concentrations present as 

follows 

(SO2C12C1) 
k1(C1)(S02C12) 

(SOC l) 

(Here (Cl) represents total dosed chloride in the solution.) We 

now imagine this complex in further equilibrium with thionyl chlor- 

ide to yield the complex SOC12SO2C12C1, thus 

SO2Cl2.C1 + SOd2 SOC12S02C12.Cl 

The concentration of this new complex will then be given by 

(S0C12 SOC12 c1) k2(C1)(S02C12) 

We imagine this complex to be in rapid reversible chloride exchange 

equilibrium with thionyl chloride in the solution, but not with 

sulfuryl chloride. Finally, now, we imagine the rate-determining 

step in the exchange to consist of a bimolecular displacement of 

one sulfuryl chloride unit in the complex by another from the 

solution. Thus the rate law would be 
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Rate = k(SO2C12)(S0C12S02C12C1) 

Rate kK2 (S02C12)(SO2C12)(C1) 

Rate kK2(S02C12)2(Cl) 

This is exactly the empirically observed rate law, with k3 kK2 

7.33 liters gram-atom min. (at -45.2 C). 

What now of the change in rate law on going into excess 

sulfuryl chloride? Here we imagine the formation of a poly-nuclear 

complex by combination with the simple 1:1 SO2Cl2 Cl complex of 

several sulfuryl chlorides, as well as some thionyl chlorides. For 

example: 

4 S02C12C1 + 4 SO2C12 + 2 SOCi2 

(S02C12)8(SOC12)2(Cl)4 (complex Q) 

As written, this equilibrium would tend to shift towards the right 

in excess suifuryl chloride, and one might imagine that the assoc- 

iated equilibrium constant were such as to make Q the dominant 

kinetic species in excess sulfuryl chloride, with a concentration 

given by the proportionality 

(Q) K(C1)4(SO2C12)4(SOC12)2 

This complex is assumed to be in rapid chloride exchange equili- 

brium with the solvent sulfuryl chloride, but not with thionyl 

chloride. The rate-determining step, now, might be a bimolecular 

displacement of one thionyl chloride in the complex by a thionyl 

chloride from the solution. Thus the rate law would be 
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Rate k (Q)(SOC12) 

= kK (C114(S02C12)4(SOC12)3 

Hence, comparing this expression with the above given empirical 

rate law, 

k7 = kK(S02C12)4 2.61 x 10 

k7 
or kK: 

(SO2C 12) 

In the excess sulfuryl chloride experiments, (S02C12) was about 

24 g-atoms liter'. Hence the rate constant kK in the above ex- 

pression would have the approximate value at 45. 20 of 2. 61 x 

1O/(24) 7.8 x 1iters'°gram-atom0minute. 
The complexity of the foregoing suggested possibility may 

appear dismaying, but it must be recognized that one is confronted 

with the experimental fact of a high order rate law. Clearly the 

possibility suggested is quite speculative, however, and further 

considerations in this area should probably be deferred until 

additional data is available. It may be noted that kinetics measure- 

ments in an inert solvent, where all three reactant concentrations 

could be independently varied might well be most helpful in pro- 

viding data needed to elucidate an intricate situation. 

2. S-35 Exchange Reactions. The results of the radiochiorine 

exchange experiments between thionyl and sulfuryl chlorides in 

the presence of added chloride ion (previous section) leave us with 

certain ambiguities. Thus three possible exchange mechanisms 
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have been outlined, and arguments have been presented in favor of 

one particular one of these, namely that involving chlorine bridged 

activated complexes. These arguments are not utterly finale how- 

ever, and any additional perspective that can be gained in regard to 

this problem should be of material help. Thus, for example, one 

of the possible (rejected) exchange pathways would involve rapid 

as soc iation, dissoc iation equilibria between s olute chloride ions 

and both thionyl and sulfuryl chloride. Alternatively at least two 

types of bimolecular, or poly-molecular interactions present 

themselves as exchange possibilities. One of these would involve 

oxygen bridging between the exchanging sulfur (IV) and sulfur (VI) 

reactants and should therefore yield sulfur as well as chlorine 

exchange. It was largely because of this possibility that it seemed 

worthwhile to investigate the rate of any possible catalyzed radio-. 

sulfur exchange between thionyl and sulfuryl chloride, so that 

both the absolute exchange rate and the reaction kinetic 's might be 

compared with the corresponding results previously observed for 

the catalyzed radiochlorine exchange in the same systems. 

The results of these radiosulfur exchange experiments done 

with added tetrarnethylammonium chloride are presented in Table 

X. A casual scrutiny of this table reveals at once that a strong 

chloride catalysis of the exchange does, indeed, occur, the rates 

obtained being for greater than those previously observed in the 

corresponding uncatalyzed system. On the other hand comparison 

of Table X with Table IX reveals that, under comparable conditions, 

the catalyzed sulfur exchange rate is much lower than the catalyzed 



TABLE X. Rates For Radiosulfur Exchange Experiments Between Thionyl Chloride and Sulfuryl Chloride in the Presence of Chloride Ion. 

Concentration 
Group moles/liter Temperature tl/2(a) Rate(a) % 

Number S02C12 SOCi2 Me4NC1 °C minutes gram-atoms/'lster-minute app atecal Deviation k (c) R 

61 12. 18 1. 22 7. 12 x icr3 -45. 2 

62 1. 34 13. 38 7. 83 x iO3 -45. 2 

64 11. 85 1. 18 2. 31 x lO -22.9 
65 11.85 1. 18 6.93 x icr3 -22.9 
66 11.85 1. 18 1.16 x i02 -22.9 
67 12. 28 0. 700 7. 18 x lO -22.9 
68 10.95 2. 19 6.41 x 1O -22.9 
69 1. 30 13. 01 2. 54 x 1O -22.9 
70 1.30 13.01 7.61 x icr3 -22.9 
71 2. 36 11. 82 2. 30 x lO -22.9 

6357 t 1000 (1.21 O.19)x iO --- --- 

490 t 11db) (1.72 ± O.39)x 10_3(b) 

12000 150db) (6. 20 ± O. 78) x 10_5(b) o 831 3. 16 x iO 96.2 
3212 406 (2. 32 t O. 29) x iO4 O. 345 2. 85 x icr4 18. 5 

657.6 t 46.8 (1. 13 ± 0.08) x io 0.600 7.98 x io 41.62 
3002 ± 96 (1.53 .05) x iO4 0.345 1.76 x io 13,2 
2769 t 268 (4. 57 ± O. 44) x io o. 464 4. 80 x iO 4. 88 

597.2 t 15.2 (1.37 ± O.03)x 1O 12.556 l.05x io 30.1 
60 ± 14(b) (1.36 t 0.32) x 10-2(b) 13.885 9.50 X i- 43.2 

618.0 t 6.5 (2.21 t 0.02) x i0 14.976 7.49 x 195.1 
Percentage Stand. Dey. of rate = 86. 5 

(a) Plus or minus values quoted are standard deviations obtained from a least squares analysis of the logarithm of ( 1-F) versus time data. 

(b) Errors quoted were estimated from a visual inspection of the logarithm of ( 1-F) versus time data. 

(c) kapp is an apparent rate constant calculated from the expression: 
kapp _ Rate 

2 (SO2C12) (SOCi2) (Me4NC1) 

(d) The rate was calculated from the expression: 
Rate = k (S02C13 ) (S0C13) and 

K3 =(SOCl3)(SOCl2) where k 653.6; K3 0.0928; (CV) (SOC13)+ (S02C13) 

(SOCl3-) (SOd2) 
rearrangement and substitution into the expression for the rate given above yields 

Rate = (60.654)(SOC12)(S02C12)(CF)2 

r (S02C12) -'- (0.0928)(SOC12fl 
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chlorine exchange rate . Thus comparing Group Number 3 1 in 

Table IX, with Group Number 61 in Table X, it may be seen that, 

even though the tetramethylammonium chloride concentration is 

tenfold higher in the second group, the exchange half-time is still 

about 30 times as long, i. e. the rate is only about one - sixtieth as 

great in the second group. (The factor of two between 30-fold and 

60-fold arises because of correction for the presence of two atoms 

per molecule in thionyl and sulfuryl chlorides, no such correction 

for sulfur, of course, being made.) 

Clearly the results confirm the implications of the chlorine 

exchange work that exchange catalysis can come about without any 

ionic chloride assoc iation, dissociation equilibria being necessarily 

involved. It is evident that such equilibria would be of no direct 

help in promoting sulfur exchange . Further, however, the results 

appear to suggest that the catalyzed chlorine exchange probably 

follows primarily a different pathway than the sulfur exchange. A 

priori it would seem most likely that the sulfur exchange would 

involve Some type of oxygen bonding between sulfurs in the activated 

complex, the oxygen originating with the sulfur (VI). Such a process 

would also yield radiochlorine exchange. Confronted with the fact, 

however, that the chlorine exchange is far faster than the sulfur 

exchange, one is forced to conclude that any chlorine exchange by 

the foregoing pathway must make but a minor contribution to the 

overall picture, and that the primary chlorine exchange pathway 

involves some other, non-sulfur exchanging mechanism. The 

possibility of choice for this alternative pathway would appear to 
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be one or more activated complexes involving chlorine bridging 

between sulfurs as discussed in the previous section. 

The radiosulfur exchange experiments were done over a 

range of concentrations and at two different temperatures in order 

to obtain some specific kinetics information. 

Plots of the logarithms of the rates versus the logarithms of 

the solute concentrations (Figures 19, 20) show that in excess 

thionyl chloride the order with respect to sulfuryl chloride is about 

1 and with respect to chloride ion the order is about 2. Similar 

plots (Figures 21, 22) show that in excess sulfuryl chloride the 

order with respect to thionyl chloride is about 1 and with respect 

to chloride ion the order is about 2, 

These results suggest an empirical rate law of the form 

Rate kapp(SOClz)(SOzC 12)(Me4NC1)2 

Analysis of the rate data shows that kapp (kapparent) has an average 

value of 0.52 (liter)3(gram-atom) 3min. -1 in excess sulfuryl 

chloride and an average value of 13.8 (liter)3(gram-atoms3min. -1 

in excess thionyl chloride. 

The doing of exchange experiments at two different tempera- 

tures made possible the obtaining of at least approximate values 

of the Arrhenius activation energy, Ea. The values of Ea found 

were about 10. 5 kcal/mole in excess thionyl chloride (Figure 23) 

and about 3.3 kcal/mole in excess sulfuryl chloride (Figure 24). 

It is not difficult to imagine a reasonable acceptable partial 

interpratation of the observed rate law. Thus, we might assume 
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that the species which actually interact to exchange S-35 are formed 

via the equilibria: 

S02C12 cl± SO2Cl3 

i + and SOC SOCi3 

(SO2C 13 

K1 
(S02C12)(C1) 

(SOC 13 1 
K2 

(SOC12)(C1) 

Here we are assuming that exchange occurs through collision of 

the species S02C13 and SOC 13 to form an oxygen bridge in the 

activated complex. The rate law then would be of the form 

Rate = k (SOC 13)(SO2C13) 

Introducing the unknown constants K1 and K2, this rate law becomes 

(assuming both K1 and K2 significantly less than unity) 

Rate kK1K2 (SQC12)(SO2C12)(C1)2 

or Rate = kapp(SOC12)(SO2C12)(C112 

Thus, on the basis of some reasonable assumptions, we have ob- 

tamed an equation identical in form with the empirical rate law. 

While the foregoing offers a plausible interpretation of the 

exchange mechanism, it provides no explanation for the great 

difference in magnitude of kapp as observed in excess thionyl 

chloride as compared with excess sulluryl chloride. In order to 

deal with this problem, it seems appropriate to modify the foregoing 

interpretation slightly. If one assumes that, rather than being less 

than unity, K1 and K2 are relatively large, somewhat a different 
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rate expression is obtained. The simplest (though not necessary) 

assumption is to postulate that the K values are sufficiently large 

so that almost all of the so-called "free chloride ion is actually 

tied up in either one or the other of the two sulfur oxyhalide addition 

compounds. With this assumption, it becomes convenient to con- 

sider the pertinent equilibria in the solution in terms of one rather 

than two equilibrium constants, thus 

SO2Cl + SOCl2 " 
S02C12 + SOCi3 

K2 
k3 

K1 

(S0C13)(S02C12) 

(S02C13)(S0C12) 

Making use of this equilibrium together with the above suggested 

rate expression, 

Rate k (S02C13)(SOCI3) 

it becomes possible to derive a new, more satisfactory rate 

expression, viz. 

kK3 (SOC12)(SO2C12)(Cl)2 
Rate 

r! + (S02C12) + K3(SOClzJ 
[K1 

Here (C1) represents gross total dosed ionic chloride concentration 

in the system, and not any true equilibrium ionic concentration. 

From the above expression, it may be seen that 

kK3 
kapp : 

(S02Cl2) + K3(SOClzJ 2 

LK1 
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By appropriate treatment of the experimental data in connection 

with the above equations, it is possible to arrive at estimates of 

possible ranges for the three unknown constants above, although it 

is not possible to obtain definite values for all three of them. It 

turns out that, in terms of the data observed, K1 (the formation 

constant for S02C13) must be greater than, at minimum, the value 

0. 707. If we make the simplifying assumption that K1 is, in fact, 

much larger than 0. 707, we may then calculate specific values for 

the other two constants. Thus, on the basis of this assumption, we 

obtain K3 0. 0928 and k 6536 liters gram-atom'minute. If 

we do not choose to assume K1 so very much greater than 0. 707, 

then, depending on the value of K1, K3 would fall somewhere in the 

range O - 0. 0928 and k would fall in the range 653.6 to infinity. 

Using these values for k and K3, rates have been calculated 

and recorded in Table X for the sake of comparison with the 

experimentally observed rates. While there are some extreme 

deviations, it may be seen that in general this rate law appears to 

fit the data reasonably well. Thus it appears possible to interpret 

the sulfur exchange adequately in terms of an oxygen bridged 

activated complex. Presumably chloride ion addition to the sulfur 

oxyhalides renders them much more prone to such complex form- 

ation than are the pure, neutral suLfur oxyhalides themselves. 
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3. Discussion. The experiments involving small amounts of 

added ionic chloride solute have clearly demonstrated the occurrence 

of a pronounced catalysis both of radiochlorine and radiosulfur 

exchange between thionyl and sulfuryl chloride. These results, 

when taken together with the experiments on the non-catalyzed 

radiochlorine and radiosulfur exchange, appear to show that in the 

pure compounds the level of any ttfree" chloride ion concentration 

arising from ionic dissociation of the compounds must be triflingly 

low. 

Even in these experiments with added chloride, it appears 

that the catalysis of the exchange does not involve the operation of 

rapid association, dissociation equilibria. Rather the catalyzed 

exchanges appear to go via fundamentally the same types of pro- 

cesses as appear to prevail for the uncatalyzed exchanges. Thus 

in both cases it appears that bimolecular or poly-molecular acti- 

vated complexes are involved. Sulfur exchange, in both the un- 

catalyzed and the catalyzed cases appears to involve only a bi- 

molecular complex: one formed by oxygen bridging from the 

sulfur (VI) to the sulfur (IV) species. This type of complex 

accounts for all the sulfur exchange and also gives some chlorine 

exchange. The primary chlorine exchange pathway, however, 

appears to involve (again both for catalyzed and non-catalyzed 

systems) chlorine bridged activated complex species which yield 

no sulfur exchange. These activated complexes, while including 

bimolecular forms, seem capable of building up to quite involved 

poly-molec ular structures. 
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One must assume that catalysis occurs because chloride 

addition to one or the other, or both of the neutral exchanging reac- 

tants leads to species which, despite their charges, are more prone 

to interact with each other than are the pure, neutral molecules. The 

situation here prevailing is reminiscent of other observations on re- 

lated types of sulfur compound systems which have been made in this 

Laboratory, such, for example, as the observation of a strong cata- 

lysis by ionic chloride of sulfur exchange between thionyl chloride 

and sulfur dioxide. Here too, it has been supposed that bridged acti- 

vated complexes were formed. 

Finally, reference should be made to the fact that, both in the 

catalyzed and the uncatalyzed exchanges, chlorine exchange was 

found materially faster than sulfur exchange. The explanation for 

this phenomenon appears to be found in the greater tendency towards 

chloride bridge formation as compared to oxygen bridge formation. 

This difference in tendency appears to manifest itself both as a 

greater tendency for formation of a complex of a given molecularity 

as well as in terms of poly-molecular complex formation where 

chlorine bridges are involved, but not where oxygen bridges occur. 

It seems probable that this marked difference in tendency may be re- 
lated to the fact that the oxygen bridges must, to give sulfur ex - 

change, involve coordination of sulfur (VI) oxygens to the lower oxi- 

dation state sulfur, presumably a somewhat reluctant acceptor. 

Chlorine bridges, on the other hand, can go either way, from 

sulfur (VI) to sulfur (IV), or, possibly with greater probability, 

from sulfur (IV) to sulfur (VI). 



C. Exchange Experiments with Antimony Pentachioride 

i . Cl-36 Exchange Experiments between ThionyiChioride and 

Antimony Pentachioride. In order to demonstrate the possible 

existence of an equilibrium between thionyl chloride, antimony 

pentachioride and an addition complex between the two compounds 

involving chloride ion transfer (as suggested by Spandau and 

Brunneck (29,30))two experiments were carried out (Table lilA, 

Group Numbers 73 and 74) in which exchange of radiochiorine was 

investigated. In excess antimony pentachioride (Group Number 74) 

thionyl chloride was shown to exchange its radiochiorines essentially 

completely with antimony pentachioride at 25°C within the exchange 

time of 2. 16 x lO minutes. It seems quite likely, however, that 

the exchange reaction was actually completed within 130 minutes 

at 25°C (see below). 

At 0°C in excess thionyl chloride (Group Number 73) ex- 

change of the radiochiorines from antimony pentachioride to thionyl 

chloride was shown (by observing the increase in activity in the 

thionyl chloride) to be 78 percent complete within 30 minutes. 

Radioassay of the antimony pentachloride fraction, however, showed 

about 98 percent completion of the exchange within 130 minutes. 

The thionyl chloride was fractionally distilled away from the 

antimony pentachloride and the activity of the residue (mostly 

antimony pentachioride) was determined, from which the indicated 

figure could be calculated. Estimated total contact time with the 

thionyl chloride was 130 minutes. 
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These results suggest that both at ¿5°C and 0°C there is 

in fact quite possibly, as envisioned by Spandau and Brunneck ( 29, 

30), a significant equilibrium of the form 

SbC15 + SOC12 (SOCI)(SbC16) 

the rapid reversal of which could lead to radiochlorine exchange 

between the thionyl chloride and the antimony pentachioride. Hence 

it seems clear that, in the presence of a sufficiently strong chloride 

acceptor such as antimony pentachloride, thionyl chloride is capable 

of releasing chloride ion, at least partially and within a complex 

structure. Such a possibility is of some interest in the contrast 

it presents to the manifest lack of chloride ion production tendency 

for thionyl chloride shown by the radiochlorine exchange experi- 

ments been pure thionyl chloride and sulfuryl chloride described in 

an earlier section. 

The establishment of rapid exchange in this system satisfied 

the immediate object of these experiments. However, it is worth 

noting that the results are suggestive of further experimentation. 

Thus, since the exchange is not really complete within 30 minutes 

at 0°C, it might be possible to do a rate study of this exchange at 

lower temperatures. Quite possibly there might, in addition to 

the above, be an equilibrium of the form 

SbCl5+SOC12 .. ' C12SO....SbCl5 

(in which the oxygen from the thionyl chloride is bonded to the 

antimony) which might compete with the suggested chlorine transfer 
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equilibrium and possibly influence the rate of radiochlorine ex- 

change. One might hope that the results of a kinetics study could 

be interpreted in such a way as to provide some insight into this 

problem. The separation of the two compounds by the technique of 

fractional distillation at -51°C is relatively good and it seems that 

rate studies of the exchange could be carried out quite fruitfully. 

2. Cl-36 Exchange Experiments between Sulfgryl Chloride and 

Antimony Pentachloride. Exchange experiments designed to test 

Gutmann's interpretation of the behavior of antimony pentachloride 

in sulfuryl chloride (9,10) were carried out at 25°C. If the equili- 

brium reaction 

S02C12 + SbC15 (SO2C1)(SbC16) 

postulated by Gutmann ( 9, 10) is present to any significant extent, 

one would expect the reaction to randomize radiochiorine between 

the sulfuryl chloride and the antimony pentachloride just as was 

observed with thionyl chloride. The results of the experiments 

(Table IIIB, Group Number 76 and 77) show that sulfuryl chloride 

does not exchange radiochlorine to any appreciable extent within 

20 days at 25°C. (The small amount of added chlorine in Group 

Number 77 may be assumed to be immaterial to this conclusion.) 

Thus the experiments show the lability of chloride in sulfuryl chlor- 

ide to be markedly less than that in thionyl chloride, the two 

presenting a distinct contrast in this respect. Thus it seems clear 

that any addition compound interaction which may occur in the 
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solutions in this case between sulfuryl chloride and antimony 

pentachioride very likely must involve bonding through the oxygen 

of the sulluryl chloride's being coordinated to the antimony rather 

than chloride being so coordinated. The results suggest that an 

equilibrium of the type postulated by Gutmann (9,10) can be, at best, 

of but minimum importance. 

It may, finally be noted that the very small amount of 

chloride ion introduced in Group 77 was put in with a view to finding 

whether its presence might exert a catalytic effect on the exchange, 

such as happened with both radiochlorine and radiosulfur exchange 

between thionyl and sulfuryl chloride. It is evident that no such 

effect occurred. 

3 . C 1- 3 6 Exchange Experiments between Thioiy1 Chloride and 

Sulfuryl Chloride in the Presence of Antimony Pentachioride. From 

the results of the experiments described above for the exchange of 

radiochiorine between sulfuryl chloride and antimony pentachioride, 

it was expected that antimony pentachioride should not to any great 

extent catalyze radiochlorine exchange between thionyl chloride and 

sulfuryl chloride. The present experiments were performed to 

test this postulate. That such is the case is demonstrated by the 

experiments in Table IIIC, Group Numbers 78 and 79. 

Group Number 78 shows that little or no activity (within 

the exchange time of 0. 54 days) was transferred from the radio- 

chlorine labeled antimony pentachioride to the sulfuryl chloride 

although it may be assumed,in view of the results in Part i above, 
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that the antimony pentachioride had undergone a complete exchange 

of chlorine -36 with the thionyl chloride within the exchange time of 

0.54 days. 

Group Number 79 shows that after 54 days some radioactivity 

had disappeared from radiochlorine labeled sulfuryl chloride. It 

is of interest to compare the rate of exchange here observed with 

that expected between the two pure sulfur oxyhalides, a quantity 

calculable from results reported in an earlier section of this thesis. 

The approximate 33% exchange observed in 54 days corresponds 

to an apparent half-time of about 95 days, or an exchange rate of 

-z . . -1 -1 about 4. 90 X 10 g-atoms of chlorine liter day . (See calcu- 

lations section for the method of calculation here employed for this 

three component system. It has been assumed here that exchange 

between antimony pentachloride and thionyl chloride is rapid. ) The 

rate to be expected between the two pure sulfur oxyhalides at the 

concentrations prevailing in this experiment may be computed from 

the empirical three term rate law previously found to fit the un- 

catalyzed radiochlorine exchange between thionyl and sulfuryl 

chlorides. It is to be noted that any such exchange would presum- 

ably be governed by the rate of exchange between thionyl and 

sulfuryl chlorides rather than any possible accompanying exchange 

between sulfuryl chloride and antimony pentachioride, since the 

latter exchange in the 54 days of this experiment should be quite 

negligible. (cf. less than 1% exchange observed in 20 days reported 

in the previous section.) The results of this rate comparison are 

presented in the following table: 
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Rate (g-atoms/1 day) 
Concentration Rate Expected Rate Observed 

g-atoms of chlorine/liter (three term rate law) 

S02C12 10.63 l.54x 102 4.90x l0 

SOCi2 10.63 

SbCl5 7.07 

Thus, it appears that antimony pentachloride may catalyze 

to some slight degree the exchange of radiochiorine between suLfuryl 

chloride and thionyl chloride, but certainly to a far less extent than 

does chloride ion (a Lewis base in these solvents) of comparable 

concentration. 

While one experiment certainly forms no basis for any 

extensive mechanistic speculations, it is, nonetheless, of some 

interest to try to imagine what type of influence the antimony penta- 

chloride might have in this system which would lead to exchange 

catalysis. Probably the most inviting idea is to imagine that, just 

as the base, chloride ion, probably catalyzes the exchange by pro- 

moting the formation of a chloride bridged activated complex be- 

tween the two exchanging species, the acid, antimony pentachioride, 

acts in a somewhat related style. Thus we might imagine first an 

interaction between thionyl chloride and antimony pentachioride 

leading to the formation of the species (SOC1)(SbC16). It is con- 

ceivable that the sulfur end of this complex might, then, be more 

prone to form a chlorine bridged complex with sulfuryl chloride 

than is thionyl chloride itself. Thus one might conceive of some 

such structure as the following, for example 



Cl Sb-Cl Cl O 
5 \/'S./ 

S 'S Cl /" /\ 
O Cl O 

Thoughts along these lines are admittedly highly speculative. It 

would however be of much interest to see a detailed kinetic study 

of exchange rates in this system carried out at some future time. 

4. S-35 Exchange Experiments between ThionyiChioride and 

Sulfuryl Chloride in the Presence of Antimony Pentachioride. The 

results of the radiochlorine exchange experiments described above 

for antimony pentachioride -s ulfuryl chloride -thioriyl chloride mix- 

tures suggest that antimony pentachioride should not catalyze to 

any large extent the exchange of radiosulfur between thionyl chloride 

and sulfuryl chloride. The present experiments were done to verify 

this point. 

Three radiosulfur exchange experiments were carried out 

in excess sulfuryl chloride in which about 1. 5 x lO mmoles of 

antimony pentachioride had been added. The results of these 
. o experiments (Table hID, Group Number 80) show that at 25 C the 

fraction of radiosulfur exchanged at the end of 55 days is less than 

one percent. It is to be noted that this is approximately the amount 

of sulfur exchange to be expected in an "uncatalyzed" mixture as 

shown from results in Section A, part 2 of these Results. Thus 

it appears that antimony pentachioride does indeed not have any 

appreciable catalytic effect on the sulfur-35 exchange reaction 
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between thionyl chloride and sulfuryl chloride, at least at the 

concentration here employed. 

D. Exchange Experiments Between Thionyl Chloride and Sulfuryl 

Chloride in the Presence of Non-ionic Catalysts 

1. Cl-36 and S-35 Exchange Reactions in the Presence of 

Triethylamine. Potter (Z4) studied the catalysis of the radiosulfur 

exchange between thionyl chloride and sulfur dioxide by triethyl- 

amine and presented arguments suggesting that, just as the base, 

chloride ion acts as a catalyst for this exchange, triethylamine, in 

its capacity as a base exerted its observed catalytic effect. Thus 

he visualized the formation of addition compounds between triethyl- 

amine and, on the one hand, thionyl chloride, and, on the other 

hand, sulfur dioxide, exchange then occurring by two alternative 

pathways, both involving binuclear bridge formation in bimolecular 

activated complexes. The first would involve interaction between 

Et3NSOC12 and sulfur dioxide and the second would involve inter- 

action between Et3NSO2 and thionyl chloride. Potter advanced 

arguments supporting these pathways for the exchange in preference 

to the alternative possibility of catalysis by chlorine ions derived 

from a preceeding ionization of the thionyl chloride -triethylamine 

complex along the lines of Spandau and Brunneck's (22, 23) concepts, 

viz. 

Et3NSOCl Et N.SOC1+ + Cl 2 +- 3 
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It seemed of interest to explore, at least in a preliminary 

way, the possibility that in the present system there might prevail 

a situation parallel to that observed by Potter. Thus it has been 

shown in a previous section that chloride ion is an effective catalyst 

for both radiochlorine and radiosulfur exchange between thionyl 

and sulfuryl chlorides. Hence experiments appeared inviting to 

determine whether triethylamine would also function as a catalyst 

for these processes. 

Two radiochlorine exchange experiments were carried out at 

0°C in excess sulfuryl chloride to which triethylamine had been 

added. It was found that the triethylamine does, in fact, strongly 

catalyze the chlorine-36 exchange between thioriyl and sulfuryl 

chlorides (Table IVA, Group Number 81). The results show that, 

even at essentially zero time, the exchange was fairly complete. 

The triethylarnine concentration in these experiments was quite 

high, however, about 0. 061 molar (much higher than chloride ion 

concentration in any of the chloride ion addition experiments). 

One experiment was carried out in excess sulfury]. chloride 

with the concentration of triethylamine at 0. 166 moles/liter in 

which the thionyl chloride was labeled withsulfur-35 (Table IVB, 

Group Number 82). This experiment shows that, just as with 

radiochiorine, the exchange of sulfur-35 between thionyl chloride 

and sulfuryl chloride in the presence of triethylamine does in fact 

occur. The results show greater than 100 percent exchange. This 

may be due in part to inaccurate dosing of the sulfuryl chloride into 

the reaction ampoule. 
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These experiments were designed merely as preliminary 

ones to show whether or not the anticipated catalysis would occur. 

As such, they served their purpose. They do not, of course, pro- 

vide any information on which one may base considerations relative Lo 

an exchange mechanism. In particular there is no way to distinguish 

whether the exchange involves a preliminary production of chloride 

ion by interaction with thionyl chloride, this chloride ion then being 

the effective catalyst, or whether the triethylamine exerts its 

catalytic effect by direct interaction with the thionyl and/or sulfuryl 

chloride (or in some activated complex formed between the two) 

along the general lines envisioned by Potter (24) in his research. 

It is particularly inticing, however, to imagine that something of 

the latter sort might be the case. Here too, then, is a system in 

which further detailed kinetics study would appear most worthwhile. 

One might hope that such studies would provide insight into the 

mechanistic problems here outlined. 

2. Cl-36 Exchange Reactions in the Presence of Sulfur 

Dioxide. In previous research in this Laboratory the existence in 

liquid sulfur dioxide solution of the species SO2C1 has been postu- 

lated to account for the catalysis by dissolved ionic chlorides of 

the sulfur-35 exchange reaction between thionyl chloride and sulfur 

dioxide. The reasonableness of the existence of a species SO2C1 

is supported by the known existence of the species S02F (26) and 

SOI (12). Thus it seems possible that the chiorosulfinate ion, 

S02C1, might also be expected to exist in solution. 
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On the basis of the foregoing, it seemed of interest to see 

whether sulfur dioxide in the media here under study might have a 

sufficient chloride ion acceptor tendency to draw a chloride ion off 

thionyl chloride (or, less probably, sulfuryl chloride) and thus give 

rise to a chloride ion concentration in the solutions which would then 

serve to catalyze the radiochiorine exchange between thionyl and 

sulfuryl chlorides. Such a possibility actually does not appear 

overly likely, in view of the fact that, although radiosulfur exchange 

between sulfur dioxide and thionyl chloride is strongly catalyzed by 

ionic chlorides, no significant rate of radiosulfur exchange occurs 

between sulfur dioxide and thionyl chloride in the absence of extra 

added chloride. Nonetheless, it seemed worthwhile to do experi- 

ments to see if there might be any effect. The results of two 

experiments directed to this end are presented in Table V (Group 

Numbers 83 and 84). These experiments clearly show that no 

significant catalysis occurs. Thus, even after 48 days, the amount 

of exchange is not materially greater than that which would have 

been observed in the absence of the sulfur dioxide. The apparent 

half-time indicated by this experiment would have been about 185 

days, corresponding to a radiochiorine exchange rate of about 

1.57 x 10 
2 g-atoms of chlorine literday (at 25°C). This rate 

may be compared with a value calculated (for 250) for the "uncata- 

lyzed" system on the basis of the three term rate law. A compari- 

son of the two rates is given for Group 84 in the table below. 



171 

Rate (g-atoms/liter -day) 
Concentration Expected Observed 
(moles/liter) (three term rate law) 

SOCi2 10.32 2.40 x 1O 1.57 x 1O 

SO2C1 2.62 

SO2 0.697 

The observed rate of exchange was calculated assuming the 

volumes of all of the reactants additive. This may or may not be 

entirely valid with the highly volatile material sulfur dioxide at 

25°C in the reaction ampoule used which had an appreciable gas 

space over the liquid. In any case, it may be seen that the radio- 

chlorine exchange is not catalyzed to any appreciable extent by the 

addition of sulfur dioxide to the exchange mixture of thionyl chlor- 

ide and sulfuryl chloride. Hence there appears to be no evidence 

for any chloride ion producing interaction in the system along the 

lines above suggested as a possibility. 

E. Exchange Experiments with Mixed Catalysts 

1. Cl-36 Exchange Reactions for the System Thionyl Chloride- 

Chloride Ion-Antimony Pentachioride--Acetonitrile as the Solvent. 

As described earlier in Section VC, thionyl chloride has been shown 

to exchange radiochlorine with antimony pentachloride rapidly and 

completely. This exchange is thought quite possibly to occur 

through the formation of an intermediate species 

(SbC16) 
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with a chloride ion from thionyl chloride providing the additional 

chloride to form this intermediate species. 

Thionyl chloride is known also to exchange chlorine with 

chloride ion (15) quite rapidly. There is the possibility of an 

inhibition of the exchange reaction between thionyl chloride and 

antimony pentachioride on the addition of chloride ion to the exchange 

mixture. Two questions are pertinent in this regard: (1) will 

chloride ion tlblockf the exchange of radiochiorine between thionyl 

chloride and antimony pentachloride (due to the possible prior 

formation of SbC16) and (2) are the chlorides in the species 

SbCl6 kinetically labile with respect to thionyl chloride? 

The solubility of tetramethyl- or tetraethylarnmonium chloride 

in thionyl chloride is too low to permit the formation of any signifi- 

cant amount of the hexachloroantimonate (V) ion upon the addition of 

antimony pentachloride. Experiments for the exchange of radio- 

chlorine between thionyl chloride, antimony pentachloride and 

chloride ion were therefore carried out in the solvent acetonitrile. 

Two experiments at 0°C (Table VIA), Group Numbers 85 and 86) 

show that chloride ion does indeed prevent the complete exchange 

of radiochiorine between thionyl chloride and antimony pentachior- 

ide within the exchange time of 30 minutes and at a temperature of 

0°C. Group Number 85 shows that a 1:1 mixture of chloride ion 

(as tetraethylammonium chloride) and antimony pentachior ide 

Ifblocksu the exchange of radiochiorine from the antimony penta- 

chloride to thionyl chloride completely. Group Number 86 shows 

that the excess, non-c omplexed antimony pentachior ide undergoes 



173 

complete radiochiorine exchange with thionyl chloride, while the 

complexed material gives no exchange. Thus, considering only 

the non-complexed antimony pentachioride, a value for A (the 

infinite time specific activity) can be calculated as follows, the 

values so obtained being quite comparable to that observed: 

(5) (0. 766-0. 42) 
A 

(2) (23. 24) + 5(0. 766-0. 42) 
(60.3) 

A = 2. 16 cpm/mg 

A (observed) 2.0 cpm/mg 

These results suggest that the chlorides in the species SbCI6 

are, at least at 0°C, relatively non-labile with respect to thionyl 

chloride. 

Lewis and Sowerby (12) found that phosphorus oxychloride 

exchanged radiochlorine with aluminum chloride only in the pre- 

sence of chloride ion, suggesting that the formation of the tetra- 

chioroaluminate (III) ion was actually necessary before the observed 

exchange reaction could occur. Thus the chlorides in that complex 

ion would appear to be significantly more labile than seems to be 

the case with the hexachioroantimonate V ion. In the present case 

of thionyl chloride and the hexachioroantimonate (V) ion, there 

does, however, appear to be some degree of lability of the chlor- 

ides on the hexachloro complex with respect to thionyl chloride at 

a higher temperature and a higher hexachioroantimonate (V) ion to 

thionyl chloride ratio. Group Number 87 (Table VIA) shows that at 

25°C there is about 12 percent exchange of radiochlorine between 
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thionyl chloride and the hexachioroantimonate (V) ion within the 

exchange time of 30 minutes. 

Z. Cl-36 Exchange Reactions between Thionyl Chloride and/ 

or Sulfuryl Chloride with the Catalysts Triethylamine and Antimony 

Pentachloride. Triethylarnine has been shown to catalyze both the 

exchange of radiochlorine and radiosulfur between thionyl chloride 

and sulfuryl chloride (Section VD) while antimony pentachioride 

shows little or no catalytic effect for these exchanges (Section VC). 

Antimony pentachioride may be considered as an acid in the solvents 

thionyl chloride and sulfuryl chloride while triethylamine may be 

described as a base in these solvents (19). A 1:1 mixture of triethyl- 

amine and antimony pentachloride in thionyl chloride-sulfuryl 

chloride mixtures might be expected, then, to form some sort of 

neutralization species which would quite possible be less active 

catalytically than tr iethylamine in promoting r adioc hior me and/ 

or radiosulfur exchange between thionyl chloride and sul.furyl 

chloride. Such catalysis inhibition in 1:1 mixtures of these two 

species was shown by Potter (19) to occur for the catalyzed radio- 

sulfur exchange between thionyl chloride and sulfur dioxide. 

An experiment (Table VIB, Group Number 88), designed to 

demonstrate any possible inhibition by triethylamine of the exchange 

of radiochiorine between thionyl chloride and antimony pentachloride, 

was carried out at 0°C. After the reactants had been dosed into 

the exchange ampoule the mixture was allowed to warm to 0°C. 

The mixture changed in color from a yellow color to a black color 
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within five minutes. The thionyl cnloride was fractionally distilled 

from the antimony pentachloride and its activity showed that com- 

plete exchange of radiochlorine between thionyl chloride and anti- 

mony pentachloride had occured. Apparently any complex of the 

type (Et3NSbCl5) was not formed rapidly enough to inhibit the ex- 

change reaction. 

Two additional experiments (Table VIB, Group Numbers 89 

and 90) were carried out in excess sulfuryl chloride. Again the 

triethylamine may well have catalyzed the exchange of radiochlorine 

between thionyl chloride and sulfuryl chloride (the solution turned 

to a yellow color) before any complex of the type (Et3N.SbC15) 

could be formed to prevent such catalysis. 

The order of addition of the reactants is obviously of import- 

ance here. The inhibition of the radiochiorine exchange between 

thionyl chloride and antimony pentachloride by the addition of 

chloride ion (as tetraethylammonium chloride) in acetonitrile was 

observed after the species SbC16 was allowed to form in the sol- 

vent acetonitrile prior to the addition of thionyl chloride to the 

reaction ampoule. This order of events was not the case in the 

present experiments. 

Thus it would seem worthwhile to carry out further experi- 

ments along the lines described above in which some species such 

as (Et3NSbC15) might be allowed to form before the reactants 

thionyl chloride and sulfuryl chloride were dosed into the reaction 

mixture. The results as they now stand, however, are inconclusive 

as to the formation of any neutralization species between 



176 

triethylamine and antimony pentachioride in thionyl chloride and 

sulfuryl chloride. 

One additional experiment was done which was intended to 

give information (by possibly showing a radiochlorine exchange) 

concerning the possible ionization of a species Et3NSO2Cl2 in the 

presence of chlorine-36 labeled antimony pentachloride. After the 

reactants triethylamine and antimony pentachloride were allowed to 

come to 00C in excess sulfuryl chloride, an orange-white precipi- 

tate formed. It seems probable that this precipitate was some 

addition complex between antimony pentachloride and triethylamine. 

Its insolubility, however, vitiated the experiment. Hence, the 

separation of the reactants was not carried out and no information 

of activity distribution was obtained. 
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VI. SUMMARY 

(1) The rates of chlorine-36 and sulfur-35 exchange between 

thionyl chloride and sulfuryl chloride in the pure solvents have been 

investigated. Both processes are exceedingly slow. For the 

chlorine-36 exchange reaction, the rate law (at C) 

Rate k1(50C12)(502C12) + k2(50C12)Z(502C12)2+ k3(50C12)3(502C12)2 

gives a moderately good fit to the observed rate of exchange. The 

rate constants are found to be 

k1 : 1.51 x lO5liters gram-atomday 
-7. 3 -3 -1 k2 1.80 x 10 liters gram-atom day 

-8. 4 -4 -1 k3 8.41 x 10 liters gram-atom day 

The Arrhenius energy of activation in an equimolar mixture of the 

reactants is found to be 7. 23 kcal/mole for the chlorine-36 exchange 

reaction. 

The exchange of sulfur-35 between thionyl chloride and sul- 

furyl chloride is found to follow the bimolecular rate law 

Rate : k1(50C12)(502C12) 

where k1 is found to be L 01 x l0 liters gram-atomday. The 

Arrhenius energy of activation is found to be 3 . 8 kcal/mole in excess 

thionyl chloride and 5. 3 kcal/mole in excess sulfuryl chloride. 

The sulfur-35 exchange reaction is slower than the chlorine-36 

exchange reaction. The results of these exchange experiments 

(both chlorine-36 and sulfur-35) have been interpreted as suggesting 

a molecular mechanism as the primary pathway for the exchange 

reaction, rather than a possible ionic dissociation mechanism. It 
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is concluded that, in contrast to suppositions of other workers, 

ionic dissociation processes in these media must be of quite minor 

significance. 

(2) The effect of small amounts of added chlorine ion 

(tetramethylammonium chloride) on the rates of chlorine -36 and 

sulfur-35 exchange between thionyl chloride and sulfuryl chloride 

has been investigated. Chloride ion is found to exert a powerful 

catalytic effect on the rates of both exchanges. The kinetic data 

obtained suggest that fairly complicated equilibria between chloride 

ion and the solvents can exist. 

For the chlorine-36 exchange reaction between thionyl chloride 

and sulfuryl chloride in excess sulfuryl chloride in the presence of 

added chloride ion, the kinetic order of reaction with respect to 

chloride ion is four and the kinetic order of reaction with respect to 

thionyl chloride is three. In excess thionyl chloride the kinetic 

order of reaction with respect to chloride ion is one and the kinetic 

order of reaction with respect to sulfuryl chloride is two. The 

Arrhenius energy of activation is found to be 16. 7 kcal/mole in 

excess sulfuryl chloride and 3. 7 kcal/mole in excess thionyl 

chloride. 

For the sulfur-35 exchange reaction between thionyl chloride 

and sulfuryl chloride in the presence of added chloride ion, the rate 

law 

Rate z k(SOC12)(S02C12)(Me»NC1)2 

is followed over a wide range of concentrations. The value of k is 

0. 52 lite r gram -atom 3minute -1, in excess s ulfuryl chloride and 
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13.8 iitersgram-atomminute in excess thionyl chloride. The 

Arrhenius energy of activation is found to be 3.3 kcal/mole in excess 

sulfuryl chloride and 10. 5 kcal/mole in excess thionyl chloride. The 

results of the sulfur-35 exchange reaction have been interpreted as 

suggesting the preliminary formation of the species SOC13 and 

S02C13 which then undergo exchange in a bimolecular interaction. 

(3) Antimony pentachloride is found to exchange chlorine-36 

rapidly and completely with thionyl chlorides but only slowly or not 

at all with sulfuryl chloride, suggesting a greater chloride releasing 

ability towards a strong Lewis acid on the part of the sulfur (IV) as 

compared to the sulfur (VI) compound. Antimony pentachloride 

exhibits a weak catalytic effect on the exchange of chlorine-36 

between thionyl chloride and sulfuryl chloride. There appears to 

be no catalytic effect on the part of antimony pentachloride for the 

analogous sulfur -3 5 exchange reaction. 

(4) Triethylamine is found to be a powerful catalyst for the 

exchange of both chlorine-36 and sulíur-35 between thionyl chloride 

and sulfuryl chloride. 

(5) Sulfur dioxide exhibits no catalytic effect on the exchange 

of chlorine-36 between thionyl chloride and sulfuryl chloride. 

(6) In the solvent acetonitrile chloride ion is found to inhibit 

the exchange of chlorine-36 between thionyl chloride and antimony 

pentachloride, presumably via formation of the species SbC16, 

which has little tendency towards exchange with the oxyhalide. 
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