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ISOTOPIC EXCHANGE REACTIONS 
IN LIQUID SULFUR DIOXIDE 

I. INTRODUCTION 

A. GENERAL REvíAR1Çß. It is a truism, perhaps more 

enera11y recognized in the physical sciences than elsewhere, 

that those phenomena which are thouEht to be most adequately 

understood, are moat in need of critical examination in the 

liEht of new experiences. Certainly the concepts acid, 
base, and salt, have been assumed to be clearly defined at 

each staEe of progress in the growth of chemistry, and yet, 

even today, there is much which is still ambiguous and in 

need of clarification that is embraced by these terms, 

As part of an integrated program of basic research 

into the relationship between acids and bases, and the sol- 

vent in which their behavior is evidenced, being conducted 

in this laboratory, the present work is a small portion. 
Since man moves in what is essentially an aqueous 

world, it is only reasonable that by far the greatest amount 

of study of the nature of acids and bases, and the relation- 

ship between their characteristic behavior and the solvent 

of the system concerned, has involved water as a solvent. 

In recent years, however, increasing attention has been 

paid to non-aqueous solvent systems, among these being 

ammonia, phosgene, sulfur dioxide, acetic acid, hydrocyanic 

acid, and others. In each case, it is possible to write a 

self-ionization reaction (regardless of the extent to which 
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this does or does not take place) analooua to the common 

self-ionization reaction written for water. 

Thus, for example 

2H20 H30' + 0H 

2NH3 NH4 + NH2 

00Cl2 C0Cl + C1 

2302 + 303 

2HOAc H2OAc + OAc (1) 

(some of these self ionizations are a good deal better 

established than others) are typical of the self-ionization 

reactions of some common solvents. In each case, to the 

positive fr'ament can be ascribed a behavior more or less 

analogous to that of the hydroniom ion in water, to the 
negatIve part, that of the hydroxyl ion. Whether or not 

such identification of chemical species leads to . self 

consistent picture of acid-base behavior must then be 

tested by eppropriate experimental means. 

Since the present work is based upon the use of 

sulfur dioxide as a solvent, it seems profitable to focus 

the discussion upon this particular t'system of chemistry", 

keepinE, in in md however, that if our concepts are truly 

those of a generalized acid-base theory, the present remarks 

should be equally applicable, with obvious modifications, 

to other solvent systems. 
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The 'proton theory' of acids and bases, advanced by 

13r$nsted and Lowry (4, p.284), defines as an acid, any 

substance capable of Thrnishin protons in a chemical 

reaction. In the same sone, any substance capable of 

accept ing a proton to form a stable agregate ion or mole- 

cule, is designated as a 'base'. It is readily seen from 

this, that an acid reacts with a conjugate base to form a 

conjugate acid and a base 

lIC], f FIZO H3O + C1 
(2) 

acid 
conj .base conj .acid 

base 

ReturninE, to the self-ionizations mentioned above, 

and extending the Br$nsted - Lowry theory to non-aqueous 

systems, an acid should be classified as that substance 

which furnishes the positive portion of the self-ionization 
reaction; a base a substance which combines with this 
positive portion to form a stable chemical aggreate. For 

the sulfur dioxide system, then, sny substance capable of 
furnishing thionyl ions, 3O, is an acid; any substance 

which can combine with thiony]. ions, or which furnishes 
sulfite ions, 303, a base. This view is essentially that 

of the solvent systems theory of acids and bases (6, 

pp.l25-8). 

Jander (12, p.212) has classed those two types of 

compounds as 'acid analogues' (suren-analoçe) and 'base 
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analogues' (basen analoon). A typical acid in the sulfur 
dioxide system would be thionyl bromide, s±nce it can 

undergo the (postulated) reaction 

+ 2 Br . (3) 3OBr2 

A typical sulfur dioxide base is tetramethylarninonium sul- 

fite, by virtue of the reaction 

(Ke4N)2O3 + OBr2 - 2 Xie4NBr + 2 (4) 

This latter reaction is also an example of a neutralization 

in the sulfur dioxide system. 

13. TH1ORY. The sulfur dioxide systeii of chemistry 

has been studied by Jander and hic co-workers rather 

extensively (for example 14, pp.57-73); by ingold and his 

co-workers in England (2, pp.243-7); as well as by investi- 

gators in the author's laboratory (19, pp.3052-5; 32, 

pp.1220-3; etc.). 

The German group under Jander, in their initial 

researches in sulfur dioxide chemistry, followed the course 

' of a typical acid-base reaction, and the ionization of 

thionyl and sulfite compounds, by measuring the specific 

conductvities o their systems, and correlating these with 

the extent of ionization of various compounds In liquid 

sulfur dioxide solutions. 

The conclusions drawn by this group have not met with 

universal acceptance. For example, Jander claims the 

formation of a solid addition compound between triethylamine 
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and sulfur dioxide correspondinE to the formula 

f[(OH3cH2)3N]230J803 . To th1 compound they ascribe a 

moltinE OOtht of about 750C, a white color, and a charac- 

toristic behavior towards excess sulfur dioxide and towards 

water. I3aternan, Hughes, and InEold (2, pp.243-7) attempted 

to repeat Jander's work with the triethyline-sulfur 
dioxide addition compound, and have shown that the compound 

described by Jander actually corresponds to the hydrate of 

the anhydrous addition compound formed from triothylamine 

and sulfur dioxide when these are present in a 1:1 ratio. 

In the first series of experiments covered in the present 

work, the triethylamine-sulfur dioxide addition compound 

has been investigated further, and complete agreement with 

the results reported by the British group has been found. 

The main portion of the present work grew out of' 

experiments undertaken by Johnson (17, pp.24-48) which 

showed that the exchanges of sulfur between 302, and SoBr2 

and SOCi2 were exceedingly slow, these results being in 

sharp conflict with the concepts of sulfur dioxide chemistry 

as advanced by Jander and his co-workers. In Johnson's 

work there were observed some anomalous exchange effects 

obtained when potassium bromide (relatively insoluble) was 

added to thionyl chloride dissolved in sulfur diòxide 

(OBr2 and KC1 being obtained by double decomposition). 

The phenomena observed by Johnson resulted from a strong 



catalysis of the thionyl cornpound-302 exohane. This 

thesis, then, is concerned with a detailed investigation 
of this catalysis, as applied to the sulfur dioxidethionyl 
bromide exchane reaction 

2*02 + 30Br2 .- S0 + S*OBr (5) 

It has been found that the reaction is catalyzed by 

the presence of several ionic halide salts, and details of 

the kinetics of the process have been studied. 
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II. 3ULFtJR DIOXIDE -TRIETHYLJINE EXRII4ENT$ 

A. HI$TORICAL BACKGROUND. In the course of their 

work on the 'sulfur dioxide system of chemistry', Jander 

and his co-workers have investlEated extensively the 

behavior of di- and tri-ethylanine in sulfur dioxide. 

Jander and ickert (13, p.252) dissolved triethyl- 

amine in liquid sulfur dioxide, and obtained a brown colored 

solution as the result of a vigorous, exothermic reaction 

between the two components, They found that the solution 
conducted a:n electric current, equivalent conductance data 

showinE a relatively large concentration of ions in the 

system. In an attempt to characterize the product of this 
reaction, they removed the excess O2 by puuipin;, and 

obtained a crystalline residue. Although their analytical 

data is not cited in the literature, they state that an 

analysis of this crystalline material yielded the empirical 
formula [(CH3CH2)3Na3O2] To determine the value of the 

1nteer 'n' in this formula, they allowed the triethylainine 
- 3O2 solution to react with KBr, as a result of which they 

obtained a precipitate. This they identified as K2S205 

which is only sparin1y soluble in sulfur dioxide. On the 
basis of this result, it was postulated that the reactions 

2 (CH3CH2)3N302 + 2 KBr - (CH3CH2)3N Br2 + 

K23O3 
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L!J 

K2$303 + -s- (6) 

had taken place. They state that the thionyl di-triethyl- 

amine salt could be isolated - although details of this 

isolation are not Eiven - arid that the compound is stable 

under anhydrous conditions. 

A more detailed discussion of the preparation of the 

triethylamine-$02 addition compound is ivon in a further 

communication (14, pp.68-71). In view of certain objec- 

tions raised by other investlEators - Bateman et aI (2, 

pp.243-7) - this procedure is quoted in some detail. 

At atmospheric pressure, and under rigorous exclu- 

sien of moisture (P2o5), a weighed amount of triethylarriine 

was dissolved in liquid sulfur dioxide, and the excess 

solvent removed by evaporation ( abgedunstet ) . The 

residue was freed of any remaining 302 by exposure to P205 

in an aspirator produced vacuum, employed with the inter- 

position of drying towers. As a result of this procedure, 

the initially light brown solution became increasin1y 

dark, until the whole mass solidified to colorless crystals. 

The white crystalline residue is reported to have the 

composition (GH3CH2)3NS02. If the amount of sulfur 
dioxide present exceeds that riven by the empirical formula, 

the substance assumes a brown color; if the excess is 

pronounced, a viscous brown liquid is formed. 

Further analytical data, based largely on 



metathetical reactions, lead Jander and his co-workers to 

adopt the formula 

(CH3CH2)3N 290) $03 (7) 

to which they ascribe the properties of a white crystalline 
solid, meltinE point 730C. They further cite the reaction 

(cH30H2)3N 230 503 + 2 H20 2 (CH3CII2)3NH 0H + 2 302 (8) 

which is of interest in view of diverEent conclusions drawn 

by Bateman et al. 

Jander's conclusions in reard to the triethylaniine- 

addition compound have been most effectively disputed 

by l3aternan and his co-workers (2, pp.243-7) as has been 

indicated above. This croup found that no colorless 

crystalline solid compound having a melting- point above room 

temperature, is formed by the combination of triethylainine 

and sulfur dioxide, although various saline substances can 
be obtained from mixtures of triethylamine and 302 by per- 

mittinE the absorption of water and oxygen. $uch 

absorption however, naturally alters the composition found 

by analysIs. 

E3ateman et al. EO on to state that in the absence of 
moisture and oxygen, triethylaniine and O2 combine, with 

considerable evolution of heat, to form an orange red 

liquid. On cooling to -80°C, this sets to a colorless 

crystalline solid, which melts, well below 0°C to the saine 

strongly colored liquid. 
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It was found that :hon this material, consisting of 

a 1:1 molecular addition compound, was exposed to atmos- 

phone air, It absorbed water readily, and oxygen more 

slowly. The first visib10 effect is due esentia11y to the 

absorption of water, which converts the oriina1 oranEe-red 

liquid into a mass of colorless crystals, havin a meltinE 

point of 74-75°C, and appearing, to he a sinEle compound, 

analysis yielding the foxula (CH3CH2)3N'302H20. 

On account the aEreement in meltinE, point and 

general physical character, Bateman et al. supposed this 

compound to be the substance for which Jander claims to 

have obtained analyses areeth with the composition 

(CH3dH2)N'SO20 

On the basis of this work, Bateinan et ai, 

identify Jander's compound as triethylamine hydroEen 

sulfite, Further disagreement between experimental results 

and interpretations of the two croups is cited by Bateman, 

but those are of rather less interest in rel.tion to the 

present work. 

Prompted by a tentative acceptance of the formula 

for the triethylamine-S02 addition compound represented by 

(7), an investiEation of the oxchanEe behavior of the 

thiony]. and sulfite roups of this material was initiated. 
£f the semi-structural formula proposed by Jander is 

correct, then a question of inediate interest arises, 

namely: is it possible to distinEuish between the thionyl 
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and oulfite croups kinetically; and if so, how does this 

kinetic behavior clarify the cheinica]. tindin ol' the two 

sulfur functions to the rest of the molecule? The initial 
attack on this problem involved the preparation oI the 

triethylamine - sulfur dioxide addition compound described 

by Jander, but rePeated efforts in this direction proved 

unsuccessful. 

Tubsequent work has completely substantiated the 
objections and criticisms of Jander's work made by Eateman 

et al. 

Having initiated the experimentation, however, it 

seemed worthwhile to carry this through to completion. 

Exchange experiments have been carried out between solvent 
3O2 and the truly arthydrous compound (Ch3CH2)3N302 ( an 

orance yellow oil), and between the solvent and the 
substance (CH3CH2)3ii6O3ki (a white crystalline material). 

The latter experiment was prompted mainly by other work 

then being done in this laboratory, involving a study of 

the tetramethylaminonium pyrosulfite - sulfur dioxide 

exchange reaction. There appeared for a time to be some 

evidence for the possible occurrence of a reasonably slow 

rate for this exchange, and it was hoped that similarly, 

the triethylamine hydrate - O2 exchange might proceed at a 

measurably slow rate. 
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Ji. EXPERI}ENTAL OCßDUR. GENERAL Ri1ARY The 

prep.ration of materials, the detall3 of the counting 

tecimique, and generai coxiiments on the experimental pro- 

cedure common to al]. of the work preßonted in this thesis, 
will be found under the PU'NTAL PROCEDURE section of 
that portion of this report devoted to the system 302- 

SOBr2. 

1. VAPOR PiU3URE STUDIES ON THE TRIETHYLAiIiE- 

SULFUR DIOXL)E ¡WDInitION coxou. Although the change in 

physical properties (i.e: color, viscosity, etc.) is rather 

striking when triethylamine and sul.[ur dioxide are brouht 
together in vacuo, it was considered to be desirable to 

establish the existence of a definite compound or serie3 of 

compounds between these two substencos, prior to the further 

invest igat ion of the system triethylamine-sul fur dioxide. 
To this end, a series of vapor pressure experienta were 

undertaken, and are described below. 

A srial1 amount of triethylamine (about 1.3 muli- 

molos) was accurately dosed into a glass bulb of about 5 cc. 

volume attached to one 1e (I) of a mercury manometer 

(FIE. 1) of the vacuum system. The other leg (ii) of this 
manometer was then brought to a high vacuum, stopcock (B) 

closed, and the bulb surrounded with a thermostating water 
bath. The pressure differential between (I) and (II) was 

then noted as the vapor pressure of the triethylamine at 
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the temperature of the water bath, 

A 3rnall known aliquot of u1fur dioxide was then 

distilled into the bulb, the two reactants mixed by tappmn 

the Elass several times, and the pressure d1frerent1t1 

between (I) and (II) again noted. Additional increments of 

sulfur dioxide were introduced in the same manner, the 
pressure beine noted for each succes3ive increment. 3oxne 

typical results of this experiment are tabulated in Table I, 

and summarized Eraphically in FiE. 2. 

It will be evident from the table, and more especial- 

ly from the figure, that a sinEle compound, corresponding 

to an amine:302 ratio of 1:1, is suggested by the vapor 

pressure minima at this point on the abcissa. There seems 

to be some anomaly in these data with respect to the tempera- 

turc of a riven run as mirrored in the resulting total 

pressure of the system. Run l, carried out at 250C for 

exanple, shows a lower total pressure than either run 

done at 200C, or run '3 done at 214°C. In view of the rather 

qualitative nnture of the experiments, lacking the refine- 

ments usually employed in more precise determinations, this 
question was not pursued further. The main point of 
interest, the existence or absence of a definite 1:1 com- 
pound between the two reactants, seems however to be fully 

established on the basis of these experiments. 
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TALLE I 

TRIETHYLAMINE-302 VAPOR IRE39URE $TUDIJ 

A1quot Triethylamine: Pre3sure Temperature Remarks 
902 Ratio 

1 3.65 4.1 orn 

2 2.08 3.3 
3 1.46 1.9 
4 1.12 0.9 2500 Run 1 
5 0,912 1.0 
6 0.849 1.1 
7 0.663 2,7 

1 4.71 5,0 
2 2.35 4,7 
3 1.57 4.1 
4 1.18 2.8 20°C Run ;2 
5 1.05 2.3 
6 0,942 1.1 
7 0,855 2.4 
8 0,767 7.2 

1 5.20 6.2 
2 2.60 5,4 
3 1.75 4.8 
4 1.30 3.8 24°C Run 3 
5 1.04 3.8 
6 0.866 2.0 
7 0.756 4.9 
8 0.649 11.3 
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2. PREPARATION OF THE ADDITION COI1POUND AND EX- 

CHANGE WITH SULFUR DIOXIDE. After sorno un5uece8ft1 

attempt$ h been made to preparo the tr1ethy1arnine-u1fur 

dioxide addition compound described by Jander (14, pp.68-9), 

an experimental technique for obtaininE. the yo11ow-ornte 

oil characterized by Bateman et al. (2, p.245) as the 

compound (CEi3dH2)3N'B02, was evolved, which consistently 

save an anhydrous product suitable for exchange studios. 

Triethylarnine, freshly diti11ed from metallic 

odiuiii into a torago cold finger (A), (Fig. 3) of the 

vacuum system, was allowed to fill a 503.1 cc. dosage bulb 

(B) at its vapor pressure at room temperature (5.1 cm at 

25°C), the exact pressure being noted on a mercury manometer 

(not shown). Stopcocks 1 and 6 were then closed and the 

manifold pumped down to a high vacuum. 3topcooks and 5 

were then opened, and the triethylamine distilled from the 

dosage flask to a glass reaction bomb (E). essentially a 

six inch test tube fitted with a p,round joint. All such 

distillations were carried out - except when specifically 

noted differently - by cooling the roceiver with liquid 

nitrogen. 3topcock /5 was then closed and, by opening 

stopcock 3, the dosage bulb (B) was filled with radio- 

sulfur dioxide to a pressure equal to that noted above for 

the amine. Stopcocks ¿l and 3 were then closed, and the 

radiosulfur dioxide remaining the manifold voltino was 
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distilled into a sodium hydroxide bulb, by openi.n stop- 

cock ;4 and surroundinE the freezeout bomb with liquid air, 

Bomb (F) was then sealed off and warrued to room temperature, 
and the sulfur oxidized to E3(VI), and precipitated as 
Ba3*O4. This material was radioassayed to determine the 
specific activity of the addition compound, independent of 
the subsequent radloassay of the reaction components. 

The 5*02 was distilled from the dosate bulb (B) into 
reaction bomb (E) which already contained the equimolar 

quantity of triethylamine (about 1.34 millimoles). Stop- 

cook #5 was then closed, and the reaction bomb waed to 
about 25°C to allow liquefaction and mixinE. of the 
reactants. The immediate formation of a yel1ow-orane 
viscous oil was noted in all cases. 

Drawing inactive sulfur dioxide from the storaE.e 

bulb (D), the dosaEe bulb (B) was filled to exactly ten 
times the pressure initially noted for the amine, stopcocks 

i and 2 closed, and the manifold pumped down. 

The inactive sulfur dioxide was then distilled into 
the reaction bomb (E) which was surrounded by a liquid air 

bath. The reaction mixture was now ready for samplinE, the 

growth of activity in the sulfur dioxide removed beinE used 

as a measure of the exohanEe. 

3MPLING OF THE REACTION MIXTURE, Zero time for the 

exchange was taken to be the moment at which en acetone-Dry 



Ice bath (-80°C) was substituted for the liquid, air bath 

surroundinE the reaction bomb. After about four minutes, 

about 10% of the total sulfur dioxide was withdrawn from 

the reaction bomb by opentn stopcocks 5 and 7, and allow- 

in the volatile components of the reaction mixture to 

expand trito a previously evacuated 1000 cc bulb (G). 5top- 

cock 5 was then closed and the contents of (G) and the 

manifold distilled into a new NaOH freezeout bomb attached 

at (4). The sodium hydroxide bomb was sealed off and 

warmed to room temperature, and Ba504 precipitated as 

before. About 20 minutos from zero time this aliquot with- 

drawal was repeated, the volatile material beinE distilled 
into a new sodium hydroxide bomb, attached for this purpose. 

About 60 minutes from zero time, the reaction bomb 

was warmed up to room temperature, and the volatile com- 

ponents distilled directly into a third sodium hydroxide 

bomb and, the sulfur precipitated as Ba904. The relatively 
non-volatile residue renialninE in the reaction bomb, con- 

sisting of an orance red liquid was now frozen by surround- 

thE the reaction bomb with a liquid air bath. The cooled 

bomb was then detached from the vacuum system at the ground 

joint, and about 10 cc of i N NaOH introduced to absorb the 
material slowly warminE up to room temperature. This 

material was also converted to hexavalent sulfur, and 

precipitated as Ba504. 
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It is thus soon that the method consieted essen- 

ti11y in preparing a quantity of isbelled addition corn- 

pound, dissolving this in inactive 302, and withdrawing 

samples of the solvent. A lack of exchan,e would be 

evidenced by the lack of transferral of activity from the 

solute to the solvent, as shown by an absence of activity 
in the initial vapor samples withdrawn. 

A typical experiment, similar to several of this 

type done, is summarized in Table II, showinE the relative 
amounts of sulfur dioxide renioved in. each aliquot, as well 

as the corresponding specific activities. In this expert- 
ment, 1.37 millimoles of labelled triethylamine-902 

addition compound were prepared, and dissolved in 13.70 

millimoles of inactivo sulfur dioxide. 

It is clear from the above table, that the exchange 

of activity between the addition compound and the solvent 

is rapid and complete within the time of the above expert- 
ment, even at _6000, the temperature at which these 
exchanes wore carried out. 

3. PRPARATI0N 0F THE ki)DITION C0iiP0tJND HYDIiATE, 

AND EXCHANGE ' ITH $ULFtJR DIOXIDE. The preparation of the 

hydrate of the triethylwnine-302 addition compound was 

attempted by several methods, the critical element beine 

the introduction of a stoichiometrica]. amount of water to 

react with the addition compound in situ. This quantity 



TABLE II 

TRIETHYLAiiINE_*O2 :502 EXCHANGE RUN 

Fraction Time EaO4 3pocific Activity 
ms 

1 4 min 0.3154 8.57 34.06a cpm/mn 
33.22 

2 19 0.3704 10.07 32.71 
3b 60 2.1369 77.09 35.38 
4C 0.1583 4.30 36,91a 

33 15 

a i.uplicato planchots 
b Volatile residue 
C Non-volatile residue 

(about 1.34 millimoles, 0.0241 ram) is too small an aniount 

to be introduced by ordinary pipettin,, and the iow vapor 

pressure of water at room temperature (2.38 cm at 25°C) 

and the adsorption of water on p;lass surfaces, makes dosage 

by gasoziietric means unfeasable. This problem was finally 
solved by employinE a semi-micro pipette, as shown in detail 
in Fig. 4, and as attached to the vacuum system in Fie. 3. 

After preparation of the addition compound in the 
reaction bomb as detailed in the previous section, a co1ui 
of distilled water was drawn into the starida capillary 
tubinE (2.427 x io-3 cc/cm), until the molar quantity of 

water was just equal to that of the addition compound 
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prepared. 

With stopcocks ;8 and 9, Fi. 3, closed, the 

capillary assembly was joined to the trap by means of 

around joint (I), and the latter to the vacuum system by 

insertion into the joint (H), With stopcock #8 still 
closed, the trap and manifold were now brouht to a hiEb 

vacuum. 

ith a liquid air bath surrounding the trap of the 

pipette, stopcock 8 was now opened and the water column in 

the capillary expelled into the cooled portion. After all 

of the water had been transferred, stopcock 8 was closed, 

and the cooled trap aain brouEht to a high vacuum. 3top- 

cock 5 was then opened, and, by chanEin the liquid air 

bath from the trap to the reaction bomb, the water was 

transferred into the latter'. When all of the water had been 

transferred, stopcock 5 was closed and the bomb brou1it 

slowly to room temperature. 

As the ice in the reaction bomb melts, a rapid 
exothermic reaction between the addition compound and the 
water takes place, chanEing the yellow-orange liquid to a 

crystalline white solid. An excess of water beyond that 
required for complete conversion of the addition compound 

will result in a semi-solid slush of clear colorless liquid 
(presumably water) and the white solid addition compound. 

If less than the stoichiometric quantity of water is 



employed, the hydrated addition compound wifl bear the 

orange yellow discoloration of' absorbed unchanged addition 

compound. 

In the exchange experiment of the hydrate with 

inactivo sulfur dioxide, the addition compound, prepared 

with activo sulfur dioxide, was converted to the hydrate, 
and the crystalline mass then subjected to hi1h vacuum 

pumping. This procedure served to eliminate any unreacted 
volatile material, (In some cases, an excess of radio- 

sulfur dioxide was purposely used to make the anhydrous 

addition compound, the excess then beinE distilled into 

sodium hydroxide and used as an independent activity blank). 
Inactive sulfur dioxide was then distilled into the reaction 
bomb and the contents warmed sufficiently (to about _800C) 

to allow liquefaction and inixinE of the reaction components, 

The solution, which took place readily, produced an orane 
yellow liquid at the temperature or the acetone-Dry Ice 
bath. 

3amplinE of the reaction mixture was carried out in 

a manner exactly analoEous to that used in the previous 

experiment with the non-hydrated triethylaine-3O2 addition 

compound. 

In a typical experiment, 1.463 millimoles of addition 

compound were prepared with radiosulfur dioxide of specific 

activity 121.4 cpm/mEm. After conversion of this liquid to 



the hydrated for, the volatile material wa di3tilled 

into sodium hydroxide and the sulfur precipitated as Ba304 

and determined E,ravimetrically to nount to 0.050 mliii- 

moles. The 1.413 millimolea of hydrate remaînin were 

dissolved in 4.628 nililimoles of inactive sulfur dioxide, 

and samples withdrawn as reported. The results of this 

experiment are summarized in Table UI. 

TABLE III 

ADDITION COMPOUND HXDRATE - 802 EXCHANGE RUN 

Fraction BaSO4 Time 3pecific Activity 

802 blank 0,0114 Eni - 121.43 cPm/mn 

1 0.0480 4 min 23.85 

2 0.1050 lO 25.05 
25.38 

3 0.3399 20 25.32 
25,75 

4a 0.1784 25 28.36 
26.21 

5b 0.6848 - 25.00 
24.28 

a Volatile residue 
b Non-volatile residue 

Expected specific activity for 100; exehanEe: 

1.413 
1.413 + 4.628 121.43 28.34 cpm/m 
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Theße results would seem to indicate, that here too, 

exchanEe of activity between the hydrated addition compound 

and the solvent is rapid and complete within the time 

necessary for the removal of the first vapor sample. 

4. ANALY L3 OF THE TRIETHMIAkINE ADJ IT ION COMPOUND 

HYDRATE. Since the obtainin of appreci.ble amounts of the 

addition compound hydrate by vacuuni lino procedures is not 

practical, it was decided to prepare sufficient quantities 

of thiß material for analysis, by followin& a procedure 

based on observations by Lure (5, p.1631). According to 

him, it i possible to obtain the anhydrous triethylamine - 

sulfur dioxide addition compound, (CH3CH2)3N.F302, by passing 

dry sulfur dioxide as into an ether solution of the amine. 

Accordingly, this procedure was exploited to obtain rela- 
tivoly larEe quantities of the addition compound. This 

material was then converted to the hydrate by reaction with 

water, and the physical properties of the latter substance 

compared with those of the hydrate reported by Bateman et 

al. (2, pp.243-7). 

Twenty-five cc. of dried ether were placed into a 

class stoppered iirlenmeyer flask, and to this were added 

ten cc. (about 11C millinaoles) of triethylamine. Sulfur 

dioxide, bubbled throuEh sulfuric acid and passed over 

12O5, was bubbled into the solution for about five minutes, 

flask then stoppered. Several cc. of this solution 



were trarnferred to . three inch test tute, and tue latter 

Immersed in a wariu water bath and. the ether driven off. A 

ellow...orano oil remained behind, If however, one or two 

drops of water were dsied to the ether solution, the residue 

remaintn bshind, after evaporat mu off the etLer, conBisted 

or a white crystalline nase, the exact appearance of which 

seemed to depend ori the watergether solution ratio employed. 

ith a little practice, Eood crops or seemingly dry sub- 

stance, nountinE to several Erams, could be prepared by 

this procedure. 

3everal crams of the white crystalline material, 

presumably the triethylamine-EO2 hydrate, were prepared by 

the above method, and placed, in a stoppered test tube, into 

a P205 protected, moisture-free gloire box wb.ich ias 

thoroughly flushed out with dry nitrogen gas. After several 

minutes, the solid material was rezoved from the contaminE 

test tube, preseed between two filter papers to remove any 

residual moisture, picked up froth the atmosphere prior to 

insertion of the material In the clove box, and then about 

200 mi1liErar1s of the solid transferred to each of three 

pre-welEhed weihin bottles , fitted w ith lass stoppers, 

the whole procedure beinE carried out, of course, by 

manipulation through the Eloves of the dry box. 

The three weihin bottles were then stoppered and 

set aside. 3everal meltin point tubes were also filled 
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with the cryatalline material under the same anhydrous, 

oxygen free conditions, and saved for a subsequent meltinE 

point determination. 

The three weiChinE bottles were renoved from the 

Elove-box and rewetEhed. The contents of each bottle was 

then washed with distilled water into a separate beaker 
contaìnin about 25 cc. of i N NaOH, and the sulfur func- 

tion converted to (vi) and precipitated as Ba304 and 

determined ravirnetrically. The results of this expert- 

ment are suinarized in Table IV. 

TABLE IV 

AAL3I$ OF THE TRIETH1LiINE-5O2 HYDRATE 

Sample i 2 3 

WeiEht of hydrate 0.2442 ma 0.2971 0.1801 

Weicht of BaSO4 0.3227 nìs 0.3945 0.2373 

Calc'd. rt of S 0.0348 rrs 0.0425 0.0256 

Percent 5 14.25% 14.32% 14.20% 

Average % sulfur found: 14.26% 

% sulfur calculated for (CH3CH2)3N'502'H20 

x 100 - 17.49% 
183.264 
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The avorao pereentaCe sulfur found (l4.26) areee 

only qualitatively with the theoretical valuo (l7.49), 
the error bein due, possibly, to the presence of adsorbed 

water on the crystals, which aro known to be highly hyro- 

scopic. 

UsinE a standard sulfuric acid bath - xLicroburner 

arranCezilent, the IneltinE point of the crystalline material, 

which had been transferred to meltinE point tubes in the 

dry box for this purpose, was determined. The observed 

ILeltinE. pointa were 73_750, 710, 67-68°C (uncorr.), which 

is comparable to the values reported by Lateman et al. (2, 

p.245) who found an initial1 Beitin point of 74-75°C. 

Ir1marily on the basis of qualitative information, 

it is felt that the white crystalline material obtained by 

the forooin procedure, is the same substance as that 

prepared by the vacuum line procedure, and used in the ex- 

chanEe experiments. 

Further, on the basis of the above analytical results, 

it seems reasonable to suppose that the ether prepared 

material, at any rate is to t'e identified with the triethyl- 

amine-sulfur dioxide hydrate, correspondinE to the formula 

(CH3CH2)3N.02.H20 

'on exposure to air, the meltinE point of the crystailine 
material was reported by the British croup to vary rather 
decidedly, droppinr initially to 55° or lower, subsequent- 
ly rismE to above 115°C. 
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C. DISCUSSION OF RESULTS. The rather decisive 
it.nima observed in the vapor pressure studies ori the tri- 
ethyianine-$u1fur dioxide system, corrospondin to a 1:1 

ratio of amine to 302, and the complete absence of infleo- 
tion pointa in the reElon 5:1, 4:1, 3:1, 2:1, and 1:2 of 

the saine ratio, warrants the conclusion of the existence at 

room temperature, of one compound of mole ratio 1:1. 

The aEreemont of physical properties - color, rielt- 
in point, per cent sulfur, and behavior in sulfur dioxide 
solutions - between the hydrated triethylarnine-sulfur 

dioxide addition compound described by Lateman et al., and 

the material prepared durinE the course of the present 
work, leaves little doubt reardin the identity of the 
two substances. 

Admittedly, the inveatiation of the anhydrous 

addition compound would have been of considerably .reater 

help in elucidatinE the behavior of thionyl and sulfite ions 

in sulfur dioxide, had Jander's fonnulation 

iCH3CH2)3i 
2} 303 bOOfl correct. 

The present work can be considered only as a con- 

firmation of the data presented by Eateman et al., and 

clearly cives no support to the formula proposed by Jander, 

while not necessarily of course disprovin[ it by itself. 
It is suggested that in sulfur dioxide solutions of the 

triethylamine-302 addition compound, a rapid equilibrium 



exl3ts between the solvent sulfur dioxide and tiat O2 

bound up with the edition compound. This equiiibriux 

seems rapid, even at acetone-Dry ice temperatures, since 

complete randomization of sulfur dioxide activity was 

observed at this temperature in less than four minutes. 

Ths exchanze experiments on the compound 

(CH3CIi2)3IH!.3o3fl were undertaken in the hope of finding 

that a measurably slow exchange of sulfur betceen this 

compound and tlie solvent night be observed, as was sug- 

:ested by some exploratory experiments then under way in 

this laboratory. .hile the results here obtained mifht 
have been of greater interest, had such a slow exchange 

been found, it is evident that this is not the case, 

complete randomization of activity being noted within four 

minutes at acetone-Dry Ice temperatures. 

The present results then, serve primarily as a 

corroboration of the rapidity of the 303 exchange in sul-. 

fur dioxide, as observed by Johnson (17, pp.49-50; 53-4) 

with tus solute tetramethylsmonium yrosulÍ'ite, It may 

also be noted that the results here reported are in 

harmony with a mechanism proposed by Johnson et al. (19, 

p.3054) for the observed rapid sulfur exchanEe between 

sulfite and pyrosulfite compounds and solvent sulfur 

dioxide. This rapid exchange is suggested as proceeding by 

virtue of' the equilibrium 
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+ 302 303* 
+ '2 (9) 

that is, the rapid transfer of an oxide ion between the 

sulfite ion and the solvent. 

In view of the rapidity of the exchanEe, lt did not 

appear fruitful to pursue the3e particular excharx6e 

experiments beyond the results which have been cited above. 
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III. SULFUR DIOXIDE-THIONYL BROMIDE EXPERIMENTS 

A. HISTORICAL BACKGROUND. In one of their initial 

communications, concerninE the sulfur dioxide system of 

chemistry, Jander and ickert (14, pp.57-73) discuss the 

preparation of thionyl bromide by application of the 

react ion 

30012 + 2 KBr E3OBr2 + 2 KC1 . (10) 

Inasmuch as this reaction provides a convenient method of 

preparation for radiothionyl bromide from radiothionyl 

chloride, it was extensively investiEated by Johnson (17, 
pp.42-4) in the hope that the optimal conditions for such a 

radiosyntbesis might be ascertained. The exchane of 

sulfur between sulfur dioxide and thionyl bromide, the 

latter prepared in situ by reaction (10) , was also invest i- 
sated by Johnson (17, pp.44-9). The results of this work 

were somethat anomalous, sixee in some cases, startinE with 

labelled thionyl chloride, a greater specific activity was 

found in the sulfur dioxide fractions of the reaction mix- 
turc, than could be accounted for from the random distribu- 

tion of the sulfur activity (10C; exchane) amone the 
reactants. The results of this work were reported in terme 

of exchano, calculated by the comparison of specific 
activities sí' the thionyl bromide and sulfur dioxide 

fractions, values 'reater than l00 beine found from these 
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data. It now seems clear, that the catalyzed sulfur 

exchange between thionyl chloride and 302 is here opera- 

tive, this conclusion beine bsed on ex;::erimental data not 

available at the time of the earlier work. 

In view of the anomalies mentioned above, it was 

decided to repeat certain phases of Johnson's work, 

especially the investi:ation of reaction (10) in radio- 

sulfur dioxide. The exchanEe reaction 

+ 3013r2 502 + 3*OEr2 (11) 

had previously been investiated by Johnson, and determined 

to have a halftime of about 1.9 years at room temperature. 

To evaluate the exchanEe between thiony]. bromide (prepared 

from thionyl chloride and potassium bromide in situ) and 

solvent °2, it became necessary to evaluate the separation 

induced (or zero time) exchane blank of such a system 

(essentially the term , equation (l1), Appendix 1). 
Initial experiments on reaction mixtures of thionyl bromide, 
potassium chloride, potassium bromide, and sulfur dioxide, 

save results which were consistent neither with the 1.9 

year half life for (11), nor with the greater than l00 

exchanEe data previously found by Johnson. It soon becune 
clear, that a catalysis of (11) by the salt was involved; 

and further work was then concentrated on the elucidation 
of this phenomenon. 



Initially, it ias suspected that the catalysIs of 

the inoran1e salts mentioned above, was operative through 
a surface catalytic phenomenon, in the exchange reaction 

3O2 + 5OEr2 + KC1(exceso) 302 + 3*0Er2 . (11) 

This was later shown, however, to be an incorrect assurnp- 

tion; a 175 fold chante in the amount of salt present, 
havin little effect on the exohanEe rate, and the contri- 
bution by surface catalysis to the total catalytic effect 

was found to be nelithly small. 

To further investlEate the role of surface catalysis 
in this sy3tern (11) an exteriment ernployinE powdered Prrex 

glass was carried out, and the catalytic effect of a 
surface equivalent to that present in a system containing 

880 nims of potassium chloride was measured. The results 

o this work are compared to the data obtained by Johnson 

in a later section of this thesis. 
E. EXPERIMENTAL PROCEDURE. 1. COUNTING TECHNIQUE. 

The tracer element used in the present investiation was 

sulfur -35, a pile produced nuclide, available from the Oak 

RidFe National laboratories of the Atomic nery Commission. 

This isotope is a negative electron ommitter with a maximum 

ener'y of 0.169 iev, and a half life of 87.1 days (35, 

p.72). The form of the sulfur activity on which radloassay 
was corned out was exclusively radio barium sulfate. The 

weak beta activity of 35, similar to that el' C14, allows 
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the application, in principle, of the sanie type of self 

absorption corrections developed for the latter isotope 

(39, pp.439-41). 

The samples were counted as thin layers of Ba304, 

1.5-15 rnms/cm2, on cupped, nicicel-plated steel plancheta 

of uniform area. Corrections were made for self absorp- 

tion, and where necessary, for coincidence losses, obtained 
from empirically ostab1ihed curves. The tota). counts 

accumulated per sample ;ere sufficiently hiEh to reduce 

the statistical error to a neEliible value (l, or less). 

The distribution of countin time between sample and back- 

around fo1lo:ed the square root ratio law (11, irob, 6, 

p.216). 

The beta activity determinations were made with an 

end window counter tube, havin an equivalent thickness 

less than 2 mm/cm2 Al (Tracerlab TGC-2 tubes). The pulses 

from this tube were scaled on . time pre-set decimal scaler 

with a countinE capacity of more than 3 x lO counts per 

second, and a dead time of 5-10 micro seconds. 

henever activities counted on separate days were to 

be inter-compared, a standard sample of La33504 or EaC14O3 

was also counted at these tiwes, and the counter efficiency 
standardized for the compared counts. 

2. PREPARATION OF iTIAL3, 1. 6ince the oxida- 

tion state of sulfur formed by the reaction C15(n,p)B35, 



il' oxygen is not removed by the pre-irradiation treatment 
of the salt, is predominantly (VI) (22, pp.4043-4), the 

radiosulfur activity is recovered from the potassium 

chloride by adding carrier sulfate, in the form of potassium 
sulfate or sulfuric acid, to a solution of the Oak Ridge 

sample, and consequent precipitation of radio barium 

sulfate of hiEh specific activity (about cpm/m or 

more). 

2. 3ulfur dioxide was obtained front a tank marked 

'T303 free', procured from the Ohio Chemical and Maxiufac- 

turinr Company, passed through two sulfuric acid bubblers, 
a coluL n of phosphorous pentoxide, and frozen out as a 

solid in a liquid air cooled cold finLer. The solidified 

as was alloed to liquefy, and then subjected to pump1n 

to remove any entrapped permanent aaes. The sulfur 
dioxide was then distilled into a five liter storage flask 
and stored at a pressure of 70 cm or less. ìEhe sulfur 
dioxide used in a -iven experiment was withdrawn from the 

five liter storaee flask, and aEain subjected to the pump- 

in procedure, prior to dosage into the reaction system. 

3. Radiosulfur dioxide was obtained by two proce- 
dures. arly experiments were performed usine S*02 

prepared b the method of Johnson and Huoton (18, pp. 1841- 

2). This consisted essentisily in iEnitinE a mixture of 

Ba3*04 and red phosphorous in a stream of oxyjen, and 
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entrapping the resultinE radiou1fur dioxide in a liquid 

oxyEen cooled trap2. 

Later experiments were performed uainE active sulfur 
dioxide prepared by the method of »lasters and Norris (2, 

p.2395), consisting essentially of dissolving radio barium 

sulfate in sulfuric acid, and exehaning the latter with 

sulfur dioxide at 360°C for 85 hours, and recoverinF the 

radiosulfur dioxide. 3anples assaying 30,000 cpui/rnjii as 

bariun sulfate are conveniently prepared by this method3. 

4. inactive thionyl bromide was prepared by bubhlin 

hydroen bromide sas, passed from a tank source throu1i 

calcium chloride and P205, into C.P. thionyl chloride at 
00C. This method is essentially that proposed by Hibbert 

and Pullman, Liven in Volume I of Inorganic Syntheses (3, 

p.113). The thîony]. bromide so formed was distilled under 

reduced pressure in an all class still (FiE. 5) into all 

1a storaEe bombs. 

The thionyl bramido was introduced into the flask 
(A, FiE. 5) throuEh sidearm (E) which was then sealed off. 

are indebted to Dr. R. E. Johnson for furnishinE the 
radiosulfur dioxide for our early experiments. 

aro indebted to ir. B. J. iasters for the radlosulfur 
dioxide used in part of the present work. 
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The system was evacuated by means of an oil punp, and the 

flow of P205 dried air through the capillary leak (C) 

adjusted to Eive a steady stream of fine bubbles in the 

thionyl bromide. Gentle warnilne, of the water bath surround- 

in (A) to about 250C caused distillation to occur, the 
temperature of the distilling material beine' noted on the 
thermometer in the mercury filled thermometer well (D). 

The condensate was allowed to flow into the collect mE 
tube (G), which was correctly oriented by rotation of the 

collect in head (F) on an axis formed by the ground joint 

(E) and the ball-and-socket joint (U). 

After an initial portion of atout of the total 

OBr2 had been collected in (G), this portion was sealed 

off and a new collector (G') rotated into position to catch 
the further distillate. About 75, of the remaining material 

was distributed equally amone three collector bombs of the 

type (G) and (G') b:. the same technique. 

3tart1inE with 100 cc. of thionyl bromide, about 

60 cc. of thionyl bromide were obtained after discarding 

about one fifth of tiie material subjected to distillation 

each as initial distillate and as residue. The purity of 

the thionyl bromide so obtained was checked both by sulfur 
and bromide analyses, as well as by density measurements, 

as shown below: 
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Eercent sulfur found: 15.426. Calc'd. for OBr2 15.424 
ft brontde : 77.60 . " " " 76.88 

Den3ity Thund at 24°: 2.668 iis/ec. 
RoporteCi (19, p.3C52): 2.672 ns/ec. (25°C). 

The tIiony1 bromide was 8tored in 3 to 5 cc. portions in 

all Elas bombs provided with a break-off tip, at 4°c, in 

the dark (brown ias bottle kept in a refrierator) to 
minimize decomposition. 

5. Radiothionyl bromide was prepared b a method 

based on the results of the present work. A reaction borab, 

such as those used í'or the S*02_30r3r2 experiments, was 

prepared to contain 75 mne (0.467 millimoles) ot tetra- 

methylammoniuni bromide, five rxiillirnoles of inactive thionyl 
bromide, and 10 niillirnoles of radiosuifur dioxide of hi'h 
specific activity (about 4000 cpm/mn as baìO4), This bonh 

was exposed to the 250 water bath for 24 hours, during 

w1ich time virtually complete randomization cI' sulfur 
activity maar be expected to have occurred. 

The bomb contents was then fractionated, distillinE 
off the sulfur dioxide, to be saved in soirie cases for 

furthor 'nilkinE' . The lees volatile radiothionyl bromide, 

remaining in tue reaction bomb was tIen 'washed' with 

inactive sulfur dioxide, excnane durin this time assumed 

to be neEliElbie, snd the radiothionyl bromide t-ìen dis- 
tilled into an all-Elass storaEe bomb. About 2-1/2 
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ml.11imolea of radiothiony]. bromide, having a specific 

activity of about 1300 cpm/mm as 13a304, could be recovered 

from each exohane bomb, usine this procedure. 

6. Eastman-iodak triethylamine (white label grade) 

was dried over freshly cut sodiuni, and distilled into a 

cold finEer of the vacuum system prior to use in any given 

experiment. The cold finFor contents was subjected to high 

vacuum while in the frozen state to renovo amy entrapped 
permanent gases. Extended storage of triethylarnine in 

stopcock closed volumes was avoided, due to the interaction 

between the amine and the hiyh vacuum stopcock greases - 

such Apiezon a halogen resistant 1ubricnt - by 

distillin into the cold finor only a small excess over 

that needed in a given experiment. Further precautions 

were observed by designing the experimental arrangements of 

apparatus, when possible, in such a manner, that the amine 

passed throuth as few stopcock controls as possible from 

source to reaction bomb. 

7. iotassiuin chloride for the exchanre exçeriments 

was prepared by powdering. ia1linkrodt Analytical Feagent 

grado KC1 in a mortar and peotle, and dryin the resultant 

powder t 14000 for 4-6 hours. The material was then 
introduced into an arranEement of two standard mesh screens, 

cover, and cc1lectin pan, and agitated for a few minutes. 

The particles passin 250 micron (corresponding to Tyler 
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equivalent 60 mesh) - but retained by 177 micron (corres- 

pondinE to Tyler equivalent 60 mesh) -U.. 3tandax. 

series screen was collected axid stored in a iass sample 

bottle. 
8. rotassium bromide1 Bakers Analyzed Reagent Erade, 

was prepared in a manner analoEous to that for potassium 

chloride, 

9. Totramethylanimonium bromide was obtained in 

eastman-Kodak (white label) grado and dried at 140°C for 

20 minutes. The dried solid was cooled in a calcium 

chloride protected dessicator and weighed out shortly 

before use. After weighing, the necessary amount of the 

salt, the material was introduced into the reaction bombs 

through the sIde arm, and the bomb then corked until ready 

for use to prevent the absorrtion of moisture, 

It was found that vacua of iO to 10 min H could 

not be obtained if tetramethylaininoniuni bromide was present 

in the vacuum system at room temperature. hen the dry 

salt was cooled with an acetone-Dry ice or liquid nitrogen 

bath, no such difficulties were observed, and hence it was 

concluded, that appreciable decomposition of the material 

occurred when exposed to a vacuum of this order. To 

minimize any errors which might have arisen through this 

docornpos it ion, the bombs containing t et ramethylamznon turn 

bromide were pumped on for about a minute, to remove any 
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deconapoßition products already present, and then chilled by 

the application of a cooi.inE bath and evacuated to a h± 

vacuun, before proceedin with the roEular f illin proce- 

dure. 

10. The potassium thiocyanate used in the sinEle 

experiment 1.nvo1vin this salt, was Bakers Analyzed Reagent, 

having a chloride impurity of 5 x About 25 crams of 

this material were rendered anhydrous by heating in a 

casserole, fol1owin a method suested by iolthoff and 

LinEane (21, p.2127). After maintaining the salt above the 

meltin point for 15 minutes, the melt was allowed to cool. 

About 10 crams of this material were powdered in a mortar 

and pestle, spread on a dryinE dish, and maintained at 

140°C for 24 hours. The salt was then stored in a 

bottle kept in a calcium chloride protected dessicator, 
beine completely stable at relative humidities less than 

50;J, until ready for use. 

11. The powdered Irex 1ass used in the present 

work was prepared from 11 mm 1ass tubinE as fo1los. The 

LiaBa was cleaned with sulfuric acid-chromic acid cleaning 

solution, washed with distilled water, and dried. The dry 

tubmn$ was then sealed off at one end and a thin class 

bubble blown on this end. The bubble was crushed into a 

clean 250 cc. beaker - the bubble having a diameter corn- 

parable to that of the beaker - the end of the tube 



resealed, and the process repeated. The thin glass bubble 

fragents were then transforred to a mortar and pestle, and 

there pulverized. The powder wa screened, the fraction 

retained for use passing 250 micron, but being retained by 

177 micron standax. screen. The glass powder was stored in 

a glass bottle until used, 

12. The rubidium bromide and chloride samples wore 

obtained from A. D. ìLackay Inc 

gram lots, of 99 purity. The 

corresponding potassiui salt. 

verized in a mortar and pestle 

140°C prior to 

3. RADI03ULFUR DIOXIDE 

,, ieW Lork City, in five 

main containenant is the 

These materials were pub- 

and dried for one hour at 

- THIO1YL bROiIDE EXPERI- 

JNTS. GEAL REiARK3. In the S02-3OEr2 exchange 

experiments it was necessary to determine the change in the 

specific activity of one of the reactants, either of the 

more volatile solvent, iO2, or Of the less volatile thionyl 

bromide. The rate of exchange could be obtained from the 

drop in specific activity of initially active material, or 

from the growth in specific activity of initially inactive 

material. 3ince we consider sulfur dioxide to bo the sol- 

vent, and thus set up systems to contain greater amounts of 

than of the other reactants, the measurement of the 

decrease of specific activity of initially active sulfur 

dioxide would have resulted in the evaluation of the small 
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c1iiference between two larEs nuiubers. Hence this possi- 
bi.iity was excluded on the basis of thhereììtly large 
inaccuracies. 

A furtiier effect to be taken into account is the 

decomposition of thionyl bromide. kayes and £artinton 

(28, p.2599) have pointed out that even at room temperature, 
a slow decomposition into 302, and S2r2 takes place. 
taudiner (37, p.73) also mentions the possibility of 

elementary sulfur formation. 
since both sulfur bromide arid sulfur dioxide are 

more volatile than the parent thionyl bromide, 30Er2, 

decomposition of thiony3. bromide, initially the labelled 

constituent of the reaction system, would simulate ari 

exohanEe if the £rowth of activity in initially inactive 
sulfur dioxide was used as an index of the extent of 

exchanEs. Consequently, the initial experiments undertaken 
to clarify the oxchane of sulfur between sulfur dioxide 
and thionyl bromide, consisted of inixinE radioactive sul- 

fur dIoxide and inactive thionyl bromide in a reaction 

bomb, removinE the more volatile SO2 by vacuum mass trans- 
ter techniques, and finally radioasaayin the thionyl 
bromide residuo which remained in the reaction bomb. In 

this way, any decomposition materials would appear in the 

sulfur dioxide, rather than in the thiony]. bromide fraction, 

and their presence would not simulate an apparent exchan&e. 



PFUPARATION OF FtEACTION BOIvBS. In Eeneral, the 

experimental procedure for these experiments may be out- 

lined as follows: From 11 mm íyrex class tubin, reaction 

bombs (1, Fie. 6) were class blown, to include two side 
arms, (a) and (b), provided with a thickened portion for 
sealing; off, a break-off tip, and a anall laso capsuled 

iron-mercury weiht, The volume of these bombs was about 

15 cc. in the 1oier portion. 
The weiEhed solid catalyst was introduced through 

the side arm (b), and a number of reaction bombs (except 

in the cese of the ke4NBr experiments, as noted below) 

small manifold which in turn was sealed on 

the vacuum system (Fi. 7), and the manifold and bombs 

evacuated. The thiony]. bromide stock supply was attached 
to the vacuum system as shown, with a new break-off bomb 

provided to accommodate the excess thionyl bromide not 

used in a particular experiment. The reaction bomb was 

separated from the thionyl bromide dosage cold fin.er (e), 

as well as from the remainder of the vacuum sy3tem, by a 

stopcock. 

1.ith stopcocks 5, 6, and 7 open, the whole system 

was brought to a vacuum of lO to lO mm Hg, as indicated 
in the icLeod gauge of the vacuum system (not shown). 

topcocks 5 and 6 were then closed, and with stopcock L7 

open, the thionyl bromide stock supply bomb break-off tip 
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broken by means of dropping the manetioa11y raised 1asa 

capsuled iron-mercury weicht. The cold f mEer () was then 

surrounded by a liquid air bath, and thionyl bromide dis- 
tilled into this appendage. The cold f iner was calibrated 
to contain a known volume of 30Er2, as discussed in a later 
section or this thesis. 

when about 1/3 excess OBr2 had been distilled into 

the capillary doser (E), the material was warmed to room 

temperature, and the excess back distilled into the stock 

supply bomb, until the meniscus of the liquid in the cold 

finger coincided zith the calibration mark on the capillary. 
3topcock '7 was now closed, the reaction bomb cooled with 

liquid air, and, by openin stopcock 6, the measured amount 

of thiony). bromide transferred from the cold f mEer to the 

reaction bomb. After completo transferral had taken place, 

stopcock 6 was aEain c1osed 

The radiosulfur dioxide used in the 'active sulfur 
dioxide' experimento in a Eiven series of bombs, was 

usually prepared by 'diluting' a stock supply of active 

(specific activity > 103 cpm/m) sulfur dioxide with 

inactive which had been dried over P205. Complete 

mixing. of the ensured by di3ti11in the mixture 

several times from a cold finer to a to liter flask (C), 

and al1owin the sulfur dioxide to asefy completely in 

this larger volume. 
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with the active sulfur dioxide in the 9toraEe bulb, 

stopcock 5 cIoed and l open, tue 503.1 cc. 1osae bulb 

(B) and manifold were evacuated to a high vacuum (105 min 

Hg). 3topcock #3 was then opened until the bulb (B) was 

filled to tIle doired pressure as indicated by a ruercury 

manometer (not shown), the temperature beinE simultaneously 

noted on a thermometer hunE near the dosaEe bulb. 3topcock 

#1 was then closed, and the 3*02 rernaininE in the manifold 

and manometer redistilled into the storage bulb (C). 

With stopcocks #3. and 5 closed, the manifold was 

again hrouEht to a hiEh vacuum. 3topcocks /l and 5, the 

latter leadinE to the reaction bomb, were now opened, and 

the accurately known amount of' radiosulfur dioxide trans- 
ferred to the liquid air cooled reaction bomb. This was 

then sealed off by heatinE the thickened portion of aideari 
(b), and immediately placed into an acetone-.)ry Ice bath. 

In most experiments, several (4-6) bombs were filled suc- 

cessively in the above described manner. 

When all of the bombs had been f tiled, the excess 

thionyl bromide was transferred by distillation to the new 

storage bomb sealed onto the system at the beEinninE of the 

fiumE procedure, and this excess quantity returned to the 

icebox for storaEe. 
The l7illed reaction bombs were withdrawn from the 

acetone-.)ry Ice bath, submer.ed into a 25.00 0.020C 
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thermostatted water bath (or, in tho case or the non_250G 

expertrnont8 into ari ice or ice-salt bath), attached to a 

neehanica1 Bhakor (30-100 cyclos/rnin) and exposed to the 

desired temperature l'or a definito period of time, 

determined either by a stopwatch R 30 minutes) or by an 

electric wall clock. At the end of the desired tise inter- 
val, the bomb was withdrawn from the bath and re-immersed 

in the acetone-iry Ice mixture and so stored until 
fractionated, 

TH2 FRACTIONATION PROCEDURE. The reaction bomb was 

transferred from the acetone-Dry Ice bath to a liquid air 
bath, aiid attached to the vacuum system by means 01' sidearm 

(a). ith all stopcocks except #6 open, the system 

8) was evacuated to a high vacuum. 3topcocka l, 2, 3, i, 

and 5 were then closed, aid the break-off tip of the 
reaction bomb broken, by allowinE the ass capsuled iron 

woiíht to drop on the tip. The liquid air bath was removed 

from the reaction bomb and placed arouiid the cold f mEer, 

By allowinE the reaction bomb to warm slowly to room 

temperature, the volatile material was transferred to the 
cold finger, leaving behind either a dry solid (KC1, 

or 1yrex powder), or liquid (ieNBr addition complex). 

when all of' the volatile material had been transferred, the 
reaction bomb wa sealed off at the thickened portion of 

the sidearm and discarded, or in some cases, saved for 
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further analysis. 

The cold finger was now surrounded by an acetone- 

)ry Ice bath and the water bath around the one liter bulb 

adjusted to 25 ± 10C. 3topcock §5 was then opened and 

thirty minutes allowed for kinetic equilibration of the 

pressure between cold finger and bulb. At the end of this 

tine, stopcock 5 was closed. DurinF the above equilibra- 

tion period, a sodium hydroxide seal-off tube was prepared 

by introducin 5 cc. of 2 NaOH into a 6 inch test tube 

provided with a ' joint and a thickened seal-off portion. 

The base was frozen by rotatinE the tubo in liquid air and 

then, still surrounded by the coolant, the tube was attached 

to the vacuum sy'terc by means of the '' joint. ith stop- 

cocks and 4 closed and #1 and 6 open, the NaOH tube was 

thoroughly evacuated. Stopcock §1 was then closed and ;ith 

#4 and G open, the previously collected volatile material 

transferred from the 1000 cc bulb to the NaOH tube. '1hen 

transferral of' the material was completed, the tubo was 

sealed off at the thickened portion and the contents warmed 

to room temperature, effecting a reaction between the 302 

and the base, ready for conversion to BaSO4. The first 

fraction removed with the cold f mEer at -78°C was l'belled 

(fraction I). 

The acetone-Dry ice bath about the cold f mEer was 

now replaced by a 00C ice-water bath and, by openinE 
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stopcock :3, the volatile material was allowed to expand 

into the 20C cc. bulb. After 30 minutes, stopcock #3 waa 

closed, stopcock ;2 opened, and the contents of the 200 cc. 

bulb distilled Into a new NaCH tube. Stopcock was then 

closed, :::3 opened for 15 minutes to 1ve a second 'SUCk' Ofl 

the ice-water cooled material in the cold finger. The 

volatile material removed by this second equilibration was 

transferred to the sanie NaOH tube as had received the first 

00C suck'. The same procedure was followed a third time, 

allowing five ILinutos for the attainment of pres$ure 

equilibriuiii, and this material was also distilled into the 

second NaOH tube. The tube was then sealed off and warmed 

to room temperature, constituting 'fraction Ïl'. 

The cold f mEer was now warmed to room temperature 

and the remaining material in the cold Iin:er distilled into 

a third NaOH tube which was sealed off after complete trans- 

ferrai had been attained. This sarple constituted 'fraction 

Il,. 
In most of the later 'active 3O2 - inactive 30Er2' 

experiments (Pyrex, 1eiNBr catlysis) the first and second 

fractions were distilled into one IJaOH tube, the remainder 

of the procedure beine unchanFed. In these experiments, the 

former fraction I and II constituted the '302' fraction, 

the former fraction III the '30Er2' fraction. 
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It is of interest at this point, to indicate the 

relative amounts of material distributed in the three 
fractions of the foreoinE procedure, and the data from 

typical experiments are iven in Table V. 

£xperiment i of lable V suests that about lO of 

the total material is recovered in the thiony]. bromido 

fraction of the separation procedure. The low value of the 

exohanEe blank (to be discussed in a later section) suEEests 

further that this material is almost completely thionyl 

bromide. The rather lare variation of material making up 

fraction III of the thionyi bromide -1e4Ir experiments, 

as shown by experiment 2 of the above table, was at first 

a rather troublesome effect, the explanation of which was 

not immediately evident. It later became evident however 

that an addi.tion complex between OBr2 and tetrmxethyi- 

ammonium bromide was the reason for this effect, and this 
point will be discussed at lenEth in a later section of 

this thesis. 



TALLE V 

DISTRIBUTION OF IiATERIAL BY 
FRACTIONATION PROCEDU?.E 

Experiment 1: L)istrthution of material in the three frac- 
tions of the separation procedure, KBr 
ex'.eriments. 

arnple 2 3 

t. ba304 in fraction I 75.3 mjns 71.8 81.8 

minois," H 0,323 0.308 0.437 

t. " 
" 

" II 2.022 ms 2.034 1.981 

minois," II 8.680 8,726 8.498 

Wt. " " III 219.7 mnis 222.5 236.2 

minois," " III 0.984 C.953 1.012 

Experiment 2: £atoria1 recovered as the 'SOIr2' fraction 
of the Me4NBr exrerimente, 

Sample 1 2 3 4 5 

1st. of Ba504 116.5 88.1 42,5 32.3 93.0 
in mclns. 

Amount of )0Br2a 0.499 0.378 0.182 0.139 0.399 
in minois. 

a..he relative amounts of the two reactants, about 10 mi].li- 
moles of O2 and 1.24 millimoles of OBr2, were the same 
in both of these experiments, and hence, the amount of 
material recovered in the 0Er9' fractions should have 
been identical. 
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CÂLILRATION OF TILE 3013r2 DOSER. In order to deter- 

mine the exact amount of thionyl bronide delivered at each 

of the two index marks of the capill3ry vo'ume used as a 

doser a3 prsvlously described, the vo1une was filled three 

tin:es at each aark with 3OBr2, each saniple beinE transferred 

by distillation into a separate NaOH tube. The thionyl 

sulfur was then oxidized to the hexavalent state as usual, 

and precipitated as BaSO4. After diestion on the steam 

bath, the samples were filtered through previously weiììed 

F Erade Fyrex class siritered filters. The :recipitate 

retained by these filters, after washinE the distilled 

water, was dried at 145°C for 30 n1nutes, and the filter 
then transferred to a CaC12 dessicator and allowed to cool. 

The filters were then reweihed, and the rnillimoles 

of E3aO4 taken to correspond directly to the arr.ount of 

thionyl bromide delivered by the capillary doser. This 

procedure was carried out six times, three tinies for each 

of the two different calibration marks. The data from these 

experiments are presented in Table VI. 

It is seen from the above table, that the calibra- 

tion marks corresponded to 1.242 0.008 and 0.6246 0.012 

millixaoles respectively, with mean errors of 0.62 and 2.0% 

for the two values. These fiures were used in the cor- 

responding rate calculations of the exchan:e experiments. 



TABLE VI 

CALIL1.AT ION OF 3OBr2 DOEING CAPILLARY 

1.2 millimole calibration: 

Filter No, 1 2 3 

Wt. filter + Ba)04 22.2898 na 23.6067 eine 23.1656 ns 

Wt. filter 21,9974 23.3196 22.8757 

.t. EaSO4 0.2924 0.2871 0.2899 

Ave. wt, Ba304 0.2898 0.0018 xne 

Ave. rnmols. BaBO4 1.2415 0.0077 rnillimolea 

oan error 0.62 

0,62 inililinole clîbration: 

Filter No. 5 6 C 

1(it, filter + LaSO4 22.6774 xns 23,7188 nis 23,2973 jns 

t. filter 22.5323 23.5767 23.12171 

t. ia3O4 0.1415 0.1421 0,1502 

Ave. wt. ba304 0.1458 0.0029 Eula 

Ave, mrnole. BaSO4 0,6246 , 0,0124 niu11inoles 

Iean error 2,O; 
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THE 1XCHANGE BLANK. By ua1n the previously out- 

lined fractionation technique, it seened reasonable to 

suspect, that not 11 of' the active sulfur dioxide could be 

separated from the lees volatile thionyl bromide. Since 

any active sulfur dioxide remaininE in the third or 

fraction would simulate an exchange, it was necessary to 

establish two pointa before the main portion of the present 

work could he undertaken. Namely, (1) is the amount of 302 

retained by the SOBr2 small enouEh to allow small changea 

in the specific activity of the latter to be ascertained; 

and (2) is the amount retained reproducible and hence 

corriElbie by the application of a constant correction? 

In order to answer these nuestions, four bombs were 

E1 blown as usual and attached to the vacuum system. 

Into each bomb in turn were then dosed about 10 millimolea 

of 3*02 (at a specific activity of 16.32 cpm/mm as E3a304) 

and 1.242 rnillimoles of SOBr2 (inactive). After f ilfln 

each bomb, the aide arm was sealed off and the bomb trans- 

ferred from the liquid air bath to one of acetone-Jry Ice. 

After the four bombs had been filled, the last filled 

bomb was removed from the acetone-Dry Ice bath and warmed 

to 25°C for 30 seconds beine shaken to ensure rood mixing 

of the liquif led components, and then re-immersed in a 

liquid air bath. This bomb was then fractionated by the 

method already described. 
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The bomb which had been filled third was next 

similarly treated, about 2-1/2 hours havth- elapsed between 

the time the sulfur dioxide was dosed in until the start of 

the fractionation procedure, xcept for the 30 second 

exposure to room temperature (2500), all bombs were kept 

either in liquid air or in an acetone-Dry Ice bath. The two 

bombs filled first and second were fraction.ted 8-1/2 and 

6-1/2 hours after 1111E, respectively. 

The NaOFI camples were treated with bromine water, 

converted to barium sulfate, and after digestion, the 

precipitate filtered off and radloassayed by the usual 

procedure. The results of this experiment are summarized 

in Table VII. 

A comparison of specific activities of fraction III 

to fraction II cave an averace value of 2.67 0.33 for 

four determinations. This correction was applied to all 

calculations of zero time activity in the subsequent work. 

On the basis of these results it was now possible to proceed 

with the main portion of the present work. 



Jazip1e 

SiDec, Act. 
blank 

Spec. Act. 
Í'ract. I 

Spec. Act. 
fract. II 
Spec. Act. 
fract. III 

TABLE VII 

DT1NATI0N OF EXCHANG. BLA.NK 

9*0 blank 1 2 

16.32 - - 

Spec. Act, III 
Spec. Act. II 

3 

15.99 15.87 15.69 

16.58 15.33 15.69 

0.492 0,382 0.341 

2.97% 2.51% 2.17% 

63 

4 

16 42 

13.34 

0.402 

3.01% 

Average blank: specific activity fraction III 
Specific activity fraction II 2.67 0,3 
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4. SULFUR DIOXIDE - RADIOTHIONYL BROkiIDE EXPERI- 

1LENTS. GENAL REiARX. On the basis of the results 

obtained from the radioactive O2 - inactive thionyl 

bromide experiments at 00C it was concluded that an ex- 

chante study employing radioactive thionyl bromide niiht 
perhaps te foasable, in contradiction to the earlier 
objections raised above on the basis of the thionyl bromide 

decoinpos it ion. 

On the basis of the decomposition data of iayes and 

iartinEton (28, p.2599) and a knowledge that the exchange 

half times for a catalyst concentration of about one half 

millimole wore on the order of 100 minutes, it w . s decided 

that the decomposition at 0°C dur1n this tizne would 

probably be neìiEible. 
There are two reasons for carrying out the exchanEe 

study employlnE radioactive thionyl bromide and inactive 

solvent, rather than the converse, If radioactive 502 is 

employed, the proress of the exchange is followed by 

analyzing the less volatile SOEr2 fraction, thus necessi- 

tatin both a new reaction bomb for each point on the lo 

(l-F) versus timo plot, as well as a lonthy fractionation 

procedure, needed to separate the two reactants. 

The second, and perhaps more valid rea2on for 

ernployinE radiothionyl bromide is concerned ;ith the 

determination of the order of the exehanEe reaction with 
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respect to the thionyl bromide. ith the solvent-catalyst 
ratio hold constant, a many fold chanEe in the thionyl 
bromide concentration is desirable to accurately determine 

the role of this reactant. The rance of concentration 

chance is however, linited by two factors. Increasing the 
total 302-catalyst amount while keepinE the thionyl bromide 
amount constant, would necessitate a complete re-adjustment 

of the rractionation procedure, especially of the exchanEe 
blank, On the other hand, since it is necessary to obtain 

at least 150 milliErams of EaO4 for radioassay of the 

thionyl bromide fraction, the thionyl bromide must be pre- 

sent in sufficient excess over the tetraxnethylamrnonium 

bromide, so that despite the addition complex forrnntl.on, 

sufficient materi,i is recovered as SOBr2 to permit such a 
radloassay. 

since this latter limitation is entirely avoided if 

the exchange rate is followed by observing the Erowth of 

activity in the initially inactive sulfur dioxide, the 

order of the exchange with respect to the thionyl bromide 

could he determined effectively by this technique. 

FILLING OF BOMBS AND $M'iPLING PROCEi)URL A reaction 

bomb was made up as shown in 2, Fie. 6, provided with a 

pressure stopcock which allowed the presence in the bomb of 

reactants at -reater than atmospheric pressure. 1ihe dried 

catalyst was weiehed out on an analytical balance, and 



introduced throuEh the sidearm of the bomb. The reaction 
bomb was then attached to the vacuum system, and, surrounded 

by liquid air to minimize decomposition of the tetrethyl- 

ammonium bromide, evacuated to a high vacuum. 

The f illirì procedure corresponded to that already 

described for the radiosulfur dioxide experiments with two 

obvious modifications. Instead of using inactive thionyl 

bromide, radiothionyl bromide was employed. The inactivo 

sulfur dioxide used was passed immediately from the coinmer- 

dal tank through the sulfuric acid - phosphorous pentoxide 

drying train, rather than using material stored in the 

vacuum system atorase bulbs, to avoid any possible contam- 

ination (by stopcock grease, for example) of the SO2. fter 

filling, the side arm was sealed off and the bomb stored in 

liquid air. 

Zero time for the exchange was taken to ho the 

moment of transferral of the bomb from the liquid air to 

the ice-water bath. The bomb was thorouehly shaken at 

frequent intervals to ensure complete mixing of the reac- 

t ant s. 
îdiquots of O2 were removed from the reaction bomb 

as follows: 3t111 surrounded by the ice bath, the bomb was 

attached to the vacuum system by means ol' a Cround joint, 
as shown in Fig. 9. Stopcock ¿1 was then opened until a 

high vacuum had been attained in the volume (A). Stopcock 
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41 wa then c1oed and a 1iquid-1r frozen sodium hydroxide 

bulb attached as shown. with stopcock 3 open, this trap 
toe was brouEht to a hiEh vacuum. The assembly wa then 

clo3ed 0fr from the rest of the system by c1osin stopcock 
,i:4, and, with stopcock closed, #2 was opened for 15 

seconds, the time 01' oponin beinE noted as the effective 

removal time of the sample. stopcock ;i2 was then closed, 

and the O2 sample entrapped in the volume (A) distilled 
into the hase by opening stopcocks l and 3. then all of 

the sulfur dioxide had distilled over, the sodium hydroxide 

bulb was sealed off and treated in the manner already 

à i. sous s ed. 

This procedure was follov;ed for each aliquot of JO2 

withdrawn - usually five samples per run - the bomb beinE 

removed from the Eround joint between each sample, to 

facilitate shakinE. A new NaOH tube was of course employed 

for each sauple. 

After the desired number of samples had been with- 
drawn, the re a reaction materials in the bomb were 

frozen out, and the bomb reiioved fro the vacuum system. 

with the contents of the bomb still cooled with liquid air, 
the upper portion of the bomb was filled with 1 N NaOH and 

this then allowed to flow on top of the reaction residue by 

openin the pressure stopcock. The material was then 

allowed to warm up to room temperature, the thionyl bromide 



and sulfur dioxide bein absorbed in the bases The sulfur 
functions were then oxidized as usual, and prepared for 
radioassay as has been described. 

In sorne cases, the treatment of the bomb after the 
rernoval of the last sample differed somewhat from the 
above. In these casos the volatile materials remaining 

after the last sample had been removed were distilled in 
toto into a separate NaCH bomb and constituted the volatile 
residue, as discussed under the EXPERfl'ITAL REßULT 
secticn of this thesis. The bombs containin the relative- 
ly non-volatile Me4NBr addition complex were then discarded 
without radioassay. 

For purposes of calculation of' the exchanEe rate, it 

was necessary to know how much sulfur dioxide was being 
withdrawn by each aliquot rorAoval, To determine this, five 

samples were collected from one of the reaction bombs, and 

the withdrawn quantitatively converted to baSO4. The 

results of this gravirnetric procedure are summarized in 
Table VIII. 

By reference to the above table it will be seen that 
the amount of sulfur dioxide beine, withdrawn per 'suck 

amounted to 0.439 millimoles, and further that a sufficient 
deree of reproducibility was being, attained to allow the 

use of a sinle value for this quantity in the exchange 

calculations, ba.3ed on the above cited average. 
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TABLE VIII 

GAVIM.TIC DETERINAT ION 0F 
SULFUR DIOXIDE ALIQU0T 

Sampleno. 1 2 3 4 5 

Filter + La3O4 22,0516 23,6412 23.6530 22.9561 22,6347 

Filter, xns 21.9504 23.5363 23.5518 22.8530 22.5324 

BaSO4, s 0.1006 0.1049 0.1012 0.1013 0.1023 

Avere weieht 0.1024 + 0.0016 

Average mliii- 0.4387 0.0068 
moi os 

Nean error ± 1.56% 
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3O14 CONENT3 ON THE BROMIDE 

AJ.)DITION COMPLJX. From the onset of the iwoitiations on 

the 3O2 30br2 exehane reaction ernp1oyin totraniethyl- 

anmon1unì bromide as a cataly3t, it becaiie evident that the 

dry salt coula not be recovered from the sy;tem after dis- 
tillinC OÍ'Í the volatile reaction colnponent3. In contrìt 
to the experiments ernp1oyin KC1, KBr, RbBr and Pyrex 

Elasa, in which the dry catalyst could tri each case be 

recovered frori the reaction niixture, when tetramethyl- 

szä:oniuxn bromide wa present, the residue always consisted 

of a ye1iow-orane viscous oil. This oi]. had a neEliible 
vapor pressure at room temperature, and did not chanEe in 

appearance, althoueh exposed under hiEh vacuum conditions 

to a liquid-air cooled cold f iner for several hours. 
:Jhe decomposition of this oil was studied qualita- 

tively by the followinE procedure. From the boìb, oriina].2y 

containing about 1/2 millimole of tetrainethylznmonium 

bromide, 10 mmols. of 3O2, and 1.2 mmols. of 3OBr2, and 

from which the volatile reactants had been distilled, it 
was possible to recover an essentially dry, faintly yellow 

colored naterial by surroundinE the boiìb (containing the 

orance oil) with a 60-30°C water bath for about 20 minutos, 

and distîl1in the volatile material into a liquid-air 
cooled trap under a vacuum of cm or better. 
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In contrast to this behavior in the presence of 
thiony]. broaiide, if a system of liquid 302 and tetrarnethyl- 
smnon1um bromide is prepared, the dry solid can be readily 
recovered by distilling off the solvent. The solid so 

obtained does not cive a test for sulfate ion when dis- 
solved in water and treated with bromine water and BaCi2. 

it was felt that a ood deal of information on the 
nature of the tetramethjlammonium bromide addition complex 

could be obtained if, in a Eiven radlosullur dioxide - 

thioriyl bromide exchanL,e experiment, the specific activities 
of the addition complex could be eoipared with the specific 

activity of the least volatile (SOBr2) fraction of the 
reaction mixture. Tith this purpose in mind, the following 
experiment as undertaken. 

Five reaction bornbs of the type shown in Fie. 6 -3 

were prepared. These bombs were filled with 75 mulliErama 
(about 0.5 nililinoles) of tetramothylaminonium bromide, 10 

Inj_liiiflo].os of labelled sulfur dioxide (55.66 cpm/m), and 

1.2 znillimoles of thionyl bromide. Foliowin the usual 

procedure 1'or tue radiosulfur âioxide experiments, the 
volatile coriponents of the reaction mixture zere distilled 
off, loavin; behind the addition co:lex oil. The stopcock 
on tue bomb was then closed, and the fractionation pro- 
cedure carried out as usual on the volatile materials. At 

the conclusion of this procedìro, the stopcock eomiectin 



73 

the reaction bomb to the vacuum system was opened9 the bomb 

surrounded by a 750C water bath, and the volatile components 

of the addition complex at the hihor temperature, distilled 
into a new NaOH trap. This latter trap was then sealed off 

and the contents converted to baO4 as usual, 

It was now possible to compare the specific activi- 
ties of the third (SOBr2) fraction to the specific activity 
of the addition complex volatile materials. The results of 

the radloassay are presented in the table below: 

TABLE IX 

COIARLON OF THIONYL BROMIDE 
SPECIFIC ACTIVITIE$ 

Bomb Tizne Ep, Act. of 
min. 'normal' 3OBr2 

i 5 11.31 cpm/mu 

2 10 17.52 

3 30 29.56 

4 60 43.45 

5 120 50.02 

Sp. Act. of 
'add'n. Compl.' 
30Br2 

11.77 cpm/m 

21.13 

29.88 

38.22 

41.69 

5p. iCt. of 
fractiona 

55.0 cpm/mn 

54.8 

53.9 

52 3 

49.2 

aCalculated from the initial speculo activity of the O2 
(55.68 cprn/m) nd the relative amounts of the reactants 
employed. 
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These results seen. to indicate that the material 
associated with tetramethylarcmoniuni bromide in the complex 
is predominantly 3OBr2, arid further, that this thionyl 
bromide is in rapid equilibrium with the 'free' thionyl 
bromide of the solution - that i the material not held as 
part of the complex. 

The radioassay data are not in themselves, of coura 

sufficient to allow a conclusion as to how many thionyl 

bromide molecules are held por tetrarnethylammonium bromide, 

or even if the complex corresponds to a definite chemical 

sI:ecies. This question can, however, be answered by a 

simultaneous bromide-sulfate analysis of the addition com- 

plex oil. 
Attempts to analyze samples of the viscous oil 

described above have unfortunately mot with rattier poor 

results. Five bombs were prepared to contain about lO 

nimols. )O2, 1.2 minois. 3OBr2, and 0.33 mmol. tetramethyl- 

ammonium bromide. All rive bombs were warmed from liquid 

air temperature to 00C for one hour, and thon re-cooled. 

i.ach bomb was then attached to the vacuum system in turn, 
and, after brinin the assembly to a hi,h vacuum (the 

bombs bethE cooled in liquid air), each bomb warmed to 000, 

arid the volatile reactants allowed to distill into a liquid- 

air cooled cold finger for just ten ninutes. It was felt 
that this time was sufficiently lone to permit the 



75 

distillation of any material having an appreciable vapor 

pre8ure at 0°C, 

In each case, the bomb contained, at the conclusion 

of this procedure, the oraneyel1ow oil. About 10 i11i- 

moles of i N NaOH were then introduced into the bomb, the 

oil absorbed in the base, and the bomb cracked open. The 

aqueous solution waa in each case transferred to a 100.0 

cc. volumetric flask with distilled water, made up to the 

mark, and sples removed for analysis. 

In each case the sulfur was determined EravimetriCal- 

ly as the sulfate, the bromide ravimetrical1y as silver 

bromide. The results of analyses .re civon in 

Table X. 

The ratio of net bromide to sulfate should, of 

course, have been 2.00, if the sole comp1exin aEent iB 

30Er2. In conjunction with the experimental evidence wìich 

suggests that no addition compound between 302 tetra- 

methy1anmoniuin bromide forms in the absence of SOr2, the 
comparison of the specific activities of the addition corn- 

plex sulfur to the free 3OBr2 specific activity, Table X, 

is presented as the best evidence for the absence of sulfur 

dioxide in the addition complex. 

This point cannot, evidently be settled on the basis 
of the analytical data of questionable validity reported 

above. In reference to the somewhat anomalous results 
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TABLE X 

5UîARY OF AL#DIT ION COíPLX ANALSE3 

Bomb 1 2 3 4 5 

minois. 9.904 9.840 9.897 10.246 9.897 

0Br2, mniols 1.242 1.242 1.242 1.242 1.242 

ie4Br, minois. 0.3388 0.3388 0.3330 0.3297 0.3460 

304 found, 0.7874 0.8216 0.7514 1.1498 0.5176 
minois. 

90oiBr 2.324 2.425 2.256 3.492 1.496 

Total Lr foux, 1.858 1.6454 3.706 5.272 1.337 
mrnois. 

Net Br for 1.520 1.3066 3.373 4.942 0.991 
coupi., 

minois. 

Net Br/304a 1.930 1.590 4.489 4.298 1.914 
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obtained in those analyses, lt sliould be pointed out that 
the ana1yt1c1 proeedure2 used in the analyßes for bromide 

and sulfate were checìed by analysis of a sample of thionyl 
bromide. These analyses cavo the bromide value to within 

0.93 per cent, the sulfate value to within 0.6]. per cent 

of theory. It is thus felt that the successful ana1yiis of' 

the adclit ion complex dopenda on the control of sone factor 
or factors which have been neglected in the present pro- 

cedure. Further work on this particular problem is beine 

undertaken t the present time in this laboratory. 
A final point is worthy o discussion here, and this 

concerns the values to be inserted in the calculation of 

the rate of exehanEe for the thionyl bromide quantity 

present. The rates of the isotopic exchange discussed in 

this thesis have been calculated on the basis of the first 

order rate law (cf. Appendix III) 

R 
(A)(B) 0.693 

(A)+(E) ti!2 (12) 

in which (A) and (B) aro the ounts of 3O2 and GOBr2 

present, respectively. Some doubt nilEht now arise as to 

the value for (B) which is to be used in this calculation, 
that is whether the total dosaEe amount of 3OBr2 should be 

used, or whether the net 'free' amount of 30Er2 not tied up 

in the addition complex should he so substituted. On the 

basis of the activity comparisons from which it seems 
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rather likely that the free and bound thìonyl bromide are 

in rapid equilibrium in the sulfur dioxide solution, it may 

be concluded that all of the thionyl bromide present can 

participate in the exchane, and hence that the valuo for 

(E) shou1 corre3pond to the total thionyl brornl.de present 

in the system. 

In anticipation of the experimental results of this 

thesIs, it may be noted at this point, that the participa- 

tion of thionyl bromide in the addition complex does not 

invalidate the isotopic exchange data, since it is f 3und 

that the rate of the isotopic oxchanE,e independent of 

the 30Er2 concentration, and hence that this species does 

not appear in the kinetic rate expression. 
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3OE COi'ENT3 ON T1 USE OF KC AS A CATALYST IN 

TI-lE 502 - $OBr2 EXCHANGE REACTION. In contrast to the 

majority of inorganic salts, most of which are relatively 

insoluble in sulfur dioxide at room temperature, potassium 

thiocyanate shows an appreciable solubility in tìiS sol- 

vent, 9h9tenstein and Viktorov (34, p.887) report a value 

of 35 s per 100 gma of' solution at 25°C. 

In view of' this high aolubility, it is tempting to 
employ this salt in a catalytic study, especially so, since 

a non-halogen (but 'pseudo-halide') anion is here involved. 

An inconclusive exchange experiment was actually 

carried out with this material, being invalidated 

by the reactivity of' thiocyanatos with thionyl bromide. 

Jander and Uliman (15, ç.2iC7) have investigated the system 

302.3OCl2.NH4SCN, and characterize the compound 3O(SCN)2 

formed in this system with the precipitation of ammonium 

chloride, as a strong 'acid analo-ue' (le: a Lewis acid in 

the O2 system). Thionyl thiocyanate, first observed by 

eïurtree (30, pp.48-9) and later by Dixon (8, pp.551-2) 

and Forbes and Anderson (10, pp.2272-3), decomposes above 

-18°C into a polymer of the cenerai fonnula ()CN), corn- 

rûonly called 'pseudo-thiocyanate'. This polymer is an 

orange yellow solid, entirely stable in air, is only 

slowly oxidized by boiling nitric acid, and is only du- 
ficuitly soluble in water. 



In view oi' the forrntion of thiorìyl thiocyanate, 

30(0ti)2 and the pseudo thiocyanate, the use of this 

Liaterial i invalidated in the present intanea. Prepara- 

tion of the O(3CN)2 below -18°C, and a study of the 

behavior of this compound in suU'ur dioxide o1utionB kept 

below thIs temperature, may yield further useful thforrna- 

tion on the behavior of thionyl acids in 902. The rapid 

and complete conversion of thionyl thiocyanate to the 

polymer at room tenperature (see for example: (36, p.270) 

and (20, p.491)) would have to he prevented. by conducting 

the exchanCe runs at suitably low temperatures. 



G. EXPRfliENTAL RE9ULTB. 1. RADIOSULFUFi DIOXIDE- 

THIONYLT3ROIDE EXPRIMENT3. (a). FOPJ«IATION OF SOCi2 IN 

SYTEN3 CONTAINING £C1. Any exchange experiment assumes 

the existence of chemical equilibrium between the exchanin 

species of the system concerned. Both the work of Jand.er 

(12, p.232) and Johnson (17, p.11) indicates that the 

react ion 

30Cl2 + 2 KEr 3OBr2 + 2 J'Cl (10) 

occurs to a considerable extent in sulfur dioxide solutions. 

It was considered to be of interest to determine to what 

extent the reverse of the above reaction occurs, since 

experiments emp1oyin 3OBr2 and KC1 were projected. To test 
the presence of bromide ions in the KC1 lattice, the 

follOwiflE treatment was carried out. 

One of the '1on time' S*02_SOBr2_KC1 bombs contain- 

in 880 milliEranls of powdered KC1 (see Table XI) was 

attached to the vacuum system by stopcock, rather than by 

the usual seal-off connection, After transferral of the 

volatile reaction bomb contents to the cold fther, the 

stopcock was closed, isolatiní the reaction bomb contaminE 

the dry solid salt residue from the rest of the vacuum 

Systelfl, rather than sealing off the reaction bomb at the 

seal-off joint as usual. The cold f mEer contents was then 

fractionated by the standard procedure. At the conclusion 

of the fractionating procedure, the reaction bomb was 
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surrounded by a bath of 36 N sulfuric acid, heated by a 

Bunsen burner. A new NaOFI bulb was frozen out, and 

attached to the system and evacuated. :ith the 5topcoek 
to the NaOI-I bulb open, the sulfuric acid bath was thon 

Eradually heated, and the temperature maintained at 2100 

for about 30 minutes. DurinE thiB tiire, any volatile 
iDaterial waB allowed to diBtill into the NaOH trap, the 

temperature Eradient between the reaction bomb and trap 

beinE about 400 decrees. The fact that some siall amount 

of thionyl bromide is retained by the seeminly dry powdery 

solid is evidenced by the fact that a s1iht yellow color 
appears in the freeze-out trap. 

After the 30 minuto period at 2].0 decrees, the bomb 

was sealed off, cooled to room temperature, and cracked 

open. The contents, a white dry solid, was spread on a 

watch1ass and kept at 145° overni'ht. 

About 1 gram of this material was then treated as 
follows: The solid was transferred to a six inch test tube 

and dissolved In 10 cc. of distilled water, Ten cc. of 3% 

hydrogen peroxide, 3 cc. of concentrated nitric acid, and 

5 cc. of carbon tetrachioride were added and the test tube 

shaken thorouEhly. After a11oin the two phases to 

separate, a sli&ht, but definite yel1ow-orax,c color was 

noted in the carbon tetrachloride layer, indicatinE the 

presence o bromine in the oxidized system. Blanks were 



83 

run on the reaents and KC1, LivinE. neEative results, and 

on KEr and a mixture of LEr and ZTC1, 6tvin positive 

results by the same procedure. The latter iliixture (about 

1:1) cave a much more pronounced color in the CC14 layer 
than did the reaction bomb sait, 

Jander's data on the completeness of the reaction, 

as well as the paleness of the color obtained in the carbon 

tetrachioride layer in the above experiment, indicate that 
the reversal of the reaction proceeds only to a small 

extent. Also, most of the investiEations here reported 

were done enìploytnE bromide salts, and hence these compli- 

cations consideration in these experi- 

monts. 

(b). EXPERIMENTS WITH POTAS IUIi CHLOR ID CATALY3T. 

The results of the oxohane experiments enìployin potassium 

chloride as a catalyst are 8umznarized in Table XI and are 

represented raphicaïly in Fie. 10. AlthouEh there is a 

Eood deal oÍ scatter amone the points in the loir (l-F) vs. 

time plot, the distribution of those points alonE a straiEht 
line would seem to indicate a true exchanEe. The striking 

effect of the presence of the catalyst is seen by eonjparin 

the loE (l-F) values for the three experiments in which ICC1 

was present, to the 24 hour control point established from 

a bomb in which no iCl was present. As reported by Johnson 

(17, p.48) the exohanEe half time for the unctaiyzed system 
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is about 1,9 years, and the reduction of this value to 15.8 

hours shows the efficiency as a catalyst of the potassium 

chloride. 

The important conclusion to be drawn from these ex- 

perirnents at 250C is the fact that the rate-deterx:ininE step 

of the catalysis proceeds by a hornoeneous iechaiisin, as 

shown by the fact that a 176 fold chanEe in the quantity of 

Xci present has but little effect on the rate of the 

oxehanEe react ion. 

In reference to the foreoin, it may be of interest 
to compare the literature values of the solubility of 

potassium chloride in sulfur dioxide, with the mnounts 

employed in the above experiments to establish a saturated 

salut ion. 

The solubility of KC1 in sul1ir dioxide is Eiven by 

Shatenstein and Viktorov (34, p.887) as 1.26 x rams 

of salt per 100 Erains of solution at 25 deErees. This cor- 

responds to a solubility of 3.07 x 102 mililErams of 8alt 

por 10 millimoles of solvent, liore recent data by Lauder 

sd Rossiter (25, p.568) is in reasonable acreement with 

these values. Usine the simplif'yinE, tut probably inexact 

assumption, that the presence of thionyl bromide in the sol- 

vent does not greatly chanEe the potassium chloride solu- 

bility, it is seen that the three salt amounts employed, 

(5 mms for ,19, 150 mms for #20, and 880 mms for ,21) 



TABLE XI 

RDIOSULFUR DIOXIDE - TRIONYL BROE KC1 ATALY5 

Exp. Tenip. 

oc 

SO2 jr KC1 Tine F 
nunol. cpn,'iui rnno1. mmo1 i1n. cpmfmi znin 

19(a) 2S 9.69S 177J 1.212 0.067]. 21O Li6.26 27.16 
(b) 2S 9.69S 177.h 1.212 0.0671 li8O 61.17 36.91 
Cc) 25 9.695 177.I 1.2l2 0.0671 720 80.25 1i9.39 
Cd) 25 9.695 177.14 1.2I2 0.0671 1080 133.5 814.211 

(e) 25 9.695 177.14 1.2142 0.0671 ]li.140 319.9 914.96 

20(a) 25 9.8149 1402.0 1.2142 2.011 600 1814.9 50.30 
9' (b) 25 9.8149 1402.0 1.2142 2.011 900 2014.9 56.08 

(c) 25 9.8149 1402.0 1.2142 2.011 1500 255.6 70.72 

21(a) 25 9.8149 1402.0 1.2142 11.8014 600 150.7 140.143 

(b) 25 9.8149 1402.0 1.2142 11.8014 900 210.6 57.73 
(c) 25 9.8149 1402.0 1.2142 u.8ct 1500 182.3 149.55 

Rate 
mino 1/min. 

8.056 z 10 

'Calculated on basis of specific activity of the '&)Br2' fraction and the initial radiosulfur 
dioxide activity. 

co 
u, 
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exceed by ractorß of' 60 to the quantity neceseary to 

estab1th . saturated solution, 

(o). JXPERflENTS .IPH TETRAETHYLA0N I LT1 BROMIDE 

CATALY3T. THE 0RDR L'ITH RE3PECT TO THE CATALYST CONCEN- 

TRATION, Following the initial experiments on the 302- 

SOBr2 sulfur exchange usine KC1 a a catalyt, in which the 

homogeneous nature of the predominant exchange mechanism 

had been established, the present investiation wa ex- 

tended to the use of other inorganic halides as possible 

catalysts. 

The charact,erïstics of an ldeal cetalyst in the 

present instance can be surrirnarized as follows. (a) The 

material should not react with either component of the 

reaction system to form a stable compound, (b) it should be 

relatively soluble in the reaction sytei, allowinE the 

study of its effect over a wide rance of concentrations, 

(o) it should have a fairly high equivalent weicht, (d) it 
should be readily available, preferably as a dry, easily 

welEhed solid, and (e) it should not interfe'e with the 

subsequont preparatlon of the sample for radioassay. mas- 

much as interest was focussed on electrovalent halides, the 

choice of salts which satisfy the above conditions was 

rather linited. The alkali halides, with the exception of 

rubidium bronide, are either reactive towards 302 or SOBr2 

(es. the alkali lodides), or their solubilitics are 
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prohibitively low (e6: CsC1, iC1, etc. 3ee Tal1e XII for 

solubilitles of common sa1tr in u1fur dioxide), 

The sait tetramethylammoriium bromide meets all of 

the above requirements except condition (e), forming an 

addition complex in the reaction system O2-3Oi3r2. In view 

of its considerable foiubi?ity in sulfur dioxide, an its 
other &ìvantaeeous characteriticri however, a larE.e amount 

of experimental data ha3 been accumulated on the catalytic 
effect of this salt on the exchane reaction. In the 

previous diEcusion of tiC 1dition complex it has been 

uEEested that the formation of the complex does not con- 

atitute a cause for concern due to the rapid equilibrIum 

between tle ' free ' and bound thionyl bromide in the 

2olution. 

i:he experiments employing the salt tetramethylarinonium 

bromide are summarized in Table XIII, and showfl graphically 

in Fie. 11. The effect of tue variation of the rate with 

chanEe in the aiìount of Cataiy3t present at 250G, experi- 

niente :l, 2, and 3, ii represented graphically in Fie. 12. 

41n this and the fo1lowin discussion, 'amounts of catalyst' 
is to be construed as amounts por bomb. Inasmuch as the 
amount of solvent 502 used throuEhout this work is essen- 
tially constant amone all the experiments, it is evident 
that the 'concentration' of catalyst, and of thioflyl 
bromide, will in all cases be proportional to the 'amount 
per bonib'. These two designations have been used inter- 
chaneab1y in the tresent thesis, 



TAELE XII 

30LUBILITIS OF SALTS IN LIQUID SULFUR DIOXIDE 

Salt innol/lOO g sot /100 g 502a g/l00 g 

LIF 2.30 0.0597 - 

LIC1 0.282 0.0120 0.00062 

Lier 0.60 0.0521 0.067 

Lii 149.0 19.95 - 

NaF 0.69 0.029 

NaC1 - 0.00040 

NaBr 0.136 0.014 0.0038 

Nal 100.0 1.50 1.59 

NaSCN 8.05 0.653 - 

KF 0.3]. 0,018 - 

icci 0.55 0.041 0.0126 

KBr 4.0 0.476 0.500 

Kl 249.0 49.63 0.75 

K3CN 50.20 4.88 - 

HbCl 2.72 0.329 0.402 

CBC1 - - 0.294 

SrI - - 0.14 

aData at 0C (12, p.231). 
bData at 25°C (34, p.887). 



TABLE XIfl 

RADIOSUIFUF DIOEDE - THIONYL B1DNIDE Me)NBr CATALYST 

Exp. Temp. 
oc. 

SO2 3S02 SOBr2 Catal. Time F t1/2 Rate K 
nino1. cpiJmn ininol. mmol. nan. cpn,'mgm min rnmo3,/idn mii1 

i(a) 2S 9.966 89.59 1,2i2 O.O6 30 ].h.07 14.86 
(b) 2S 9.966 89.S9 1.212 0.065 90 27.6j, 32.12 
(o) 25 9.966 89.59 1.2I2 0.065 2IO L8.37 S8J3 
(cl) 2S 9.966 89.59 1.2I2 O.06S IBo 72.95 2S0 3.060x10 L.7O8x1cr2 
(e) 2 9.966 91.10 1.2I2 0.065 960 67.01 98.5I 

2(a) 2S 9.931.L S1.99 1.212 O.162 15 10.73 ].9.S3 
(b) 2S 9.93Z4 S14.99 1.2L2 O.162S 30 16.28 31.21 
(c) 2 9.9k SL.99 1.212 0.1625 60 2S.62 SO.9b 80 9.567x1cr3 .887x1O2 
(d) 25 9.93 SIL.99 1.212 O.].62S 90 27.27 S.Ii.2 

3(a) 2S 1O.I21 S5.68 1.212 o.187S S 11.31 20.37 
(b) 2S 1O.I21 55.68 1.212 o.b87S lo 17.52 33.23 
Cc) 2S 1O.t21 !E;S.68 1.212 OJ87S o 29.56 9.39 23 3.312xjcr2 6.8SSx1O2 
(ci) 2S 1O.121 %.68 1.2I2 O.87 60 L3.bS 86.95 
(e) 25 1O.b21 55.68 1.21t2 od875 120 50.02 100.00 

li(a) O 9.827 1&i.5 1.2L2 04i875 20 21.97 12.2 
(b) o 9.827 1.5 1.2L2 0.l.i875 30 29.29 17.59 
(c) O 9.827 16Z.5 1.21i.2 0J875 60 Sß.31I 27.90 
(d) o 9.827 16L.5 1.21i2 0J875 90 SIi.?6 35.57 2ci. 3.71&10 3 7.681x10 3 

(e) O 9.827 16L.5 1.2Li2 o.1..875 120 58.1k]. 38.15 
(f) o 9.827 16L.5 1.21i2 0.1875 2I0 87.79 58.90 



Exp. Tenip. 

oc. 

u(a) -21.3 
(b) -21.3 
Cc) -21.3 
Cd) -21.3 
(e) -21.3 
(f) -21.3 

SO2 3S02 
lTmlol. cp7m 

1O.3SS 81.81 
10.3% 81.81 
10.3% 81.81 
10.3% 81.81 
10.355 81.81 
10.3% 81.81 

50Br 
ft nintol. 

1.212 
1 . 212 
i 2h2 

1 . 2ì2 
1.212 

TABLE XIII (co'r'D.) 

Catal. 
niiuol. 

o.l875 

o.l875 
875 

0J875 
o.h875 

Time F 
min. cpmgm 

60 6.68 -7.65 
120 8.30 9.93. 

210 10.0L 12.33 
300 10.t3 12.81 
1.8o 15.62 19.70 
780 21i.82 32.93 

t]/2 Rate K 
miri r1rn3.o1/r1in nun 

1620 h.7142x1O1 9.727x104 

'o 
I-a 
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The slope of this Eraph of 1°E (rate) vs. lo (catalyst 

aiount) is seen to be 1.190, from which it may be concluded 

(Appendix IV) that the rato of the sulfur exchange between 

sulfur dioxide and thionyl bromide is proportional to the 

first power of the catalyst concentration. 

This first order dependency can be expressed by the 

relationship 
Rate k x (catalyst concentration) (13) 

The intercornparison of data between the experiments can be 

made by notin. the relative values of the specific rate 

constants, k, obtained by dividinE the observed rate (in 

inillirnoles per minute) by the catalyst concentration (in 

millimoles). Ihe values of the specific rate constants 
have been included in the tables of the individual runs, 

where applicable, for convenient comparison of the data. 

From the foreoin results, two points of interest 

emerEe. The first of these is the fact that tetramethyl- 
amnonium bromide is an effective catalyst for the exchan,e 

reaction, half times on the order of minutes beinE observed. 

Secondly, the salt is a more effective catalyst than ROl, 

due to its treater solubility in the reaction system. 

This result, toEether with the fact that the exchane rate 

is directly related to the catalyst concentration as 

established in these experiments, is in harmony with the 

conception of the homogeneity of the catalysis as already 
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indicated by the resultß of the potassiur chloride expert- 

ment3 reported n the previouß section. 

(d). EXPiRfl4ENTS 1ITH TETR LTHL 4ONIUI BRO:L)E 

CATALYST. THE DTiINAT ION OF THE ACTIVATION ENIGY. The 

temperature dependence of the rate deterrnininE step can be 

calculated from the reu1ta of experiments 3 (at 25°C), 

#4 (at 0°c), and 5 (at -21.3°C) suruimarized in Table XIII. 

The lotarithm of the rate is plotted aEalnst the reciprocal 

of the absolute tetnperature in Fie. 13. The slope of this 

lino is 2.880, from which the calculated activation energy 

(Appendix III) is 13.172 kcal./mole. This value seems of 

reasonable order of magnitude, althouEh a direct comparison 

with other roported data is not possible due to the sparsity 

of such data available in the literature of isotopic ex- 

chanEe reactions. £asters and Norris5 have recently 

determined the activation energy of the sulfur exchanEe in 
the sy3tem £3O3OCl2:Me4NCl to be about 17 kcal./mole. 

Since the a priori probability that several competing 

reactions have the aae tenperature coefficient ir rather 

small, it may be concluded that the linearity of the three 

point lo (rate) vs. T1 plot (FiE. 13) is indicative of a 

sinle rate-deterxx.ininE step. 

5Nasters, B. J. and T. I. Norris, private communication. 
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(e). XPRIYNT$ WITH PYREX GLASS 3URFACE. THE 

I1ÏPORTANCE OF THE SURFACE CATALYZED MECHANISM. A question 

of subordinate, but nevertheless siniricant interest in 

connection with the exchanEe exper1iaents here presented, is 
the relative importance of the heterogeneous contribution 
to the total observed rate, and further, how sinifîcant is 
this effect in the explanation of Johnson's results (17, 

p.43) on the uncatalyzed exchange rate. To elucidate this 

point, the fo11owin experiments were done. 

even boriibs were prepared to contain 880 m of 

powdered Pyrex Elass, 10 millimoles of sulfur dioxide, and 

1.2 millimoles of thionyl broiide. These bombs were run at 
250 in the usual manner. 

The experiments are surimarized in Table X1II(a), and 

presented graphically in FiE. 14. It is seen from the lo 

(l-F) vs. time plot that the half time of the sulfur ex- 
chance for a system of 02:30Br2 of 10:1 has been reduced 

from 1.9 years to about 307 hours by the presence of the 

Pyrex surface. It is worthwhile to compare this result 
with that obtained by Johnson in a similar experiment, 

carried out without the use of added catalyst, but in Pyrex 

reaction bombs, 

If a spherical shape is assumed for the screened 

Pyrex passinE through 250 micron, but beinE retained by 177 

micron, screen, it is seen that 880 ms of this material 



TABLE lili(s) 
MISCELLANEOUS EXPERINETS 

Pyrex Catalyst - Radiosulfur Dioxide - Thionyl Broxnide 

Exp. Temp. 
OC. 

SO2 SOBrE Ctal. Time 
hrs. 

P' t1/2 Rate 
xmnol. cpm7igui mol. rr. cpn/mm hm, nimo]./mjn 

18(a) 2S 9I86 2.906 l.2L2 880 Ii. o.Lo811. 13.28 
(b) 2 9.5ì9 2.906 1.2I2 880 10 O.279S 8.10 
(c) 2S 9.512 2.906 1.212 880 20.S O.2771.i 8.02 
(d) 2S 9.i33 2.906 1.2!&2 880 I8 O.2S50 7.12 307 1.]1x10 
(e) 25 9.)90 2.906 1.2142 880 96 0.5893 20.Sli 

(f) 25 9.506 2.906 1.2142 100 0.6167 21.63 
(g) 25 9.561 2.906 1.2142 i50 ij2l, 

1,655b 63.30 

Potassium Thiocyanate - Radiosulfur Dioxide - Thionyl Bromide 

25 25 9.811 151.0 1.2142 0.1487 5 min 9.00 6.71 
znmol. 30 29.28 21.83 

60 20.12 15.01 

aSpecific activity of 'SOBr2' fraction. 
bCoected for decay. 

co 
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consttute a surfrce of 2.52 x 10 cm2. 

Johiaon s reaction bombs had a volume of about 5 

cm3, ar a dimnetor o terz mm. The surface area here in- 
volved i oout 10 cm2; the ob8erved half time ror the 

exchano is reported to be 1.66 x 10 hours in theee bomba, 

The ratio of the two surfaces i then 2,52 x 1O:10 
or 2.52 x iO3. The half time of the experiments of the 
present :or1 should then be increased by a factor of 2.52 

x i3, ivin a value of 7.74 x iO5 hours, for the 5 cm3 

bombs used by Johnson, if a first order dependency of the 
surface srea is assumed, 

The feet that this calculated half time is by 

a factor of 50 than the 1.9 year half time reported in the 
earlier work seems to indicate that the surface catalysis 
in Johnson's work, and hence also in the present investia- 
tions, in which similar bonib3 were used, is e. nelieible 
effect. It seems likely that in the work of Johnson, 

another effect is dominantly operative, ossib1y the 

presence of minute quantities of impurities which catalyze 
the exchanEe, error as Ereat as a factor of ten in the 
calculation of the surface area of the Pyrex would not 

invalidate these conclusions, since the powdered. class, 
consistin of :hat are essentially edges, could be 

assumed to exhibit a greater doree of catalytic activity 
than the fused surface used in the earlier îork. 



A further effect which has hoen disreeardod in the 

present discussion is the fact thn.t the screened particles 
are not spherical - the basis for the surface area calcula- 

tion - but are undoubtedly jaed oded particles, hence 

havin an even £reater surface area than has been cal- 
culated. 

iet, the greater catalytic activity compared to the 

results reported by Johnson is not observed, On the basis 

of this single experiment, it is not possible, obviously, 

to rule out the hornoEeneous contribution of the Pyrex blasa 
(le: leachin from the ].ass materials which may catalyze 
the exchanE.e). If ho:ever, a heterogeneous mechanism is 

proposed as the major effect, then direct comparison with 

Johnson's data seems justified. Further invecti.ation of 
the effect cf surface in the radiosulfur dioxide-thionyl 
bromide exchange reaction would help to elucidate this 
question. In this thesis, this work has not been further 
pursued, since the main interest lay in an investigation of 
the homogeneous catalysis mechanism. 
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2 S (JLFtJR I) lOX IDE-RAD 10TH IONYL bROI1 IDE EXPR I- 

i'iENT5. (a) . EXPERIINTS ITH TETR1ETH1liîONIUi BROI4IDE. 

DETER1INATI0N OF TH ORDER ITH RESPECT TO THIONYL BRO1'iIDE. 

The initial experiments enip1oyin the use of labelled 

thionyl bromide at zero dereos, were directed toward a 

determination of the rate dependency on the thionyl bromide 

concentration present in the exchano system. To this end, 

a serles of bombs was prepared in which the O2:tetraethyl- 

ammonium bromide concentration ratio was held fixed, while 

the 50Er2 concentration was allowed to vary by a factor of 

four. 

These experiments aro summarized in Table XIV. The 

rate is seen to be about 2O treater in the solution of 

greatest SOBr2 concentration than In that of least 30Br2 

concentration (for a first order effect, one would expect a 

4C0 chanEe, for a half order effect, a 200% chanEe), From 

these data it seems evident that the exchanee reaction rate 
is independent of the thionyl bromide concentration. 

The observed spread in the specific rate constants 
for these experiments is a not unexpected result, and can 

be rationalized on the basis of the rather drastic chanEe in 

the chemical environment of a given molecule in the solution 
of smallest SOBr2 concentration as compared to the environ- 

ment of a similar molecule in the solution of Createet 

30Er2 cone ent rat ion. 
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TABLE XIV 

SULFUR DIOXIDE - RADIOTHIONYL BROMIDE ?iNBR CATALYST 

Tenip. 2 SOBr2 Catal. Tiríe 8sc» F t1/2 Rate K 
°C. inmol. mrro1. nimol. min. cpn'mgm min. ìnmol/min znin 

o lo.08S 0.621 o.oE9 60 --* 

120 2.86 8.63 
300 6.08j 17.91 1710 .37].x10 j.63x1Cr3 
610 9.776 27.70 
1260 15.S63 ¿2.60 

Total Residue 37.613 -- 

O 10.08S 1.2142 0.06149 13 S.1481 9.117 
2140 7.576 12.16 
600 12.983 20.09 28140 2.699x1(r14 14.i5atio-3 
1290 22.221 33.62 
2700 35.52 51.86 

Total Residue 69.665 - 
o 10.085 2.14814 O.09 2% 10.0 9.71 

1450 

1300 
13.55 
28.960 

12.09 
25.01 14600 3.003x10 " 14.626x10 3 

17% 35.871 30.1]. 

145140 66.2145 514.07 

Total Residue 1214.90 -- 

*]ot radioassayed due to low spec. act. 

LI 
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(b ) . 1XPERfl4NTS WITH TJTRA.L ETHA.iONIUI'i BFt0IDE. 

DETERiINATION OF THE ORDER WITH RE$PECT TO THE CATALYBT 

CONCENTRATION. A series of five experiments, in which 

the $ulfur dioxide:thionyl brouilde (labelled) concentration 

ratio wa hold constant hi1e the tetramethy1amonium 

bromide quantities present were allowed to vary, were run 

at zero decrees, and are summarized in Table XV and repre- 
sented graphically in Fie. 16. The slope of the lo (rate) 

vs. ioc (catalyst concentration) plot is 0.944, and hence 

the order of the rate determining step with respect to the 

catalyst concentration may aEain be concluded to be unity, 
corroborating the earlier data established on the system 

$*o2_oBr2 at 25°C with the same catalyst. 

Three points are included for comparison purposes 

on this graph (F16. 16) althou:h they are not properly part 

of the present croup of experiments. The point labelled 
S*02, is taken from the radiosulfur dioxide - thionyl 

bromide experiments presented earlier (experiment 1/4, Table 

XIII). The two points labelled 'lieht' arid 'dark' are from 

the duplicate bombs run to determine the possible effect of 

photolysis on the observed rate, and will be treated in a 

later section of the present discussion. 



SULFUR I 

Exp. Temp. 502 5*OBr2 
CC. mmol. nnnol. 

29 o lu.302 1.d2 

TABLE XV 

)IOXIDE - PLDIOT}aOIYL BRONIDE MejBr CATALYST 

Catal. Time S50, F tV2 Rate K 
minol. min. cpm7mm min. mmol/min min 

o.fl122 30 8.3)5 3.S8 
60 18.353 7.60 
120 32.916 13.33 637.5 1.205x103 8.1ThxiO3 
2140 61.600 2L.0 
500 111.112 L1.9 

Tota].. Residue 272.09 -- 

3]. 0 10.385 1.2!2 0.2167 35 8.308 3,75 
35 19.726 8.58 
70 35.836 35.02 Li0 1.875x1cr3 7.60U,c1O3 
].ho 61.33L 2L81 
260 103.79 0.63 

Total Residue 261,50 - 
28 0 10.198 1.212 0J.297 10 6.039 2.66 

25 16.710 7.07 
145 30.377 12.38 210 3.195x103 7d35x1cr3 
loo 61.1435 214.13 

180 112.90 142.88 
Tota]. Residue 270.1414 -- 

30 0 10.385 1.2142 0.5868 10 21.856 10.61 
20 35.339 16.29 
35 53.632 23.91 151.5 5.o714x].cr3 8.6147x1cr3 
70 78.625 33.95 
135 119.03 149.3 

Total Residue 2143.92 - 
H 



TABLE XV (COIft'D. 

Exp. Temp. 502 SOBr2 Catal. Tie 5 F tj,!2 Rate K 
OC. rnmol. mino].. mino].. min. cpmjxngm min. mmol/min min 

27 0 9.983 1.2142 0.92Cti S 10.682 14.62 

10 17.823 7.142 126. 6.0S3x1o3 6.577x1cr3 
2 32.138 12.87 
50 61.987 23.9]. 

Total Residue 275.147 - 

o 
-i 
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(c) . ¡XPERIMENT3 ITFI i0TAPSIUI BROMIDE. DETER- 

iINATI0N OF THE ORDER ITH RESPECT TO THE Ti-JIONYL BR0IDE 

CONCENTRATION. The exterimenta in which potassium bromide 

was uied as a catalyst (in saturated solution) are summar- 

ized in Table XVI. The purpose in conductinE these 

exeriments was to extend the investiations on the order 

irjth respect to the thionyl bromide concentration of the 

exchange rate. Obviously, potassium bromide is as el fec- 
five a catalyst for the exehanEe as are potassium chloride 

and tetramethy1arnxronium bromide. It is seen from the table 

that a four fold chante in the thionyl broiïde quantity 

present in the reaction bomb has but little effect on t'ne 

reaction rate, a1thouh a pronounced spread in the rate 

values is observed. From this data it seems reasonable to 

conclude that the exehanFe rate is independent of the 
thionyl bronide concentration, corroboratin the results 
obtained in sirilar experiments emp1oyin tetraxnethyl- 

ammonium bromide as a catalyst, and which have been tre- 

sented earlier. 
These ex eriments are possibly open to some criti- 

eiern based on the non-constancy of the soluhility of KBr in 

these solutions of chancing composition. In each case, the 

quantity of powdered catalyst employed in saturatin the 

solutions, was the same, 0.2099 rnnols. per 10 ralilimoles of 

°2. The reported solubility of KBr in SO2 (34, p.887) 



Exp. Temp. 2 
OC. riimol. 

12 0 10.U1 

13 0 10.003 

o 9.807 

TABLE XVI 

SULFUR DIOXIDE - RADIOThIOIIYL BROMIDE KBr CATALYST 

S0Br Cat.al. Time 5o F 
no1. mmol. min. cpm7mgm 

0.621 02o99a 120 0.369S 9.99 
2140 o.8L00 21.87 
I80 1.7067 I2.9 
8o 2.3LS0 
:1i4h0 3.3877 81.3S 

Residue L.209J - 
1.2L2 0.2099 120 2.1617 10.11 

2h0 1..0S6S 18.27 
180 8.2890 36.09 
]14h0 17.S91 Th.li9 

1800 19.806 82.90 
Residue 2.090 -- 

2.18I 0.2099 120 0.19% 3.61 
21ko o.%63 9.92 
1480 0.91S1 1S.78 
960 1.9S2 32.S7 

Eesidue 6.ÌS14 

tj2 Rate 
mtn. nuno]./inin. 

6214 6.Sothclr14 

73S 1.O142xlcr3 

1776 7.736x1cr4 

aAmount used shown (imnol.); excess solid phase present. Estimated aniount dissolved in these 
saturated solutions is 0.0027 minois. 

I-J 

H 
o 
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is 0.50 raxn per 100 ranis of solution at 25°C. It is 

seen then that the solubility In is exceeded In each 

case by a factor of about 8. However the presence of' 

thionyl bromide, and especially its effect on the K13r 

solubility cannot be neIected. 

It would seem however, from this experiment, that 

the chanEe In KBr solubility in solutions of increasin', 

thionyl bromide content is small, as shown by the relative 

constancy of the exchanEe rates obtained. 

(d). EXPERIMENTS WITH RUBIDIUM BROiIDE, Four 

exterimenta, designed to determine the efficiency of 

rubidium bromide a cata1ist for the exciiane reaction 
at zero deErees, are summarized In Table XVII and repre- 

sented rahical1y in Fia. 18. There are two siEnificant 

points which arise from these data. Firstly, it seems 

evident that rubidium bromide io an effective catalyst for 
the exchane reaction, a not unexpected result in view of 
the marlzed catalysis by both KBr and Ie4NBr, as well as by 

KC1. The second point of interest Is the somewhat marked 

divergence of the slope of the io (rate) vs. loe. (catalyst 

concentration) plot, F1. 18(a), from unity. 

If the same mechanism is operative in the tetra- 

methy1amnonium bromide case as in the present instance, 

this slope should be 1.00. However a slope of 1.269 is 

actually obtained. Inasmuch as the catalyst amounts 



TABLE XVII 

SULFUI1 DI(IDE - RADIUr}LtONYL BROMIDE RbBr CATALYST 

Exp. Temp. SO SOBr2 Catal. Time F t1/2 iate 
OC. nno1. xnznol. muiol. min. cpm7ingm min. inno1/min. 

is o 9.903 1.212 O.O]1 720 6.71h U.9h 
lS6o 8.097 13.81k 
2730 10.272 16.93 2,1OO 3.17xTLO 
SLi6O )i.968 23.80 
8700 19.068 29.27 

Reaidue 67.388 - 
16 0 10.296 1.212 0.0&,1 180 6.68 12. 

360 7.895 ]1.S2 
780 11.126 19.76 )5o 1.726x10 
1500 16.b77 28.29 
3000 25.900 .3.09 

Residue 61.706 -- 

17 0 10.003 1.21t2 0.1609 120 12.161 11.91 
210 23.533 22.25 
18o I&14il.&9 37.91i. 726 1.055x10-3 
960 65.951 58.76 
$oo 87.1405 76.142 

Reaidue 115.675 

26 0 10.338 1.2142 0.35149 20 11.7146 5.77 
145 16.882 7.99 
90 27.6( 12.58 1407 1.888x10-3 
180 72.120 31.71 
360 138.11 58.91 

Residue 2140.00 -- 

K 
min 

2 .l9Oxlcr3 

6. 557x1cT3 

5. 320x103 



TABLE XVII (corr'D.) 

SULFUIt DIOXIDE - RADIOTHIONYL BROMIDE RbC1 CATALYST 

Exp. Temp. °2 SOBr Catal. Time F tJ2 Rate 
°C. mmol mmol. nu1. min/ cpni7mgm min. mino 1/min. 

21j. O 10.128 1.212 0.0207 1i1O 3.b03 7.314 

1920 14.726 9.87 
31420 7.617 1.31 2.260x1014 
7020 11.767 22.78 3.363x10 

1esidue 3.!61 -- 

IC 

min 

1. 625,cicr3 



- L' I _____ _____ - 
. '& w O N 
.7 

.6 O_ _____ _____ _____ _____ _____ 

r \ -.-Exp't. 15 

- \ 
-e- ' 16 

-O- IT 

000 3000 5000 7000 9000 

Time in minutes. 

FIG. IS Iog(I-F) vs. tims RbBr Exp'ts. at o! o 



'TEEE__ 
4 - - -- __ _____ ___ _____ 

2 - ----_ 
o ----- - _ __ ____ 

___o ----- - __ ____ 
8 __ __ __ ___ C - - - - ___ ____ - - - - - - __ ___ ______ 

: 

: 

__ ___ 

2 : --- __ ___ --- - __ ___ 
o 

o 
_4_ ______ 

Io - - 

8 - - ---- ___ _____ ------ __ - _____ 
6 - - ---- ___ _____ ------ __ - _____ 

4 - - ------ __ _____ ------ __ - __ 
o 

log ( catalyst conci an m mols. 

2 987 6 5 4 3 2 10'87 6 5 4 3 2 icr2 

FIG. 8 (a ) - RbBr Expts at O C. 



117 

employed in the RbBr runs are comparable to those used in 

the 1ieiNBr experiments only for experiments ¿l7 and 26, ar. 

since these two points taken by themselves show a smaller 

value for the slope than that Elven by all four points, too 

great a siEnificance should probably not be placed on the 

deviation from first order. The catalyst concentration 

dependency is probably first order in these experiments, 
the important point beine that, at any rate, a dependency 

less than unity is certainly not implied by these points. 

This conclusion will be siEnificant in the rejection of a 

possible mechanism to be offered in the discussion of the 

exchane react-ion in a later section of this thesis. It is 

suested that further experiments on the system 302_3*OBr2 

would, in all likelihood settle this point. 



(e). XPRIMNTS WITH RUBIDIUM CHLORIDE. A sinele 

experiment was undertaken to determine the effect of the 
presence of rubidium chloride on the rate of the exchanEe 
reaction. The data for this experiment are summarized in 
Table XVII. 

It is seen from this experiment, that thIs salt too, 

is an effective catalyst for the exchange at 0°C, the 
specific rate constant of equation (13) beinE of the same 

order of maEnitude (althoujh somewhat loti) as the average 

value for k for the MeNBr experiments (Table xv), and RbBr 

experiments (Table XVII). 

Due to the low of rubidium chloride in 
at OC, only small quantities of catalyst can be 

employed in a hornoEsneous system, and the consequent ion 

reaction half times (in the present instance 2.28 x l0 
minutes) make the use of this catalyst inconveniently time 

consuminE, even for the most concentrated solutions obtain- 
able, and open to considerable experimental uncertainty, on 

the basis of the thionyl bromide decomposition, for the 

more dilute solutions. 
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(f). EXPERI1ENTS WITH TETRM LAM1iONIU1vi }3HO4IDE, 

THE SIGNIFICANCE OF PHOTOLYSIS IN Tl O3VED RATE. Since 

the majority of chemical ohanEes normally proceed by a 

number of simultaneous reactions rather than exclusively by 

one mechanism, a thorouEh study of the kinetics of such a 

chance demands the investiEation of the relative importance 

of as many individual oontributin mechanisms as the re- 
searcher is able to isolate. 

In tracer techniques such as have been employed in 

the present work, the rate of exchanCe which is observed by 

following the appearance of radioactivity in a riven 
reactant, wIll obviously be the total rate of all of the 
contributing mechanisms. In addition to the general 
desirability of determinin the importance of a photochenil-. 

cal effect in a ivon kinetic study for the above reasons, 
the inve3tiEtion of a photolytic contribution to the 
observed rate is doubly cogent on the present instance. 
The low activation energy of the exchan;e reaction, 13.2 K 

cal./mole, makes it likely that absorption of visible 

radiation by the activated complex will have a pronounced 

effect on the decomposition of this interrnedi . te, and thus 

on the velocity of the exchanE,e reaction. Secondly, the 
photochernical decomposition of thionyl bromide (28, p.2599) 

is a complicating factor, the influence of which may con- 

stitute a pronounced effect in the total rate. This obtains 
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due to two posßthio causes, (a) the simulation of exehanEe 

by the eppearance of photodecomposition products in the 502 

aliquota of the t3*OBr2I method; and (b) the catalysis of 

the exchange reaction by these decomposition products of 

the thionyl halide. 
To cace the photolytic effect on the oxchançe rate, 

two identical bombs were prepared, containing about 10.2 

millimoles of 302, 1.24 mil1imo1e of labelled thionyl 

bromide, and 0.325 rnill.imoles of tetramethylammonium bromide. 

Lomb ,1 was placed in an ice bath in a clear 1aas, un- 

silvered )ewar flask, which had been placed in the direct 
sun1iht of a cloudless day. Samples from this bomb were 

withdrawn as usual. It was noted that at the end of the 
experiment - the bomb had been held at zero deErees for 200 

minutes - the sulfur dioxide solution had darkened appre- 

ciably from its oriEinal orano yellow color, to a rather 

dark red. 

Bomb ;2 was transferred from an acetone-Dry Ice 
bath, where it had been stored after fil1in, to an ice 
bath in a regular silvered Dewar flask, the tranaferral 
beinE effected in an essentially dark laboratory. The 

flask was then covered with a cardboard disc - only the 
neck of the reaction bomb rotruding from the flask - and 

the disc covered with three layers of aluminum foil which 

were folded down over the side of the Dewar. The laboratory 
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1tght3 were then turned on, and aliquots of SO2 reroved as 
usual. Visual inspection of the reaction solution at the 
end of the experiment showed that the color had renathed 
essentially unchanEed frofl the oriElnal orane-yollow 
characteristic of tho system. 

The relative illumination of the area of the labora- 
tory in which (a) bomb #1 of the present pair (experiment 

#35, Table xVIII), and (b) the bombs usually run under 
normal laboratory illumination, :ere run, was deterdned 
with a eston litht meter. 

The former rrea showed an illumination of 800 Weston 

units, the latter area, 0.80 Weston units. It is assumed 

that no appreciable visible radiation was incident on the 
solution of bomb 2 (experiment i36, Table XVIII) of the 
present pair. 

The exchange runs are presented raphtca1ly on the 

same 10 (1-F) vs. time plot in Fie. 19. 

It will be seen from this fiure that there is a 

siEnificant difference in the two observed rates, the liEht 

exposed system having an exohanEe rate 63.6 per cent Ereater 
than the bomb run in total darkness. The correspondinE 
specific rato constants (equation (13)), aro 1.383 x 1o2 
for the lieht exposed bomb, and 8.453 x 1O for the 'dark' 
bomb. The latter value falls quite close to the specific 
rate constants calculated for the totramethylammonium 



Exp. Temp. 502 
O, minol. 

3S O 1o.2la 

SULFUR DK(IDE 

S*OBr2 Catal. 
nmo1. mmol. 

i.2!2 O.32I6 

TABLE XVIII 

RADI(IrHIONYL EIDE Me13r cATALYST 
Time F t112 Rate 
min. cpm7mgm min. nunol/min 

"light" bomb 

2S 5.16 10.71 
c0 1O.O 19JL9 

K 
n'in-i 

íôo i8 33.3 171 Id&9Ox1O3 i.38xlO2 
200 31.29 

Total Residue 7.19 -- 

"dark" bomb 

36 0 10.290 i.2h2 0.321i6 2S 2.700 
O 6.02 UJiO 
100 11.91 21.Th 280 2.7J)TlO3 8JS3xlcr3 
200 22.21 39.1 

Total Residue S8.33 
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bromide experiments, a summarized in Table XX. A corn- 

parison of the relative illumination Inteneities suests 
that this is not an unexpected result, the amount of vielbie 
radiation incident on a bomb under normal laboratory 
illurninat ion beine quite comparable to the conditions under 
which the 'dark' bomb (#2) was run. 

There can be little doubt then, that a photochemical 
contribution to the total observed rate exists. On the 
basis of the available data it cannot be deterrrined whether 
this effect is due to the simulated exch.ne caused by the 
appearance of decomposition products in the r302 aliquots, or 
whether an actual catalysis of the oxchanEe by 

these decomposition products obtains. 

It is suEested on the basis of these results, that 

a portion of the observed spread of values for the specific 
rate constant can be ascribed to a photochemical effect, 
but that this effect plays only a relatively small role in 
the halide salt catalyzed exchange rate which is observed. 
A further discussion of this point is made in a later 

section of this thesis. 
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3. SONE COMMENTS ON THE INTERCOÌ1PARION OF EX- 

CHANGE DATA. A question which my be raised in connection 
with the foregoing experiments concerns the validity of 

comparison of data atherod by the 'radosu)fur dioxide' 
method, ES contra8ted to that obtained from the 'radio- 
thionyl bromide' experiments. Fortunately, a direct corn- 

parion is possible on the basir of two similar experiment; 
one er1oyin labelled O2, the other labelled Or2. 

Experiment 44, Table XIII, and experiment #28, Table 

XV, both conducted at zero degrees, are aeain summarized 

below for comparison purposes: 

TALLE XIX 

COiPARIBON OF EXPERIMNT5 

Exp. 3O2 E3OBr2 labelled t1/2 Rate k 
mxnol. minol. e4NBr min. mmol/min min 
(a) (b) inmols. 

4 9.827 1.242 (a) 0.4875 204 3.746x10'3 7.684x103 
28 10,196 1.242 (b) 0.4297 240 3.195x103 7,45x1O'3 

The similarity in the value of the specific rate 
constants of these two experiments, warrants the conclusion 
that the direct comparison of the two setz of dato. that 
is, those involvin labelled 302, and those invo1vin 

labelled 3013r2 - is ju3tified. This conclusion, here 
reached admittedly on the basìF3 of a limited amount of data, 
is borne out by the eneral aFreement in the specific rate 
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constants of all of the tetramethy1amonium broriide experi- 
merits, as discussed in the fo11owin section of thia thesis. 

44, TABULATION OF THE SPECIFIC RATE CONSTANT OF THE 

CATALYZE) 3O2-OBr2 £IXCHANGE REACTION. As a final summary 

of the exchange data presented in this thesis on the system 

S02-30Br2, the specific rate constants for all of the 
experiments have been collected in a sinEle table (Table XX). 

The arraneement of this table follows the order in which 

the experiments have been presented in the preceding seo- 

tions. One additional experimental variable, not previous- 

ly discussed is presented in this table, and concerns the 
relative exposure to laboratory illumination of the reaction 

bombs, 

All of the bomba employlnE labelled sulfur dioxide 

were exposed to the normal illumination of the laboratory 
for the full length of time of the experiment. In Eeneral, 

the bombs emp1oyin labelled thionyl bromide, and which had 

total reaction times of 500 minutes or leas were similarly 
exposed to th's laboratory illumination for the total time 

of exteriment. The bombs havinE reaction times greater 

than eight hours were eneral1y stored, during the inter- 

vals between sample removal, in a cupboard, and thus 

received essentially no illumination except during periods 

of sampling. The bombs which wore subjected to illumination 

durin the full time of the experiment arc labelled '1' in 
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the column of Table XX headed 'photolysis', those exposed 

to light for relatively short times being labelled 'd' in 

this column. 

Although a good deal of spread is observed in the 

specific rate constants, even for experiments employing the 

sane catalyst at the same temperature, the evidence for the 

first order relationship between the rate of the sulfur 

exchange and the catalyst concentration seems to be well 

borne out by the above tabulation. 

A further point of siLnificance arises from the 

examination of the specific rate constants, namely the 

values of this quantity for the rubidium bromide and chloride 
experiments as compared to the more extensive data on tetra- 

methylammonium bromide as a catalyst. hi1e in general, 

somewhat lower values for k are obtained in these RbBr and 

RbC1 experiments compared to the I1ei1qBr caso, the two seto 

of rate constants are not too widely different, and this 
can be considered as evidence that the mechanism of the rate 

determining step is probably quite similar in these cases. 
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TABLE XX 

TABULATION OF SPECIFIC RATE CONSTANTS 

Experiment Catalyst Temperature Photolysis 
.21.30 00 25° 

1 MeNBr 708a i 
2 'I 

58.87 1 

3 " 68.55 1 
4 7.684 1 

5 0.9272 1 
32 " 3.653 d 
33 't 4.185 d 
34 't 4.626 d 
29 8.474 2. 

31 't 7.600 1 
28 " 7.435 1 
30 'f 8.647 1 
27 't 6.577 1 

AveraEe 6,539 58,17 

15 RbBr 2.190 d 
16 " 2.693 d 
17 't 6.557 d 
26 't 5.320 1 

Average 4.190 

24 RbCÌ 1.625 d 

35 ie4NBr 13.83 1 

35 't 8.453 d 

aAll specific rate constants here reported are in terms of 
reciprocal minutes x io3. 
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D. INTERPRETATION OF RESULTS. The foreoin re- 
suits indicate that the sulfur exchanEe in the system 602$ 

E3OBr2 is stroniy catalyzed by tho presence of ionic halide 
salts, the exchanEe proceedl.nE almost wholly by a homo- 

eneous mechanism. The order of the rate step has been 

found to be unity with respect to the catalyst concentra- 
tion, and independent of the thionyl bromide concentration. 

These results seem to be in harmony with the follow- 

in proposed mechanism: 

Me4Nl3r + 2 302 + SOBr + 303 slow (a) 

3OBr2 SOBr + Br rapid (b) 

- 

Ie4NJ3r : 1e4N + Br rapid ( c) 

The slowness of reaction (a) is indicated by the 

direct rate dependency on the catalyst concentration, and 

by the fact that this represents a 'pseudo' third order 

reaction - necossitatin the presence of a solvent molecule 

which can accept an oxide ion from the 302 which has reacted 

with the catalyst - and hence of inherent lower probability 

. 

than a second order collision. 

The rapidity of' (b) and (o) is indicated by results 

recently obtained in this laboratory6 which have shown an 

immeasurably rapid exchane, even at -21°C, between SOCi2 

and MejCl (emp1oyin Cl36 labelled salt) . It is presumed 

6aaters, B. J. and T. H. Norris, private communication. 
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that the thiony]. bromide systen.i does not differ sinifi- 
cantly from its chloride homologue. 

Probably step (b) proceeds in the direction of 30Br 

formation only to a small extent, as is evidenced by the 
fact that the conductivities of thionyl bromide solutions 

(1.2 X -5 mio at -19°C) as measured by Jander (12, p.237), 

correspond to extremely low ion concentrations in sulfur 

dioxide. In contrast, Jander shows MeiNPr to he a rela- 
tively strong electrolyte in 902 (12, p.240), so that this 
salt can be considered to be essentially the sole source of 

bromide ions in these solutions. 
The existence of relatively hiCh concentrations of 

thionyl ions from the self-ionization of the solvent 

2 302 + 
- --.- (a) 

is nested by the fact that this would imply a more rapid 
sulfur exchange between thionyl bromide and 902, by virtue 

of the step 

s0++ + Br E30Br (e) 

than Johnson's results (17, pp.54-7) indicate, the bromide 

ion here beine furnished by the thionyl bromide. 

A possible sequence of steps which at first glance 
seems plausible 

SO2 + Br 302Br rapid (f) 
30213r 4 302 * 3013r + 303= slow () 
SOBr2 SOBr" + Br rapid (b) 
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must be discarded for the followinE reason. If, as pro- 

posed above, Le4NBr is the sole significant source of 

bromide ions in the solution, then the ionization 

Ie4NBr e4N' + (h) 

is characterized by the ionization constant 

K1 (:íe4N)(Br)/MejTi3r (i) 

whence, since 13r he4N+ 

Br (4e4NBr) Kj 1/2 (j) 

neoessitatin a square root dependence of the rate on the 

catalyst concentration, which is not indicated by the 

results here offered. 

A crucial experiment which may Elve 

to the validity of steps (a)-(c), would be to determine the 

rate dependency of the sulfur exchange on the sulfur dioxide 

concentration, a second order dependency beinE further 

support for the proposed mechanism. By chanpth from sulfur 

dIoxide to thiony]. broiide solvents, the serious perturba 

tian of the sy3tem may invalidate te proposed comparison, 
however. 
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Iv. UIÖíARY 

(1) In sulfur dioxide solutions, suirur oxchane between 

the compound (0H3CH2)3N302 and the solvent Is complete in 

less than four minutes at _7300. 

(2) In sulfur dioxide aolutioni3, sulfur exchanEe between 

the compound (CH3CH2)3NH'S03H and the solvent is complete 

in less than four minutes at -78°C. 

(3) The sulfur exchanEe between thionyl bromide and sulfur 

dioxide is strikin1y catalyzed by tetrainethylammoniuxn 

bromide, potassium bromide and chloride, rubidium bromide 

and chloride, and to a lesser extent by Pyrex Elasa surface. 
(4) The catalysis of the sulfur exchange in the system 

302:SOBr2 occurs by a homogeneous mechanism, the rate being 

dependent on the first order of the catalyst concentration. 

(5) The rate determining step of the catalyzed sulfur ex- 

change in the syr3tem S02:SOBr2 has an activation energy of 

13.2 k cal./mole in the range -21,3° - 25.0°C. 

(6) A mechanism for the catalyzed sulfur exchange in the 
system 302:6OBr2 consistent with the experimental results 

is proposed. 
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APPENDICES. 
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APPENDIX I 

Calculation of' the fraction exchange. The fraction, 
F, of 100% exchange of isotopic atoms between two molecular 

species, is given (38, p8) by the relationship 
- - o 

- 
(14) 

where and E3aro the specific activities of the radio- 
active species boin determined at time t, and at infinite 
time, respectively; $ is the specific activity of the 

radioactive species at time t o. The specific activity 
at tii:e t is obtained by radioassayin, a known aliquot of 
the active species. The specific activity at time t 
corresponds to a complete randomization of the activity 
between the two exchaninE species, and can be calculated 
from the initial activities aild concentrations, 

The F values calculated in the present work were ob- 

tamed by application of equation (14). Two typical calcu- 

lations are Liven as exap1es. 
I: 0Br2 - Le4NBr Expt. 

A bomb was made up to contain 10.421 millimoles of 

radiosulfur dioxide, hvinE specific activity of 55.68 

cpm/mE:;it (determined by radloassay of a separate sample of 

the sulfur dioxide as barium sulfate), 1.242 millimoles of' 

thionyl bromide, and 75 mrns of tetramethylammonium bromide. 
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The specific activity of the thionyl bromide fraction for 
the bomb kept at 25,00°C rar 30 minutes was 29,56 cpm/m 

as barium sulfate. The exchange blank, determined inde- 
pendently, was found to be 2,672g. The total sulfur present 

in the sy3tem is 11.663 millimoles (10.421 + 1.242), and 

the extected activity for comolete exchaníe is 10.421 x 
11.663 

55.68 cpm/mn, These values aro then substituted into 

equation (14): 

F 29.56 - 0.0267 x 55.68 

55.68 x - 0.0267 x 55.68 

0.5939 

In the £raphical representation of exchanEe data, 

the quantity plotted is usually io (1-F), which, according 
to the well known first order rate law (9, p.560) for 

exchanE,e reactions must Eive a straiht line, The obtain- 
irlE of such a straht line in a particular experiment is 

nornially taken as a verification of the fact that the 

phenomenon beinE observed is truly an isotopic exchane. 

The value of (1-F) then for the above experiment is 0.4061. 
II: - 3*0Br - Ie4.NBr Expt. 

A bomb was made up to contain 9.835 millimoles of 

sulfur dioxide, 1.242 millimoles of radiothîonyl bromide, 

and 75 mil1iraras of tetramethylammonium bromide. The 

first sample of sulfur dioxide was withdrawn after 30 
minutes at 0°C, and constituted 0.438 millimoles, This 
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sample showed a specific activity of 298.8 cpm/millimole as 

barium sulfate. The specific activity of the remaining 

bomb contents (back-calculated from radloassay of the 
residue after removal of the last sample) was 1560.5 cpm/ 

millimole as Ba304. The infinite time specific activity is 
thon 

f9.835 + 1.242 - 0.438)(1560,5) + (0.438)(298.8) 

(9.835 + 1.242) 

1510.7 cpm/millimole. 

From this value, arid the specific activity of the sample at 
time t, the fraction exchanCe is calculated by substitution 
(38, p.8, equation 1la) 

F 0.1978, 

so that 1-F is 80.22. 
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APNDIX II 

Calculation of' oxchanEe rate. It has been shown 

(29, pp.997-8; 9, pp.558-9; 38, p.9) that, in radioactive 

(or separate isotope) tracer studies of the rate of sri, ex- 

chance reaction carried out at chemical oquilibriu (as is 

noally the case), no matter what the actual kinetIcs, 

the course of any riven run will be overned by a first 
orIor law. 

The equation F.iven by Duffieid and Calvin is equiva- 

lent to 

R - 2.303 A xB bElo (l-F) (15) 

where A and B represent the concentrations of the exehanginE 

species, F the fraction oxchane observed at time t, and R 

the rate In units of concentration per time. 

If the reaction half-time, ti/2, is inserted Into 

equation (15), the rate becomes 

R 
A x B 0.6932 (16) 

(A + B) t1/2 

An example of a typical rate calculation is given 

below: A series of reaction bombs containing 75 milligrams 

of tetramethy1animoniui bromide, 10.421 millimoles of radio- 

sulfur dioxide, and 1.242 rniilimoles of thionyl bromide was 

run at 25.00°C. The exchange half-time, determined from the 
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lo (l-F) va. time plot, for this system was found to be 

20 minutes. ubstitutin these values into equation (16), 

the rate is found to be 

10.421 z 1.242 0.6932 
Ïo.421 x 1.242 X 20 

3.843 x iO2 mlllimoles/minute 
and this valuo is the reported rate. 

It will be noted here, that the concentration units 

employed are millimoles per bomb, rather than millimoles per 
unit volume. E3ince throuehout this study, essentially equal 

amounts of solvent have been used per bomb (about ten mliii- 

moles), lt is clear that the value of concentration expressed 

as per unit bomb will be proportional to that expressed as 

per unit volume, and the use of the former has been constant 
throughout the present thesis. 
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APPENDIX III 

Calculation of the activation energy. The activa- 

tion energy of the rate determininE step of a chemical 

reaction mechanism is commonly determined by plotting the 

loEarithin of the rate (or specific rate constant) of the 

reaction aeainst the reciprocal of the absolute temperature 

at which the rate was determined, and multiplying the slope 

of this plot by the factor 2.303 R (for example 7, p.160). 

This plot for the 302-SOBr2 exchange is shown in FiE. 13. 

This procedure is based on the application of the 

well known Arrhenius equation (1, p.231). In app1yin this 

equation, certain limitations as to its applicability must 

be kept in mind. LaMer (24, p.290) has pointed out that 

the energy of activation, detenninod from the temperature 
coefficient of the reaction rate, is a function of the 

temperature. It la felt that the rates determined in the 

present work are not of sufficient preciseness to take this 

point into consideration here. 
The slope of the io (rate) vs. T1 plot (Fie. 13) 

is found to be 2.880, and hence the activation enercy is 

calculated to be 2.880 x 2.303 x 1.986, or 13.172 k cal.! 

mole. 
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APPENDIX IV 

Calculation of the reaction order with respect to 

a given reactant. The 'floodinE,' technique employed in the 

present study to determine the effect on the exchanEe rate 
of variation of a single constituent, is ba3ed essentially 

on the fol1owinE argument: The instantaneous rate of a 

reaction of nth order is proportional to the nth power of 

its concentration 

*k cfl 
(17) 

If two experiments are carried out at different initial 
concentrations ci 2, t follows that 

dci/dt k c and do2/dt k o (18) 
If lop-arithms are taken of each expression, and the results 

subtracted, it is found on rearrangement, that 

10 (dc1/dt) - loE (dc2/dt) n. (19) 
io ci - lo C2 

The order can therefore be determined from a lo (concen-. 

tration) vs. log (cone.) curve by measurinE the slope, 

which will directly correspond to the desired rate depen- 

dence. This method has been used in the present thesis as 

noted. 


