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The phase diagram for the system sulfur monochloridetetra-

ethylammonium chloride has been determined. The system was found

to exhibit a miscibility gap throughout a broad concentration and tem-

perature range. No evidence for adduct formation between sulfur

monochloride and tetraethylammonium chloride was obtained. This

fact was of interest with regard to radiochlorine exchange studies

between sulfur monochloride and thionyl chloride, the results of

which are described below.

Pressure--composition studies have been conducted for the

systems thionyl chloride- -tetraethylammonium chloride, thionyl

chloride- -tetra-methylammonium chloride, sulfur monochloride- -

tetraethylammonium chloride, sulfur dioxide- -tetraethylammonium

chloride and sulfur dioxidetetramethylammonium chloride. Evi-

dence for the following previously unreported compounds was found:



(C
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) 4
NC1 SOC12, 2( CH
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)
4
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5

)
4
NC1 SO2' and

(C2H5)4NC1 SO2. No evidence was found for adduct formation be-

tween sulfur monochloride and tetraethylammonium chloride. The

preparation of the solid adduct (C2H5)4NC1SOC12 was of particular

interest with regard to studies of chloride catalysis of the radiochlor-

ine exchange described later.

A spectrophotometric study of possible adduct formation, in

acetonitrile solution, in the systems sulfur monochloride--tetraethyl-

ammonium chloride and thionyl chloride--tetraethylammonium chlor-

ide has been made. No evidence was found for adduct formation be-

tween sulfur monochloride and tetraethylammonium chloride. How-

ever, evidence for a solution species involving thionyl chloride and

tetraethylammonium chloride, absorbing strongly in the ultraviolet,

was found. No quantitative information concerning the stoichiometry

and stability of this species could be obtained, however, even with

total vacuum line techniques, due to low levels of contamination by

water.

The rate of exchange of chlorine-36 between sulfur monochlor-

ide and thionyl chloride under various conditions has been studied in

the pure mixed solvents. The radiochlorine exchange was found to

be moderately slow in the two component system (t 1/2'A' 0.5 days,

0°C) and very slow in the presence of elemental sulfur (t 112
N 150

days, 0°C). The systems exhibited a high degree of irreproducibility



in the experimental exchange rates. As a result, no kinetics informa-

tion could be obtained for the uncatalyzed exchange. The Arrhenius

energy of activation for exchange in equimolar systems in the pres-

ence of sulfur was found to be 13.5 ± 4.0 kcal/mole.

The effect of very low concentrations of the Lewis base chloride

ion (tetraethylammonium chloride) on the rate of radiochlorine ex-

change between sulfur monochloride and thionyl chloride in the pres-

ence of sulfur has been investigated. Chloride ion has been found to

exhibit a pronounced catalytic effect on the rate of this exchange. In

excess thionyl chloride the kinetic order of the exchange reaction

appeared to be about two. The high degree of irreproducibility in

the radiochlorine exchange rates prevented further study of the

kinetics of the reaction. An estimate of the upper limit of the free

chloride concentration in the uncatalyzed system was made from the

results of the chloride catalyzed exchange study. This estimate,

-rv10 8 g-ion/liter for the free chloride ion concentration, suggests

that neither sulfur monochloride nor thionyl chloride undergoes a

significant degree of self-ionization.

The effect of the Lewis acid antimony(V) chloride on the rate

of radiochlorine exchange between sulfur monochloride and thionyl

chloride has been studied. The presence of low concentrations of

antimony(V) chloride exerts a pronounced catalytic effect on the rate

of the radiochlorine exchange through a broad concentration range.



The antimony(V) catalyzed exchange reaction, in excess thionyl chlor-

ide, appeared to be first order with respect to sulfur monochloride

and three-halves order with respect to antimony(V) chloride. How-

ever, the high degree of irreproducibility in the exchange rates pre-

vents the postulation of a truly meaningful rate law. The apparent

Arrhenius energy of activation for the antimony(V) catalyzed radio-

chlorine exchange between sulfur monochloride and thionyl chloride

was 10.0 ± 0.4 kcal/mole in excess thionyl chloride.

Meaningful kinetics data for the antimony(V) chloride catalyzed

exchange could not be obtained in excess sulfur monochloride due to

the fact that it was not found possible to determine accurately the

concentration of antimony in such systems.

Antimony(V) chloride was found to be catalytically less effec-

tive than chloride ion by a factor of approximately 500.

The results of the antimony(V) chloride catalyzed exchange of

radiochlorine between sulfur monochloride and thionyl chloride indi-

cate the dependence of the exchange rate on all three components

and would appear to suggest a molecular rather than an ionic process

and to imply the involvement of all three reactant species in the

activated complex.
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EQUILIBRIUM AND EXCHANGE RATE STUDIES IN
SULFUR MONOCHLORIDE, THIONYL CHLORIDE

AND RELATED SYSTEMS

I. INTRODUCTION

The non-aqueous solvent thionyl chloride, SOC12, has been

extensively studied both as a reactant, for example in chlorinating

organic compounds and drying inorganic salts, and as a solvent. The

scope of these latter investigations has covered a considerable range,

including particularly conductivity studies (110, 111), reactions in

thionyl chloride as a solvent (104, 105, 106), studies of molecular

adducts incorporating thionyl chloride (81, 108), and extensive inves-

tigations of isotopic exchange reactions between thionyl chloride and

other compounds (e.R., 7, 19, 96, 124).

The non-aqueous solvent sulfur monochloride has enjoyed con-

siderably less attention. Much work has been done in studying this

material as a reactant (8, 62, 125), but far less attention has been

given to it as a solvent. Its behavior from this point of view has been

examined by a few conductivity studies. (50, 112), by studies of reac-

tions in it (or with it) (33, 125), by investigations of molecular ad-

ducts formed by it (22, 66) and by a limited number of isotopic ex -

change studies (25, 97, 124). The behavior of sulfur monochloride as

a solvent with respect to the solvent systems theory of acids and bases

(21) has not been adequately elucidated. This point will be more fully



2

discussed later.

The solvent systems theory assumes a degree, possibly small,

of self-ionization for a solvent, yielding cations and anions charac-

teristic of the solvent. The solvent systems theory then defines

acids as those compounds whose presence causes an increase in

concentration of the cation characteristic of the solvent. Similarly,

bases are defined as compounds whose presence causes an increase

in concentration of the anion characteristic of the solvent.

Representative postulated ionization equilibria of a number of

non-aqueous solvents are illustrated in Table 1, possible solvation

of the ionic species here being disregarded.

Table 1. Possible solvent self-ionization equilibria.

NOC1 T'-

COC1
2

POC1
3

SO2 C12

SOC12

S2C12

NO+ + Cl

COC1
+ + Cl

POCI
z

+ Cl

SO zCl+ + C1

SOC1
+ + C1_

S
2

CI
+ + Cl_

(17)

(40)

(47)

(48)

(110)

(112)

Although in some cases experiments have shown the postulated

self-ionization equilibria probably to be valid, in a number of in-

stances the importance of self-ionization in describing the behavior

of a solvent as a reaction medium appears to have been greatly
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overemphasized in the past. The use of isotopic tracer techniques

has been of considerable value in clarifying the importance of solvent

self-ionization. If, for example, an equilibrium such as described in

equation (1)

(1) NOC1 r NO+ + Cl

is rapidly established, then addition of a chlorine-36 labeled ionic

chloride solute to the solvent nitrosyl chloride will result in rapid

incorporation of the radioisotope into the solvent molecule. Hence

the occurrence or lack of occurrence of rapid isotopic exchange be-

tween solute and solvent may provide a basis for estimating the pos-

sible importance of the hypothesized self-ionization. A lack of rapid

exchange would clearly show the non-validity of the postulated disso-

ciation process, while the occurrence of rapid exchange may suggest

its validity. It is to be noted in the latter case, however, that the

suggestion is not entirely unambiguous. It is also possible that a

rapid exchange might occur via an alternative mechanism, for exam-

ple a bimolecular reaction or an association equilibrium between Cl

and undissociated solvent.

In the case of the example cited, Lewis and Wilkins (78) found

rapid and complete exchange of both tetramethylammonium chloride

and tetraethylammonium chloride solutes, labeled with 36 C1, with

nitrosyl chloride, NOC1, within the times of separation of the



4

components. The separation times and temperatures were, respec-

tively, 10 minutes at -5°C and three minutes at -36°C. The authors

felt that an association mechanism,

* -
(2) Cl + NOCI NOC1

2
N---At NOC1,+ CI ,

was unlikely because both chloride ion and nitrosyl chloride normally

behave as electron pair donors (17). Since, furthermore, the pres-

ence of chloride ions in liquid nitrosyl chloride had been suggested

by conductance and electrolysis experiments (18), it was felt that an

exchange mechanism involving self-ionization of the solvent was

probably operative here.

The exchange behavior in nitrosyl chloride of chloride solutes

that are primarily chloride acceptors rather than donors has also

been investigated. Lewsis and Sowerby (77) observed rapid and com-

plete chlorine exchange in homogeneous systems involving liquid

nitrosyl chloride and the addition compounds formed by reaction of

the solvent with ferric chloride and antimony pentachloride. More

recent work by these authors (76) has also shown rapid and complete

exchange of radiochlorine in homogeneous systems composed of

aluminum, gallium, indium and thallium trichlorides and liquid

nitrosyl chloride. It has been suggested (77) that these chlorides

form complexes with the solvent, e. , [NO][FeC14]. Arsenic tri-

chloride also exhibits rapid exchange with the solvent (77), reportedly
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forming the complex [(N0)(NOC1)][AsC14]. These observations tend

to suggest quite strongly that nitrosyl chloride does indeed undergo

some degree of self-ionization which is intimately related to chem-

ical processes occurring in it as a solvent.

In the case of the solvent phosphorus oxychloride, POC13' ex-

change results suggest a somewhat contrasting situation relative to

the solvent systems theory, as compared to nitrosyl chloride. Early

experiments showed the radiochlorine exchange between the solvent

and tetramethyl- or tetraethylammonium chloride solutes to be fast

(75, 88). However, further experiments showed only very slow ex-

changes with the Lewis acids aluminum, gallium, and thallium chlor-

ide (76). The interpretation of these results was that, rather than

abstracting a chloride ion from the solvent as the solvent systems

theory would suggest, these Lewis acids react by coordinating to the

oxygen of the solvent. In harmony with this view, it was found that

addition of ionic chloride (e. E. , tetramethylammonium chloride) to

the aluminum chloride containing system led to rapid exchange with

the solvent of the tetrachloroaluminate (III) ion thereby formed (76).

On the other hand, it was observed that no radiochlorine exchange

occurred between the tetrachloroaluminate (III) ion and aluminum

chloride remaining bonded to the phosphorus oxychloride.

The foregoing results clearly suggested that self-ionization in

phosphorus oxychloride is probably of less importance than in the
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case of nitrosyl chloride. It therefore seemed probable that, rather

than involving a dissociative mechanism, the rapid exchange observed

with ionic chlorides in phosphorus oxychloride might well occur via

a bimolecular process, as discussed above. With this point in mind,

Lewis and Sowerby conducted a study of the kinetics of radiochlorine

exchange between labeled tetraethylammonium chloride and phosphorus

oxychloride in solution both in chloroform and in acetonitrile (75).

The studies were designed to distinguish between a first order rate

law, which would result if self-ionization were rate-determining,

(3) POC1
3

POC1+
2

+ CI ,

and a second order situation. The latter could result from a bimole-

cular association of chloride ion and phosphorus oxychloride followed

by random dissociation of one of the four equivalent chlorides,

(4)
*

Cl + POC1
3

POC1
4

Cl + POC1
3

or alternatively, from a simple S N2 mechanism,

0
* _ [44 _1 il I] * _

(5) Cl + POC1
3

___N..
-,---- Cl. . P... Cl 2 ---S- POC1

3
+ ClN--1Cl N

%Cl

In fact, in both media, the results showed second order rate laws,

first order in phosphorus oxychloride, and first order in chloride

ion. Although phosphorus oxychloride was not itself the solvent in

these studies, the results are clearly suggestive of the minor
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importance of self-ionization in that solvent. In a further experiment

of the same general nature, Lewis and Sowerby showed the occurrence

of only a very slow solute-solvent radiochlorine exchange of phosphor-

us oxychloride dissolved in nitrosyl chloride solvent. The results

were interpreted in terms of a slow exchange between a low concen-

tration of chloride ion, from nitrosyl chloride, undergoing a bimolec-

ular interaction with undissociated phosphorus oxychloride.

In another study bearing on the nature of solute--solvent inter-

actions in phosphorus oxychloride, Herber (56) has conducted radio-

chlorine exchange experiments in the system phosphorus oxychlor-

ide--boron trichloride. Experiments were done in excess of each

component. The two species form a 1:1 adduct, a material of only

limited solubility in excess of either substance, so that the systems

examined were heterogeneous in both cases. While it was found that

negligible exchange occurs in excess boron trichloride, a rapid and

complete exchange was found at 0o iC in excess phosphorus oxychlor-

ide. Herber presented an exchange mechanism for the latter system

involving adduct bonding through the phosphorus oxygen, but also

some self-ionization of the phosphorus oxychloride. (The lack of

exchange in excess boron trichloride was attributed to the low concen-

tration of free phosphorus oxychloride given by adduct dissociation,

coupled with the very small self-ionization of even this small concen-

tration in this very low dielectric constant medium. ) Despite the
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suggestion of possible phosphorus oxychloride self-ionization in these

results, however, Meek (90, p. 34) has pointed out that it is not nec-

essary to invoke such a process to explain the observations. Instead

Meek has presented alternative equilibria which would yield exchange

in excess phosphorus oxychloride:

(6) POC1
3

+ BC1
3

BC1
3°

OPC1
3

[BC12(0PC1 3
) x

+
+

(7) BC1
3°

OPC1
3

+ C1 BC14 + POC1
3

In view of the lability and instability of tetrachloroborate ion (55),

Meek (90) suggested that the solution will contain sufficient chloride

ion to give a bimolecular interaction with phosphorus oxychloride

(similar to equation (4) or equation (5) and thus yield the observed

exchange.

Huston and Lang (61) have reported radiochlorine exchange

studies between liquid phosgene, COC12, and the solute aluminum

chloride. Only a rather slow exchange was observed even at room

temperature and relatively high concentrations of the aluminum spe-

cies. Under less favorable conditions the exchange was much slower.

The clear implication of these observations is that, just as in the case

of phosphorus oxychloride, the solvent systems self-ionization in this

medium must be, at best, of minor importance. That is, there must

be but little tendency towards tetrachloroaluminate ion formation by

release of chloride ion from the solvent to the solute. Rather it
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seems more likely that any solute--solvent interaction involves co-

ordination of the aluminum chloride to the oxygen of the phosgene.

In harmony with this concept, Huston and Lang prepared the weak

molecular adduct A1C13° OCC12. When this substance was decom-

posed, the phosgene chlorines were found not to have been equilibrat-

ed with those of the aluminum chloride (labeled with chlorine-36).

In a further experiment in this phosgene -- aluminum chloride sys-

tem, these workers showed that addition of an ionic chloride solute,

presumably leading to the formation of tetrachloroalurninate ion,

yielded even a slower radiochlorine exchange rate between solute

and solvent than in the absence of chloride. This result stands in

interesting contrast to that found with the solvent phosphorus oxy-

chloride, where tetrachloroaluminate formation led to relatively

rapid exchange in place of a negligible rate. Despite this difference,

however, the liquid phosgene results again emphasize, as did the

phosphorus oxychloride exchange experiments, the significantly les -

ser importance of self-ionization processes in these media than that

suggested by the solvent systems picture.

The above discussion serves to illustrate what is known of the

behavior of several oxychlorides as solvents, and in what way iso-

topic exchange studies have furthered understanding in this realm.

Exchange work has done much to clarify our understanding of the

behavior of sulfur -- containing solvents as well. A discussion of
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research with various systems containing sulfur dioxide, thionyl

chloride or sulfur monochloride is necessary to orient the reader

with respect to the present state of knowledge in this area.

Liquid sulfur dioxide has been one of the most exhaustively

studied of the more common aprotic non-aqueous solvents. Prior

to the use of isotopic exchange techniques in studies involving liquid

sulfur dioxide, almost all investigations in this solvent invoked the

following self-ionization of the solvent to explain conductivity and

reaction behavior (63).

(8) 2502 SO++ + SO3

Jander (63) proposed that certain compounds could ionize in liquid

sulfur dioxide to increase the concentrations of the SO++ or SO3 ions

that were presumably characteristic of the solvent. Thus, thionyl

compounds in liquid sulfur dioxide were thought to undergo acidic

ionization (in the solvent systems sense),

(9) SOC1
2

SO++ + 2C1 ,

and sulfite salts (e.g. , quaternary ammonium sulfites) were assumed

to exhibit a degree of dissociation as solvent systems bases,

(10) (R
4

N)
2

SO3 2 R 4N+ + SO
3.

Jander interpreted the reaction of thionyl chloride, an "acid, " with

sulfite compounds, "bases, " in liquid sulfur dioxide by assuming an
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ionic "neutralization" process (63, p. 263),

SO++ -F SO3 2 SO2.

The first important evidence against the validity of the solvent

sytems interpretation of acid-base chemistry in liquid sulfur dioxide

was presented in a study of the reaction between amines and sulfur

dioxide reported by Bateman, Hughes and Ingo ld (9). Jander, in

order to explain the basic properties of amines in liquid sulfur diox-

ide in terms of the solvent systems theory, had postulated the forma-

tion in such solutions of the species [(R
3

N)
2

SO]
+2

[S03]
-2

. Bateman

et al. showed that Jander's deductions were based on incorrect

chemistry. These investigators showed that Jander had mistaken

triethylammonium hydrogen sulfite for the molecular adduct between

triethylamine and sulfur dioxide, (C2H5)3N SO2. This was a crucial

mistake since the arguments for Jander's theory of ionic reactions

in liquid sulfur dioxide, including the presumed self-ionization of

the solvent, had depended heavily on the evidence for the now dis-

proved ionic reaction product, [(R
3

N)
2

SO]
+2 [S03]-2. Thus, the work

by Bateman, Hughes and Ingold suggested the probability of a consid-

erable overemphasis by Jander and other previous workers on a

possible self-ionization of liquid sulfur dioxide and on proposed

solvent systems acid and base dissociations in liquid sulfur dioxide.

More specific evidence against the importance of Jander's
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proposed equilibria (8) and (9) has been derived from isotopic ex-

change studies. Grigg and Lauder (46), using oxygen-18 as a tracer,

reported that there is no exchange of oxygen between liquid sulfur

dioxide and the "acid" thionyl chloride after four months at 61°C.

Similarly, Johnson, Norris and Huston (68) have shown that the

"acids" thionyl chloride and thionyl bromide exhibit only extremely

slow radiosulfur (sulfur-35) exchange with the solvent. A minimum

half-time for the thionyl halide exchanges at 25°C was 1.9 years.

The effective absence of isotopic sulfur or oxygen exchange between

liquid sulfur dioxide and either thionyl halide indicates that signifi-

cant self-ionization of liquid sulfur dioxide and "acid" dissociation

of dissolved thionyl halide, as shown in equations (8) and (9), cannot

both be occurring simultaneously. Such equilibria would certainly

result in a significant rate of isotopic exchange between solvent and

solute.

Additional efforts to clarify the possible importance of the

thionyl ion, SO++ and sulfite ion in sulfur dioxide solutions, led to

related experiments involving tetramethylammonium sulfite. Johnson

et al. (68) found a very rapid and complete radiosulfur exchange be-

tween sulfur dioxide and the solute "base" tetramethylammonium

sulfite (a substance which, incidentally, crystallizes as and pre-

sumably exists in the solution as the pyrosulfite, [(CH3)3N]2S205).

While such a result might at first seem to support the self-ionization
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hypothesis (equation (8)), these workers presented a convincing argu-

ment that, in fact, it provided no such support. Rather, they sug-

gested that the result could be interpreted in terms of an oxide ion

mobility in liquid sulfur dioxide.

The possibility of oxide ion mobility in the liquid sulfur dioxide

systems in general, suggested by the above results, has led to further

consideration of possible thionyl ion production in sulfur dioxide- -

thionyl halide systems. It is reasonable to assume that thionyl ions,

SO++, produced from ionization of thionyl chloride, would either

allow rapid exchange with sulfur dioxide by means of ionization of the

latter, or, alternatively, by abstraction of an oxide ion from unionized

solvent. Hence, the negligible sulfur exchange observed between thi-

onyl chloride and sulfur dioxide shows that kinetically significant con-

centrations of SO++ are not formed from thionyl chloride in this sys-

tern. It still is not clear from the above observations whether or not

liquid sulfur dioxide itself undergoes significant self-ionization. One

might assume, however, that any SO++ generated from sulfur dioxide

would have the effect of labilizing the chlorines on thionyl chloride

and thus lead ultimately to sulfur exchange. One possible scheme

for such a process might be as follows:

(12)
*SO++

+ SOC1
2

SOC1
+

+ SOC1
+

(13) SOC1
+

+ SOC1
2

SOC1
2

+ SOC1
+
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Again, the absence of significant sulfur exchange in the sulfur-

dioxide--thionyl chloride system shows the possible lack of sig-

nificance of self-ionization of the sulfur dioxide. Thus it has been

concluded from these exchange experiments that probably neither

thionyl chloride nor sulfur dioxide dissociate significantly to yield

the double charged thionyl ion, SO ++
.

After it became clear that thionyl chloride does not exhibit

double ionization in sulfur dioxide solution, the possibility of a

single ionization to form SOC1+ received considerable attention.

This matter has been approached both with regard to the behavior

of thionyl chloride as a solute in liquid sulfur dioxide and also as a

"parent solvent itself (110, 111). The ionization of thionyl chloride

as shown in equation (14),

(14) SOC1
2

SOC1
+ + Cl ,

should lead to fast radiochlorine exchange between thionyl chlor-

ide and solute tetraalkylammonium chloride in either type of sys-

tem. The absence of such an exchange, or a very slow exchange,

would presumably indicate that such an equilibrium does not occur

to a kinetically significant extent. To test the possibility of a

single ionization of thionyl chloride, Masters et al. (88), inves-

tigated the radiochlorine exchange between thionyl chloride and

the respective solutes tetramethylammonium chloride
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and antimony trichloride. Rapid and complete exchange was observed

in each case, the former in both sulfur dioxide and thionyl chloride,

the latter in thionyl chloride. It was felt that the antimony trichloride

would most probably function primarily as a chloride acceptor with

thionyl chloride ionization, such as equation (14), acting as the chlor-

ide source. Hence the observed rapid exchange suggested the validity

of this ionization. The rapid radiochlorine exchange between thionyl

chloride and ionic chloride was also taken to indicate a possible de-

gree of ionization, as indicated by equation (14). However, in the

latter case, an alternative explanation for the observed exchange

involving an association equilibrium between chloride ion and thionyl

chloride also seemed a possibility.

In an effort to distinguish between an ionic dissociation of thi-

onyl chloride and an association equilibrium such as

r
(15) SOC1

2
+ Cl SOC1

Johnson and Norris (67) examined the radiosulfur exchange between

thionyl chloride and thionyl bromide. The exchange was found to be

rapid and complete even at -50oC, both in liquid sulfur dioxide as

solvent and over a broad concentration range of the neat oxyhalides,

although in the latter case the exchange was measurable at -50°C.

This rapid exchange of radiosulfur between thionyl chloride and thi-

onyl bromide suggested that one or both of the oxyhalides may undergo
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self-ionization with a subsequent association such as equation (15)

also being possible. Alternatively, the authors indicated that the

process could involve a direct, bimolecular method of halide trans-

fer, such as

(16) SOC1
2

+ SOBr
2

SOC1
+

+ SOBr
2
Cl .

A subsequent randomization of halides in the anion and reversal of

equilibrium (16), but with bromide ion being returned to SOC1+, fol-

lowed by a second similar reaction sequence would produce halide

exchange and hence provide a pathway for an apparent sulfur exchange.

From these experiments, Johnson and Norris (67) concluded that the

rapid thionyl chloride- -thionyl bromide sulfur exchange did indicate

that single halide ionization of one or both oxyhalides was, in fact,

occurring, even though the mode of ionization remained somewhat

ambiguous.

In spite of the above conclusion of oxyhalide ionization, more

recent thinking in this laboratory has favored an interpretation in

which molecular processes might be responsible for rapid isotopic

exchange without invoking formal ionization (7). One might visualize

sulfur exchange between thionyl chloride and thionyl bromide, for

example, as occurring through a bimolecular activated complex, in

which a simultaneous bond making- -bond breaking process could re-

sult in halide transfer. Such a process is illustrated in equation (17).
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Cl Cl 0-
* X*/ 4% /°°

(17) SOC12 +SOBr
2

+S S:+ + SOBrC1

-0/ Br

Although such a mechanism would seem to imply only moderate ex-

change rates, it must be remembered that the exchanges are con-

ducted under conditions of high concentration, increasing the proba-

bility of a suitable orientation for a four-center interaction. In sum-

mary, it is apparent that the results of the thionyl chloride- -thionyl

bromide exchange (67) do not prove formation of the SOX+ species

to a kinetically significant degree, but only that formation of such a

species is possible. In any case, the sum total of the foregoing re-

sults would seem to indicate that acid-base behavior in non-aqueous

aprotic solvents such as liquid sulfur dioxide and the thionyl halides

may, in general, be more corm ctly described in terms of the Lewis

acid-base concept rather than the solvent systems theory.

Commencing with the work described in the above paragraphs,

the isotopic exchange behavior of numerous non-aqueous solvents

has been investigated in this laboratory. This has been done with a

view toward obtaining an understanding of the general importance of

solvent self-ionization processes and reaction mechanisms involved

in acid-base phenomena in these solvents. One such solvent is sulf-

uryl chloride, S02 C12. The question of acid-base behavior in this

medium, and specifically the importance of self-ionization of sulfuryl
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chloride, as shown in equation (19), has recently been investigated

by Bain (6) and by Bain and Norris (7). In view of the particular con-

cern of the present investigation with thionyl chloride, the research

of Bain (6) and Bain and Norris (7) is especially pertinent in that it

included extensive exchange studies with thionyl chloride--sulfuryl

chloride mixtures. Bain and Norris (7) found that either radiochlor-

ine or radiosulfur exchange between thionyl chloride and sulfuryl

chloride was exceedingly slow over a wide concentration range, with

sulfur exchange being significantly slower.

The slow radiochlorine exchange observed in this system indi-

cates that equilibria such as equations (18) and (19),

(18) SO
2

C12 SO
2
Cl+ + Cl

(19) SOC1
2

---%="- SOC1
+ + CI ,

do not occur simultaneously to a kinetically significant degree. If the

self-ionization shown in equation (18) occurs to any reasonable extent,

rapid chlorine exchange with a strong Lewis acid should occur. How-

ever, Bain (6) found only negligible exchange between sulfuryl chloride

and antimony pentachloride, although moderately fast exchange (78%

in 30 minutes at 0°C for a 10/1 mole ratio of thionyl chloride to anti-

mony pentachloride) occurred between thionyl chloride and the Lewis

acid. In this connection, it is interesting to note that addition of ionic

chloride effectively blocked the antimony pentachloride exchange with
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thionyl chloride, presumably through formation of hexachloroanti-

monate. The negligible exchange between sulfuryl chloride and anti-

mony pentachloride would seem to suggest the minimal importance

of an ionization of sulfuryl chloride. Since the ionic halide pyridin-

ium chloride exchanges rapidly and completely with sulfuryl chloride

(6, 39), one would expect a rapid exchange between thionyl chloride

and sulfuryl chloride, assuming equilibrium (19) lies far enough to

the right to give a significant concentration of free chloride. As

already indicated, such an exchange was not observed. It would,

therefore, appear that the proposed self-ionization, in a solvent sys-

tems sense, of thionyl chloride does not occur to an important extent

in the sulfuryl chloride--thionyl chloride system. It would seem that

thionyl chloride readily acts as a chloride donor to a strong Lewis

acid, perhaps via ionic dissociation, but is not itself a sufficiently

strong chloride donor to effect exchange with sulfuryl chloride. Bain

and Norris (7) interpreted extensive kinetic studies of the above sys-

tem in terms of molecular mechanisms rather than pathways involv-

ing self-ionization of either component in the solvent systems sense.

Thus, this system, again, appears to lend itself to a Lewis acid-base

description rather than one involving solvent ionization.

Ionization equilibria involving non-aqueous solvents have been

shown in the above discussion to be of minor importance in systems

involving liquid sulfur dioxide, thionyl halides and sulfuryl chloride.
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The possible importance of association equilibria such as shown by

equation (15), however, remains of interest. The catalytic effect of

Lewis acids and bases on isotopic exchange in a number of systems

has been studied in an effort to clarify the importance of association

equilibria. Bain and Norris (7) found that very small concentrations

of added ionic chloride markedly catalyze both radiochlorine and

radio sulfur exchange in the thionyL chloride- -sulfuryl chloride sys-

tern. Ionic halide also strongly catalyzes the otherwise slow sulfur

exchanges between thionyl chloride (89) or thionyl bromide (57) and

liquid sulfur dioxide. Kinetic studies of these latter exchanges have

suggested mechanisms involving formation of species such as SO2X,

for example,

(20) SO2 + X SO2X.

These new species then presumably are capable of undergoing rapid

oxygen and halogen exchange with the oxyhalide through a bimolecu-

lar process. The exchange of these atoms would have the net effect

of also producing exchange of sulfurs between sulfur dioxide and the

thionyl halide. Recent work by Woodhouse and Norris (127) has

yielded considerable information concerning the formation of 1:1

complexes, SO2X, between tetraethylamrnonium halides and sulfur

dioxide in acetonitrile solution. The stability of the halide complexes

was shown to increase in the order I < Br < Cl < F. Equilibrium
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constants for the formation of the complexes were obtained by spec-

trophotometric techniques. The formation constant at 25 °C for the

complex SO2C1 was 351 ± 4 M-1 and for SO2Br was 97.4 ± 1.3 M1

(127). In view of the results for complex formation in acetonitrile,

it seems probable that corresponding association complexes exist in

liquid sulfur dioxide. Therefore, association equilibria may well

play an important part in isotopic exchanges such as those mentioned

above. Once again the utility of Lewis acid-base ideas for understand-

ing these systems, as opposed to the solvent systems concept, ap-

pears to be illustrated.

A natural extension of the solvent studies in this laboratory to

include sulfur monochloride was stimulated by a recent paper by

Spandau and Hattwig (112). These authors interpreted the results of

conductometric titrations of acidic and basic chlorides in sulfur

monochloride by assuming a self-ionization of the solvent.

(21) S
2

C12 S
2

Cl+ + Cl

Wiggle and Norris (124) reasoned that if the proposed equilibrium

were relatively rapidly attained, basic and acidic- chloride solutes

should exhibit rapid exchange with the solvent sulfur monochloride.

In fact, tetraethylammoniurn chloride, antimony trichloride and anti-

mony pentachloride were found to exhibit rapid and complete radio -

chlorine exchange, half-times of less than 30 seconds at 25°C being
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obtained. However, chlorine exchange was apparently slow with

thionyl chloride, having a minimum estimated half-time at 25°C

of approximately 9.5 days (124). The contrasting exchange behavior

of the strong Lewis acids and bases as compared to thionyl chloride

was taken to indicate that self-ionization of sulfur monochloride may

only be important in the presence of a strong chloride acceptor, such

as antimony pentachloride. Since only slow exchange was observed

with thionyl chloride, it was proposed that the rapid exchange with

ionic chloride probably involves a bimolecular process or an associ-

ation equilibrium. Certainly the low specific electrical conductivity

of pure sulfur monochloride, 1.3 x 10 10 ohmlcm1 at 20 °C (50),

and the low dielectric constant, 4.9 at 22°C (112), do not suggest the

probability of a high degree of self-ionization.

The preliminary observations reported by Wiggle and Norris

posed a number of interesting questions, chiefly involving the sulfur

monochloride-thionyl chloride system. The present work was under-

taken in an effort to answer some of these questions. A more detailed

study of the uncatalyzed and catalyzed radiochlorine exchange in the

above mentioned system has been conducted with a view toward clari-

fying the possible importance of self-ionization of either component.

It was felt that a kinetic investigation of acidic and basic catalysis of

the radiochlorine exchange might indicate whether or not acid-base

behavior in this system lends itself to a Lewis acid-base interpretation
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or a solvent systems approach. Additional work on the phase behav-

ior of the tetraethylammonium chloride - - sulfur monochloride system

was conducted because of the existence of disagreement in the litera-

ture with regard to the solubility of that salt in sulfur monochloride

(112). In addition, there was some question as to the homogeneity

of the tetraethylammonium chloride- - sulfur monochloride system for

which rapid radiochlorine exchange was reported by Wiggle and Norris

(124). Speculation concerning possible association species in thionyl

chloride--sulfur monochloride mixtures (124), such as SOC13 or

S2 C13, led to an attempt to identify. Such species in solution spectro-

photometrically. The existence of the related chlorosulfonate,

[(CH
3

)
4

N]fS0
2
Clj (if we assume this to be the structure of the sulfur

dioxide adduct (CH3)4NCP SO2 fir st prepared by Jander and Mesech

(64)), stimulated pressure--composition studies of systems com-

posed of the salts tetramethylammonium chloride and tetraethly-

ammonium chloride, with the solvents liquid sulfur dioxide, sulfur

monochloride and thionyl chloride. It was hoped that solid adducts

corresponding to possible solution species, such as SOC1
3

and S2C13,

could be prepared. The investigations dealing with each of the fore-

going items have been made the subject of separate sections in the

presentation to follow.
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II. PHASE DIAGRAM OF THE SULFUR MONOCHLORIDE--
TETRAETHYLAMMONIUM CHLORIDE SYSTEM

A. Introduction

The phase behavior of the sulfur monochloride--tetraethylam-

monium chloride system was of interest in this study primarily be-

cause of unanswered questions brought to the author's attention by

the work of Wiggle (122). The radiochlorine exchange between sulfur

monochloride and tetraethylammonium chloride was briefly examined

by Wiggle (122) and Wiggle and Norris (124). In the course of this

investigation, Wiggle (122) noted that only a fraction of the tetraethyl-

ammonium chloride dissolved in a mixture containing 30 milliliters of

sulfur monochloride and one gram of labeled tetraethylammonium

chloride. In general agreement with this observation of limited solu-

bility, Spandau and Hattwig (112) had recently reported, qualitatively,

that the salt tetraethylammonium chloride was only slightly soluble

in sulfur monochloride. In fact, these authors were forced to make

conductivity measurements at an increased temperature, 120°C,

because of this limited solubility. In contrast to the above indica-

tions of low solubility of tetraethylammonium chloride in sulfur mono-

chloride, it was found in a preliminary phase of the present work that

carefully dried tetraethylammonium chloride appeared to be quite

soluble in sulfur monochloride. For example, one gram of the salt
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rapidly and completely dissolved in 30 milliliters of sulfur monochlor-

ide. However, it was also found in the present work that the mono-

hydrate, (C21-15)4NC1.H2C1 was essentially insoluble in sulfur mono-

chloride. The anhydrous salt was so hygroscopic, moreover, that

even a very brief exposure to moist air resulted in a material that

was not completely soluble in the above solvent. As a result of this

confusion with regard to the solubility of tetraethylammonium chloride

in sulfur monochloride, it was decided that more quantitative solubil-

ity information should be obtained.

In the preliminary phase of the above-mentioned solubility study

it was observed that there existed a broad concentration region, in

the sulfur monochloride--tetraethylammonium chloride system, in

which two partially miscible liquid phases were obtained. The less

dense phase was markedly orange in color while the lower, more

dense phase retained the golden yellow color characteristic of sul-

fur monochloride. The existence of such a miscibility gap was of

interest with regard to a mention by Wiggle (123) of the presence of

droplets of an immiscible liquid in certain mixtures of sulfur mono-

chloride and tetraethylammonium chloride. Since this particular

problem was not investigated further by Wiggle in his research, the

author of this thesis felt that the resultant question of possible in-

homogeneity in the exchange work reported by Wiggle (122) should

be resolved.

The above-mentioned discordance in the solubility observations
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of tetraethylammonium chloride in sulfur monochloride and the obser-

vation of a miscibility gap in that system prompted the determination

of the phase diagram for the system that is reported herein. It was

also hoped that such a study would indicate whether or not there are

formed in the system one or more molecular adducts between solute

and solvent. The investigation of the possible existence of such spe-

cies was pertinent to the interpretation of radiochlorine exchange ex-

periments also done in the present research and reported in another

section of this thesis.

B. Experimental

The determination of the phase behavior of the sulfur monochlor-

ide--tetraethylammonium chloride system involved the use of three

separate techniques. The low temperature data were acquired by

conventional thermal analysis methods. The high temperature data

were obtained by a combination of a static visual method and a phase

volume technique. The former involved visual observation of the be-

havior of samples in small sealed tubes or in the thermal analysis

sample cell; the latter involved a study of the change of volume of

each liquid phase with temperature. The three techniques are de-

scribed in the following sections.

1. Thermal Analysis Technique

The thermal analysis methods used in this research involve the

analysis of cooling or warming curves for temperatures at which

phase changes occur in a system of one or more components. When
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this is done for a two component system, for example, over a broad

concentration range, the dependence of the temperatures at which

phase changes occur on the composition of the system can yield use-

ful information. A plot of these transition temperatures as a function

of sample composition results in the formation of a phase diagram.

The form of such a phase diagram can, among other things, give an

indication of compound formation between the components where this

occurs, together with certain compound properties: compound stoi-

chiometry, melting point, and, qualitatively, compound stability.

Figure 1 shows a sample phase diagram for a system in which

a compound is formed. The diagram is a combination of two single

eutectic phase diagrams, one involving components A and AB, the

other involving components AB and B. To illustrate the dynamic

thermal analysis technique, consider a liquid mixture in Figure 1

at temperature (a) and overall composition (d). If one cools the

sample (a) at a constant rate and records the sample temperature

as a function of time, a cooling curve such as illustrated in Figure

2 is obtained. The liquid cools at a constant rate until the solubility

curve is reached at (b). At this point solid AB commences to sepa-

rate from solution, liberating heat and thereby decreasing the rate

of cooling. As heat is removed from the system, additional AB sepa-

rates from the solution, causing the solution composition to change along

CE in Figure 1. When temperature (c) is reached, the solution has
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the eutectic composition E and solid B begins to separate from

solution. The temperature remains constant until the entire sample

has solidified, then the temperature can once again decrease. The

cooling curve shown in Figure 2 represents an idealized situation.

General methods of thermal analysis include techniques involving

the determination of warming curves as well. Such curves are

essentially mirror images of the cooling curve, and yield the same

information.

a. Melting Point Cell.-- The melting point cell design used was

essentially the same as that described by Booth and Martin (11) and

is pictured in Figure 3. The cell dimensions and other details are

as follows: The extension surrounded by the solenoid (A) was con-

structed of ten mm o. d. Pyrex glass tubing sealed to the basic cell

structure which was made from 27 mm o. d. tubing. The thermo-

couple well (C) was formed from five mm o. d. tubing and extended to

within two mm of the bottom of the cell. A 24/40 standard taper

joint mated the basic cell structure to the melting point sample holder

(G), which was constructed from 18 mm o. d. Pyrex tubing. The

stirrer was made from a length of two mm solid Pyrex cane with

three coils which were formed by bending the cane around a six mm

diameter mandril with careful application of heat from an oxygen

torch. A 20 mm length of steel, four mm in diameter, was encased

in a section of six mm tubing and sealed to the top of the stirrer (B),



Figure 3. Melting point cell.
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to enable the solenoid (A) to.activate a vertical stirring motion.

Stirring action was through a distance of 1/4 to 1/2 inch, with a

frequency of approximately 200 strokes per minute. The overall

length of the melting point cell was 51 cm, with the basic cell struc-

ture (D) 32 cm long, the sample holder (G) 21 cm long and the ther-

mocouple well 34 cm in length. The melting point cell was separated

from the vacuum line by a four mm bore stopcock (H).

The mechanism that activated the solenoid (A) consisted of an

a. c. circuit, including the solenoid, which was opened and closed in

a regular manner by a micro switch. The micro switch was, in

turn, activated by a cam attached to the shaft of an a. c. motor. The

stirring apparatus is diagrammed in Figure 4.

cam

solenoid

micro switch

Figure 4. Stirrer mechanism.
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b. Temperature Transducer. --The temperature was monitored

initially with a three junction thermocouple system, made from No.

30 B. and S. gauge Leeds and Northrup glass--insulated copper--con-

stantan wire, using an ice slush bath as reference. The e. m. f. read-

out was taken on a Varian Model G-14 strip chart recording potenti-

ometer (one millivolt full scale maximum sensitivity). To keep read-

ings on scale, the thermocouple potential was partially balanced with

an accurately known bucking potential (±,v0.02mV) from a Leeds and

Northrup potentiometer, Model 8667. Later work was conducted using

a single junction copper--constantan thermocouple together with a

Honeywell Electronik 19 recording potentiometer, operating on a

five millivolt scale. The first procedure yielded temperature meas-

urements accurate to f ^1 0. 3oC, the second to ± rv0.7 oC. As the

work developed, it was found that the latter accuracy was adequate

in view of the general reproducibility of the experimental measure-

ments in this system. Before each measurement taken, the recorder

being used was calibrated against the Leeds and Northrup potentiome-

ter. The accuracy of the latter has been verified by an independent

check against another standard potentiometer.

c. Thermocouple Calibration. --The thermocouples were cali-

brated in the following fashion: All measurements were made under

actual operating conditions using the melting point cell. The melting

point cell was filled with toluene (m.p. -95°C) to a depth of
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approximately five cm and the thermocouple well filled with toluene

to a depth of approximately two cm. The presence of the toluene

assured adequate heat conduction from the cell exterior to the ther-

mocouple throughout the temperature range studied. The following

constant temperature baths, with their nominal temperatures, were

used: ethyl acetate slush, -83.6°C; chloroform slush, -63.5°C;

chlorobenzene slush, - 45. 2°C; carbon tetrachloride slush, 22. 8°C;

benzene slush, +5. 5°C; sodium thiosulfate pentahydrate melt, +52.4°C.

The bath temperatures were measured at low temperatures with a

vapor pressure thermometer, either one containing ammonia or one

containing carbon dioxide; at higher temperatures one of a selection _

of N. B. S. calibrated thermometers was used. Temperature readings

were made in the following manner: The constant temperature bath

was placed around the melting point cell, with the thermometer tip

or vapor pressure thermometer extension positioned in the bath near

the end of the melting point cell, and the stirrer was activated. Evi-

dence of thermal equilibrium was obtained by monitoring the e. m. f.

from the thermocouple as a function of time with the recorder. When

equilibrium had been attained, either the vapor pressure thermome-

ter or mercury thermometer reading was taken and compared with

the e. m. f. indicated by the recorder. Three sets of measurements

were made at each temperature. This procedure involved recalibra-

tion of the recorder and readjustment of the bucking potential before
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reading the e. m. f. and the temperature indicated by the thermometer.

The average of the three readings was recorded and a calibration

curve was constructed from the e.m..f. versus temperature data.

The three junction thermocouple was calibrated in this fashion

through the temperature range -84°C to +100°C, using the one mV

scale on the Varian Model G-14 recorder; the single junction thermo-

couple was calibrated from -95 °C to -23 °C, using the five mV scale

on the Honeywell Electronik-19 recorder. The thermocouple cali-

bration data are shown in Table 2. From these data two calibration

curves were constructed. It is of interest to observe that the calibra-

tion curves so obtained agreed closely with published data for a

copper--constantan thermocouple (23, p. 2425). For example, with

the three junction thermocouple the agreement was within 0.01 mV

(0. 1 °C) at -40°C and 0.02 mV (0.2°C) at -80°C. Essentially identi-

cal agreement was obtained with the one junction thermocouple.

Table 2. Thermocouple calibration.

Temperature,
0

C Millivolts Temperature, C Millivolts

Three Junction
Thermocouple

One Junction
Thermocouple

+100.2 +12.84 -22.9 -0.85
+52.4 +6.39 -45.3 -1.66
+5.3 +0.63 -83.6 -2.88

-23.0 -2.56 -95.1 -3. 19
-45.3 -4.95
-63.4 -6.76
-83.9 -8.67
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d. Sample Preparation. --Sulfur monochloride and tetraethyl-

ammonium chloride were treated as described in Section V. All

sample manipulations and sample measurements, except for trans-

ference of tetraethylammonium chloride, were conducted under high

vacuum conditions using standard vacuum line techniques. Samples

of tetraethylammonium chloride were transferred only in a dry nitro-

gen atmosphere in a glove bag. The salt was never exposed to the

atmosphere. Mixtures of sulfur monochloride and tetraethylammon-

ium chloride were prepared by adding (in the glove bag) a weighed

amount of the carefully dried salt, 0.5 to two grams, to the

melting point sample holder (G). The holder was then reattached

to the cell, the apparatus sealed to the vacuum line, and the salt

redried by heating at 120°C under high vacuum for 12 to 24 hours.

The required amount of sulfur monochloride, e.g.., 0.5 to ten ml,

was then distilled onto the dried salt by cooling the sample with a

dry ice--acetone slush bath. The sulfur monochloride was measured

as the liquid at 0. 0°C by use of a volumetric doser (calibrated by

weighing with mercury), graduated in 0.10 ml increments. A note

should be made concerning the freezing and later remelting of sulfur

monochloride. Extreme caution is needed in the latter process since

the solid material has a great tendency to expand on warming, thereby

breaking the containing vessel unless rapidly melted at the glass- -

solid interface by liberal spraying with a liquid having a low melting
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point, such as acetone.

e. Procedure. - -After a sample mixture had been prepared as

described above, a series of cooling, or warming curves was obtained.

Two or more runs were made at each composition, and the average

inflection temperatures obtained are shown in Table 6. The rate of

warming or cooling was controlled through the use of a liquid nitrogen

bath and a partially evacuated Dewar vessel. For cooling curves, the

partially evacuated Dewar was placed around the cell as insulation

(plugged at the top with fiberglass), and this assembly was immersed

in a liquid nitrogen bath. The rate of cooling was then controlled by

changing the degree of evacuation in the insulating Dewar and the

depth of the liquid nitrogen bath. Due to the poor thermal conductivity

of solid sulfur monochloride, it was found that a cooling rate of less

than one degree per minute was necessary to assure reasonable

approach to a thermal equilibrium between the bulk solid and the

thermocouple. The usual cooling rate was approximately 0.6°C/min.

Warming curves were initiated by first carefully freezing the

sample with a liquid nitrogen bath. The resultant glass--crystal

mixture was partially melted and then kept at a temperature above

-120oC until fully refrozen. This was accomplished with a carbon

disulfide slush, which had a nominal temperature of approximately

-110o C. It was found that unless the sample was "seeded" in this

fashion, extensive glass formation was encountered whether sulfur
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monochloride mixtures were cooled with liquid nitrogen or with slush

baths of more moderate temperature, such as a carbon disulfide

slush. A crystalline solid, rather than a glass, was necessary in

order to obtain melting point inflections. The use of crystalline ma-

terials also eliminated the difficulty with container breakage on warm-

ing referred to earlier. After a crystalline solid was obtained, the

cell was surrounded with a partially evacuated empty Dewar which

had been prechilled to - 196°C. This was, in turn, surrounded by a

second Dewar to isolate the system from random air currents. Both

Dewars were plugged around their tops with fiberglass insulation.

Warming curves could be taken in this fashion with warming rates

of approximately 0.6 to 1.0°C/min, by appropriately adjusting the

degree of evacuation of the inner Dewar.

Voltage readings on samples involved two procedures over the

course of this study. The initial phase of the work was conducted

using the Varian Model G-14 recorder and a three junction thermo-

couple. An estimation of the temperature region in which a phase

change occurred was first made using the ten mV scale. Subsequent

readings on the same sample were made using the one mV scale, as

was done in the calibration procedure, to obtain more accurate esti-

mates of the e. m. f. at the point of inflection of the dT/dt curves.

When the Honeywell recorder became available for this study, it was

apparent that the irreproducibility inherent in the system did not
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warrant the use of either a three junction thermocouple or the one

mV scale. Consequently, a single junction thermocouple and the

five mV scale were used for subsequent readings with the Honeywell

recorder. The practice of recalibration of the recorder against the

Leeds and Northrup potentiometer before each run was continued

throughout the study.

In this sulfur monochloridetetraethylammonium chloride sys-

tem, considerable difficulty was experienced in obtaining freezing

points from cooling curves due to a pronounced tendency for super-

cooling to occur. Apparent eutectic freezing points varying over a

range of as much as 15o C were not uncommon. The effect of cooling

rate, stirring rate, and seeding with silicon carbide particles was

studied, but no technique was found_that would eliminate supercooling

to a satisfactory degree. However, warming curve procedures gen-

erally gave more satisfactory results and were therefore used for

about half of the measurements.

f. Interpretation of Cooling and Warming Curves. --Extensive

supercooling of sulfur monochloride solutions resulted in quite irre-

producible apparent freezing points. As a result, warming curves

were used for a large number of measurements. Evaluation of

freezing points from cooling curves (see Figure 2) was made, when

possible, according to the method discussed by Glasstone (43, p. 749).

Since supercooling eliminates a normal break in the cooling curve at
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B, Figure 5, an approximation to the correct freezing point can be

obtained by extrapolating the curve DE back to B. The accuracy of

this method is severely limited by the form of the curve DE, as

controlled by the rate of heat flow and the degree of approach to

thermal equilibrium in the vicinity of D. The shape of most cooling

curves required the use of the maximum, D, as an estimate of the

freezing point. Systems containing pure sulfur monochloride yielded

very sharp breaks at C and short plateaus and so required an alterna-

tive treatment. This is described in the discussion below on repro-

ducibility and accuracy.

C

time
cooling curve

Figure S. Thermal analysis curves.

time
warming curve

Warming curves were used for a number of measurements since

they were found to give more reproducible data than the cooling curve
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technique. Freezing points are readily obtained from idealized warm-

ing curves, as illustrated by point B in Figure 5 (121, p. 347). Un-

fortunately, the dynamic thermal analysis technique used resulted in

warming curves more adequately represented by Figure 6. Presum-

ably the shape of the curves resulted from non-equilibrium heat

transfer in the system. With these curves it was felt that the best

estimate of the true freezing point was given by point B, Figure 6,

the estimated inflection point of the curve (i. e., the point at which

the second derivative of the slope with respect to time equaled zero).

Even warming rates as low as 0.6°C/min. apparently yielded a rate

of heat supply greater than the rate of heat absorbed by melting in

the vicinity of B, resulting in a premature positive inflection in the

curve.

time

Figure 6. Sample warming curve as observed.
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g. Reproducibility and Accuracy Check. - - The accuracy and

reproducibility of the thermal analysis technique was checked (using

cooling curves and the three junction thermocouple) by, determining

the freezing points of two organic solvents. Chlorobenzene (reagent

grade material) and ethyl acetate (MCB reagent grade, anhydrous)

were each vacuum distilled once in the vacuum system, with roughly

the middle 50% being retained for use. Chlorobenzene (six measure-

ments) gave an average freezing point of -44.2 ± 0. 1 °C as compared

to a literature value of -45.2 + 0.10
C (109.). Ethyl acetate (four meas-

urements) gave an average freezing point of -81.9 ± 0.2 °C as corn-

pared to a literature value of -83.6 ± 0. 1 °C (109). The reproducibil-

ity of the freezing points obtained for these materials was very good,

in spite of a variable degree of supercooling of four to ten degrees.

Thus, the irreproducibility found in measurements on systems con-

taining sulfur monochloride appeared to be a property of the chemical

system and not of the experimental technique. The apparent accuracy

of the above data, however, was somewhat less satisfying.

The freezing point of sulfur monochloride was checked with both

cooling and warming curves and compared with the literature value.

Sulfur monochloride exhibited a pronounced tendency to supercool

irreproducibly. This effect prevented the direct evaluation of freez-

ing points from cooling curves. Consequently, results from six cool-

ing curves were evaluated by plotting AT, the difference between the
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minimum in the cooling curve and the plateau maximum, Tmax,

versus Tmax. The intercept for AT = 0, no supercooling, should

give the true freezing point. The temperature thus obtained was

- 80. 2oC. Warming curves (two measurements) gave an average

value of -80.6 ± 0.9°C. A freezing point of sulfur monochloride of

80. 9°C has been reported by Witschonke (126).

temp

time

Figure 7. Example of supercooling.

The measurements on pure sulfur monochloride, chlorobenzene

and ethyl acetate samples indicated that a possible error of one to

two degrees was present in the thermal analysis technique. The

cause might have been due to an incorrect static calibration of the

thermocouple, or to a systematic error in the dynamic technique in-

volved in obtaining cooling curves. It was mentioned in the above

discussion on thermocouple calibration that the calibration data

agreed very closely with data published for a similar thermocouple.

Thus the error probably involved a systematic error in the dynamic
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technique. However, consideration of the data obtained for the eutec -

tric melting points and liquidliquid transitions for the sulfur mono-

chloridetetraethylammonium chloride system shows that an error

of one or two degrees is unimportant. The standard deviation of the

eutectic melting points for the above system was ±3.39C and the

standard deviation for the liquid -liquid transition was ±2.5°C. Thus,

the apparent error illustrated by the above freezing point determina-

tions was within the standard deviations of the observations made on

this system.

A comparison of data obtained for the liquid--liquid transitions

using the thermal analysis technique versus the static visual technique

is also significant with regard to a possible systematic error in the

former. Such an apparent error would not be expected to occur in

observations using the static visual technique, since this technique

involved temperature measurements on a static system just as was

done in the thermocouple calibration procedure. For the liquid-

liquid transition, 14 measurements of the transition temperature

using the thermal analysis technique over the composition range stud-

ied yielded an average value of -38.6 ± 2. 4°C, whereas eight meas-

urements of this transition using the static visual technique yielded

an average value of -37. 9 ± 2. 2°C. The difference in the average

transition temperatures measured by the two techniques is well

within the standard deviation of the measurements, and does not
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reflect the expected one to two degree error suggested from the

freezing point determinations for chlorobenzene and ethyl acetate.

Thus, it would appear that if a systematic error was present in the

dynamic measurement technique used to obtain cooling curves, it

did not significantly affect the results in this study.

h. Experimental Data. --Thermal analysis measurements were

made only for the eutectic freezing points and the transitions from

liquid-2 to liquid-1 (which are described in the Results and Discus-

sion section). A number of the latter transitions were observed

with the static visual technique as well. All liquidus (solubility curve)

transitions were determined visually with the static visual technique,

and the miscibility gap transitions, i. e., from one to two liquid phases,

were determined by the phase volume technique or by the static visual

technique. The results of the thermal analysis measurements are

recorded along with the results obtained from the other methods in

the Results and Discussion section. The technique employed in each

case is also shown in the table.

2. Phase Volume Technique

a. Introduction. - - Thermal analysis curves, both warming and

cooling, failed to exhibit inflections for phase changes involving the

transition from one liquid phase to two liquid phases and vice versa.

An alternative technique for obtaining quantitative information
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concerning the concentration of sulfur monochloride and tetraethyl-

ammonium chloride in each liquid phase was therefore developed in-

volving measurement of the phase volumes as a function of temperature.

Measurement was made of phase volumes as a function of tem-

perature for two mixtures of different compositions of sulfur mono-

chloride and tetraethylammonium chloride. The relative amounts of

the two components in each mixture were chosen so as to give two

liquid phases in the temperature range -38 °C to +100 °C. Simultane-

ous equations relaEng the phase volumes and the molar concentrations

of each component in each phase to the total number of moles of each

component allow calculation of the mole fraction of tetraethylammoni-

um chloride in each phase. This, in turn, allows one to determine

the boundaries of the miscibility gap.

In the following discussion, V corresponds to the phase volume

in milliliters, M to the molar concentration of a component and K

to the total number of millimoles of that component. The numeral

subscripts identify the mixture involved and the letter subscripts

S or T represent the components sulfur monochloride, S2C12, or

tetraethylammonium chloride, TEAC. The letter subscripts 0 or

Y identify the top orange phase or the bottom yellow phase, respec-

tively. The symbols, as used, are summarized in Table 3.
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Table 3. Definition of symbols in phase volume technique.

V10 Volume (ml) of top orange phase in mixture 1.

V20 Volume (ml) of top orange phase in mixture 2.
VI y Volume (ml) of bottom yellow phase in mixture 1.
V

2Y Volume (ml) of bottom yellow phase in mixture 2.
MTO Molarity of TEAC in top orange phase.
MTY Molarity of TEAC in bottom yellow phase.
MSO Molarity of S

2
C12 in top orange phase.

MSY Molarity of S2C12 in bottom yellow phase.

K
1 T

Total number of millimoles TEAC in mixture 1.
K2T Total number of millimoles TEAC in mixture 2.
K15 Total number of millimoles S2C12 in mixture 1.

K2S Total number of millimoles S2C12 in mixture 2.

The following equations relate the unknown concentrations of

tetraethylammonium chloride and sulfur monochloride to the meas-

ured phase volumes (milliliters) and the known total number of milli-

moles of tetraethylammonium chloride and sulfur monochloride.

(22) V
10

MTO + VIYMTY = KIT

(23) V
20 MTO + V2YM

TY = K2T

(24) V M +V M10 SO lY SY 15

(25) V M +V M20 SO 2Y SY ZS

Equations (22) and (23) can be solved for the unknown concentrations
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MTY
and M

T
and equations (24) and (25) can be solved for M

O' SY

and M
SO

to give the following relationships:

(26) MTY = (VzoKIT - VI0K2T)/V2oV1 VioVzy)

(27) M
TO

= (V
2Y

K IT - V
1Y

K2T)/(V
2Y

V10 V lY V20 )

(28) M
SY

= (V20 K IS - V
10

K
2S

)/(V20V lY - V 10 V
2Y

)

(29) M
SO

= (V
2Y

K
1S

- V IYK
2S

)/(V
2Y V 10 V lY V20 )

The molarity data obtained from equations (26) through (29) enable

one to calculate the mole fraction, N, of tetraethylammonium chlor-

ide in the upper and lower phases for mixtures having compositions

in the miscibility gap. Thus, the boundaries of this gap may be de-

termined.

b. Sample PreparationPhase Volume Technique. --Samples

for phase volume measurements were prepared by making up mix-

tures of sulfur monochloride and tetraethylammonium chloride in

sealed tubes, using dry glove bag or standard vacuum line techniques.

Four mixtures were made, two for study in the temperature range

-40o C to 0 oC and two for the higher temperatures. The total num-

ber of millimoles of each component used is shown in the tabulation

of experimental data (Table 4).

The tubes were constructed from 25 cm to 35 cm lengths of

eight mm o. d. Pyrex tubing. A carefully weighed amount of dried

tetraethylammonium chloride was added to each tube, the tube



48

attached to the vacuum line, and the salt redried at 120°C under high

vacuum. Sufficient sulfur monochloride to give an approximate mole

fraction of tetraethylammonium chloride of either 0.05 or 0.10 was

distilled onto the redried salt from a calibrated doser, as described

in the previous Thermal Analysis section. The tubes were then sealed

so that negligible vapor space remained at the highest temperature

to be observed with the set.

c. Temperature Control and Phase Volume Measurement.--

Temperature equilibration and control in the temperature range -40°C

to 0 °C was attained by rigidly supporting the sample tubes lengthwise

in a one liter Dewar flask filled with a slush bath of the appropriate

temperature, and sealing the Dewar flask with a large cork stopper.

The slush baths used, and their measured temperatures, were: ice,

0.0oC; carbon tetrachloride, -22.90 C; o-xylene, -28.5oC; thiophene,

-37.5oC; acetonitrile, -40.7oC. This assembly of tubes in the Dewar

was mounted on an automatic horizontal shaker in a horizontal posi-

tion. It was then shaken for 30 to 60 minutes with occastional rota-

tion, end for end, to insure thorough mixing. The slush temperature

was monitored with an alcohol thermometer that had been calibrated

against a sulfur dioxide vapor pressure thermometer. It was found

that about 20 minutes was sufficient time for attainment of equilibrium

at each temperature. Readings in this temperature region were made

by rapidly withdrawing the tube from the slush bath and marking the
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phase lengths on a sheet of millimeter graph paper attached to a

vertically mounted board. Total time out of the slush bath was ap-

proximately five seconds. This procedure was repeated three times

for each mixture at each temperature. Readings were reproducible

to approximately ±0.03 ml using this technique. The tube volumes

were calibrated (by weighing with mercury) as a function of length so

that phase volumes could be calculated from phase lengths. The aver-

age volumes obtained from the three readings are recorded in the

tabulation of data (Table 4).

In the temperature range 0oC to +100 oC a constant temperature

jacket through which a liquid could be circulated was constructed

from 28 mm o. d. Pyrex tubing. The sample tubes were rigidly

mounted within the jacket and a thermostatically heated liquid was

pumped through the jacket using a Corman-Ruff vibrator pump. The

jacket was wrapped with fiberglass insulation except for a viewing

strip along one side. The jacket containing the sample tubes was

clamped horizontally in the automatic horizontal shaker which was

adjusted to give a horizontal agitating action of two cycles per second

with a throw of about one inch. Observations were made at three

temperatures, 2.4°C, 52.50C and 100°C. For the 2.40C tempera-

ture, water was pumped from, and returned to, an ice slush in a

four liter, wide mouth Dewar. The 52.5°C temperature was at-

tained by pumping heated oil through the jacket from a
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thermostatted bath. The 100. 0°C temperature was conveniently ob-

tained by passing steam through the jacket. The recorded tempera-

tures are those read from a calibrated thermometer whose bulb was

approximately in the center of the thermostat jacket. When phase

length readings were to be made the jacket and sample assembly was

clamped in a vertical position with the circulation of the bath liquid

continued. The phase lengths were measured with a Griffin and

George cathetometer, permitting readings to ±0. 01 mm (correspond-

ing to approximately ±0.0003 ml in these measurements). These

readings were converted to volumes as described in the previous

paragraph, three readings again being taken at each temperature.

The observed reproducibility of the three readings was about ±0.003

ml. The average values for the observations are recorded in Table 4.

d. Experimental Data. --The observations obtained using the

phase volume technique are recorded, as already mentioned, in Table

4. From these data, molarities and mole fractions for each phase

at each temperature have been calculated. The results obtained from

these calculations are summarized in Table 5. The mole fraction data

in Table 5 in turn form the basis for the final results summarized in

Table 6 in the Results and Discussion section.

3. Static Visual Method

It was found that the thermal analysis technique failed to give
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Table 4. Phase volume measurements.

Milliliters Millimoles

Temp. V10 VIY V20 V2Y KIT K2T KIS K2S

°C

-40.7 2.51 4.63 6.09 1.43 4. 343 9. 123 88. 14 83, 42

- 37,5 2.48 4.71 6. 15 1.44 4.343 9. 123 88. 14 83.42

- 28,5 2.43 4.81 5.89 1.74 4.343 9.123 88.14 83.42

-22.9 2.38 4.90 5.73 1.96 4.343 9.123 88.14 83.42

0. 0 2. 20 5. 21 5. 32 2. 50 4.343 9. 123 88. 14 83, 42

+2.4 3.548 1.180 2.889 5.766 5.971 5. 202 48.36 100.3

+52.5 3. 210 1. 691 2. 679 6.317 5.971 5. 202 48. 36 100, 3

+100.0 2. 842 2.251 2. 388 7.020 5.971 5. 202 48. 36 100. 3

Table 5. Molarity and mole fraction of components calculated from phase volume measurements.

Temp. MTO MTY
SO MSY

NTO NTY

-40. 7 1.46 0.144 10.56 13. 30 O. 121 0.0107

-37.5 1.45 0.161 10.48 13.18 0.122 0.0121

-28. 5 1.51 0. 161 10. 28 13.13 O. 128 0. 0121

-22.9 1.55 0.136 10.08 13.10 0.133 0.0102

0.0 1.65 O. 137 9. 647 12.84 O. 146 0.0106

+2.4 1. 659 0.07114 9.410 12.65 0. 1499 0.005577

+52.5 1.837 0.04458 7.114 12.22 0.2052 0.003636

+100.0 2.072 0.03610 7.797 11.64 0.2100 0.003093
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suitable inflections for sulfur monochloride- -tetraethylamrnonium

chloride mixtures for the liquidus boundary phase changes. Since

the sensitivity of the thermal analysis technique in this system could

not be sufficiently improved, a simple visual technique was used,

similar to that described by Johnston and Jones (69). Phase changes

were observed in the temperature range -40°C to +170°C using this

visual technique. Most observations (with the exception of one sealed

tube observation--see below) from -40°C to 0°C were made on sam-

ples contained in the thermal analysis cell described earlier. The

preparation of these samples has been described in the above Ther-

mal Analysis section. Liquidus phase changes occurring above 0°C

were all observed using samples contained in small sealed tubes.

These samples were made in the same fashion as described in the

phase volume technique, but on a smaller scale. The tubes were con-

structed from eight mm o. d. tubing and were four to eight cm in

length.

Temperatures were controlled, below 0oC, with an alcohol

bath contained in a Dewar that was gradually allowed to warm. Regu-

lated water and oil baths were used for temperatures above 0°C.

Bath temperatures were again monitored with a selection of alcohol

and mercury thermometers that had been calibrated against a sulfur

dioxide vapor pressure thermometer or an N. B. S. calibrated ther-

mometer, respectively. The calibrated thermocouple system was
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used for samples contained in the thermal analysis sample cell.

Readings were taken by immersing the sample in the bath with

constant, vigorous agitation. The temperature was made to rise (or

fall) slowly until the desired phase change had occurred. Observa-

tions were made visually by periodically removing the sample from

the bath. Transition temperatures across the liquidus curve or mis-

cibility gap boundary were taken to be that temperature at which the

last remaining solid dissolved (or first appeared) or at which a second

liquid phase was first detectable (or first disappeared), respectively.

As a minimum, each phase transition point was observed once with

rising temperature, once with falling temperature and finally a third

time with either rising or falling temperature, for a total of at least

three observations. Recorded data represent an average of the obser-

vations which agreed among themselves generally within about one-

half a degree.

The static visual technique was used to obtain all liquidus transi-

tion observations, as well as a number of transitions involving the

miscibility gap. Phase transitions in all regions of the phase dia-

grams, except liquidus and eutectic melting, were checked by making

observations with at least two of the three techniques. The concentra-

tion and temperature range over which observations could be made was

limited by decomposition in the system. The latter is described in the

Results and Discussion section.
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The observations obtained using the static visual technique are

recorded in Table 6.

4. Analysis of Solid Phase in Region NTEAC = 0.25 to 0.5

As indicated in the previous section, the composition and tem-

perature range over which observations could be made was limited

by decomposition in the system. Specifically, such effects occurred

for dilute tetraethylammonium chloride mixtures above approximately

150oC and at lower temperatures for more concentrated mixtures

such as those approaching a mole fraction of tetraethylammonium

chloride of approximately 0.5. Since, therefore, it was not possible

to determine the liquidus curve for the system above NTEAC of ap-

proximately 0.5, it was desired to determine by other means whether

an adduct was formed between sulfur monochloride and tetraethyl-

ammonium chloride in the mole fraction region above 0.25. Chem-

ical analysis of the solid phase was therefore used for this purpose.

Two mixtures of sulfur monochloride and tetraethylammonium

chloride having NTEAC = 0.397 (sample 1) and NTEAC = 0.250 (sam-

ple 2), respectively, contained in sealed, evacuated, Pyrex glass

tubes, were heated until one liquid phase was obtained and the tubes

were then again cooled to room temperature. A solidliquid mixture

resulted from this operation. The contents of the tubes were filtered
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using a coarse fritted disk, glass crucible with a suction flask. All

operations were conducted in a glove bag with a dry nitrogen atmos-

phere. The solid thus obtained appeared to be white in color, and

was damp due to adsorbed (or absorbed) sulfur monochloride. An

effort was made to remove adsorbed sulfur monochloride with absorb-

ent tissue paper, but no washings were conducted with another solvent.

Samples of the solid, each weighing about 0.1 g, were placed and

weighed in tared weighing bottles equipped with ground glass stoppers,

and analyzed for total sulfur and total chlorine in the following man-

ner: The samples were dissolved in excess base ("i6M NaOH) in the

stoppered containers. The small amount of elemental sulfur result-

ing was separated, oxidized with fuming nitric acid, and combined

with the rest of the sample. The resulting solution, which was kept

basic, was treated with 30% hydrogen peroxide, heated to decompose

the peroxide, and acidified with dilute nitric acid. Addition of a

saturated solution of barium nitrate to the hot solutions resulted in

only a trace of barium sulfate precipitate, which was digested for

one hour and filtered through tared, fine fritted disk, glass crucibles.

After heating the crucibles to constant weight, the total sulfur content

of the samples was determined as barium sulfate. The filtrate was

titrated potentiometrically for chloride using Hg-- Hg2SO4 and Ag--

AgC1 electrodes with standard silver nitrate solution as titrant. A

Beckman Model 72 pH meter was used.



Table 6. Phase diagram data for the system, sulfur moucchtoride-tetraethylammonium chloride.

Mole
fraction
(C21-15)

4
NCI

Temperature
oc

Phase
change

Technique Mole Temperature Phase
fraction °C change

(C
2
H

5
)
4

NC1

Technique

0.000
0.00309
0.00364
0.00558
0.0102
0.0106
0.0107
0.0121
0.0121
0.0298
0.0298
0.0577
0.0577
0.0577
0.0720
0.0888
0.0888
0.0906
0.0906
0.0940
0.115
0.115
0.121
0.122
0..124
0.124
0.124
0.128

-80.6
+100.0
+52.5
+2.4

-22.9
0.0

-40.7
-28.5
-37.5
-35.8
-81.6
-34.1
-86.5
-87.2
-38.0
-33.8
-82.3
-36.5
-79.8
-88.6
-34.7
-90.0
-40.7
-37.5
-25.6
-25.9
-85.8
-28.5

M. P.
(a)

Misc. Gap
(b)

Misc. Gap
Misc. Gap
Misc. Gap
Misc. Gap
Misc. Gap
Misc. Gap
Misc. Gap

L 1/L2(e)
Eutectic M. P.

(d )

L1/ L2

Eutectic M.P.
Eutectic M.P.
Misc. Gap
L

1/L2
Eutectic M.P.
Misc. Gap
Eutectic M. P.
Eutectic M.P.
Misc. Gap
Eutectic M.P.
Misc. Gap
Misc. Gap
Misc. G
Liquidus
Eutectic M.P.
Misc. Gap

TAW(8)

PV()
PV

PV

PV

PV

PV
PV

PV

SVC()
TAW
SVC
TAW
TAW
SVT

(k)

SVC

TAW
SVC
TAW
TAC
SVC

(h)
TAC
PV

PV

SVC
SVC
TAW
PV

0.133
0.135
0.146
0.146
0.146
0.146
0.150
0.160
0.170
0.170
0.170
0.170
0.170
0.189
0.190
0.197
0.205
0.210
0.213
0.213
0.224
0.220
0.227
0.258
0.274
0.288
0.301
0.309

-22.9
-82.4

0.0
-38.9
-40.3
-87.5
+2.4

+23.0
0.0

-32.2
-36.3
-38.0
-82.0
-39.0
-39.0
-82.5
+52.5

+100.0
-30.0
-38.0
425.0

+153.0
+170.0
-37.4
-42.0
-38.8
+54.4
+57.0

Misc. Gap
Eutectic M. P.
Misc. Gap

L 1/L2

L 1/L2
Eutectic M. P.
Misc. Gap
Misc. Gap
Liquidus

L 1/L2
L 1/L2
L1/ L2

Eutectic M. P.
L /L12
L /L

1 2
Eutectic M. P.
Misc. Gap
Misc. Gap
Liquidus
L1/ L2

Liquidus
Misc. Gap
Misc. Gap

L 1/L2
L1 /L2

L /L
2

Liquidus
Liquidus

PV

TAC
TAC
TAC
TAW
TAW
PV

SVC
SVC
TAC
TAC
TAC
TAW
TAC
TAC
TAW
PV

PV

SVC
SVC
SVT
SVT
SVT
TAC
TAC
TAC
SVT
SVT



Table 6. Continued.

Mole Temperature Phase
fraction o

C change
(C

2
H

5
)
4

NCI

Technique Mole Temperature Phase
fraction C change

(C2H5)4NC1

Technique

0,318
0.334
0.352
0.397

-41.8
-37.2
-39.7

+103.9

Ll/L2
L

1/L2
L /L

a.Liquidus

TAC
TAC
TAC
SVT

0,481
0.524
0,589

+122.9
+145
+167

Liquidus
Decomp/Liquidus(f)

Decomp/Liquidus

SVT
SVT
SVT

(a) Melting point.

(b) Miscibility gap boundary.

(c) Liquidus or solubility curve boundary.

(d) Eutectic melting point.

(e) Transition from liquid 1 to liquid 2, or from liquid 2 to liquid 1.

(f) Temperature at which decomposition begins; occurs in the vicinity of the liquidus boundary.

(g) TAW refers to the thermal analysis technique, warming curve.

(h) TAC refers to the thermal analysis technique, cooling curve.

(i) PV refers to the phase volume study technique.

(j) SVC refers to the static visual technique using the thermal analysis cell as a sample holder.

(k) SVT refers to the static visual technique using small sealed tubes as sample containers.
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Figure 8. Phase diagram for the sulfur monochloride--tetraethylammonium chloride
system.
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Found, sample 1: %S, 2. 17; %Cl, 22.2

sample 2: %S, 2.85; %Cl, 23.3

Calcd. for (C21-15)4NC1: %Cl, 21.4

Calcd. for ( C2H5)4NC1. S2 C12: %S, 21.3

%Cl, 35.4

The results of the above analysis show that the solid obtained

in the above procedure was tetraethylammonium chloride with a small

amount of adsorbed sulfur monochloride. Thus, no stable, solid com-

plex appears to be formed between tetraethylammonium chloride and

sulfur monochloride at room temperature.

C. Results and Discussion

1. Description of the Phase Behavior of the Sulfur Monochloride--
Tetraethylammonium Chloride System

Table 6 summarizes the data obtained in this study. Included

in this Table are the sample compositions, the phase change transi-

tion temperatures, the nature of the transition, and the experimental

technique used to make the observation. The phase behavior of the

sulfur monochloride-- tetraethylammonium chloride system is dia-

grammed in Figure 8. A brief discussion of the various regions of

the phase diagram may be of benefit to the reader.

If tetraethylammonium chloride is dissolved in pure sulfur

monochloride at room temperature, a single liquid phase, L1, is
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obtained through a brief, dilute concentration range. This phase is

light lemon yellow in color, and cannot be distinguished in appearance

from pure sulfur monochloride. As additional tetraethylammonium

chloride is dissolved and NTEAC '-'1-0.01 is approached, a second

liquid phase separates, L2, which is markedly richer in tetraethyl-

ammonium chloride. This second liquid phase is less dense than L
1

and is orange-yellow in color. As tetraethylammonium chloride is

dissolved in this two liquid phase system, the upper orange phase

increases in volume and the lower yellow phase decreases. This

continues until a single orange liquid phase, L2, is obtained in the

concentration region NTEAC 0.17. Additional tetraethylammonium

chloride then dissolves in L2 until the solubility curve is reached at

NTEAC i=-! 0.23. Continued addition of tetraethylammonium chloride

results in a simple increase in the amount of solid tetraethylammonium

chloride and a decrease in the relative amount of free liquid.

Cooling a sample, initially at 40°C and having NTEAC = 0.10,

for example, results in a gradual increase in the relative volume of

the upper orange liquid phase, L2, and a corresponding decrease in

the lower yellow phase, L1. . At approximately -348.°C two liquid

1The observation that, for samples within the miscibility gap,
the relative magnitude of the volume of the upper phase increases on
cooling at the'expense of the lower phase presumably indicates that
the solubility of sulfur monochloride in the upper phase increases with
decreasing temperature. This is similar to the situation found in the
sulfur dioxide--potassium iodide system (118) discussed below in this
section.
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phases still coexist, and tetraethylammonium chloride begins to sepa-

rate from the upper liquid phase. This results in four phases, two

components, and a resultant invariant condition. Gibbs' Phase Rule,

F = C - P + 2, requires removal of one phase to regain a degree of

freedom. Thus, the temperature remains constant until sufficient

tetraethylammonium chloride has crystallized from the upper phase

to cause its disappearance in favor of the lower liquid phase. As a

result, a mixture composed of solid tetraethylammonium chloride and

a single liquid phase of composition NTEAC A, 0.010 is obtained. At

this point cooling may again continue with additional tetraethylam-

monium chloride crystallizing as the solution L
1

changes composi-

tion along the lower portion of the solubility curve. It should be noted

that these solutions are so dilute that this portion of the solubility

curve could not be experimentally studied with thermal analysis or

visual techniques. Thus the lower solubility curve, the dashed line,

represents assumed behavior. Eutectic freezing occurs at approxi-

mately -84oC, and below this temperature only solid exists, consist-

ing of a mixture of sulfur monochloride and tetraethylammonium

chloride.

Consider another sample having NTEAC = 0.175 and at an ini-

tial temperature of +60°C. As the sample is cooled, the relative

volume of the liquid phases L
1

and L2 again change, with L
1

decreas-

ing and L2 increasing, until the miscibility gap boundary is reached
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at approximately 30°C. At this point a single liquid phase exists, the

orange liquid, L2. Further cooling through the single liquid phase

region brings the sample to the solubility curve at about +3o C. At this

point solid tetraethylammonium chloride begins to crystallize from

solution L2 and, as cooling progresses, the composition of L
2

changes

along the liquidus curve, becoming richer in sulfur monochloride,

until the invariant point is reached at approximately -38°C. Again,

no further decrease in temperature can occur until sufficient tetra-

ethylammonium chloride has been removed from L2 to give NTEAC

0.010. Thus, one phase is eliminated and the degrees of freedom are

increased to one. When this has taken place a decrease in tempera-

ture is again possible resulting in the solution composition changing

along the lower portion of the solubility curve until the eutectic point

is reached.

Information above NTEAC = 0.50 was not obtainable due to de-

composition, presumably of tetraethylammonium chloride, at temper-

atures below the solubility curve. Observations were made on pure

sulfur monochloride and tetraethylamm.onium chloride samples, in

separate sealed tubes, at high temperatures. When pure sulfur mono-

chloride was heated to 234°C in a sealed tube, the only change that

was apparent was a slight deepening of the color to an orange hue,

probably due to formation of sulfur dichloride (102). When the sample

was cooled again to room temperature, the color returned to a golden
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yellow hue, characteristic of pure sulfur monochloride. In contrast

to this reversible behavior, pure tetraethylammonium chloride sam-

ples exhibited rapid decomposition in the temperature range 230°C

to 260°C, with explosion of the tube samples and formation of a black,

tar -like residue.

In the vicinity of approximately 150°C, mixtures of sulfur mono-

chloride and tetraethylammonium chloride having NTEAC greater than

0.5 rapidly decomposed to form two liquid phases. One of these phas-

es was a dark red, clear liquid of greater density than the parent

orange solution. The upper phase was cloudy, brownish black in

color and contained suspended black solid. This change was irre-

versible with respect to temperature.

Mixtures with tetraethylammonium chloride concentrations

below NTEAC = 0.5 appeared to decompose more slowly and to a

less significant extent. For example, samples having an overall

composition of NTEAC '7-1 0.2 or less appeared to change color mark-

edly in the vicinity of 150°C, but only over a period of time. The

discoloration remained when the sample was again cooled. Both the

yellow and the orange phases (no separate red phase had appeared)

became much darker in color as a result of decomposition, but, in

contrast with the observations at higher tetraethylammonium chloride

concentrations, no solid was obtained in the high temperature region.

When these samples were cooled, a different and irreproducible
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transition temperature was obtained for the two liquid phase--one

liquid phase transition than was obtained for the same sample before

heating to approximately 150°C. It was also observed that a white

solid began to crystallize out of solution at a much higher tempera-

ture (above 25oC) than was found prior to overheating the sample.

The resultant solid would not redissolve at a reproducible tempera-

ture.

It should be noted, with regard to the above evidence of decom-

position, that no indication of significant decomposition in the sulfur

monochloride -- tetraethylammonium chloride system was found below

approximately 100o
C. The components could be separated, both

apparently unchanged, by vacuum distillation of any mixture of the

two compounds.

In view of the fact that decomposition in the system made it

impossible to obtain meaningful solubility curve data above NTEAC =

0.5, the question of the possible formation of a molecular adduct

such as (C2H5)4NC1°S2C12, led to investigation of the solid found at

room temperature for relatively concentrated mixtures. Analysis of

the colorless solid obtained from solutions of NTEAC = 0.250 and

NTEAC = 0.396 at room temperature showed no evidence for the

formation of stable adducts between sulfur monochloride and tetra -

tehylammonium chloride down to the overall composition NTEAC =-

0.25. Consideration of the remainder of the phase diagram (Figure 8)
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from NTEAC = 0 to NTEAC = 0.25 also shows no obvious indication of

adduct formation.

The behavior of other ionic chlorides in sulfur monochloride

was also briefly examined. Potassium chloride was found (qualitative-

ly) to be insoluble in sulfur mortochloride. Tetramethylammonium

chloride, TMAC, was found to be only slightly soluble in the solvent,

with no formation of a second liquid phase from 25°C to 100°C.

In view of the interest in the behavior of both sulfur monochlor-

ide and thionyl chloride in the present work, it should be noted that

mixtures of thionyl chloride and tetraethylammonium chloride, TEAC,

do not exhibit the same phase behavior as the sulfur monochloride- -

tetraethylammonium chloride system. Although the salt is moder-

ately soluble in thionyl chloride, the thionyl chloride--tetraethyl-

ammonium chloride system exhibited no tendency to form a second,

immiscible liquid phase. It should also be noted that the compounds

sulfur monochloride and thionyl chloride are miscible in all propor-

tions.

2. Discussion of Other Investigations of the Sulfur Monochloride--
Tetraethylammoniurn Chloride System

The work of Spandau and Hattwig (112), mentioned in the intro-

duction to this section, on the conductivity of chlorides in sulfur

monochloride requires additional consideration at this point. These
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authors clearly indicated that tetraethylammonium chloride was

only slightly soluble in sulfur monochloride. Indeed, Spandau and

Hattwig were forced to conduct their measurements at 120°C in order

to obtain an approximately 5.4 x 10-3M solution, implying a rather

low solubility at room temperature.

The results of the present work are in direct contrast to the

solubility information presented by Spandau and Hattwig. Consider-

ation of the phase diagram shown in Figure 8 shows that, even at

25
oC, carefully dried tetraethylarnmorkium chloride will dissolve in

sulfur monochloride to give a maximum concentration of approximate-

ly 3.6M. The additional observation of only limited solubility of

the monohydrate, (C2H5)4NCP H2O, also observed in the present

work, leads one to assume that Spandau and Hattwig had perhaps not

made use of completely dry tetraethylammonium chloride. Unfor-

tunately, no mention of drying and handling techniques was made by

the above authors.

The related mention of limited solubility of tetraethylarnmoni-

urn chloride in sulfur monochloride made by Wiggle (122) also de-

serves consideration at this point. Observations reported by Wiggle

indicated two separate problems that must be considered. First,

Wiggle (122) noted that only a fraction of the salt dissolved in a mix-

ture containing one gram of tetraethylammonium chloride and 30

milliliters of sulfur monochloride (NTEAC = 0.016). Wiggle (123)
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also reported the presence of immiscible droplets in some otherwise

homogeneous solutions of tetraethylammonium chloride in sulfur

monochloride. This observation led to some uncertainty as to the

homogeneity of two mixtures of sulfur monochloride and tetraethyl-

ammonium chloride, having NTEAC = 0.003 and NTEAC = 0.004, re-

spectively, that were involved in radiochlorine exchange studies re-

ported by Wiggle and Norris (124). The results of the present work

clarify both problems. In the case of the mixture having NTEAC

0.016, the phase diagram of the system (Figure 8) shows that all of

the salt should have dissolved in the solvent, giving two partially

immiscible liquid phases (the top phase being present in relatively

small amount and thus probably not noticeable). Consideration of

the techniques reported by Wiggle (121) indicates that, although his

drying procedure was adequate (heating at 100°C under high vacuum

for 12 hours) subsequent handling techniques may have resulted in

the use of tetraethylammonium chloride that contained a certain

amount of water. This would, as shown in the present work, have

resulted in an apparent low solubility of the salt in the above men-

tioned mixture. The second problem, involving immiscible droplets

in some exchange samples, resulted from a different cause. Exam-

ination of the data in Table 6 and the phase diagram (Figure 8) shows

that any sulfur monochloridetetraethylammonium chloride mixture

having NTEAC over approximately 0.004 (25°C) would result in an
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inhomogeneous two liquid phase system. Presumably, the samples

in which Wiggle noted droplet formation did have compositions in the

miscibility gap region. However, the mixtures reported by Wiggle

and Norris (124) for the exchange experiments, NTEAC = 0.003 and

NTEAC = 0.004, were within a homogeneous, single liquid phase

region.

3. Discussion of Related Phase Systems and Speculations
Regarding the Nature of the Present System

The form of the phase diagram shown in Figure 8 exhibits, for

the sulfur monochloridetetraethylarnmonium chloride system, an

unusual but far from unique behavior. For example, Buchner (15)

has reported a similar phase diagram for, among others, the system

liquid carbon dioxidem-chloronitrobenzene. In this system, how-

ever, the upper portion of the miscibility gap is cut by the critical

curve. Eggink (30) has described the form of a generalized phase

diagram obtained for a two component system when the miscibility

gap cuts the solubility curve. This appears to be the case for the

sulfur monochloridetetraethylamrnoniurn chloride system.

The phase diagram for the system methyl pyridinium iodide--

pyridine2 (4, 38) exhibits a miscibility gap of the same shape as

2Francis (38, p. 19) refers to the reaction product between
methyl iodide and pyridine as methyl pyridonium iodide. Presumably
the 11-oniurnm nomenclature used is no longer in vogue and the com-
pound is more correctly termed N-methyl pyridinium iodide.
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found in the present work for the sulfur monochloride--tetraethyl-

ammonium chloride system. Aten (4) found that methyl iodide and

pyridine are miscible in all proportions below room temperature,

but at room temperature they react to form a 1:1 adduct, melting at

116°C, which is undissociated. As a result, a new system, methyl

pyridinium iodide- -pyridine, (MPI--Py), is obtained having the phase

diagram shown below (4, 38), in Figure 9.
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U
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Figure 9. The system, methyl pyridinium iodide--
pyridine (4, 38).
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Walden and Centnerszwer (1.18) have reported an interesting

example of a system which exhibits decreased solubility of a salt in

a solvent with increased temperature, and which possesses a misci-

bility gap region. This system, sulfur dioxide potassium iodide,

has a rather complex phase behavior which is illustrated in Figure

10, taken directly from Walden and Centnerszwer (118). The



70

miscibility gap HIJ is a region of two partially miscible liquids, a

sulfur dioxide rich phase and a phase relatively rich in potassium

iodide. (This is reminiscent of the phenol--water system (43, p.

755), which exhibits two partially miscible liquid phases through a

broad concentration range. In this well known system a phenomenon

occurs which is essentially the formation of a saturated liquid solu-

tion of water in "molten" phenol, causing the formation of a "liquid"

phenol phase at temperatures as much as 40°C below its normal

melting point (43, p. 755). Theremainder of the sulfur dioxide- -

potassium iodide phase diagram does not appear to be entirely com-

plete, but it seems of interest at this point, simply to record, un-

critically, the authors' interpretation.

ou

cd

E

0 20 40 60 80
mole % KI

100

Figure 10. The system, S02--KI (118).

The region in the sulfur dioxide--potassium iodide phase diagram

below KJIHG and above ABCDE contains a single liquid phase, con-

sisting of potassium iodide dissolved in sulfur dioxide. Above KJHG
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a two phase condition exists consisting of solid potassium iodide and a

solution of potassium iodide in sulfur dioxide. Walden and Centners-

zwer (118) described the region above and bounded by GEF as a two

phase system composed of solid potassium iodide and liquid KI
4S02 '

however, the region from E to F was not fully investigated. It is in-

teresting to note that Jander and Mesech (64) reported a decomposi-

tion temperature of 60C for KI. 4S02. Consequently, it is questionable

just what the liquid composition is at higher temperatures, since this

was not directly determined by the authors. According to Walden and

Centnerszwer, three phases coexist below EF. These are solid potas-

sium iodide, solid KI 4502 and liquid KI. 4502. Two compounds were

taken to be indicated by the "melting points" at C and E, KI 14502 and

KI. 4502, respectively.

Comment must be made at this point with regard to the increase

in mutual solubility with decreasing temperature exhibited by the two

liquid phases occurring in the three systems, methyl pyridinium

iodide--pyridine, potassium iodide--sulfur dioxide, and tetraethyl-

ammonium chloride--sulfur monochloride. Glasstone (43, p. 728)

has stated that, in a system containing a miscibility gap, even if no

lower consolute temperature is found, an ',increase in solubility with

decreasing temperature is an indication of compound formation be-

tween the two components of the system." Zhuravlev (128) has been

less general in stating that "chemical interaction of components al-

ways occurs in stratifying binary systems with a lower consolute tem-

perature. " In contrast to these viewpoints, Francis (38, p. 12) has

noted that Zhuravlev's generalization has been made from too few
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examples. Indeed, Francis feels the above may be true in 59 systems,

mostly aqueous, that have been reported, in which hydrogen bonding

is likely, but does not hold for 95 other systems (reported in the liter-

ature) not involving water. Thus, it would seem that the form of the

miscibility gap in the sulfur monochloridetetraethylammonium

chloride system does not necessarily imply chemical interaction of

the components. However, it is of interest to note that there may

well be a relation between adduct formation in solution and the exis-

tence of a miscibility gap in the system, sulfur dioxide -- potassium

iodide. This possibility is most reasonable in view of the apparent

demonstration of the existence of the adducts KI. 14502 and KI. 4502

in the above system.

An additional point bearing on the possibility of solute- - solvent

interaction, and possibly adduct formation, is provided by the follow-

ing considerations. Comparison of the above systems with the phe-

nolwater system suggests that the salt rich phase of each misci-

bility gap can be considered to be a solution of the lower polarity

component in "molten" salt. In -terms of this view, we see a re-

markable apparent lowering of the melting point of the salts, methyl

pyridinium iodide, potassium iodide and tetraethylammonium. chlor-

ide. In the first case, the melting point of methyl pyridinium iodide

is lowered from +116°C to the vicinity of +80°C. In the sulfur diox-

ide system the melting point of potassium iodide was apparently
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lowered from 686°C to approximately 80°C. In the present system,

the melting point of tetraethylammonium chloride was apparently

lowered from 220o or above to approximately -38 o
C. Thus, we

would seem to have a significant solvent--salt interaction in each of

the above systems, regardless of the demonstrated existence (or lack

of existence) of solid adducts formed in these systems. However, it

still remains uncertain whether this interaction corresponds to spe-

cific adduct formation in any of the three cases, including the one

of present interest.

In contrast to the systems discussed above, most systems in-

volving a miscibility gap exhibit an upper consolute temperature and

increased mutual solubility with increased temperature. Systems

such as sulfur dioxide--tin tetrabromide (10) and sulfur dioxide-

carbon tetrachloride (10) exhibit more normal miscibility gap and

solubility characteristics, as illustrated in Figure 11.

Several systems containing sulfur monochloride and covalent

chlorides have been shown to possess partial miscibility behavior.

Fortunatov and Fokina (36) have recently reported a partial phase

diagram for the system sulfur monochloride- gallium trichloride.

A miscibility gap occurs in the approximate composition region of

= 0.05 to NGaC13 = 0.23 at 25 o
C. The two liquid phase regionNGaC1 3

is composed of an upper sulfur monochloride rich layer and a lower

gallium trichloride rich layer. The mutual solubility of the phases
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increases with temperature and the miscibility gap yields an upper

critical solution temperature of 76.5°C at a composition of NGaC13 =

0.078. No definite evidence for adduct formation was found by the

authors in the phase diagram. Analysis of a solid separated from

the system appeared to indicate possible formation of Ga2C16.3S2C12;

however, the authors felt it was possible that the results were simply

due to adsorption of sulfur monochloride on gallium chloride.

40

U 200

-20

-40

liquid

liquid-liquid

solid-liquid

20 40 60 80

% SnBr
4

Figure 11. The system, S02--SnBr4 (10).

The phase diagram for the system hydrogen chloride--sulfur

monochloride reported by Terrey and Spong (115), as illustrated in

Figure 12, displays some similarity to the behavior shown by the

sulfur monochloridetetraethylammonium chloride system. Both

systems possess a miscibility gap with a lower invariant point.

However, an upper consolute point is observed only in the sulfur
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monochloride--hydrogen chloride system. The miscibility gap for

the latter system possesses a lower invariant point at approximately

-92°C, and an upper critical solution temperature of approximately

-56°C. At the invariant point temperature the upper, hydrogen chlor-

ide rich phase was approximately 94 mole percent hydrogen chloride

and the lower, sulfur monochloride rich phase was approximately 38

mole percent hydrogen chloride. The authors observed two eutectics

in this system and postulated the formation of a compound, perhaps

S
2

Cl
2

4HC1, which melts incongruently within the miscibility gap

region.
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Figure 12. The system, S2C12--HC1
(115).
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In contrast to the sulfur monochloride--hydrogen chloride system,

the sulfur monochloridetetraethylammoniurn chloride system did

not exhibit two eutectics. Indeed, no evidence for stable molecular
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adduct formation was found in the latter system. An additional point

of contrast lies in the shape of the miscibility gap for the two systems.

The system examined in the present work did not exhibit an upper

critical solution temperature within the limits of stability of the sys-

tem, and it did show increased miscibility with decreasing tempera-

ture. With regard to the above possibility of compound formation,

it is the present author's opinion that the evidence is incomplete.

Examination of the phase diagram reported by Terrey and Spong shows

shows that the second eutectic, occurring at NHC1 = 0.25, was de-

fined only by one point a NHC1 = 0.25 and -110°C (several readings

gave variable results, some as low as -130oC). In view of the exag-

gerated tendency for sulfur monochloride systems to exhibit super-

cooling, this observation of an apparent second eutectic may have

been due to just that effect and perhaps only a single eutectic should

have been observed in the sulfur monochloride--hydrogen chloride

system.

The above description and discussion of the sulfur monochlor-

idetetraethylammonium chloride system, and the related systems,

has not resulted in an explanation of certain aspects of the phase be-

havior of the present system. For example, no evidence for forma-

tion of stable molecular adducts was found in this study. How, then,

would one account for the rather large solubility of tetraethylamrnon-

ium chloride in sulfur monochloride and for the existence of a
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miscibility gap in this system? A plausible explanation is suggested

by consideration of sulfur dioxide--iodide salt systems. As men-

tioned above, the apparent existence of several stable, solid molecu-

lar adducts in the sulfur dioxide--potassium iodide system may have

a bearing on the rather large solubility of potassium iodide in sulfur

dioxide and on the existence of a miscibility gap in this system. Of

more directly significant importance, however, is the possibility of

stable solution species involving molecular or ionic adducts. Evi-

dence does exist for the occurrence in solution of the SO
2X ion,

, S021 and SO2C1, the latter of which is the more stable (127)

(at least in acetonitrile solution). Such species may well have a bear-

ing on solubility properties and miscibility gap formation. Woodhouse

and Norris (127) have studied the system sulfur dioxide--tetraethyl-

ammonium iodide in acetonitrile spectrophotometrically and have

found evidence for the formation of the weak complex SO
2
I, with a

formation constant of 21.4 M 1 at 25°C. Thus, it is likely that rela-

tively high concentrations of the ionic species, SO
2

I (and/or more

complex species (SO
2

)xI ), exist in the sulfur dioxide--potassium

iodide system shown in Figure 10. These may be intimately involved

with the existence of a miscibility gap in this system.

It might seem possible that similar ionic species are of impor-

tance in the sulfur monochloridetetraethylammoniurn chloride sys-

tem; however, crystal forces in the tetraethylammonium chloride
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lattice are much smaller than in the above case of potassium iodide,

and the required energy necessary to dissolve tetraethylammonium

chloride will be much less. Thus, postulation of adduct formation

in the present solutions may not be necessary. Unfortunately, the

only work concerning the existence of solution species involving

sulfur monochloride that has been reported involves some limited

conductivity studies. Spandau and Hattwig (112) have reported con-

ductivity measurements of various chlorides and an organic nitrogen

compound in sulfur monochloride. For an example of direct interest

in this discussion, these authors have shown that a dilute solution of

tetraethylammonium chloride in sulfur monochloride, approximately

5.4 x 10-3 M, apparently possesses a markedly greater conductivity,

1.74 x 106 ohm-1 cm-1 at 120oC, than that observed for the pure

solvent, 1.3 x 10 10 ohm1 cm 1 at 20 o
C. Spandau and Hattwig thus

infer that the salt undergoes significant dissociation in this solvent.

As an additional example (among many), these authors report that

a 4.2 x 10-3 M solution of quinoline, C
9

H
7N,

in sulfur monochloride

exhibits a specific conductivity of 3.04 x 10-8 ohm 1 cm 1 at 25 o C.

This small but significant conductivity increase is explained in terms

of an interaction between the ',solvent systems" cation, S
2

C1+, pre-

sumably produced by ionization of the solvent, and the nitrogen base,

thus forming at least one ionic association species involving the

solvent. However, some problems arise in consideration of the
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above observations. In the case of the conductivity of tetraethyl-

ammonium chloride dissolved in sulfur monochloride, there is some

question (discussed earlier in thi s section) as to the degree of dryness

of the salt used in Spandau and Hattwig's study. Hydrolysis products

of the solvent would certainly affect the conductivity. Another diffi-

culty involves the high temperature used to make the conductivity

measurements. Not only does the lack of a 120 oC measurement on

pure sulfur monochloride somewhat decrease the probable magnitude

of the difference in the above conductivities, but even more signifi-

cant is the likelihood that decomposition (of solvent and/or solute)

might occur at the higher temperature, yielding an increased conduc-

tivity. Indeed, the observed decomposition in the sulfur monochlor-

idetetraethylammoniurn chloride system (discussed above) indicates

that this effect may well be of importance, even at 120°C. Similarly,

a degree of decomposition might also occur in the quinoline--sulfur

monochloride system. Some organic bases, such as triethylamine,

do undergo violent decomposition in the related sovent, thionyl chlor-

ide. A similar decomposition effect may be the cause of the modest

conductivity observed for dilute solutions of quinoline in sulfur mono-

chloride. Consequently, although Spandau and Hattwig may be correct

in postulating an associative interaction between sulfur monochloride,

or its "characteristic" cation, and quinoline, this is not the only

possible explanation for the observed conductivity effects. Thus it
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seems clear that these authors have not necessarily proven involve-

ment of the solvent in the formation of either ionic or molecular ad-

duct species with the solutes investigated.

Despite the fact that the idea of adduct formation in solution

might at first appear inviting, further consideration suggests that

an understanding of the phase behavior in the sulfur monochloride- -

tetraethylammonium chloride system does not really require the

existence, or postulation, of molecular or ionic adducts. For exam-

ple, one might consider the two liquid phases involved in this system

to be composed of molten tetraethylammonium chloride and liquid

sulfur monochloride, each containing a certain quantity of the other

in sqlution. To consider the "molten" tetraethylammonium chloride

first, if it is assumed that sulfur monochloride can readily dissolve

in the salt, one can think of sulfur monochloride as a solute whose

presence serves to depress the melting point of the tetraethylammoni-

urn chloride. An estimation of the system composition that would

give rise to the observed melting point depression can readily be

made. A reasonable estimation for the heat of fusion of the salt might

be 4,000 cal/mole. (The heat of sublimation of ammonium chloride

is 4,221 cal/mole and the heats of fusion of cesium chloride (m.p.

914°K), potassium iodide (m.p. 955°K) and mercuric chloride (m.p.

550°K) are 3, 600 cal/mole, 4, 100 cal/mole and 4, 150 cal/mole, re-

spectively (13, p. 193)). A possible melting point (if decomposition
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did not occur close to this temperaturesee above) for tetraethyl-

ammonium chloride might be "250 °C. ( Tetramethylamrnoniurn chlor-

ide decomposes over 230°C, tributylbenzylammonium chloride melts

at 185oC, triethylammonium chloride melts at 253oC (54, p. 463,

554, 570) and ammonium chloride sublimes at 335°C (23, p. 482)).

On the basis of the equation (41, p. 644),

f[ 1

1
(30) In NTEAC = - R T T°m. p. rn. p.

a 130°C melting point depression gives a calculated composition of

NTEAC = 0.39 as compared with the observed value (Figure 8),

NTEAC = 0.45. Similarly, a calculation made for the point at which

the miscibility gap cuts the solubility curve (from the salt rich side)

gives a calculated composition of NTEAC = 0.12 for a melting point

depression of 290°C. The value observed was NTEAC = 0.12. This

calculation serves to suggest that the tetraethylammonium chloride

rich solutions can quite reasonably be thought of as molten salt con-

taining dissolved sulfur monochloride.

Very little can be said about the detailed nature of the "molten"

salt environment. Roughly speaking, it may be thought of as an ionic

medium (perhaps involving ion pairs). In any event, it is reasonable

to assume that sulfur monochloride is capable of interacting with

either or both ions, or the ion pair, produced by "melting" the salt.
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Through such an interaction, energy could be made available for

destroying the crystal lattice. Also, continued addition of sulfur

monochloride would result in a condition in which the "solvation shell!?

of the ions is filled and direct interaction between sulfur monochloride

and the ions is considerably decreased. Eventually this "solvated"

ionic environment would become saturated with respect to sulfur

monochloride, and a second liquid phase would be formed. At this

point one may well have an essentially ionic medium, and a very low

polarity medium, almost entirely sulfur monochloride. One would

expect that sulfur monochloride (dielectric constant 4.79 at 15°C)

should be rather incompatible with polar or ionic solutes. Hence it

would become saturated with such solutes, e.R., tetraethylammonium

chloride, at relatively low concentrations of the latter.

The above discussion serves to describe a possible explanation

for the solubility and miscibility gap behavior observed in the present

system. An extension of the discussion to consideration of the tetra-

ethylammonium chloride lattice is pertinent at this time. Although

solid tetraethylammonium chloride is an ionic material, it is com-

posed of rather large ions and, consequently, is held together by

relatively weak lattice energies. This statement is supported by

the fact that the melting point (estimated above) for the salt is quite

low. The solubility of sulfur monochloride in tetraalkylammonium

chlorides is strongly affected by the size of the cation. For example,
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in contrast to tetraethylammonium chloride, the salt tetramethyl-

ammonium chloride is only slightly soluble in sulfur monochloride

and shows no tendency, up, to 100°C., to exhibit a miscibility gap.

This enhanced solubility of tetraethylammonium chloride in sulfur

monochloride is probably largely due to substitution of the larger

tetraethylammonium ion, (C2H5)4N+ (crystal radius 2.79 X (114)),

for the smaller tetramethylammonium ion, (CH 3)4N+ (crystal radius

2.43 X (114)), in the chloride salt lattice (chloride crystal radius

1.81 R (99, p. 514)). The presence of the significantly larger cation

would certainly decrease the ionic forces within the lattice and thereby

probably allow modest energies, due to solvation of the ions by sulfur

monochloride, to lead to formation of "molten" tetraethylammonium

chloride.

In summary, the point that is of importance in this discussion

is that one need not postulate molecular or ionic adduct formation in

solution to account for the observed solubility and miscibility gap

behavior in the sulfur monochloride-- tetraethylammonium chloride

system. In fact, no evidence for such adduct formation was indicated

by the present phase study, by the pressure- -composition study de-

scribed in Section III, nor by the spectrophotometric study of the

sulfur monochloride-- tetraethylammonium chloride system in ace-

tonitrile solution described in Section IV. Therefore, one must con-

clude that the above description of the system in terms of a molten
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salt--sulfur monochloride system is most reasonable at this time.

4. Conclusion

The results of the present study may be summarized as follows:

In contrast to information reported in the literature, carefully dried

tetraethylammonium chloride is moderately soluble in sulfur mono-

chloride with solutions as concentrated as approximately 3.6 M being

obtainable at 25 o
C. In addition, examination of the phase diagram

for the sulfur monochloridetetraethylammonium chloride system

(Figure 8) shows that the radiochlorine exchange work reported by

Wiggle and Norris (124), performed at concentrations, NTEAC =

= 0.004, respectively, should have yielded single0.003 and NTEAC

homogeneous liquid phases. Consequently, the very rapid exchange

observed by those authors, assuming the use of dry salt, was indeed

conducted under homogeneous conditions. Finally, although the large

solubility of tetraethylammonium chloride in sulfur monochloride and

the unusual phase behavior of this system indicate a considerable de-

gree of interaction between these components, no definite evidence

for compound formation in this system has been found in the present

study.
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III. PRESSURE COMPOSITION STUDIES OF BINARY SYSTEMS
OF SULFUR DIOXIDE, SULFUR MONOCHLORIDE OR

THIONYL CHLORIDE WITH TETRAETHYL- OR
TE TRAME THY LAMMONIUM CHLORIDE

A. Introduction

A voluminous literature has been built up over the years con-

cerning molecular and ionic complexes or adducts between Lewis ac-

ids and Lewis bases of various strengths. One phase of the present

work has involved an interest in adducts of the non-aqueous solvents

sulfur monochloride, thionyl chloride, and, for purposes of compar-

ison, sulfur dioxide. A recent review by Webster (119) and a most

useful book by Lindqvist (80) summarize a large part of the literature

dealing with adducts involving these solvents.

Such adducts were of interest in the present work because radio-

isotope exchange studies conducted in this laboratory have shown that

the rates of isotopic exchanges involving such non-aqueous solvents

as sulfur dioxide, thionyl chloride, and sulfuryl chloride are remark-

ably affected by small concentrations of ionic halides (7, 96). Simi-

lar behavior is reported in Section V of this thesis for the radiochlor-

ine exchange in the sulfur monochloride--thionyl chloride system.

Efforts to understand and explain these catalytic effects have incor-

porated assumptions of adduct formation in solution between the

halide and other species present. The existence of such solution
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species, however, has been definitely shown only for adducts with

sulfur dioxide. Recently Woodhouse and Norris (127) have studied

equilibria involving 1:1 halide ion- - sulfur dioxide species in solution,

i. e. SO
2
X . Other workers had earlier reported qualitative evidence

for such solution species (79, p. 89) as well as the existence of solid

sulfur dioxide adducts with halide salts (64). In contrast to the demon-

strated existence of halide sulfur dioxide adducts in solution, no sim-

ilar solution species have been reported between halide salts and the

compounds thionyl chloride or sulfur monochloride. Solid molecular

adducts, on the other hand, have been reported between metal chlor-

ides and both thionyl chloride, e. a. , ZrC14' SOC12 (49), and sulfur

monochloride, , CoC122S2C12 (22). Presumably, the thionyl

chloride or sulfur monochloride acts as a Lewis base in adducts of

this sort. However, no solid adducts have been reported between

alkali metal halides or tetraalkylammonium halides and the solvents

thionyl chloride and sulfur monochloride. Presumably, if such ad-

ducts existed, the thionyl chloride or sulfur monochloride molecules

would act as Lewis acids toward the halide ion bases. The demonstra-

tion of the existence of such alkali metal or tetraalkylammonium chlor-

ide adducts would be of considerable interest with regard to radio-

chlorine exchange studies between sulfur monochloride and thionyl

chloride reported in Section V of this thesis.

Discussion of a few pertinent adducts of sulfur dioxide, thionyl
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chloride, sulfur monochloride and related non-aqueous solvents will

provide a perspective for the results reported in this section. The

following summary of such adducts, between Lewis acids or bases

and the above non-aqueous solvents, as well as reported comparisons

of adduct strengths, is given to show the possible stability that one

might expect for an adduct between a tetraalkylammonium chloride

and thionyl chloride or sulfur monochloride.

Sulfur dioxide forms stable molecular adducts with Lewis bases

and Lewis acids, acting as an electron acceptor through sulfur and,

in reaction with a few strong Lewis acids, as an electron donor

through oxygen (117, p. 257). A large number of adducts have been

reported between sulfur dioxide and organic amines (9, 16). The

solid adducts (CH3)3N SO2 and C5H5N SO2, for example, have been

confirmed by pressurecomposition studies (16), and thermal analy-

sis techniques (60), respectively. The amine adducts illustrate the

Lewis acid character of sulfur dioxide.

The acceptor character is further illustrated by the fact that

sulfur dioxide forms a large number of adducts with ionic halides.

Waddington (117, p. 258) has summarized reported adducts between

the alkali metal halides or tetramethylammonium halides, and sulfur

dioxide. The 1:1 halide adducts are regarded as halosulfinates,

X-S0
2 117, p.257). Of particular interest in the present work is the

report by Jander and Mesech (64) of the solid adducts (CH3)4NC1 SO2,
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and (CH
3

)4NC1. 2502 with the respective decomposition temperatures

88
oC and 35 o

C.

In contrast to the foregoing cases, an example of sulfur dioxide

acting as a Lewis base toward a stronger Lewis acid is found in the

adduct S02 SbF5 (5). A single crystal x-ray study of this adduct has

shown that the sulfur dioxide is bonded to antimony (V) fluoride

through oxygen (92), completing octahedral coordination of the anti-

mony. It is interesting to note, however, that the adduct formed

between sulfur trioxide and antimony (V) fluoride appears to bond

in a different manner. Gillespie and Rothenbury (42) interpret fluor-

ine nuclear magnetic resonance, infrared and Raman spectroscopic

data to be indicative of the formation of the fluorosulfate, [SbF4]

[SO3F].

Thionyl chloride forms a more limited range of adducts than

sulfur dioxide. Sheldon and Tyree (108) have reported an adduct

between pyridine and thionyl chloride, 2C5H5N SOC12, which melts

at -20°C. Although the 2:1 adduct was well characterized, the au-

thors felt that at least one other weak adduct was present in the com-

position region 46-76 mole percent thionyl chloride. If a 1: 1 adduct

between thionyl chloride and pyridine does exist, it would appear to

be rather unstable. However, no solid adducts between thionyl chlor-

ide and tetraalkylammonium chloride or alkali metal chloride salts

have been reported.
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Behavior of thionyl chloride as a Lewis base can be illustrated

with the adduct SbC1
5. SOC1

2
(81). Lindqvist and Einarsson (81) stud-

ied the thionyl chloride--antimony (V) chloride system and found that

a 1:1 adduct was formed having a melting point of +6°C.

The structure of the adduct SbC1
5°

SOC1
2

has not been deter-

mined, but the structure of the presumably similar adduct SbC1
5.

SeOC12 has been reported (80, p. 74). The selenium oxychloride ad-

duct has been shown by x-ray structure determination techniques to

involve coordination through oxygen (80, p. 74), completing a dis-

torted octahedral coordination for antimony. It is also interesting to

note that the adduct 2C
5

H
5
NSe0C1

2
exhibits tetragonal pyramidal

coordination of the nitrogen, chlorine and oxygen atoms around the

central selenium atom with the nitrogens in a trans configuration and

the oxygen in an apical position, as demonstrated by x-ray studies

(82). It is possible that the related adduct 2C5H5NSOC12 possesses

a similar structure.

In contrast to the case of thionyl chloride, selenium oxychlor-

ide has been reported to form a number of adducts with tetraalkyl-

ammonium chlorides. Agerman et al. (2), have reported the follow-

ing adducts as determined by thermal analysis techniques: (CH
3

)
4

NC1

5SeOC12, m. p. +45-47°C; (CH
3

)
4

NC1. 3Se0C1
2

(CH
3

)
4

NCI.. 2Se°C12' '

(C
2

H
5

)
4

NCI* 5Se0C12' m. p. +11-12°C. These authors did not inves-

tigate these systems in the concentration range where the 1:1 adducts
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would be seen.

Although one might, on the basis of structures, expect sulfur

monochloride to be a weaker Lewis acid than thionyl chloride, the

former appears to interact more strongly with aromatic organic

amines. For example, sulfur monochloride forms a stable pyridine

adduct, C
5
H51\1 S2C12' which is a reddish yellow, crystalline solid,

as well as an a -picoline adduct, C6H7N2S2C12, a dark liquid (22).

Both adducts are stable at room temperature, in contrast to the rela-

tively low stability species 2C5H51\1 SOC12 and the questionable spe-

cies C5H 5N SOC1
2

found by Sheldon and Tyree (108). Despite the

foregoing observations, nevertheless, no adducts between tetraalkyl-

ammonium chlorides and sulfur monochloride have been reported,

as has been previously mentioned. However, it is to be noted that

Terrey and Spong (115) did tentatively report the complex 4HC1 S2C12,

which melts incongruently and is only partially miscible with its com-

ponents below -56°C.

With regard to the possibility of adduct formation between sulfur

monochloride and Lewis acids, Fortunatov, Kublanovskii and Biryuk

(37) found that antimony(V) chloride reacts oxidatively with sulfur

monochloride, causing a mixture of the adducts SbC1
5°

SC12 and

SbC15 SC14 to precipitate. However, a large number of alkaline

earth and transition metal dichlorides form solid adducts with sulfur

monochloride (22). Thus, presumably, sulfur monochloride, as well
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as the other non-aqueous solvents discussed, can act both as a Lewis

acid and as a Lewis base.

The examples cited above indicate that the solvents sulfur diox-

ide, thionyl chloride, selenium oxychloride, and sulfur monochloride

can act both as electron pair acceptors or donors, presumably depend-

ing on the relative acid or base strength of the second component.

Studies of relative donor strengths in solution by calorimetric tech-

niques with antimony(V) chloride as reference acceptor have been

reported by Lindqvist and Zackrisson (83). The decreasing order of

donor strength was found to be Se0C12 > SOC12, for two of the com-

pounds of interest in this discussion. A more quantitative calori-

metric study by Gutmann, Steininger and Wychera (51) showed that

the difference in donor strength is large for these two compounds,

with the enthalpy of formation of the adduct in solution being -0.4 kcal/

mole for thionyl chloride and -12.2 kcal/mole for selenium oxychlor-

ide, using antimony(V) chloride as reference acid. These authors al-

so showed that the relative order of donor strength was independent

of the nature of the acceptor for the acids antimony(V) chloride, io-

dine, and phenol.

In spite of the above donor strength studies, the well known

acidic character of sulfur dioxide and the electronic structures of

the molecules might lead one to postulate the following order of

decreasing acceptor or Lewis acid character: SO2 > Se0C12 > SOC12.
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Thus, thionyl chloride and selenium oxychloride presumably normally

act as Lewis bases by electron donation through oxygen (26, p. 555).

However, their behavior as Lewis acids depends on the relative elec-

trophilic nature of the sulfur or selenium atoms in the molecule, con-

trolled, at least to some degree, by the availability of vacant 3d or

4d orbitals (26, p. 555), respectively. One would expect the 4d orbi-

tals of selenium to be more available energetically, than the sulfur

3d orbitals, for use by a Lewis base. Thus, selenium oxychloride

would be expected to be both a stronger Lewis acid, and, on the

basis of polarity considerations, a stronger Lewis base than thionyl

chloride. However, the large difference in basic properties of the

two molecules may not be mirrored in their acidic properties. Thus

thionyl chloride might well be a sufficiently strong Lewis acid to form

halide adducts, as does selenium oxychloride, even though none have

so far been reported. The relative acidic strength of sulfur mono-

chloride is not clear. Although this molecule, as an acid, appears

to form more stable adducts with the base pyridine than does thionyl

chloride, one would not expect it to be a stronger acid from consider-

ation of its electronic structure. In contrast to the relatively polar

molecule SOG12' each sulfur in sulfur monochloride possesses two

nonbonding electron pairs and only a single electronegative group.

Thus, for the solvents considered in this study, the following approx-

imate order of decreasing acceptor character would seem reasonable:
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SO2 > Se0C12 > SOC12,- S2C12.

As discussed above, in view of the existence of tetraalkylam-

monium chloride adducts with selenium oxychloride and sulfur diox-

ide, one might expect similar adducts to be possible with thionyl

chloride. The above discussion, however, indicates that it is not

at all clear whether such adducts should be found for sulfur mono-

chloride. The present section of this thesis describes pressure- -

composition studies conducted on binary systems of sulfur dioxide,

sulfur monochloride or thionyl chloride with tetraethyl--or tetra-

methylammonium chloride. This brief investigation was undertaken

to complement efforts to characterize adducts, both as solids and as

solution species, that are described in Sections II and IV of this the-

sis.

B. Experimental

1. Introduction to the Pressure--Composition Technique

The binary systems composed of the volatile compounds sulfur

dioxide, sulfur monochloride or thionyl chloride and the nonvolatile

salts tetraethylammoniurn or tetramethylammonium chloride were

studied by determining the variation of vapor pressure of the volatile

component as a function of the composition of the system. To illus-

trate the pressure -- composition technique, consider a sample of
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tetramethylammonium chloride in an evacuated container. Addition

of a relatively small amount of sulfur dioxide will result in formation

of a corresponding amount of the 1:1 adduct (CH3)4NC1. SO2, reported

by Jander and Mesech (64) (and confirmed in the present work). The

resultant vapor pressure will be the characteristic dissociation pres-

sure of the 1:1 adduct at the temperature of the system. At this

point, the two component system contains three phases, solid

(CH3)4NC1; solid 1:1 adduct, and sulfur dioxide vapor. Gibbs' phase

rule indicates that the system is univariant under the three phase

condition. Consequently, if one maintains constant temperature and

adds additional small increments of sulfur dioxide, the pressure of

the system will remain constant until the number of moles of sulfur

dioxide and salt are equal. When this 1:1 ratio is passed, a sharp

increase in pressure will result, with the new pressure character-

istic of a new adduct, e.g.. , (CH3 )4NC1. 2S02 (as found, in fact), or

of the saturated solution of the 1:1 adduct in sulfur dioxide. Either

possibility yields another univariant system. The compositions at

which pressure discontinuities occur indicate the stoichiometry of

the adduct. Determination of the dissociation pressure as a function

of temperature, in the composition region between pure salt and 1:1

adduct, allows one to calculate the enthalpy of formation of the ad-

duct. The intersection of the vapor pressuretemperature curves

for adjacent adducts determines the invariant points for the system.
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The point of intersection of the.log P versus 1/T plots occurs when

the decomposition pressures of the two adducts (or of an adduct and

the pressure of the saturated solution of salt, solvent, and adduct)

are equal. The system is then composed of four phases, two solid

adducts (or one adduct plus the saturated solution), solid salt and

vapor, and contains only two components. Thus Gibbs' phase rule

defines this intersection as an invariant point.

2. Manometer and Sample Systems

The manometer system used in this study is shown in Figure 13.

The use of a null-balance manometer to separate the reading manome-

ter from the sample was necessary because of the tendency for sulfur

monochioride and thionyl chloride to react with mercury. The sys-

tem was constructed from eight mm o. d. Pyrex glass tubing, using

four mm bore stopcocks and 18/7 outer socket joints. Each sample

was contained (see below) in a 50 ml round bottom flask equipped with

a 19/38 outer standard taper joint and closed off with an adapter con-

structed from an inner 19/38 standard taper joint, a two mm bore

stopcock and an 18/7 inner socket joint. In measurements, these

sample containers were attached below stopcocks 2 or 7. A 500 ml

round bottom flask served as a surge chamber, C, for air inlet 5.

The volume of the system from stopcock 2 to the balanced oil level

was 69.9 ml and the volume of the sample flask to the adapter
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Figure 13. Manometer system.
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stopcock was 63.8 ml. Manometer A was filled with mercury and

manometer B was filled with Halocarbon oil (see below).

3. Purification and Treatment of Materials

All materials used in this study were treated as described in

Section V.

4. Sample Preparation

Since all materials were moisture sensitive, all handling was

conducted in closed vessels, on the vacuum line, or in a glove bag

that had been thoroughly purged with nitrogen generated from liquid

nitrogen (see Section IV). Nitrogen gas generated from the liquid

contained less than 0.1 ppm water, as shown by the lack of water

condensed in passing the gas slowly through a liquid nitrogen cooled

trap. Standard vacuum line techniques were used, and the vacuum

line design is described in Section V of this thesis.

The general technique used in this study involved measuring

the vapor pressure of a solvent/salt system as a function of its com-

position. The mixture was prepared by weighing a dried sample of

the appropriate salt in a tared 50 ml round bottom flask closed with

the stopcock adapter described above. The salt was subsequently

redried on the vacuum line by heating at 120°C under high vacuum

for 12 to 24 hours. Salt sample sizes were on the order of 30-80
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mmoles. The desired quantity of solvent, sulfur monochloride, thi-

onyl chloride or sulfur dioxide, was dosed into the sample flask by

cooling the latter with liquid nitrogen. The amount dosed was meas-

ured approximately by use of dosers of calibrated volumes with the

solvent either in the liquid phase or, at a measured pressure, in the

gas phase. During the course of the determination of a pressure- -

composition isotherm, increments of solvent were either added or

removed to gradually change the overall sample composition. Solvent

was removed, when desired, by pumping. The amounts removed were

roughly estimated by pumping time. The amount of solvent present

before each measurement was finally established by reweighing the

sample flask plus adapter; the sample compositions were determined

from the weight data for the two components. From these weight data,

compositions in terms of mole ratios were determined. These are

then the data recorded hereafter in this thesis.

5. Temperature Control

Temperatures above 0°C were obtained through the use of a

water bath (in which the sample bulbs were to be immersed) con-

structed from a four liter, wide mouth Dewar. The control unit was

a Bronwill constant temperature circulator, produced by Bronwill

Scientific, Incorporated, Rochester, New York. The unit included

a mercury thermoregulator with an electronic relay which allowed
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temperature control of the bath to ±0. 1oC. The adjustment of tern-

perature with the mercury thermoregulator involved rotation of a

long screw to which was attached a wire probe, forming one electrode

for the regulator. A mercury column formed the second contact. It

was found that desired temperatures could be reset with very little

trial and error adjustment. For temperatures below ambient, it

was necessary to install a simple cooling coil constructed from a

six foot length of 1/4 inch o. d. aluminum tubing, through which tap

water was passed. The water flow was maintained at a constant

pressure through the use of a simple constant head device. This

device, placed approximately two feet above the cooling coil, con-

sisted of a reservoir with a large capacity overflow tube to maintain

a constant four inch water level. The output to the cooling coil was

of lesser diameter, 1/4 inch, and was located at the bottom of the

reservoir. Bath temperatures below 15°C required preliminary

passage of the coolant water through a second coil immersed in an

ice bath.

Temperatures at and below 0°C were controlled by the use of

slush baths composed of solvents whose freezing points were in the

temperature regions desired. One liter Dewars were used to contain

and thermally insulate the slushes. The following list describes the

solvent and nominal slush temperature, respectively, of the baths

used: water, 0. 0oC; carbon tetrachloride, -23. 2oC; chlorobenzene,
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- 45.0°C; and chloroform, -63. 5 °C. Temperatures were measured

from 0 °C to +55 °C with a thermometer, graduated in 0. 1 ° iC ncre-

ments, that had been calibrated against an N. B. S. calibrated ther-

mometer throughout the range used. An alcohol thermometer,

marked in 1°C increments and readable to ±0. 2 °C, was used to

measure temperatures below 0°C and was calibrated against an

ammonia vapor pressure thermometer. The slush bath tempera-

tures were constant to ±0. 2 °C.

6. Vapor Pressure Measurement

The systems studied gave great difficulty in attainment of equi-

librium. The sulfur dioxide studies were particularly troublesome

in this regard. As a consequence, due caution was observed in as-

suring, insofar as possible, that pressure measurements were made

under equilibrium conditions.

The process of measuring the vapor pressure of a particular

mixture involved several steps. The reader is referred to Figure 13

for an illustration of the manometer system. Manometer A was

filled with mercury and the null manometer B was filled with Halo-

carbon oil, series 10-25, obtained from Halocarbon Products Corpo-

ration, 82 Burlews Court, Hackensack, New Jersey. Thionyl chlor-

ide or sulfur monochloride samples were always attached to the

manometer system via socket joint 2. Sulfur dioxide samples were



101

attached either at socket joint 2 or 7. Consequently, thionyl chloride

or sulfur monochloride was always separated from the mercury

manometer by the Halocarbon oil null manometer. The sample

bulb was immersed in the constant temperature bath described above.

In measurements involving the null manometer (where samples

were attached at joint 2), the process of measuring the pressure in-

volved carefully balancing the pressure from the sample by admitting

air to the right side of A and the left side of B with stopcock 5, which

opened to the atmosphere (through a bleeding capillary). When a

balanced or nearly balanced pressure was obtained on manometer B,

the mercury and oil levels were carefully measured by comparison

to fixed meter rules graduated in one mm units. Readings could be

made to *0.2 mm. Since it was extremely difficult to obtain a true

null balance, the density of the oil was determined (by averaging the

weights per volume of a series of increasing volumes), and a conver-

sion factor was calculated to relate mm oil to mm mercury. Thus

an imbalance in the oil manometer could be added to or subtracted

from the mercury reading. Pressures reported to 0.01 mm were

read with the oil manometer only. Readings with both oil and mercury

manometers or mercury only were reported to 0.1 mm.

The pressure for each combination of temperature and composi-

tion was tested for attainment of equilibrium by two methods. First,

a lack of change of pressure over periods ranging from several hours
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to days was a criterion for equilibrium. Second, duplicate pressure

readings were made both by absorption and desorption of the solvent.

Absorption was conducted by heating the sample 20-30°C above the

temperature of interest and subsequently again cooling the sample

to that temperature and comparing the final pressure after several

minutes, or hours, with the reading for the desorptive process. The

desorption was achieved by evacuating the region between the sample

adapter stopcock and the oil level at the null position, a volume of

approximately 71 ml, and allowing the volatile component of the

sample to expand into this volume. The pressures for the two proc-

esses usually were within ±0. 5 mm Hg of each other. The desorptive

technique did not change the sample composition significantly when

pressures less than 100 mm Hg were involved. Additional weighings

of the sample system were made after the desorptive process when

pressures were above 100 mm Hg. A supplementary technique for

testing attainment of equilibrium in P-C plateau regions involved

distilling additional small increments of solvent onto or from the

sample. The reproducibility in plateau regions for all of these meth-

ods was approximately ±0. 5 mm Hg in most cases. When a point of

discontinuity was approached in the pressure--composition plot, i. e.,

a point where a change of solvent salt ratio occurs in any adduct pres-

ent, equilibrium was often very difficult to attain, particularly in the

sulfur dioxide systems. It was found that varying sample composition



103

by starting with excess solvent and removing it in increments gave

adequate reproducibility in the concentration region having a solvent

mole ratio greater than one. However, very poor attainment of equi-

librium was observed, especially where adduct formation occurred,

in the concentration region having a solvent mole ratio of less than

one. Fortunately the reverse procedure, adding solvent in small

increments to finely powdered salt, gave much better results and,

consequently, the latter procedure was used in most cases. Log P

versus 1/T plots were quite linear, suggesting that equilibrium had

been closely approached in all cases. The experimental pressures

recorded in the results (Tables 7-11) represent averages of figures

obtained by the foregoing procedure.

7. Calculation of the Enthalpy of Dissociation of Adducts

The variation of the dissociation vapor pressure of an adduct,

2: g. , (C2 H5 )4NC1. SOC12'

(31) (C2 H5 )4NC1- SOC12(
s) ( C2 H5 )4NC1(

s )
+ SOC12

(g)

with temperature is described by the Clausius-Clapeyron equation.

(32)
1°g1OP 2.303RT C

It should be noted that this equation is for the case in which one mole

of vapor results from dissociation of one mole of the adduct. In the
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present work, the molar enthalpy of dissociation, Hd' for the adduct

was determined by plotting log10P as a function of the reciprocal of

the absolute temperature. Multiplication of the slope of this plot by

-2. 303R gave oHd,. The molar enthalpy of formation, AFIr is simply

Hd.

8. Preparation and Analysis of C H ) NCI.° SOC1
2

and 2(C2H5)4NC1. SO2

After determination of the pressurecomposition isotherms

for the thionyl chloride-- tetraethylammonium chloride system, ex-

cess thionyl chloride was distilled onto the salt. The mixture was

heated and stirred until a homogeneous liquid phase (greenish yellow)

was obtained, cooled again to room temperature and the excess thi-

onyl chloride pumped off until a sharp drop in pressure was observed.

The resultant pale greenish yellow solid was analyzed for total sulfur

and total chlorine as described in Section II. B.4. The analysis re-

sults are summarized in Table 13, and are given below.

Found, sample (1): %S, 11. 82; %C1, 37.50

sample (2): %S, 11.83; %Cl, 37.49

average: %S, 11.83; %Cl, 37.50

Calcd. for (C2H5)4NC1. SOC12: %S, 11.26; %Cl, 37.36

( C
2

H
5)4NC1: %C1, 21.40



105

An additional preparation of the adduct was conducted by crystal-

lizing the solid from a hot, initially homogeneous solution of thionyl

chloride and tetraethylammonium chloride by cooling to room tem-

perature. Eastman white label tetraethylammonium chloride, 28 g,

was placed in a 100 ml round bottom flask equipped with a 24/40 inner

standard taper joint and the flask was attached to the vacuum line via

a stopcock adapter. The salt was dried by heating at 120 °C for ten

hours under high vacuum. M. C. B. reagent grade thionyl chloride that

had been purified by repeated vacuum fractionation, 43 ml, was dis-

tilled onto the dried salt. The mixture was warmed to 30°C, and a

green-yellow homogeneous solution was formed. The solution was

stirred and a portion of the thionyl chloride removed by distillation

(at 30oC) until solid crystals began to separate from the solution.

The distillate was colorless. The saturated solution was cooled to

room temperature and the solid was suction filtered in a glove bag

that had been purged with dry nitrogen. The crystals obtained were

pale green-yellow, and the filtrate was a similar, more intense color.

The solid obtained was then recrystallized twice more from thionyl

chloride in the same manner. There was no change in color of the

crystals or the filtrate from the repeated recrystallization. The

same pale green-yellow solution was obtained after three recrystal-

lizations. The final crystalline, pale green-yellow solid was analyzed

for total sulfur and total chloride with the method described in Section
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II. It should be noted that all work was conducted in a dry environ-

ment (glove bag or vacuum system) until the hydrolysis step of the

analysis. No effort was made to wash the crystalline product with

another solvent due to possible removal (or replacement) of thionyl

chloride from the adduct. The analysis results are shown below:

Found, sample (1): %S, 13.53; %Cl, 40.03

sample (2): %S, 11.69; %Cl, 38.80

average: %S, 12.61; %Cl, 39.42

Calcd. for (C2H5)4NC1SOC12: %S, 11.26; %Cl, 37.36

(C
2

H
5

) 4
NC1: %Cl, 21.40

The adduct 2(C
2

H
5

)
4
NCI. SO2 was prepared in the same manner

as first described above. A mixture of sulfur dioxide and tetraethyl -

ammonium chloride was treated by pumping off the excess sulfur

dioxide until a pressure drop was noted in the vicinity of the solvent

to salt mole ratio 0.5. The resultant material was handled and ana-

lyzed using the above mentioned techniques. The analysis results

are described below:

Found, sample (1): %S, 7.-00; %Cl, 18.23

sample (2): %S, 7.20; %Cl, 18.21

average: %S, 7. 10; %Cl, 18.22

Calcd. for 2( C2H5 )4NC1- SO2: %S, 8.11; cYcC1, 17.93

(C2H5)4NC1: %Cl, 21.40
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9. Melting Point Determinations

Melting points of adducts were obtained by first preparing the

adduct using vacuum line techniques as described above for (C
2

H5)4

NCI. SOC1 2.
A solvent - - salt mixture was treated by pumping at 25 oC

until the required pressure drop was noted. The resultant adduct (or

mixture) was transferred in a closed, round bottom flask (see Sample

Preparation section) to a glove bag containing a dry nitrogen atmos-

phere. A small quantity of the desired adduct was placed in a small

capillary melting point tube that had been sealed at one end. The

open end of the tube was then plugged with Halocarbon stopcock

grease (for protection from moist air) and removed from the glove

bag. The melting point tubes were subsequently rapidly sealed in

an oxygen flame to insure protection from moisture. Melting points

were obtained by suspending a sealed sample tube next to the bulb

of a calibrated thermometer which was immersed in a mineral oil

bath. The bath was vigorously stirred and was heated with a bunsen

burner. Melting points were taken at least three times for each

sample (three tubes).
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Table 7. Pressure--composition isotherm data for the system, thionyl chloride-tetraethylammonium
chloride.

Experiment Temperature Mole ratio Pressure Phase(a)
no. solvent/salt mm Hg

IV-47 50.0 0.23441 16.5 solid
0.24689 17.1 solid
0.52301 16.7 solid
0.53312 17.2 solid
0.84635 17.6 solid
0.87841 18.2 solid
1.1982 69.0 sol. /liq.
1.8609 70.8 sol. / lig.

IV-48 40.0 0.29054 6.5 solid
0.30561 7.8 solid
0.51107 6.9 solid
0.52821 8.5 solid
0.79925 7.2 solid
0.81544 9.3 solid
1.1061 61.4 sol. / lig.

IV-44 30.0 0.0112 3.6 solid
0.14885 3.6 solid
0.37554 3.2 solid
0.38880 4.1 solid
0.64930 2.8 solid
0.67729 4.9 solid
0.90376 3.4 solid
0.95808 4.2 solid
1.0322 47.3 solid
1.3855 49.6 sol. /liq.
1.5380 48.8 sol. / liq.
1.7289 48.8 sol. /liq.
2.0005 48.9 sol. / lig.
2.2868 49,2 sol. /liq.

IV-39 0.0 0.30999 0.44 solid
0.57590 0.18 solid
0.57590 0.04 solid
0.93219 0.46 solid
0.99349 7.98 solid
0.99776 12.63 solid
1.1224 13,.81 sol. /liq.
1.1726 12.87 sol. / liq.
1.3916 13.87 sol. /liq.
1.6792 13.99 sol. / liq.
1.7295 14.00 sol. /liq.
2.2227 14.00 sol. / lig.
2.6765 13.93 sol. / lig.
3.5533 14.04 sol. / lig.
4.2175 14.5 liquid
8.0417 24.8 liquid

(a) The phase states recorded are only intended to indicate whether a particular sample appeared to
be solid, a solid--liquid mixture, or a solution.
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Table 8. Pressure- -composition isotherm data for the system, thionyl chloride-tetramethylammon-
Wm chloride.

Experiment
no.

Temgerature
C

Mole ratio
solvent/salt

Pressure
mm Hg

Phase( a)

IV-58 25.0 0.40688 87.8 solid
0,57763 88.5 solid
0.86093 86.7 solid
0.97734 88.9 solid
1.0492 90.3 solid
1.3984 87.7 solid
1.9039 88.1 solid
1.9949 99.5 solid
2,4726 98.1 sol. / lig.
4.3739 100.0 sol. / liq.
8,2730 100.7 sol. / lig.

10,325 99.8 sol. / lig.
IV -65 20.0 0.15242 63.6 solid

0.32650 63.3 solid
IV-62 0,0 0,14441 14.9 solid

0,24997 15.9 solid
0.37393 16.5 solid
0,47090 14.0 solid
0.48393 32.1 solid
0.56914 30,9 solid
0.82659 32.8 solid
0.96214 32.4 solid
0,97929 32.9 solid
1.0248 32.0 solid
1.0996 31.6 solid
1.3086 31.6 solid
1.5026 31.4 solid
1.9282 31.3 sol. / liq.
2.1011 30.7 sol. / liq.
2.3802 31.7 sol. / liq.

IV-65 - 23.2 0.15242 1.84 solid
0.32650 2.23 solid
1.0996 8.8 solid
1.3086 9,3 solid
1.5026 9.0 solid
1.9282 8.8 solid
2.1011 8.4 solid
2,3802 8.5 solid

(a) The phase states recorded are only intended to indicate whether a particular sample appeared to
be a solid, a solid--liquid mixture, or a solution.
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Table 9. Pressure- -composition isotherm data for the system, sulfur dioxide--tetraethylammonium
chloride.

Experiment Temperature Mole ratio Pressure Phase(a)
no. oC solvent/salt mm Hg

IV-70 +55.0 0,1815 6.66 solid
0.3721 6,66 solid

IV-70 -45.0 0,1815 3.86 solid
0,3721 3.86 solid

IV-70 -BO. 0 0,1815 1.84 solid
0.3721 1.66 solid

IV-52 20.0 0.57640 1.4 sol. /liq.
0.84338 9.1 sol. / lig.
0.84593 1.1 sol. /liq.
0.86469 9.3 sol. /liq.
0.94956 9.5 sol. /liq.
1.1246 9.3 sol. /liq.
1.2915 17.2 liquid
1.7753 78.6 liquid

IV-60 13,0 0.2883 0.5 solid
0.45163 1.0 solid
0,48983 0.5 solid
0.49383 0.6 solid
0,50330 1.3 solid
0,50772 0.5 solid
0,55868 4.3 solid
0.58690 4.5 solid
0.84500 6.5 sol. /liq.
0.91301 6,6 sol. / lig.
0,98748 10.9 sol. /liq.
1.0590 9.3 sol. / liq.
1.2719 10.7 sol. /liq.
1.6859 43.9 liquid
2.0432 100.1 liquid

IV-54 0,0 0.2516 0.59 solid
0.38022 1.56 solid
0.52690 1.92 solid
0.67147 1.77 solid
0.84013 2.43 solid
0,84355 3.92 solid
1.0088 2.6 solid
1.0105 7.3 solid
1.0753 10,9 solid
1.1442 13.0 sol. /liq.
1.2325 12,4 sol. / liq.
1.3517 10.2 sol. / liq.



Table 9. Continued.

1 1

Experiment
no.

Temperature Mole Ratio
solvent/salt

Pressure
mm Hg

Phase(a)

IV-54 0.0 1.3578 10.9 sol. /liq.
1.4212 13.1 sol. /liq.
1. 6518 17.5 liquid
1.8321 31.2 liquid
1.9946 45. 2 liquid
2, 2267 70. 2 liquid
2, 7971 152.4 liquid

IV -67 0, 0 3.54373 293.6 liquid

IV-67 -23.2 1.0590 3.39 solid
1.2719 5.61 solid
1.2719 5.29 solid
1.6859 10.85 solid
1.8851 13.5 solid
2.0432 13.2 sol. / lig.
2.3933 21.8 liquid
3.5437 155.5 liquid

IV-67 -45.0 1.8851 5.95 solid
2, 0432 6.9 solid
2, 3933 14.3 sol. /lig.
3.5437 74.8 sol. /lig.

IV-67 -63.2 1.8851 0.77 solid
2.0432 0.57 solid
2.3933 0. 67 solid
3.5437 20.1 solid

1

(a) The phase states recorded are only intended to indicate whether a particular sample appeared to
be a solid, a solid--liquid mixture, or a solution.
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Table 10. Pressure--composition isotherm data for the system, sulfur dioxide-tetramethyl-
ammonium chloride.

Experiment Temperature Mole ratio Pressure Phase( a)
no. C solvent/salt mm Hg

IV -68 . -+45.0 0,1744 55.4 solid
0,29774 55.7 solid
0.72507 55.0 solid

IV-68 +35.0 0.1744 34.0 solid
0,29774 32.4 solid
0,72507 32.5 solid

IV-68 +20.0 0.1744 14.9 solid
0.29774 14.1 solid
0,72507 13.5 solid
0,97906 13.8 solid
0.98815 502.4 solid
1.0176 619.7 solid
1.1480 609.4 solid
1.6151 6*2-.-3 solid
2.5210 633.3 sol. /liq.

IV-68 0.0 0.1744 4.29 solid
0.29774 4.43 solid
0.72507 4.70 solid
1.1872 147.3 solid
1.6356 146.4 solid
1.9510 146.2 solid
1.9720 148.7 solid
2.0011 270.1 solid
2.0942 445.0 solid
2.5872 446.6 sol. /liq.

IV -68 -23.2 0.1744 0,92 solid
0.29774 1.07 solid
0.72507 1.20 solid
1.1872 21.7 solid
1.6356 24.8 solid
2.0942 194.0 solid
2.5872 191.9 sol. / li q.

IV-68 -45.0 2.0942 63.3 solid
2.5007 59.7 solid

IV-68 -64.4 2.0942 3.0 solid
2.5007 18.1 solid

(a) The phase states recorded are only intended to indicate whether a particular sample appeared
to be a solid, a solid--liquid mixture, or a solution.



Table 11. Pressure--composition isotherm data for the system, sulfur monochloride--
tetraethylammonium chloride.

Experiment Temperature Mole ratio Pressure Phase(a)
no.

oC
solvent/salt mm Hg

IV-51 +30.0 0,04892 10.50 solid
0.24106 11.2 solid
0.31866 11.35 sol. /liq.
0.58793 11.48 sol. /li q.
0.82847 11.60 sol. /liq.
1.0768 11.74 sol. /liq.
1.5707 11,85 sol. /liq.
3.1188 10.08 sol. /liq.
3.3150 10.37 liquid

IV-51 +30.0 Neat S2C12 12.1

IV-51 +20.5 Neat S
2

C12 7.2

113

(a) The phase states recorded are only intended to indicate whether a particular sample appeared
to be solid, a solid--liquid mixture, or a solution.
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Table 12. Summary of pressure -- temperature data for thionyl chloride and sulfur dioxide systems.

Experiment
no.

System( a) Mole ratio
region

Pressure(b)
mm Hg °

Temperature
T. C (1/T)x103 °K-1

IV-39 SOC1 -Et 0-1 0.24 0.0 3.660
4NC12

1-4 13.89 0.0 3.660

IV-44 SOC12- Et4NC1 0-1 3.7 ao. 0 3.298
1-4 48.8 430.0 3.298

IV-48 SOC1
2
-Et NCI 0-1 7.7 -40.0 3.192

4
61.4 -40.0 3.192

IV -47 SOC1
2
-Et

4
NC1 0-1 17.2 450.0 3.094

1-4 69.9 +50.0 3.094

IV-58 SOC12- Me4NC1 0-0.5 +25.0 3.353
0,$ -4 99.6 +25.0 3.353

1V-65 SOC1
2
-Me NC1 0-0.5 63.5 420.0 3.410

4 0.5-4 420.0 3.410

1V-62 SOC1
2
-Me 0-0.5 15.3 0.0 3.660

4NC1
0.5-4 31.8 0.0 3.660

IV-65 SOC1 -Me NCI 0-0.5 2.0 -23.2 4.000
2 4 0.5-4 8.8 -23.2 4.000

IV-70 SO -Et 0-0.5 6.66 455.0 3.046
4NC12 0-0.5 3.86 -45.0 3.142

0-0.5 1.75 430.0 3.298

IV-52 502 -Et 0-0.5 1.43 420.0 3.410
4NC1 0,5-1 9.3 +20.0 3.410

IV-60 S02-Et 0-0.5 0.73 +13.0 3.494
4NCI 0.5-1 5.5 +13.0 3.494

IV -54 SO
2
-Et 0-0.5 1.08 0.0 3.660

4NC1 0.5-1 2.11 0.0 3.660

IV-68 SO -Me
4

NC1 0-1 55.4 -45.0 3.142
2

33.0 -135.0 3.244
14.2 420.0 3.410
4.5 0.0 3.660
1.06 -23.2 4.000
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Table 12. Continued..

Experiment Mole ratio Pressure(b) Temperature
no.

System(a)
region mm Hg T, °C (1/T)x103°K1

IV-68 SO
2 -Me 4NC1 1-2 613.8 420.0 3.410

147.2 0.0 3.660
23.2 -23.2 4.000

(a) Tetraethylammonium chloride, Et4NC1. Tetramethylammonium chloride, Me4NC1

(b) The pressures shown are averages of values observed in the solvent/salt mole ratio range
indicated.
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Table 13. Summary of results for pressure--composition study of thionyl chloride and sulfur dioxide systems.

Adduct - Hf(h)

kcal/mole
Melting point,

°C

(d)
Decomposition
Temp., °C

Analysis

(C
2
H

5
)
4

NCI' SOC1
2

(b) 14.910.2 62.61 0. 2(g) (116)(f)

93(e)

Calc: %S, 11.26;
%Cl, 37.36.

Found: %S, 11.83;
%Cl, 37.50.

2(CH
3) 4

NCI SOC1
2

(b) 11.710.2 (25-35)-7(a) (66)(f)

28(e)
(C

2
H

5
)
4

NC1 SO
2

(b)
(10-15)-59(a)

2(C
2
H )

4
NCI SO2 9.20 ±0.79 (60-70)-160(a) (223)(f) Calc: %S, 8.11;

%Cl, 17.93.
Found: %S, 7.10;

%Cl, 18. 22.

(CH
3

)
4

NCI SO2 9. 1 6± 0.21 119

11.1c 88(c)

(CH
3

)
4
NC1 2S02 11.0±0.2 (10-15)-?(a) 24

10.6c 35(c)

(a) Incongruent melting point. Figures in parentheses show approximate onset of melting. Final figure is for final disappearance of all solid.
(b) Not previously reported.
(c) Reported by Jander and Mesech (64).
(d) The decomposition temperature is that temperature at which the pressure of the volatile component above the adduct is one atmosphere. In

this work, the decompostion temperature was obtained by extrapolation of log P versus 1/T data.
(e) Temperature at which the log P versus 1/T plots for the adduct and the saturated solution intersect. This temperature represents a limit of

stability for the adduct.
(f) Adduct decomposes before the extrapolated decomposition temperature (one atmosphere) is reached.
(g) The error indicated is the standard deviation of the experimentally observed melting points.
(h) The error indicated is the calculated standard deviation obtained from a least squares treatment of the log P versus 1/T data.
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C. Results and Discussion

1. The System, Thionyl Chloride-- Tetraethylamm.onium Chloride

The data for this system are shown in Table 7 ; selected pres-

sure--composition isotherms and plots of the temperature dependence

of the pressure are diagrammed. in Figures 14 and 15, respectively.

Figure 14 shows a definite break in the pressure composition

plot at a solvent to salt mole ratio of one, corresponding to a molecu-

lar adduct having the formula (C2H5)4NC1SOC12. The relative linear-

ity of the log P versus 1/T data (Figure 15) in the solvent/ salt mole

ratid regions 0-1 and 1-4, and the fact that the slopes of these plots

are not equal, suggest the existence of equilibrium conditions and

are strongly indicative that this is a true addition compound. The

data in the 1-4 solvent mole ratio region is taken to correspond to

a saturated solution. The pale, greenish yellow crystalline adduct

was prepared by two methods. The first preparation involved removal

of excess solvent (by pumping) from a solvent-- salt mixture until a

pressure drop occurred. The second method involved crystallization

of the adduct from solution. Analysis of the solid obtained from both

preparations confirmed the 1:1 mole ratio for the adduct. Samples of

the adduct prepared by the first method gave a congruent melting point

of 62. 6 ± 0. 2°C. Existence of a sharp melting point is additional
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indication that the 1:1 material obtained was a true molecular adduct.

The enthalpy of formation of the adduct, calculated from the tempera-

ture dependence of the pressure, is AHf = -14.9 ± 0.2 kcal/mole.

Although the enthalpy of formation must be used with caution in

estimating relative stability of adducts, it is interesting that -AI-If

for the adduct (C
2

H
5

)
4

NC1 SOC1
2

appears to be approximately three

to four kcal/mole greater than for the other adducts found in this work

and described below. A more meaningful comparison of stabilities

can be made by consideration of Table 12. Comparison of the disso-

ciation pressures of the solid adducts listed in Table 12 shows that,

at 0o C, the adduct (C
2

H
5

)4
NC1' SOC12, with a dissociation pressure

of only 0.2 mm Hg, appears to be the most stable. The next adduct,

or adducts, in order of stability would seem to be (C2H5)4NC1- SO2

or the uncertain species 2(C2H5)4NC1. SO2, with respective decompo-

sition pressures of N 2 mm Hg and Iv L mm Hg( ?).

Extrapolation of the data (Figure 15) for the 1:1 adduct suggests

a "decomposition temperature" (the temperature at which the pressure

of thionyl chloride above the adduct is one atmosphere) of N 116°C.

However, the extrapolated log P versus 1/T plots for the adduct

and for the saturated solution intersect at iv 93°C, indicating that,

in fact, decomposition of the adduct, presumably into its components,

would occur at this lower temperature. It is pertinent to note that

this latter temperature occurs well above the congruent melting
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point of 62. 6°C.

The solid adduct is sensitive to moisture and undergoes hydroly-

sis in moist air. However, the adduct is stable over long periods of

time in a dry atmosphere. Addition of the adduct to water results in

rapid hydrolysis.

I. R. and U. V. -visible spectra of the thionyl chloride-- tetra-

ethylammonium chloride system were studied, both in acetonitrile

solution and, in the case of the I. R. work, with the solid as a mull.

A complete discussion of the spectrophotometric work is given in

Section IV, but the results should be briefly mentioned at this time.

A weak satellite to the main thionyl chloride band was found in the

I. R. at 1115 cm 1 for concentrated acetonitrile solutions of thionyl

chloride and tetraethylammonium chloride. No bands were observed

in the visible region, but a strong absorption was noted in the vicinity

of 293 mil for samples containing a large excess of chloride (thionyl

chloride absorbing very weakly at this wavelength).

In summary, the above observations definitely indicate the exis-

tence of a 1:1 solid adduct, (C
2

H
5

)
4

NC1. SOC1
2°

Spectrophotometric

evidence indicates that a thionyl chloride--chloride species, presum-

ably also a 1:1 complex, exists in solution. The species is undoubt-

edly highly dissociated here, since only a weakly absorbing satellite

band is found in the I. R. even at high concentrations. Pressure- -

composition isotherms show no evidence for additional adducts at
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0
o C up to the solvent/salt mole ratio of 5:1.

2. The System, Thionyl Chloride- - Tetramethylammonium Chloride

The data for this system are shown in Table 8, and the pres-

sure-- composition isotherms and temperature dependence of the

pressure plots are diagrammed in Figures 16 and 17, respectively.

Figure 16 shows a pressure versus composition break at solvent

to salt mole ratio of 0.5. The reproducibility of the data and the line-

arity of the log P versus 1/T plots indicate a reasonable approach to

equilibrium. Chemical analysis of the material at the P--C discon-

tinuity was not conducted due to-the high decomposition pressure. No

sharp melting point could be obtained for the white, crystalline ad-

duct, presumably 2(CH3)4NC1SOC12, which appeared to melt incon-

gruently, starting in the temperature region 25-35°C. The enthalpy

of formation calculated from the temperature dependence of the ad-

duct dissociation vapor pressure is AH f = -11.7 ± 0.2 kcal/mole. It

would appear, from comparison of dissociation pressures at 0°C,

that the adduct 2(CH3)4NC1SOC12( 15.3 mm Hg) is much less stable

than the related 1:1 adduct discussed above, (C2H5 )4NCL SOC12

(NO.2 mm Hg). The log P versus 1 /T plots for the composition

regions of solvent/salt mole ratio 0-0.5 and 0.5-4 are of unequal

slope and intersect at approximately 28oC, indicating, in agreement

with the observed incongruent melting point, that the adduct
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decomposes, presumably to a salt-- solvent mixture, near this tem-

perature. No evidence for additional adducts was found from the pres-

sure--composition behavior at 25 °C up to a solvent to salt mole ratio

of 10:1.

3. The System, Sulfur Dioxide - Tetraethylammonium Chloride

The data for this system are shown in Table 9, and the pres-

sure--composition 0 °C C sotherm is shown in Figure 18. The temper-

ature dependence of the pressure is shown in Figure 19 for the sol-

vent/salt mole ratio regions 0-0. 5 and 0.5-1.0.

Despite obvious reproducibility proillems in this system, the

pressure--composition isotherm at 0°C exhibits a definite break at

a 1:1 mole ratio of solvent to salt. This discontinuity indicates the

probable formation of the solid adduct, (C2H5)4NCl S02. However,

the pressure--composition data obtained in the vicinity of a 2:1 mole

ratio of sulfur dioxide to tetraethylammonium chloride show no indi-

cation for the formation of the 1:1 adduct, (C2H5)4NC1-2S02, even at

temperatures as low as -63.2o
C. This is somewhat surprising in

view of the existence of the related adduct, (CH
3

)
4
NCI-2502' reported

by Jander and Mesech (54), and confirmed in the present work. Fi-

nally, it may be noted that the 13°C data given in Table 9 indicate

a possible P--C discontinuity at a solvent/salt mole ratio of 0.5,

presumably corresponding to the possible adduct 2(C2H5)4NC1° SO2.
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The 1:1 mole ratio system, presumably an adduct, appeared to

melt incongruently. The white solid was not totally crystalline in

appearance, possessing a rather "soapy" visual character. The 1:1

system appeared to change from a solid to a fluid, solid- -liquid mix-

ture in the temperature range 10-15°C. A homogeneous liquid phase

was obtained at approximately 59°C for the I:I mixture. The high

degree of difficulty in assuring attainment of equilibrium is evident

in the irregularity of the P--C data, particularly above a 1:1 mole

ratio. The 0.5-1.0 mole ratio system also appeared to melt incongru-

ently, in the temperature range 60-70°C, yielding a single liquid phase

at 160°C. The extrapolated "decomposition temperature" is iv 223°C.

No analysis was attempted for the 1:1 adduct. However, the

possible adduct 2(C
2

H5)4
NC1' SO2' prepared by pumping off excess

sulfur dioxide until a pressure drop was observed in the vicinity of

the 0.5 mole ratio at room temperature, gave results confirming the

2:1 ratio, within a reasonable error (see Table 13).

Insufficient data were collected below 13°C (due to the difficulty

of measuring low pressures accurately) to allow a meaningful estima-

tion of the enthalpy of formation of the 1:1 adduct. However, AI-If for

the possible adduct 2(C
2

H
5

)
4
NCI° SO2' was calculated to be -9. 20 ±

0.79 kcal/mole.

In summary, the above information indicates formation of a

moderately stable solid molecular adduct,, (C21-15)4NC1- SO2, in the
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sulfur dioxide-tetraethylamrnoniurn chloride system. However, the

P--C data do not so clearly support the existence of the adduct

2( C
2
H )

4
NCI. SO2' but do indicate the possible formation of such

a species.

4. The System, Sulfur Dioxide- - Tetramethylammonium Chloride

The data for this system is shown in Table 10, selected pres-

sure -- composition isotherms axe diagrammed in Figure 20 and the

temperature dependence of the pressure is shown in Figure 21.

There are two definite pressurecomposition discontinuities

shown in Figure 20, occurring at solvent to salt mole ratios of 1:1

and 2:1, presumably corresponding to the adducts (CH3)4NC1 SO2

and (CH3)4NC1. 2S02. Jander and Mesech (64) have previously re-

ported the above 1:1 and 2:1 adducts. These authors used a pressure-

composition technique similar to that incorporated in the present work.

The extrapolated "decomposition temperatures" (the tempera-

ture at which one atmosphere of sulfur dioxide exists above the ad-

duct) of the 1:1 and 2:1 adducts were found to be A119°C and fu24°C,

respectively. Jander and Mesech (64) reported the "decomposition

temperatures" 88°C and 35°C, respectively, for the 1:1 and 2:1 ad-

ducts. Presumably (it is not clear from their paper ) Jander and

Mesech reported an extrapolated decomposition temperature, at

least for the 1:1 adduct, since tetramethylammonium chloride appears
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to undergo significant decomposition in sulfur dioxide at elevated

temperatures.

The enthalpies of formation of the adducts (CH3)4NC1- SO2 and

(CH
3

)4
NC12502 were calculated from the temperature dependence

of the dissociation pressure data shown in Table 10. The calculated

values of oHf for the 1:1 and 2:1 adducts are -9. 16 *0.21 kcal/mole

and -11.0 *0.2 kcal/mole, respectively. In comparison, Jander and

Mesech (64) reported -11.1 kcal/mole and -10.6 kcal/mole for the

1:1 and 2:1 adducts, respectively. It would appear that, in the sys-

tems examined in this work, little can be said concerning the mean-

ing of small differences in apparent enthalpies of formation obtained

by studying the temperature dependence of the dissociation pressure

for the adducts. It is evident that one should make calorimetric

measurements to obtain more meaningful thermodynamic informa-

tion.

In summary, pressure--composition studies in the present

work have confirmed the existence of the molecular adducts (CH3)4

NC1' SO2
and (CH ) 4

NCI.° 2S0
2

first reported by Jander and Mesech

(64).

5. The System, Sulfur Monochloride-- Tetraethylammonium
Chloride

The data for this system are shown in Table 11 and the 30°C
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pressure--composition isotherm is diagrammed in Figure 22.

There is no evidence from the pressurecomposition data for

adduct formation in this system at 30°C. Unfortunately, lower tem-

peratures cannot be studied with this technique due to the low vapor

pressure of the solvent. The apparent drop in pressure with a large

excess of salt may be due to a non-equilibrium reading or sorption

of the sulfur monochloride on the surface of the finely divided solid.

Tetramethylammonium chloride was not studied. It was felt

that the great difference in solubilities between the tetraethyl--and

tetramethylammonium chlorides in sulfur monochloride indicated the

latter would be even less likely to form an adduct due to a lesser ap-

parent interaction with the solvent.

D. Conclusions

The results of the above pressurecomposition study are sum-

marized in Table 13. Four solid addition compounds not previously

reported have been prepared: (C2H5)4NC1 SOC12, 2(CH3)4NC1 SOC12,

( C
2

H
5)4

NC1- SO2' 2( C
2

H
5)4

NCI- SO2. However, no evidence was found

for solid adduct formation in the sulfur monochloridetetraethyl-

ammonium chloride system. Ili addition, the existence of the adducts

(CH
3

)4
NCI- SO2 and (CH

3
)
4
NCI- 2502, previously reported by Jander

and Mesech (64), has been confirmed in this work. Comparison of

the dissociation pressures of the solid adducts at 0°C suggests the
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following order of decreasing stability (with the corresponding disso-

ciation pressures in mm Hg): (C2H5)4NC1 SOC12(NO. 2), 2( C2H5)4

NC1SO
2
(ru1.08), (C

2
H

5
)
4

NCI° SO
2
(rv2.11), (CH3)4NC1 SO (4. 5),

2( CH3)4NC1. SOC12( 15.3), and ( CH3)4NC12502( 147.2).

Although the above ordering is meaningful within the limitations

of this experiment, (i. e., decomposition of the adducts to give the

volatile component as a gas) decomposition of the adducts to liquid

solutions of thionyl chloride or sulfur dioxide could result in a differ-

ent ordering. It may be of interest, therefore, to compare only ad-

ducts with like Lewis acids. The calculated AHf values as well as

the relative dissociation pressures clearly indicate that the thionyl

chloride adduct (C2H5)4NC1SOC12 is considerably more stable than

the adduct 2(CH3)4NC1SOC12. Similarly, comparison of the 0°C

dissociation pressures for the sulfur dioxide adducts suggests the

following relative order of decreasing stability (with dissociation

pressures given in parentheses in mm Hg): 2(C2H5)4NC1 SO2

(v1.08), (C2H5)4NC1. SO2(" 2.11.), (CH3)4NC1- S02( 4.5), and

(CH
3

)
4

NCI. 2S0
2

(147.2) .

Let us now consider the fact that the ordering of the adducts

may change if one considers dissociation to give a solution of the

volatile component. Because of the much greater volatility of sulfur

dioxide as compared to thionyl chloride, adducts involving the latter

will show a greater relative stability (compared to sulfur dioxide
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adducts) for decomposition to gaseous products as opposed to decom-

position to products in solution. Since this thesis is more directly

concerned with Lewis acid-base behavior in solution, it is of interest

to try to compare the relative adduct strengths for the process involv-

ing formation of the solid adduct from solid salt and a solution of the

volatile component in an inert solvent, e. g.

Kf
(33) (C2H5)4NC1(s)+SOC12(soPn) (C2H5)4NC1SOC12(s).

Assume that the partial pressure of the volatile component, e.g. ,

thionyl chloride, in the inert solvent solution is equal to the observed

dissociation pressure of the solid adduct. The formation equilibrium

constant for the above process will then be (using mole fraction solute

for concentration) Kf = 1/Nsolute. Assuming ideal solution behavior,

= P solute/Psolute , where Po is the vapor pressure of the pureNsolute

solute. Thus, Kf = Psolute/Psolute'o and the free energy for adduct

formation is AGf = -RT1n(Psolute/Psolute ). Table 14 summarizes

the calculated values of Kf and AG.f as described above. The order

of adduct stability (for the above process) with respect to decreasing

strength is: 2(C
2

H
5

)
4

NC1. SO2' ( C
2

H
5

)
4

NC1. SO2, ( C H
3

)
4

NC1. SO2'

( C2H5)4NC1- SOC12, ( CH3)4NC1. 2S02, and 2( CH3)4NC1° SOC12. Al-

though the ordering in any real solution system may be somewhat

different, the above order from calculated AGo' s serves to indicate

that the 1:1 sulfur dioxide adducts would probably be more stable in
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solution than the 1:1 thionyl chloride adduct, as might be expected.

Table 14. Solid adduct dissociation pressures, calculated adduct formation constants and free
energies of formation at 0 C.

Adduct
Dissociation

Pressure, 0 C
mm Hg

Kf
(mole fraction)

Gf
kcal/mole

(C
2

H
5) 4

NC1SOC1
2

0.24 1.68 x 102 -2.75

2(CH3)4NC1 SOC12 15.3 4.03 x 101 +0.494

2(C
2

H
5

)
4

NC1. SO2 1.08 1.11 x 103 -3.81

(C
2
H5)4 NCl SO2 2.11 5.69 x 102 -3.44

(CH3)
4

NC1 SO2 4.5 2.67 x 102 -3.03

(CH 3)4
NC1. 2S0

2
147.2 8.15 -1.14

P
o
(S02' 0

o
C) = 1200 mm Hg; P

o
(SOC1

2'
o
C) = 38 mm Hg

A comparison of considerable interest can be made between the

calculated formation constants (obtained from dissociation pressure

data) shown above and the results of Woodhouse and Norris (127)

concerning a solution complex between sulfur dioxide and tetraethyl-

ammonium chloride, SO CI. The latter species was studied in ace-

tonitrile solution spectrophotometrically. The extrapolated formation

constant for the process,

(34) SO2 (sol'n) + 1(sol'n)
2

Cl (soPn)'

as calculated from the data of Woodhouse and Norris (127), is-,5. 09 x

102 M-1 at 0oC. In comparison, the formation constant for the ideal
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process discussed above,

(35) (C
2
H5) NC1(s) + SO2 (sol'n) (C2H5) NC1502 (s)'

is calculated to be 5.69 x 102 (Table 14). In making the above com-

parison, one must be aware that the two equilibria involve certain

differences. In the former case all components of the equilibrium

are species in solution, while in the latter case both salt and adduct

are solids. The further assumption of solution ideality has been

made in the latter treatment. Despite these features, however, it

is of some interest to observe the relatively close agreement between

the two formation constant observations.

In conclusion, the above comparison of Kf values between the

present work and that of Woodhouse and Norris suggests that other

calculated solution formation constants such as the value of Kf

1.68 x 102 for the adduct (C2H5)4NC1.S0C12 may well be meaningful.

Consequently this 1:1 adduct would seem to possess a degree of stabil-

ity in solution, although it would be expected to be dissociated to a

significant extent. This matter is of particular interest in the pres-

ent context and suggests that some solution species involving a 1:1

adduct between thionyl chloride and tetraethylammonium chloride

may well be of importance in the isotopic exchange studies to be de-

scribed in Section V.
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IV. SPECTROPHOTOMETRIC OBSERVATIONS OF SYSTEMS
CONTAINING SULFUR MONOCHLORIDE, THIONYL

CHLORIDE AND TETRAETHYLAMMONIUM CHLORIDE

A. Introduction

The purpose of this section is to summarize the results of spec-

trophotometric observations of solvent--salt systems containing either

sulfur monochloride or thionyl chloride and the salt tetraethylammon-

ium chloride. Information concerning related systems, e.R., sulfur - -

sulfur monochloride, has also been collected in this section. These

observations were made in the hope that some evidence for the exis-

tence of adducts in solution, e.g., solution species such as S
2
Cl3 or

SOC13 ' could be found. Proof of the existence of such species would

be of considerable value in an understanding of the results of radio-

chlorine exchange studies between sulfur monochloride and thionyl

chloride reported in Section V of this thesis. It should be noted that

the most important objective of the present thesis was the more com-

plete elucidation of this radiochlorine exchange process. The reader

is referred to the thesis introduction (Section I) for a review of iso-

topic exchange information pertinent to the sulfur monochloride- -

thionyl chloride system.

No spectrophotometric evidence for halide adduct formation in

solution with thionyl chloride or sulfur monochloride has been
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reported, but the related sulfur dioxide--ionic halide systems do

exhibit complex formation in solution (65; 79, p 89; ,127). Recent

spectrophotornetric studies by Woodhouse and Norris (127) have shown

that the 1:1 complexes, SO2X, exhibit, in acetonitrile, increasing

stability in the order I < Br < C1< F. These authors found that

the adduct SO
2

C1 , for example, absorbs very strongly in the ultra-

violet, with a maximum molar absorptivity of 8.89 x 103 cm1M1 in

acetonitrile at 293mil and has a formation equilibrium constant of

351 ± 4 M1 at 25 o
C. Woodhouse and Norris examined the infrared

spectrum of the adduct ( CH3)4NC1. SO2 as a solid in a Nujol mull (12 7).

No band attributable to a sulfur--chlorine stretch was found down to

340 cm 1. Two bands, presumably corresponding to the sulfur diox-

ide antisymmetric and symmetric stretches, were observed by these

authors at 1305 cm-1 and 1135 cm 1, respectively. Pure sulfur diox-

ide in acetonitrile shows bands for the antisymmetric and symmetric

stretches at 1330 cm -1 and 1148 cm 1
, respectively.

With further regard to solution investigations, conductivity

studies have been made with the solvents sulfur monochloride (112)

and thionyl chloride (111), but little definitive work has been done

with respect to possible solution species in these solvents. Spandau

and Hattwig (112) postulated that the low but measurable specific

electrical conductivity of pure sulfur monochloride was due to a

small degree of self-ionization of the solvent,
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(36) S
2

C12 S
2

Cl+ + Cl

The relatively large increase in specific conductivity observed for

solutions of tetraethylammonium chloride in sulfur monochloride was

explained by postulating a degree of ionization of the salt,

(37) (C
2

H
5

) 4NC1 r (C
2

H 5)4N+ + Cl .

The sulfur monochloride was considered to be a chloride donor, but

no consideration appears to have been given to possible association

equilibria such as,

(38) S2C12 + Cl T S2C13.

Spandau and Brurineck (110, 111) similarly only considered

ionization of the solvent, thionyl chloride, and dissociation of the

salt, tetraethylammonium chloride, as shown in equations (39) and

(40).

(39) SOC12 SOC1+ + Cl

(40) (C
2

H
5

)
4

NC1 (C
2

H 5)4N+ + Cl

Lewis acids were assumed to interact with the solvent, but no associ-

ation equilibria between Lewis bases and thionyl chloride were dis-

cussed.

The following experimental observations, then, summarize ef-

forts, using spectrophotometric techniques, to obtain evidence for

association species in solution for the systems sulfur monochloride--



tetraethylammonium chloride and thionyl chloride-- tetraethylam-

monium chloride.

B. Experimental

1. Introduction

142

The primary experimental problem encountered in this study

involved exclusion of moisture. Sulfur monochloride, thionyl chlor-

ide and tetraethylammonium chloride are all sensitive to water. The

salt, (C2H5)4NC1, is extremely hygroscopic, while sulfur monochlor-

ide, S2C12, and thionyl chloride, SOC12' are readily hydrolyzed.

Acetonitrile was chosen as solvent for this study because of

the high solubility of tetraethylammonium chloride in that solvent and

because of a desire to compare results with the observations made

by Woodhouse and Norris (127) for the 1:1 adduct SO2C1. Prelimi-

nary observations showed that the ultraviolet spectra of mixtures of

either sulfur monochloride or thionyl chloride and excess tetraethyl-

ammonium chloride in acetonitrile gave an intense band at 293 m4;

the spectrum of sulfur monochloride exhibits an intense band at 262

mp, and thionyl chloride gives an absorbance maximum at 245 mp.,

with the absorbance, after a slight dip, continuing to increase toward

shorter wavelengths. The fact that the species SO
2
Cl absorbs

strongly at 293 mil (127) led to the assumption that hydrolysis was
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taking place, forming sulfur dioxide, which could then react with the

ionic chloride that was present to form the SO2C1 complex. In this

regard, it is interesting to note that solutions of either sulfur mono-

chloride or thionyl chloride alone in acetonitrile were relatively stable

over a period of several hours, even with as much as 1800 ppm water

present. However, the presence of ionic chloride, e. g. , tetraethyl-

ammonium chloride, appeared to catalyze hydrolysis, the rate of

disappearance of the characteristic thionyl chloride or sulfur mono-

chloride band being approximately proportional to the chloride con-

centration. In support of the assumption of hydrolysis, samples of

thionyl chloride containing approximately equimolar amounts of chlor-

ide ion (rather than the previous large excess) showed gradual forma-

tion, over periods of several minutes to hours, of a band of low inten-

sity at 282 mil, presumably due to sulfur dioxide. Samples of sulfur

dioxide in acetonitrile exhibited a similar band at the same wavelength.

2. Experimental Techniques used in Preliminary Observations

The band at 293 mil appeared even when considerable effort was

taken to assure the exclusion of water. The following illustrates the

techniques initially used to exclude water. The acetonitrile use in

preliminary work was dried by double distillation of M. C. B. spectro-

quality, reagent grade material from reagent grade, B.& A. phos-

phorus pentoxide. Distillations were made in an all glass standard
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taper system. The distillation setup was dried by evacuation and

flaming of the glassware with a luminous flame, followed by repeated

flushing with prepurified nitrogen. The distillation was conducted

under one atmosphere of prepurified nitrogen and the system was

vented via a drying tube containing phosphorus pentoxide hi the form

of B. & A. reagent grade Granusic. All handling of materials and

solution preparations were conducted in a plastic glove bag, dried

by repeated flushing with nitrogen generated from liquid nitrogen.

The nitrogen generator consisted of a four liter, narrow mouth Dewar

closed by a large rubber stopper. A blade heater was inserted

through the stopper and heating was controlled by means of a variac.

Nitrogen generated in this fashion, as well as the N. C. G. prepurified

tank nitrogen used on occasion, were found to contain less than 0.1

ppm3 water as demonstrated by the lack of water obtained in a -196oC

trap at low flow rates. Despite the precautions taken, the above pro-

cedure resulted in a water concentration of 15 to 30 ppm 3 in the bulk

solvent (see the following section for a discussion of the procedures

used to determine the source and amount of water present). A simi-

lar drying procedure involving distillation from calcium hydride re-

sulted in 30 to 60 ppm water in the acetonitrile; and, finally, the use

3 Throughout this thesis water content of gases or liquids given
in parts per million, ppm, are computed on a mole to mole basis.
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of Linde molecular sieve type 4A in a dynamic procedure resulted

in a limiting water concentration of approximately 50 ppm.

The maximum molar absorptivities for sulfur monochloride

and thionyl chloride are 7.76 x 103 cm-1M-1 at 262 mp., and 2.42 x

103 cm-1 M-1 at 245 Trip., respectively. In the course of the deter-

mination of the molar absorptivities it was also demonstrated (by

quantitative dilution of stock solutions of known concentration) that

Beer's law holds at these wavelengths for acetonitrile solutions of

sulfur monochloride and thionyl chloride over the concentration rang-

es studied. Because of these high absorptivities, observations in the

ultraviolet had to be conducted at low concentrations (N 1 -30 ppm),

comparable to residual water concentration in the bulk solvent. Thus,

even the use of higher concentrations and one mm cells was not suffi-

cient to decrease the relative amount of water to a level at which use-

ful measurements could be made. The work described in the Results

and Discussion section involved the use of the preliminary techniques

described above, for sulfur monochloride and thionyl chloride sys-

tems, as well as, in the case of thionyl chloride, the vacuum line

techniques described in the following sections.

3. Determination of Amount and Source of Water
Contamination in Preliminary Work

The amount of the water present in sample solutions in the
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preliminary work was determined by measuring the amount of thionyl

chloride or sulfur monochloride hydrolyzed in solutions of known con-

centration. This was done by first measuring the absorbance at 262

mil or 245 mil, (for sulfur monochloride or thionyl chloride, respec-

tively) of a solution of either solute of known concentration in acetoni-

trile (using aliquots of the stock sulfur monochloride or thionyl chlor-

ide solutions). Secondly, anotlier solution of sulfur monochloride or

thionyl chloride of somewhat higher concentration was prepared, con-

taining an approximately equimolar amount of tetraethylammonium

chloride, and the absorbance of this solution was determined at the

appropriate wavelength. The applicability of Beer's law gave a rela-

tionship between absorbance and concentration. It was found that the

absorbance decreased rapidly with time, the change being consider-

ably more rapid for thionyl chloride than for sulfur monochloride. A

plot of the log of the absorbance versus time resulted in an initial

linear portion (over a five to ten minute period in the case of thionyl

chloride) and gradually changed to a much slower rate of change of

absorbance. The difference between the calculated initial absorbance

without chloride and the absorbance with chloride after the initial rap-

id change (log A vs. t no longer linear) was taken to correspond to

the amount of thionyl chloride or sulfur monochloride hydrolyzed.

This change in absorbance thus allowed an estimate to be made of

the minimum amount of water present in the solution.
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The source of the contaminating water was determined using

thionyl chloride--chloride solutions (as described above) that had

been allowed to stand until the rate of hydrolysis was very slow, but

which still showed a thionyl chloride absorbance at 245 Mp.. Known

amounts of the relatively concentrated stock solutions of salt or thi-

onyl chloride or a large known amount of acetonitrile were added to

these solutions. Comparison of the resultant absorbances at 245 mp,

with that expected showed a large discrepancy only for the addition of

a large amount of acetonitrile. Thus the source of the water contami-

nation in the solutions was found to be the "dried" solvent. Hence it

was apparent that the solvent drying technique, rather than possibly

prior treatment methods used for the salt or the thionyl chloride,

was inadequate. As a result of this finding, the vacuum line proced-

ures described in the following section were developed.

4. Acetonitrile Drying Procedure and Preparation
of Stock Salt Solution

The optimum solvent drying technique (which led to a solvent

water concentration of roughly three ppm), and that used for the re-

sults to be reported for thionyl chloride solutions, involved the fol-

lowing procedure. M. C. B. spectroquality, reagent grade acetonitrile

was shaken with excess B. & A. reagent grade phosphorus pentoxide

in a stoppered 500 ml round bottom flask equipped with a 24/40
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standard taper joint. The flask was attached to the vacuum line

(described in Section V) and its contents were degassed (by periodic,

short-time evacuations) and allowed to stand for several hours. This

time lapse was necessary due to gel formation during the initial shak-

ing process. The gel slowly collapsed on standing, releasing the

acetonitrile and thus forming amore easily distillable system. The

bulk of the acetonitrile was then distilled onto fresh phosphorus pen-

toxide by maintaining the receiver at -23°C with a carbon tetrachlor-

ide slush bath and holding the original acetonitrile container at room

temperature with a water bath. The temperature of this water bath

was raised slightly, to perhaps A,40°C, towards the end of the distil-

lation. The receiver containing the fresh phosphorus pentoxide was

also a 500 ml round bottom flask and was charged from a freshly

opened bottle of phosphorus pentoxide in a glove bag (dry nitrogen

atmosphere) to minimize contamination with water. The flask was

then closed with a stopcock adapter and attached, via the adapter, to

the vacuum line. After the distillation was complete, the receiver

flask was closed by means of the stopcock adapter, removed from

the vacuum line and vacuum fractionated into a stopcock equipped

storage container on the vacuum line, the first and last ten percent

of the distillate being discarded. The acetonitrile was stored under

its own vapor pressure at room temperature. Prior to all distilla-

tions, the vacuum line was evacuated for at least six hours and was
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repeatedly degassed by heating with a luminous flame from an oxygen

torch.

Treatment and purification of all further materials used in the

vacuum line work are described in the radiochlorine exchange section.

Stock solutions of tetraethylammonium chloride in acetonitrile were

made on the vacuum line by vacuum distillation of dried solvent onto

weighed samples of dried salt in small volumetric flasks. The tetra-

ethylammonium chloride used had been dried by heating at 120°C

under high vacuum for 12 to 24 hours just prior to the stock solution

preparation. The flasks were equipped with stopcock adapters, and,

after the solution preparation was completed, were thus closed and

removed from the vacuum line for storage in a polyethylene glove bag.

It should be noted that Halocarbon stopcock grease or wax (see Sec-

tion II) was used to lubricate all standard taper joints and stopcocks.

This material was only slightly soluble in acetonitrile, and exhibited

no absorbance in the visible--ultraviolet region examined.

5. Ultraviolet Spectra Sample Preparation and Observation

Preliminary work using acetonitrile solutions of sulfur mono-

chloride, thionyl chloride or tetraethylammonium chloride involved

the following sample preparation techniques: Stock solutions of sulfur

monochloride and thionyl chloride were made by dissolving a known

volume of the solute (purified by vacuum fractionation and stored in
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small, sealed glass tubes) in acetonitrile (dried by distillation from

phosphorus pentoxide as described in Section B. 2) in a ten ml volu-

metric flask and diluting to a known volume. The final concentrations

were determined spectrophotometrically by absorbance measurement

at 262 mil or 245 mil. Stock solutions of tetraethylammonium chlor-

ide were made by dissolving a carefully weighed amount of the salt

(dried at 120oC under high vacuum and stored in small, sealed glass

tubes) in a known volume of acetonitrile (again dried by distillation

from phosphorus pentoxide). Experimental sample solutions were

made by quantitative dilution of aliquots of the stock solutions with

the dried acetonitrile. Aliquots of the stock solutions were measured-

with micro pipettes calibrated to deliver one to 1000 microliter vol-

umes. The spectrophotometer cells were then filled from the solu-

tions so prepared, one centimeter and one-tenth centimeter path

length standard silica cells being used. The above procedures were

all conducted in a polyethylene glove bag, containing a dry nitrogen

atmosphere. The visible and ultraviolet spectra for all samples in

this work were obtained on a Bausch and Lomb Spectronic 600 spec-

trophotometer with readout on a Heathkit recording potentiometer.

In view of the difficulties with moisture in the preliminary

work, a refined vacuum line technique (hereafter so referred to)

was developed. This procedure was employed, however, only with

thionyl chloride solutions, with or without chloride, and not with
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sulfur monochloride solutions. The effects in this work of contamina-

tion by very small amounts of water have been discussed in an earlier

section. It was felt that water contamination could best be minimized

by conducting all procedures under high vacuum conditions, as has

already been mentioned. To this end a special cell adapter was con-

structed which allowed acetonitrile solutions of any combination of

the components thionyl chloride .or tetraethylammonium chloride

to be prepared and their spectra observed without contact with the

atmosphere. 4 The cell adapter is diagrammed in Figure 23. The

adapter was attached to the vacuum line via a 18/9 socket joint. A

two mm straight bore stopcock connected the socket joint ball to a

doser (calibrated by weighing with mercury) constructed from a five

ml volumetric flask, sealed on after its top joint had been cut off.

An inner 10/30 standard taper joint was sealed perpendicularly to

the neck of the five ml flask, below the stopcock, and provided a

vacuum tight seal to the ground-glass opening in Beckman one cm

pathlength standard silica cells. The total volume of the adapter

with the cell attached was approximately 12 ml. The standard taper

and socket joints were lubricated with Halocarbon wax for vacuum

tight seals.

4 This cell adapter design was adapted from a similar cell adap-
ter kindly made available to the author by Dr. John L. Kice of this
department.
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Figure 23. Vacuum line cell adapter.
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Experimental solutions were prepared and observed in a three

stage process as follows: Thionyl chloride was dosed (approximately)

as the vapor by holding a liquid source of purified material at an

appropriate temperature and allowing the vapor to expand at its vapor

pressure into the cell adapter assembly. The adapter stopcock was

closed and the vapor was then condensed into the adapter five ml

flask by cooling with liquid nitrogen. Acetonitrile was then distilled

into the adapter flask, again by cooling with liquid nitrogen (but

cautiously). Intermittent spraying with acetone was necessary, after

the flask was approximately half full, to keep the acetonitrile from

freezing and possibly breaking the receiver. After the proper amount

of acetonitrile had been dosed (live mis at 0 o C) the adapter assembly

was removed from the vacuum line and. the solution was mixed by

pouring back and forth between the cell and the five ml flask. The

solution was finally left in the cell and its visible--ultraviolet spec-

trum was obtained, again using a Bausch and Lomb Spectronic 600

spectrophotometer with readout on a Heathkit recording potentiome-

ter. (The cell adapter had been designed to fit in the closed cell

compartment). The final estimation of the concentration of thionyl

chloride was, therefore, made by determination of the absorbance

at 245 mil and calculation of the concentration using the previously

determined molar absorptivity. After this first stage, the adapter

assembly was then reattached to the vacuum line and, after thorough
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evacuation and drying of the adapter section exposed to the atmos-

phere, the solution was quantitatively distilled into a receiver and

stored at -196°C. The cell adapter was again removed from the

vacuum line, placed in a dry nitrogen filled glove bag, and the re-

quired volume of a relatively concentrated acetonitrile solution of

tetraethylammonium chloride was pipetted into the adapter's five ml

flask through the bore of the stopcock. Micro pipettes having cali-

brated volumes of one to 1000 microliters were used for this purpose.

The adapter stopcock was then closed and the adapter, complete with

cell, was again attached to the vacuum line. The acetonitrile was

distilled from the salt and the ]aster was redried (as a precautionary

measure) by heating at 120°C under high vacuum for a minimum of

two hours. The thionyl chloride solution that had been stored at

-196°C was again distilled into the adapter and, after mixing as de-

scribed above, the visibleultraviolet spectrum again recorded. In

this fashion the initial concentration of thionyl chloride was first de-

termined and then the effect of chloride on this solution was observed.

After recording the solution spectrum (stage two), the solution of

thionyl chloride was again quantitatively distilled from the salt, with

moderate heating at the end of the distillation to assure removal of

all volatile material. The tetraethylammonium chloride was then re-

moved from the cell adapter unit by carefully washing the adapter

assembly with dried acetonitrile in the glove bag. Subsequently, the
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cell adapter assembly was reattached to the vacuum line, thoroughly

evacuated and (except for the silica cell) heated with a luminous flame,

and the thionyl chloride solution was again distilled into the adapter

and the final absorbance of the solute determined. This latter process

(removal of all chloride) eliminated any possible contribution to the

total absorbance by the SO2C1 species and allowed determination,

from the change in the solute concentration, of the approximate appar-

ent water content of the system either present initially (e. g. , after

drying) or accumulated during the course of the first two manipulation

stages.

The results of observations with thionyl chloride showed that

the residual water level present using the above vacuum line process

was still too great to make observations with sulfur monochloride

useful (because of the latter's higher molar absorptivity). Thus,

vacuum line techniques were used only for chloride--thionyl chloride

mixture s .

6. Infrared Spectra Sample Preparation and Observation

Infrared spectra were obtained for thionyl chloridetetraethyl-

ammonium chloride solutions and for solutions of the previously pre-

pared adduct (C
2H 5)4

NC1° SOC1
2

in acetonitrile, as well as for sus-

pensions of the solid adduct in Nujol. A Beckman IR-8 recording

infrared spectrometer was used with Barnes Engineering fixed path
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(0. 1 mm) cells for solutions and an International Crystal Labora-

tories mull cell holder for the solid samples. Sodium chloride wink-

dows were used in all cases. Solutions of thionyl chloride, tetraethyl-

ammonium chloride, or mixtures of these components, in acetonitrile

were prepared on the vacuum line in a manner analogous to that de-

scribed in the previous section. Materials dried or purified as de-

scribed either in that section or in Section V were used. All further

procedures involved in sample preparation were conducted in the

glove bag purged with dry nitrogen. All transfers to the glove bag

were made with the exclusion of moist air from the samples. A

solution of the adduct, (C2H5)4NC1 SOC12, was prepared by adding

a small amount of the solid to dried acetonitrile. The infrared spec-

trum of this solution was then determined using the fixed path length

cells. Nujol mulls were prepared by grinding the solid, together with

the oil, in an agate mortar. The I. C. L. mull cell holder was used

to obtain the infrared spectrum of the mull. Infrared spectra were

recorded from 4000 cm-1 to 625 cm-1.

It should be noted that solutions containing thionyl chloride re-

acted slightly with the spacer material in the fixed path cells, giving

a yellow solution. All bands foanid in the infrared spectrum of a

solution of thionyl chloride in acetonitrile, contained in the fixed

path cells, were found to be attributable to the solvent or thionyl

chloride. Thus, the reaction of thionyl chloride with the spacer
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material did not appear to interfere with this work. It is suggested

for future work that monel metal cell holders with teflon or other

inert spacers should be employed.

7. Preparation and Analysis of the Adduct (C21-15)4NC1SOC12

It was desired to complement the spectrophotometric studies of

the thionyl chloride-- tetraethylammonium chloride system in solution

with an attempt to crystallize a solid adduct from a thionyl chloride

solution. The preparation procedure is described in detail in Section

III. In brief, the adduct was prepared by recrystallization from a hot

(30 oC), initially homogeneous solution of tetraethylammonium chlor-

ide in thionyl chloride by cooling to room temperature. The re sult-

ant mixture was suction filtered, giving a good yield of pale green-

yellow crystals and a more intensely colored green-yellow filtrate.

Vacuum distillation of a small amount of the original homogeneous

solution gave a colorless distillate. After two additional recrystal-

lizations of the solid from thionyl chloride, the same relative intensity

and hue of solid and filtrate was._ obtained, the filtrate again being the

more intensely colored. The final crystalline, pale green-yellow

solid was analyzed for total sulfur and total chloride using the method

described in Section II. No effort was made to wash the adduct with

another solvent due to the likelihood of removal of thionyl chloride
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from the presumably weak adduct. The average of the analysis re-

sults, reported in detail in Section III and repeated here, were:

Ca lc. for ( C2H5)4NC1. SOC.12: %S, 11. 26; %Cl, 37. 36

Found: %S, 12.61; %Cl, 39.42

These results indicate that a 1:1 adduct, (C2I-15)4NC1°S0C12, did, in

fact, crystallize from thionyl chloride solution, and probably contained

a small amount of absorbed thionyl chloride that was not removed by

simple vacuum filtration.

C. Results and Discussion

1. The System, Sulfur Monochloride-- Tetraethylamrnonium Chloride

The observations to be discussed, for the sulfur monochloride

tetraethylammonium chloride system, were made using the prelimi-

nary techniques described in the foregoing sections. The end result

of these observations, together with the results (see below) of spec-

trophotometric work on the thionyl chloridetetraethylammonium

chloride system, using the refined, vacuum line techniques, indicated

that further work on the sulfur rnanochloridesalt system, using the

refined techniques, would not be fruitful.

Figure 24 shows the ultraviolet spectrum of pure sulfur mono-

chloride (6.32x 10-5M) dissolved in acetonitrile that had been dried

by distillation from phosphorus pentoxide (see preliminary techniques
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description). Figure 25 shows the ultraviolet spectrum of two ace-

tonitrile (again dried with phosphorus pentoxide) solutions; Solution

(A), solid line was 1.13 x 10-4M in sulfur monochloride (initially)

and 1.10 x 10-2M in tetraethylammonium chloride. Solution (B),

.broken line, was 6.22 x 10 -5 M in sulfur monochloride (initially)

and 6.36 x 10-4M in tetraethylammonium chloride. (With regard

to the discussion to follow, it may be noted that solutions (A) and (B)

had attained stability and were observed ten minutes and N 25 hours,

respectively, after solution preparation. )

Pure sulfur monochloride acetonitrile solution) exhibits no

absorption bands in the visible region, the only visible absorbance

being due to the tail of a band in the ultraviolet. This gives rise to

the characteristic yellow color.of sulfur monochloride. On the other

hand, this compound exhibits two intense bands in the ultraviolet; a

strongly absorbing band at 262 m (molar absorptivity, c, of 7.76 x

103 cm-1M -1) and a somewhat weaker band at 310 mil (e = 1.56 x 103

cm-1M -1), as shown in Figure 24. Although the spectrum of chlor-

ide ion has not been shown, it should be noted that solutions of tetra -

ethylammonium chloride in acetonitrile exhibit the tail of a strongly

absorbing band that has a maximum absorbance below 200 my.. How-

ever, for the concentrations used in this work, chloride does not

absorb significantly above "230

The study of the absorption spectra of mixtures containing
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sulfur monochloride and tetraethylamnionium chloride was undertaken

in an effort to obtain evidence for possible complexes between these

compounds in solution. However, the evidence to be discussed sug-

gets that the only observable effect of mixing chloride ion and sulfur

monochloride in acetonitrile is the hydrolysis of sulfur monochloride

by small amounts of water contained in the solvent.

The first point to be noted.is that, in the absence of chloride

ion, acetonitrile solutions (of any concentration) of sulfur monochlor-

ide were stable over moderately long periods of time. For example,

a 6.10 x 10-4M sulfur monochloride solution exhibited no change in

absorbance in the ultraviolet (200-350-nip.) over a 14 minute period.

In another case, a 1.24 x 10-4M solution showed only N4.5% decrease

in absorbance at 262 inµ in nine hours. In contrast, a solution of

sulfur monochloride, initially 9.76 x 10-4M containing 1.44 x 10-3M

chloride ion, exhibited an absorbance decrease of 0.238 absorbance

units at 262 mil, corresponding to a concentration decrease of 3.07 x

10-4 moles per liter (31.5%), in only five minutes (0. 1 cm cells).

Furthermore, increasing the chloride ion concentration to a 100-fold

excess of chloride over sulfur monochloride resulted in the disap-

pearance of any obvious sulfur monochloride absorption band at

262 mil within five minutes, the minimum elapsed time between solu-

tion preparation and the first absorbance observation. Therefore, it

would appear that the presence of chloride ion serves to catalyze a
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reaction (presumably hydrolysis) causing the disappearance of the

principal sulfur monochloride band at 262 mp..

As a second point, it was observed that the presence of chloride

ion served not only to promote the disappearance of the sulfur mono-

chloride band at 262 mil, but also to increase the absorbance at 293

mil. This is well illustrated by comparison of Figures 24 and 25(A).

A suggestion as to the possible identity of the species leading to the

absorbance at 293 mil is given by the results of Woodhouse and Norris

(127). These authors found that the 1:L complex between chloride ion

and sulfur dioxide, SO
2
c1 , exhibited an intense absorption band at

293 mil (e = 8.89 x 103 cm-1 M-1) in acetonitrile. The formation con-

stant for SO
2
C1- at 25 °C was found to be 351 ± 4 M1 (127). It might

be supposed that, in the present system, chloride ion catalyzes the

hydrolysis of sulfur monochloride to sulfur dioxide, which substance

then complexes with the chloride ion. Relative to this hypothesis, it

is interesting to note that, whereas in the presence of a 100-fold ex-

cess of chloride ion the band shape was that shown in Figure 25 (solu-

tion (A)), only a 10-fold excess of chloride yielded but a relatively

modest absorbance increase at 293 mil, as illustrated in Figure 25

(solution (B)). Such an observation might indicate the formation of

a rather weak adduct, i. e., one formed to a large extent (relative

to sulfur dioxide concentration) only in the presence of a large excess

of chloride ion. Such a feature is, of course, consistent with the
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nature of the SO
2
C1 complex observed_ by Woodhouse and Norris (127).

Further with regard to the possibility that the species SO2C1

might be the cause of the band at 293 mp. in 52C12--(C21-15)4NC1 mix-

tures, it is interesting to attempt to account for this absorbance by

consideration of the data in Table 15.

Table 15. Change of absorbance with time for a sample S2C12--
(C

2
H 5)4

NC1 solution.

Absorbance
262 mp. 293 mp.

Time,
mms.

0.189 0.0264 0

0.114 0.0477 9

0.0701 0.0526 18

0.0680 0.0550 28

Initial concentrations: (S
2

CI
2

) = 2.44 x 10-4M;

((C2H5)4NC1) = 2.16 x 10-3 M. £
S2C12 7.76 x 103cm- 1M-1;

262
S2C12 = 1.08 x 103 cm -1 M-1; 0.1 cm cells.

293

The change in absorbance at 262.mp, over the first nine minute period

corresponds to a change in the ,sulfur monochloride concentration

from 2.44 x 104 M to 1.47 x 10-4 M. Although the hydrolysis reac-

tion is unquestionably much more complex, let us suppose, for the

sake of argument, that SO2C1 is formed by hydrolysis of S2C12 to

give SO2' HC1 and a reduced sulfur species, e._g. ,
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(41) S
2

C12 + 2 H2O T SO
2

+ H
2

S + 2 HC1,

On the basis of this equation, the resultant sulfur dioxide concentra-

tion (at the end of nine minutes) would be 9. 70 x 10-5 M. The SO2

formed by hydrolysis then could_ react with the chloride present to

form SO
2

CI. The use of the above mentioned formation constant

(Kf = 351 M-1) for SO
2

C1 (127) and the known dosed chloride concen-

tration (2. 16 x10-3m)permits one to calculate the maximum concen-

tration of SO
2

C1 that might be formed. Such a calculation gives

(SO2C1 ) = 4.15:x10 -5 M. This concentration of SO
2
C1 would give

an absorbance at 293 mil of 0.0369 (e = 8.89 x 103 cm-1 M-1, (127)).

The absorbance at 293 mil due to the remaining 1.47 x 10-4 M sulfur

monochloride is calculated to be 0.0.159 (e = 1.08 x 103 cm-1 M-1).

Thus the total absorbance expected at 2.93 Irip., from the species

SOzCl and S2C12' would be 0.0528, as compared with that observed,

0.0477 (Table 15). Therefore, with the stoichiometry of the hydroly-

sis reaction assumed above, one can account for all of the absorbance

at 293 mil. Of course, the hydrolysis.reaction is undoubtedly more

complex than indicated. Nevertheless, this calculation does serve to

suggest that there is no obvious contribution to the absorbance at

293 mµ for sulfur monochloride- -chloride mixtures other than that

which can be explained on the basis of S2C12 and SO
2
Cl absorbance.

However it must be conceded that the probable complexity of the
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hydrolysis reaction (stoichiometry unknown) does not allow one to

eliminate totally the possibility of another unknown species, since

the above assumption could result in high estimates of sulfur dioxide

concentration.

A third pertinent point in assigning the cause for the absorb-

ance at 293 mil is that solutions of thionyl chloride and excess chlor-

ide ion in acetonitrile lead to the same band at 293 Mp.. It seems

clear that the development of the same absorption band in three

different systems (SO2 - -Cl and SOC12--C1) must

imply a common species. Thus, it is probable that hydrolysis in

the latter two cases gives rise to sulfur dioxide and, in the presence

of chloride ion, SO2C1.

In summary, the foregoing evidence clearly seems to indicate

that the intense absorbance seen at 293 mµ in acetonitrile solutions

containing a large excess of chloride ion over sulfur monochloride

results from the hydrolysis of sulfur monochloride to give, among

other products, sulfur dioxide, which then combines with chloride

ion to give the absorbing species SO
2

C1 . The further important

consequence of these observations, and of work to be described in

the following section, is that the problem of water contamination in

acetonitrile solutions of sulfur monochloride and tetraethylammonium

chloride does not, at present, permit the carrying out of any fruitful

spectrophotometric study of possible complex formation between
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chloride ion and sulfur monochloride. This point may be illustrated

by the following considerations: The results of a similar study of

thionyl chloride--chloride solutions in acetonitrile (see next section)

show that, even with the exclusive use of vacuum line techniques, a

minimum water concentration of 06 x 10-5 M (N3 ppm) is obtained

in the experimental samples. Since one cm cells had to be employed.

for the vacuum line work, the maximum sulfur monochloride concen-

tration that could be used was N1 x 10-4 M (N5 ppm). Such a concen-

tration would give an absorbance of nearly one (at 262 mil). Although

higher concentrations would certainly have decreased the problem of

water contamination by increasing the substrate concentration after

hydrolysis was complete, the resulting absorbances would have been

too large to read to any degree of precision. For example, a ten-

fold concentration increase (N1 x 10-3 M) would have decreased the

water concentration relative to sulfur monochloride to N6%, but

would have resulted in a nearly opaque solution at 262 mil (absorb-

ance N7. 8). It was thus felt that the water contamination, even using

vacuum line techniques, was too severe to allow useful measurements

to be made on this system.

With final regard to the possibility of complex formation, men-

tion may again be made of the chloridesulfur monochloride studies

discussed in Section II of this thesis. The reader will recall observa-

tions in Section II in which sulfur monochloride itself was used as a
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solvent. Under these conditions very dilute solutions of chloride in

sulfur monochloride were yellow (N10-2 M), just as is the case for

the pure solvent. However, very concentrated solutions (iul M) of

chloride in sulfur monochloride were definitely orange in color. It

has been felt that this feature May reflect the existence, in the con-

centrated solutions, of some species involving a sulfur monochloride --

chloride ion interaction. However, the phase studies described in

Section II failed to provide any indication of the formation of any

definite adduct of this type. For this reason, the possibility of the

present spectrophotometric study seemed particularly pertinent.

This matter was further of importance relative to the possible signifi-

cance of some such adduct species in the radiochlorine exchange stud-

ies described in Section V. It is unfortunate that the results of the

present preliminary spectrophotometric studies leave the matter

completely open, providing no evidence either for or against the

occurrence of an adduct.

2. The System, Thionyl Chloride-- Tetraethylammonium. Chloride

The observations discussed below were made using two general

experimental methods, i. e., preliminary and vacuum line techniques,

that are outlined in the earlier experimental section. The important

difference between the work done with the two techniques was the

degree of dryness obtained, particularly in the solvent acetonitrile
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used. With the preliminary techniques the solvent probably con-

tained roughly 15-30 ppm of water, while, with the vacuum line tech-

niques, it probably contained approximately 3-6 ppm.

Figure 26 shows the ultraviolet spectrum of a solution of pure

thionyl chloride (2.25 x 10 -4 .M) acetonitrile (dried by vacuum dis-

tillation from phosphorus pentoxide as described for vacuum line

techniques, Section B.4). Figure 27 exhibits the ultraviolet spec-

trum (solid line) of a 2.25 x 10-4 M (initial concentration) solution

of thionyl chloride that was 5.30 x 10-2 M in tetraethylammonium

chloride, again using acetonitrile that had been dried using vacuum

line techniques. The spectra shown in Figures 26 and 27 were ob-

tained using only vacuum line techniques.

Thionyl chloride, neat or in acetonitrile solution, does not

absorb in the visible, but does absorb strongly in the ultraviolet.

The only band (above 200 mil) observed for thionyl chloride is a

rather broad, intense absorbance, essentially a shoulder, at 245

mil. The absorbance, after passing the "shoulder, " then continues

to increase at higher energies. The molar absorptivity of the thionyl

chloride band at 245 mµ was found to be 2.42 x 103 cm -1 M -1 (deter-

mined by quantitative dilution of solutions of known concentration).

It should again be noted that the chloride levels used in this work

did not absorb significantly above "230 mp..

The spectral characteristics of chloride--thionyl chloride
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solutions will next be discussed, first as simple binary solutions of

tetraethylammonium chloride in pure thionyl chloride (as solvent) and

secondly as solutions in acetonitrile. The observations made on the

latter solutions will be discussed with respect to experiments involv-

ing the preliminary techniques and then the final vacuum line tech-

niques.

During an effort to dry tetraethylammonium chloride by treat-

ment with thionyl chloride it was found that homogeneous solutions of

these colorless components were intensely greenish yellow in color.

Vacuum distillation of all volatile material from the salt gave a color-

less distillate and, again, the colorless salt. Recrystallization of the

salt from thionyl chloride (using vacuum line and dry glove bag tech-

niques: see Section B. 7) resulted in separation of a pale green-yellow

crystalline solid from the intensely green-yellow solution. Pres-

sure-- composition studies (Section III) and analysis of the solid (Sec-

tion III and Section IV. B. 7) indicated formation of the 1:1 adduct

(C2H5)4I\1C1 SOC12. Repeated recrystallization of the adduct from

fresh amounts of thionyl chloride continued to yield crystals having

the same pale, greenish yellow color and a filtrate having the same

intensity and green-yellow hue as had been obtained after the first

recrystallization. These observations suggested that the solution

color did not result from impurities in the tetraethylammonium chlor-

ide. The only impurity in the thionyl chloride (purified by vacuum



173

distillation) that might have been present would probably have been

very low concentrations of sulfur dioxide or hydrogen chloride. The

former compound would certainly form the species SO
2

C1 . How-

ever, the species SO2C1 gives a colorless solution. Therefore, it

was felt that the green-yellow color of solutions of tetraethylammoni-

um chloride in thionyl chloride might well be due to an adduct species

involving these two components.

As a result of the foregoing observations, the visible spectrum.

of the filtrate from the above work (a thionyl chloridetetraethyl-

ammonium chloride mixture containing no acetonitrile) and the

visible--ultraviolet and infrared spectra of acetonitrile solutions

of chloride--thionyl chloride mixtures were examined. A more

complete description of the solutions and the spectral regions exam-

ined with each solution is as follows: The visible spectrum between

750 nip. and 350 mp. (absorbance had risen to approximately two

below 410 mp.) was observed for the green-yellow filtrate from the

above-mentioned recrystallization of tetraethylammonium chloride

from thionyl chloride. This filtrate was essentially a saturated (at

N25 oC) solution of the salt in thionyl chloride, having approximately

a 3:1 mole ratio of solvent to salt (see Section III). Since this spec-

trum yielded an absorbance of about two at N410 mp., a second solu-

tion had to be prepared that would allow examination of the spectrum

(at lower absorbances) between N410 mp. and N350 mp.. This solution
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was prepared by adding 100 p.1 of the same saturated chloride-

thionyl chloride solution to five mis of acetonitrile (vacuum distilled

from phosphorus pentoxide) contained in the vacuum line cell adapter.

The acetonitrile was dosed into the adapter first, on the vacuum line,

and the aliquot of the saturated chloride--thionyl chloride solution

was subsequently added in a polyethylene glove bag containing a dry

nitrogen atmosphere. The resultant solution was N3 x 10-1 M in

thionyl chloride and Ni x 10 -1 Min tetraethylammoniurn chloride.

A third solution was prepared, using total vacuum line techniques

(Section B. 5), to examine the ultraviolet spectrum of an acetonitrile

solution containing a large excess of chloride over thionyl chloride.

This spectrum is shown in Figure 27(A). Finally, the solutions for

which infrared spectra were taken were made as described in Section

B. 6, and were approximately three molal each in thionyl chloride

and tetraethylammonium chloride using acetonitrile (dried by distilla-

tion from phosphorus pentoxide) as solvent.

A rather simple spectrum for chloride--thionyl chloride mix-

tures was found, in the region between 750 mp, and rv220 Trip,. The

solution containing only tetraethylammonium chloride and thionyl

chloride (no acetonitrile) exhibited a gradually increasing absorbance

above rv730 mp,, no absorbance between m730 mµ and N600 mil, and

only a gradual, smooth absorbance increase below 600 mp. (absorbance

00.5 at 435 mii) increasing to a value of two at fv410 mp,. (Pure
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thionyl chloride is essentially transparent throughout the visible. )

Similarly, the second solution (N -13 x 10 M
. thionyl chloride and

N1 x 10-1 M in tetraethylammonium chloride in acetonitrile) showed

a corresponding smooth increase in absorbance from N410 Mp. to

"350 mil. (absorbance approximately two at 350 mil) with no suggestion

of band structure or even shoulder formation. The third solution

(also in acetonitrile; 2.25 x 10-4 M in SOC12 and 5.30 x 10-4 M in

(C
2

H
5

)4NC1; vacuum line techniques used) also exhibited a smooth

absorbance increase from 350 Mp. to N310 mil. However, this solu-

tion gave an intense band in the vicinity of 290 my. (t 15 mp.), the ab-

sorbance then decreasing to a minimum at N252 mil, and subsequently

increasing at lower wavelengths. This spectrum is shown in Figure

27(A). The results of these observations suggest that the green-

yellow color of solutions of tetraethylammonium chloride in thionyl

chloride might well be due to the tail of the very intense band ob-

served in the vicinity of 290 mil. No other suggestions of even an

absorbance shoulder were observed from 750 my. to /v290 mp,. The

complex SO2C1 , which certainly exists in the acetonitrile solutions

as a result of hydrolysis, also, of course, absorbs near this wave-

length (at 293 mp.). However, as considerations to be presented

below indicate, not nearly all the observed absorbance in the last

mentioned and similar acetonitrile solutions could be accounted for

by this SO2C1- species. Furthermore, the absorbance of the species
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SO
2

C1 shows no tail in the visible and its acetonitrile solutions are

completely colorless. Hence it appears most likely that thionyl

chloride--chloride ion solutions in acetonitrile do in fact give rise

to an absorbance band near 290 mil, as indicated. Further consid-

eration of this absorbance band constitutes the remainder of the

present discussion regarding work done in the ultraviolet.

Before further discussion of the results of observations made

using the refined, vacuum line techniques, a treatment of observa-

tions conducted using the preliminary techniques will be given. The

use of the preliminary techniques, as contrasted with the vacuum

line techniques, resulted, as has already been indicated, in a rela-

tively high level of water contamination (N15-30 ppm) of experimen-

tal samples. This fact gave rise to the effects discussed below.

The first point to be considered is the absorbance stability of

dilute, acetonitrile solutions of thionyl chloride (preliminary tech-

niques). In contrast to the considerable stability observed for acetoni-

trile solutions of sulfur monochloride, e. g. , no absorbance change in

30 minutes for a 1.22x10 -3M solution (0. 1 cm cells), dilute solutions

of thionyl chloride in acetonitrile exhibited a relatively rapid decrease

in absorbance at 245 For example, a 2.26 x 10-3 M solution of

thionyl chloride (0. 1 cm cells), showing initially an absorbance of
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0.546, exhibited a decrease of 0.02 absorbance units, corresponding

to a concentration change of 8.26 x 10-5 moles per liter (3.7%), over

only an 11 minute period. In addition, as the absorbance change pro-

gressed, in the absence of chloride ion or with only one-third as

much chloride as thionyl chloride, a new band appeared at 282 mil

(284 mil in the presence of low chloride concentrations). Since

sulfur dioxide itself absorbs at 282 mil, it seems clear that the

steady change in absorbance of dilute thionyl chloride solutions is

probably due to hydrolysis, forming sulfur dioxide and, presumably,

hydrogen chloride. Comparison of the apparent rates of hydrolysis

of the above two solutions suggests that thionyl chloride appears to

hydrolyze much more rapidly than sulfur monochloride, at low con-

centrations. This would, of course, be expected from the corres-

ponding behavior of the pure compounds when added to water. The

effect of the presence of chloride ion on the rate of this apparent

hydrolysis is illustrated below.

A second point of interest (involving preliminary techniques)

can be illustrated by comparison of the behavior of sulfur monochlor-

ide and thionyl chloride solutions, both containing chloride ion. It

has been mentioned that an acetonitrile solution, 1.44 x 103M in

tetraethylammonium chloride and 9. 7 x 10-4 M in sulfur monochlor-

ide, gave a concentration decrease of 3.07 x 10-4 moles per liter

(31.5%) in five minutes (0. 1 cm cells). The spectrum then continued
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to change for at least four hours. In comparison, an acetonitrile

solution that was 1.32 x 10-3 M in tetraethylammonium chloride and,

.initially, 1.13 x 10 -3 Min thionyl chloride exhibited a decrease of

0.109 absorbance units at 245 111.4, corresponding to a concentration

decrease of 4.51 x 10-4 moles per liter (39.9%) in seven minutes (0.1

cm cells). Again, this spectrum continued to change over a period

of at least four hours. Comparison of the observations made on these

two solutions, as well as on solutions not containing chloride ion,

shows that the presence of chloride appears to accelerate the rate

of change of the absorbance at 245 mp., presumably by catalyzing

the hydrolysis of thionyl chloride. It is also interesting to note,

however, that these observations (representative of a large number

of observations at varying concentrations) appear to suggest that the

effectiveness of chloride as a catalyst is about the same for hydroly-

sis of both thionyl chloride and sulfur monochloride. This, presum-

ably, is a reflection of the sensitivity of the disulfide toward scission

of the sulfur--sulfur bond due to nucleophilic attack by chloride ion.

A third point to be noted with regard to work involving the pre-

liminary techniques is that, as mentioned in the experimental section,

the presence of excess chloride ion in thionyl chloride solutions in

acetonitrile not only accelerates the decrease of absorbance at 245

mp,, but also results in the formation of a band at 293 Trip.. The mag-

nitude of this latter band appears to be dependent on the amount of
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chloride present. A large excess of chloride over the initial concen-

tration of thionyl chloride results in a band similar to that shown in

Figure 27(A). Since the species SO
2

C1 absorbs strongly at 293 Mil

it would appear that the presence of chloride probably does acceler-

ate the hydrolysis of thionyl chloride, forming sulfur dioxide which

then combines with the available chloride to form SO Cr. In view

of the observation that sulfur dioxide appeared to be formed when

thionyl chloride solutions (without chloride or, for example, with

only one-third as much chloride as thionyl chloride) were allowed

to stand, it at first seemed reasonable to assume that the only proc-

ess contributing to the formation of the band at 293 mp, was the for-

mation of SO2C1. However, attempts to account for the absorbance

observed by assuming formation of SO
2

C1 , for example, in the pres-

ence of a ten-fold excess of chloride over thionyl chloride, failed.

Even an assumption of complete hydrolysis yielded only perhaps 80%

of the required absorbance. Although the reality of the excess ab-

sorbance appeared uncertain, due to the apparent large amount of

hydrolysis, this observation indicated the possibility that more

refined methods (vacuum line techniques) might decrease the appar-

ent water contamination sufficiently to allow more reliable informa-

tion relative to this point to be obtained.

The above discussion serves to illustrate the effect of water

contamination in the samples studied using the preliminary techniques.
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As mentioned above and as discussed in Section B. 3, it was found

that the preparative, drying, and handling methods called "prelimi-

nary techniques" resulted in 15-30 ppm water apparently being pres-

ent in the experimental samples. It was also determined that the

source of the water was the bulk solvent, acetonitrile. It was not

clear, however, whether the problem lay in inadequate drying action

of the phosphorus pentoxide or in subsequent handling. As a result

of the difficulties encountered, it was decided that techniques should

be used in which all drying, sample preparation and absorbance

measurement operations could be conducted on the vacuum line,

without exposure to any atmosphere other than the vapor of the solu-

tions themselves. These techniques are described in Sections B.4

and B. 5 and are henceforth called "vacuum line techniques. "

Use of the vacuum line techniques resulted in a considerable

improvement with regard to water contamination and also, it is felt,

allowed the demonstration of complex formation between chloride and

thionyl chloride. These points are illustrated by the considerations

to follow. Figure 27(A), as mentioned above, shows the ultraviolet

spectrum obtained (solid line), using vacuum line techniques only,

for an acetonitrile solution that was initially 2.25 x 10 4 Min thionyL

chloride and 5.30 x 10-2 M in tetraethylammonium chloride. In

spite of the improved drying techniques used, an intensely absorbing

band, stable with respect to time, in the vicinity of 290 mil was still
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observed. The vacuum line techniques allowed the determination of

the residual thionyl chloride concentration in the above solution, and

thus the apparent amount of hydrolysis that had taken place using the

vacuum line techniques. The determination of the residual thionyl

chloride concentration was conducted by the quantitative removal,

by vacuum distillation, of all volatile material from the above sam-

ple, the subsequent removal of all salt, and then the redetermination

of the absorbance of the volatile solution (see Section B.5). The latter

again gave a spectrum, in contrast to solutions prepared by prelimi-

nary techniques, that was stable with respect to time. The removal

of chloride by this procedure eliminated the possibility of any contri-

bution to the absorbance by chloride adducts with sulfur dioxide or

thionyl chloride. The residual thionyl chloride concentration, esti-

mated from the absorbance at 245 mp,, was 1.61 x 10-4 M. Thus, a

thionyl chloride concentration change of only 6.4 x 10-5 moles per

liter occurred, presumably due to hydrolysis. Knowledge of the

change in thionyl chloride concentration allows an estimation to be

made, as follows, of the maximum possible contribution to the ab-

sorbance at 293 mil by the species SO2C1. If one assumes the hy-

drolysis reaction

(42) SOC1
2

+ H2O SO2 + 2 HC1

occurred, the above mentioned change in thionyl chloride
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concentration must also correspond to a maximum sulfur dioxide

concentration of 6.4 x 10-5 M. Using this estimate of the maximum

sulfur dioxide concentration, the dosed chloride concentration of

5.30 x 10-2 M, and the formation constant for the species SO2Cl

reported by Woodhouse and Norris (127), Kf = 351 M-1 (25°C), one

can calculate the maximum possible concentration of SO
2

C1 in the

system discussed above. The value so calculated was 6.07 x 10-5 M

SO2C1. The maximum absorbance expected for SO2C1 at 293 mil

(molar absorptivity at 293 mp,, 8.89 x 103 cm-1 M-1) is thus only

0.540. The absorbance at 293 mp, expected for the thionyl chloride
SOC1

2remaining (1.61 x 10-4 M, c 293 mp.=
1.28 x 102 cm-1 M-1) is 0.0206.

Thus, the total absorbance expected at 293 Mp, for the species SO2C1-

and SOC1
2

is 0.561. However, Figure 27(A) shows that an absorb-

ance of 2 was observed. Therefore, it is apparent that at least

one additional species is present that absorbs very strongly in this

region. The spectrum shown by the broken line in Figure 27 shows

the result of subtracting the total absorbance expected, as noted

above, from that observed over the wavelength region 220-340 mil.

The data from which Figure 27 has been constructed is shown in

Table 16. The calculated absorbance of the assumed complex was

determined by assuming that only two species were contributing to

the absorbance, i. e., SO
2

C1 and a single SOC12--C1 species. On

the other hand, the calculated net absorbance was determined in order



Table 16. Absorbance of assumed thionyl chloride-- tetraethylammonium chloride complex in acetonitrile,

mp.
a

E
SOC1

-1
cm

x 103

b
E

SO 2- Cl' )

1
cm-

1M- 1

x 103

Absorbance
(observed)

, d
Absorbance

(complex)
Absorbance

e

(net)

220 3. 12 2. 15
235 2.64 1.25
245 2.42 ---- 1.02 ---- - - --
255 2. 24 0. 66 0.967 0.927 0. 566
270 1.02 2.43 1.33 1.18 1.02
285 0.257 7.35 1.99 1.54 1.50
292 0, 148 8.89 2.09 1.55 1.53
305 0, 0627 7.00 1.76 1, 34 1. 33
320 2.13 0.559 0.430 0.430
340 0.10 0. 0851 0.079 0.079

(a) Determined in the present work.
(b) Obtained from Woodhouse and Norris (127).

-(c) Concentrations, initial: ((C
2
H

5
)
4

NC1), 5.30 x 10 --2 M. (SOC1 ), 2. 25 x 10
4
4

M.
2

equilibrium: ((C
2

H
5

)
4

NC1), 5.29 x 10 M; (SOC1
2

2)
1.61 x 10 M; ( SO2), 3 x 10-6 M; ( SO

2
Cl )' 6.07 x 10 -5

M.
(d) Absorbance (complex) = Absorbance (observed) - Absorbance (SOC1-).
(e ) Absorbance (net) = Absorbance (complex) - Absorbance (SOC12).
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to show that the absorbance could not be accounted for simply on the

basis of the presence of SO Cl and SOC12. Thus the net absorbance

was calculated by simply subtracting the maximum possible contribu-

tions of these two components, It is these latter figures which are

plotted in Figure 27(B). It would appear, from this treatment, that

in the presence of a large excess of tetraethylammonium chloride an

adduct species of unknown stoichiometry (possibly SOC13 ?) is formed

between thionyl chloride and chloride ion. If one assumes that only

one species, a 1: 1 adduct, is responsible for the remaining absorb-

ance at ,v290 mp, and that the formation constant for the species is

approximately of the same magnitude as Kf for SO2C1, an estimate,

admittedly rough, of the molar absorptivity for the species can be

made. Thus, the remaining absorbance, N1.5, and the maximum

adduct concentration, 1. 6 x 10-4 M (final thionyl chloride concentra-

tion), yield an approximate apparent molar absorptivity for the spe-

cies of N9.4 x 103 cm -1 M -1. The large value of E may suggest a

charge transfer complex. The high absorbance and broad band shape

observed do not allow a precise estimate of the absorbance maximum

for the unknown species, but Nmax appears to be in the vicinity of

290 mil.

No further work in the ultraviolet was conducted using the

vacuum line techniques due to the remaining significant contamina-

tion by water. Although measurements with a. smaller pathlength
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cell would have made observations at higher concentrations possible,

and thus decreased the relative importance of contamination by water,

no suitable method of attachment of such a cell to the cell adapter

could be found that would be vacuum tight.

An additional technique that was applied to the thionyl chloride--

tetraethylammonium chloride system was the study of the infrared

spectrum of acetonitrile solutions of mixtures of the above compo-

nents (about three molal in each species). Since the portion of the

spectrum investigated extended only from 4000 cm-1 to 625 cm-1,

no SC1 interactions could be observed (3). However, thionyl chloride

was observed to exhibit an SO stretching frequency, in acetonitrile

solution, at 1232 cm-1 (1230 cm-1, neat (3))and it was hoped that

some modification of this band, or the occurrence of a satellite

band, could be found in the presence of a chloride salt. In fact, a

band, presumably a satellite to the SO stretch of uncomplexed thionyl

chloride, was found both for solutions prepared from the adduct,

(C
2

H
5

)4NC1° SOC12' in acetonitrile and for solutions of the compo-

nents (about three molal in each) in acetonitrile. This band occurred

at 1115 cm-1 and was not present in spectra of acetonitrile solutions

of the separate components. The intensity of the satellite band at

1115 cm-1 was much less than the still present primary thionyl

chloride band at 1232 cm -1, suggesting, perhaps, that the complex

responsible for the satellite band may well be dissociated to a
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significant extent, even at high concentrations. However, the obser-

vations discussed above do appear to give corroborative evidence for

the existence in solution of the postulated adduct between thionyl chlor-

ide and tetraethylammonium chloride.

In preliminary infrared work with this system, Nujol mull sus-

pensions of the solid 1:1 adduct were examined. The suspension con-

centrations achieved, however, were too low to make the satellite

band discernible from background noise, and, after the acetonitrile

solution results were obtained, the solid mull observations were not

further pursued.

In summary, the above observations strongly suggest the exis-

tence of an adduct between thionyl chloride and tetraethylammonium

chloride in acetonitrile solution. The adduct, presumably, a solution

species corresponding to the 1:1 solid adduct (C2H5)4NC1° SOC12, ap-

pears to absorb strongly in the ultraviolet at fv290 mµ (E as 104). The

adduct also exhibits an infrared satellite band, shifting the normal

SO stretch for thionyl chloride from 1232 cm-1 to 1115 cm-1. The

difference in the observed magnitudes of the satellite band (1115 cm 1)

compared to the principal band for uncomplexed thionyl chloride

(1232 cm -1 ) suggests that the complex is significantly dissociated,

even at high concentrations. However, it will be recalled that the

estimation of the molar absorptivity of the assumed 1:1 complex at

N 29 0 mµ was made by considering it to be of approximately the same
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stability as the SO2C1 species. In fact, this assumption resulted

in a reasonable value for the estimated adduct molar absorptivity,

^,10
4 cm-1 M-1. Thus, there would seem to be some discrepancy

between the adduct stability inferred from the infrared band intensi-

ties compared to measurements (at much lower concentrations) in

the ultraviolet. Further study would be desirable in the future to

resolve this apparent discrepancy.

A further consequence of the observations on the chloride--

thionyl chloride system using vacuum line techniques is the sugges-

tion that the simple movement of a solvent from one part of a vacuum

line to another can apparently result in a water concentration in the

final distillate of N6 x 10-5 M (N3 ppm), even with the use of extreme

precautions to exclude water. This conclusion, of course, assumes

that the phosphorus pentoxide drying technique actually yields a prod-

uct having a significantly lower water content than three ppm. This

problem of traces of water being present due to vacuum line manipu-

lations is of considerable importance with regard to the radiochlorine

exchange studies reported in Section V of this thesis. The possible

consequences of such an impurity level are discussed in that section.

D. Conclusions

The evidence presented in this section is inconclusive with

regard to the possible existence of adducts between sulfur
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monochloride and tetraethylammonium chloride in solution. On the

other hand, the infrared and ultraviolet spectra of acetonitrile solu-

tions of thionyl chloride and tetraethylam-monium chloride do appear

to indicate that an adduct is formed in these solutions. This chloride- -

thionyl chloride adduct, possibly SOC13, appears to absorb in the

ultraviolet in the vicinity of 290 mil. The apparent molar absorptivity

of the complex, assuming only one species is formed, is estimated to

be approximately 104 cm-1 M-1. In addition, the complex appears

to exhibit a band in the infrared, presumably a satellite to the SO

stretch of thionyl chloride, at 1115 cm 1. The infrared evidence

also suggests that the complex may be significantly dissociated, even

at high concentrations. This last observation does not appear to be

in complete concord, however, with the ultraviolet spectral observa-

tions. Further study would be desirable to resolve this apparent

inconsistency.
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V. RADIOCHLORINE EXCHANGE BETWEEN SULFUR
MONOCHLORIDE AND THIONYL CHLORIDE

A. Introduction

The initial objective of the work described in this thesis was to

clarify the behavior of the radiochlorine exchange between sulfur

monochloride and thionyl chloride. The reader is referred to the

introduction to the thesis, Section I, for background information on

isotopic exchanges of related systems. Some of the information re-

lated in Section I will be repeated in the present section in the inter-

ests of clarity.

The investigation of the sulfur-containing non-aqueous solvents,

using isotopic tracer techniques, has been of major interest in this

laboratory. The general purpose of these investigations has been to

seek for a better understanding of the nature of acid-base behavior

in these solvents and to attempt to clarify to what extent solvent self-

ionization (in the solvent systems sense) is involved in this behavior.

In the present work the primary interest has been in the solvents thi-

onyl chloride and sulfur monochloride.

As has been mentioned in Section I, thionyl chloride has been

shown to undergo rapid and complete radiochlorine exchange with the

solutes tetramethylammonium chloride, antimony(III) chloride (88),

and antimony(V) chloride (7). In addition, Johnson and Norris (67)
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found rapid and complete radiosulfur exchange between thionyl chlor-

ide and thionyl bromide in solutions of the two in each other. These

observations were originally interpreted as being possibly indicative

of a degree of self-ionization of the thionyl haldides, as shown below

for the case of thionyl chloride.

(43) SOC1
2

+ Cl

More recent thinking in this laborarory has, however, favored an

interpretation in which molecular processes might result in isotopic

exchange without the occurrence of ionization. Recent work (6, 7)

has suggested, for example, that molecular mechanisms may be

more important than ionization pathways for the isotopic sulfur and

chlorine exchanges between thionyl chloride and sulfuryl chloride.

In short, the Lewis acid-base concept appears to be of greater utility,

for understanding the exchange behavior of systems involving thionyl

chloride, than the solvent systems concept. Again, the reader is

referred to Section I for a more complete discussion.

Considerably less information is available for sulfur monochlor-

ide than for thionyl chloride. A suggestion that sulfur monochloride

exhibits a degree of self-ionization,

(44) S2 C12 S2 C1+ + Cl ,

has been used in the past to explain certain conductivity and acid-base

observations in this solvent (112). With regard to isotopic exchange,
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this equilibrium, assuming it is rapidly attained, should result in

rapid chloride exchange between sulfur monochloride and chloride-

containing Lewis acids, e.g.., SbC15, and bases, e._g., (CH3)4NC1.

Presumably, rapid exchange should also occur between thionyl chlor-

ide and sulfur monochloride if both indeed exhibit a significant degree

of self-ionization. Wiggle and Norris (124) did, in fact, observe rapid

and complete radiochlorine exchange between each of the solutes tetra-

ethylammonium chloride, antimony (III) chloride, and antimony(V)

chloride, and the solvent sulfur monochloride. In contrast to this

series of observations, thionyl chloride exhibited only slow radio-

chlorine exchange with sulfur monochloride, with an estimated mini-

mum half-time at 25°C of iv9.5 days (124). Wiggle and Norris felt

that these observations indicated that an ionic dissociation of sulfur

monochloride occurred to a significant extent only in the presence of

a strong chloride acceptor, such as antimony(V) chloride. It was

inferred that the rapid exchange of sulfur monochloride with tetra-

ethylammonium chloride probably involved a bimolecular or associa-

tion equilibrium since thionyl chloride exhibited slow exchange.

Although the above exchange results presumably indicated that

self-ionization of sulfur monochloride must be slight and of minor

kinetic significance, the results with thionyl chloride invited further

examination. Wiggle and Norris experienced much difficulty in ob-

taining meaningful results in this sulfur monochloride--thionyl



192

chloride system. Furthermore detailed experimental information

was desired in order to clarify the possible importance of bimolecu-

lar or associative pathways in this exchange system.

B. Experimental Techniques and Data

1. General

All compounds used in this study were sensitive to moisture.

Consequently, all handling of materials was conducted in a dry at-

mosphere in a glove bag or in. an all glass vacuum line. The glove

bag was dried by repeated flushing with prepurified nitrogen, or with

nitrogen generated (externally) from liquid nitrogen. A positive pres-

sure was maintained in the glove bag to minimize contamination by

moisture in the atmosphere. Transfer of materials to the vacuum

line was usually conducted using flasks closed with standard taper

adapters equipped with stopcocks.

The all glass vacuum line was of a standard design, similar to

systems described by Sanderson (103). The vacuum system was evac-

uated using a mechanical fore pump and a mercury diffusion pump of

standard design. Low pressures, e. g. , 10 -4 to 106 mm Hg, were

measured using a calibrated McLeod gauge.

The vacuum system was constructed from ten to 15 mm o. d.

Pyrex glass tubing. High vacuum Eck and Krebs stopcocks were
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used, almost all having bore diameters of four mm or greater. The

vacuum line included an exchange sample separation section, that is

diagrammed in Figure Figure 28. This section consisted of a 15 mm

o. d. Pyrex glass manifold. Four three-way stopcocks (2) extended

upward from this maniforid, each connected to two one liter storage

bulbs (B). An entry to the manifold was provided for exchange bombs

(A), and a series of traps was constructed for sample separation (C).

The separation train was constructed from four inch test tubes and

each trap was filled with two mm glass beads. Counting sample

collection tubes (D) were constructed from six mm tubing. The use

of the liquid doser (E) and the flask (F) will be described later. Cer-

tain other entry tubes, through stopcocks (not shown), were also

provided on the lower portion of the manifold for miscellaneous usage.

Halocarbon stopcock grease (Halocarbon Products Corporation),

regular or high temperature grade, was used for stopcock lubrica-

tion and Halocarbon wax, #12-00, was used to assure vacuum tight

seals for most standard taper joints and socket joints. Halocarbon

lubricants were used because of their inertness toward attack by

materials used in this work and their relatively low solubility in

these materials.

Before use, water adsorbed on the walls of the vacuum system

and exchange reaction bombs was always minimized by evacuation of

all portions of the system for several hours, followed by repeated
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heating with the luminous flame from an oxygen torch. Reaction

bombs and sections of the vacuum system were always checked for

leaks by monitoring the pressure of the system without pumping over

a period of several hours.

Temperature control for distillations or exchange runs was

achieved with conventional constant temperature baths and slush baths,_

as described in Section II.

2. Radioactivity Assay and Counting Techniques

Chlorine-36, a weak negative beta emitter, was used as the

radioisotope in this study. The radioisotope was obtained as a hydro-

chloric acid solution from the Oak Ridge National Laboratory of the

U. S. Atomic Energy Commission and from the New England Nuclear

Corporation. Chlorine-36 emits negative beta particles of maximum

energy 0.714 Mev and has a half-life of 3.08 x 105 years (113).

Radiochlorine was counted in the form of mercurous chloride.

Thionyl chloride or sulfur monochloride samples containing radio-

chlorine were hydrolyzed with excess base, oxidized with 30% hydro-

gen peroxide, acidified with dilute nitric acid, and the resultant

sulfate precipitated as BaSO4. The barium sulfate precipitate, after

digestion, was removed by filtration through a fritted disk, and the

chloride in the filtrate, containing radiochloride ion, was precipitated

with a solution of 0. 2N mercurous nitrate (2N in HNO3, stabilized by
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the presence of mercury). The mercurous chloride precipitate was

allowed to stand a minimum of one hour in contact with the solution,

then was decanted and transferred to a centrifuge tube. The precipi-

tate was washed three times with distilled water and three times with

acetone in a process involving repeated centrifugation, decantation of

liquid, and stirring with fresh liquid. After the final centrifugation,

the solid mercurous chloride was slurried with an approximately equal

volume of acetone and a small portion of the suspension was deposited

in an even layer on cupped, stainless steel planchets of uniform area

(one inch diameter by 5/16 inch deep). Evaporation of the carrier

solvent was gently conducted under an infrared lamp. This process

resulted in a layer of mercurous chloride 3-12 mg/cm2 in thickness.

Duplicate planchet samples were made for each exchange sample.

The determination of beta activities for exchange samples was

conducted with a Beckman Low Beta II counter. The Low Beta II was

equipped with a gas flow proportional counter detector with a window

of 500 4g/cm2 Mylar. Detector pulses were counted on a time pre-

set decade scaler with printer register, an integral part of the instru-

ment, with a maximum random sample count rate of 5 x 104 cpm.

The Low Beta II counter resolving time was experimentally deter-

mined to be 2.587 x 10-7 minutes. 5

5 This determination was performed by Dr. E. J. Woodhouse
in this laboratory. The author is indebted to Dr. Woodhouse for this
information.
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Self-absorption corrections were empirically determined and

were applied to the counting measurements for all samples. Possible

variations in counter efficiency were checked by counting a standard

reference sample with each group of samples: however, no correction

for efficiency variation was ever necessary. In almost all cases ex-

change samples were counted over a time period sufficient to result

in a standard deviation in the net counting rate of less than three

percent. Counting periods of ten to 20 minutes were generally suffi-

cient for this purpose. Background activities were 0.5 to 0.8 cpm.

Sample activities ranged in general from just above background to a

maximum of a few thousand counts per minute. Hence, with the

proportional counter employed, no significant coincidence correc-

tion was needed.

3. Chemical Analysis

In the course of the work it was necessary to analyze various

compounds for total sulfur, total chlorine, and/or total antimony

content. Analysis for chlorine as chloride ion was performed by

potentiometric titration with standard silver nitrate. A Beckman

Model 72 pH meter was used with silver-silver chloride and mercury-

mercurous sulfate electrodes. Total sulfur and total chlorine analy-

ses on thionyl chloride or sulfur monochloride samples were obtained

in the following manner. Samples of known weight were hydrolyzed
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in excess sodium hydroxide solution, oxidized with 30% hydrogen

peroxide, and heated to decompose the excess peroxide. The sam-

ples were then acidified with dilute nitric acid and sulfate precipitated

by slow addition of a hot barium nitrate solution to the heated sample

solution. After digestion for two hours, the barium sulfate in each

sample was collected on tared, fine fritted disk crucibles and heated

to constant weight. The filtrate was diluted to a suitable, known

volume and aliquots were titrated potentiometrically for chloride as

described above.

Antimony analyses incorporated a modification of the rhodamine

B technique described by Ramette and Sandell (101), in which the ab-

sorbance is observed at the band maximum at 565 mµ for the complex

between rhodamine B and hexachlorantimonate(V). Antimony(V)

chloride vapor or liquid samples were dissolved directly in 12 N

hydrochloric acid. Thionyl chloride-- sulfur monochloride mixtures

containing antimony(V) chloride were hydrolyzed slowly with 12 N

hydrochloric acid by adding the acid dropwise, with stirring, to the

sample, open, in the hood. After completion of hydrolysis, 30%

hydrogen peroxide was added slowly from a dropping funnel with

cooling of the solution in an ice bath and with constant sitrring. The

sample was then filtered to remove the solid sulfur formed, and was

evaporated down to a volume of approximately three ml. The concen-

trated sample was rapidly diluted to 25 ml with 12 N hydrochloric
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acid. Appropriate additional dilutions to known volumes were made

as needed (see below) with the concentrated acid. A 25 ml aliquot

of the solution so obtained, initially at 0°C, was then diluted to 50 ml

with distilled water, also initially at 0°C, and the solution was mixed

for one minute. Then a ten ml aliquot of the resultant solution (N 6 N

in HC1) was pipetted into a separatory funnel containing two ml of

rhodamine B solution (0. 1 g rhodamine B, Eastman practical, dis-

solved in 100 ml, 6 N HCl). Ten ml of benzene was immediately

pipetted into the separatory funnel and the mixture was shaken for

one minute. The concentration of hydrochloric acid was initially

maintained as near 12 N as possible to minimize hydrolysis of hexa-

chloroantimonate(V). The subsequent dilution for analysis (performed

rapidly and rigidly reproducibly with respect to time) was necessary

to maximize extraction into the organic layer of the desired complex

between the monoprotonated rhodamine B and hexachloroantimonate(V).

The benzene layer was separated, centrifuged and the absorbance

measured at 565mµ. The concentration of antimony was obtained

by comparison of the absorbance with a standardization curve (ob-

tained by use of the stock antimony(V) solution of known concentration

described below). The accuracy of the rhodamine B method was

checked by analysis of samples of known antimony content prepared

from a stock solution of antimony(V) in 12 N HC1. The stock anti-

mony(V) solution was prepared from a known weight of antimony(V)
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chloride and the concentration was checked independently by an iodo-

metric technique described by Vogel (116, p. 366). The rhodamine

B analysis was found to be quite sensitive with respect to timing.

All steps following the sample evaporation were conducted in a rapid

and carefully reproducibly timed manner.

4. Preparation and Treatment of Materials

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

ty hydrochloric acid solution (> 99% radiometric purity; 0.32 N HC1;

specific activity, 1.04 me /gm of chlorine) from New England Nuclear

Corporation, 575 Albany Street, Boston, Massachusetts. Chlorine-

36 was also obtained from the Oak Ridge National Laboratory (Item

Number Cl -36-P) in the same general form as above. The source

material was not further purified before use.

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

reagent) was purified by high vacuum distillation, repeated three

times, with the first and last 15% of the distillate discarded each

time. The purified thionyl chloride was stored under its own vapor

pressure at -78. 5oC, and was vacuum distilled twice more before

being used.

%Calc. for SOC12; °/ 59%.60; %S, 26.95.

Found: % C1, 59.20; %S, 27.25.

c. Sulfur monochloride S2C12, (Matheson, Coleman and Bell,
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practical) was purified by shaking for several hours with one percent

powdered sulfur (Mallinckrodt, see below) and one percent activated

charcoal (Norite) while protected from moisture. The mixture was

then attached to the vacuum line by means of a stopcock adapter. The

sulfur monochloride was vacuum distilled three times, onto fresh

sulfur, with the first and last 15% of the distillate being discarded

each time. The purified sulfur monochloride was stored under its

own pressure at -78. 5oC. This material was vacuum distilled twice

before use in exchange runs.

Analysis. Ca lc. for S2C12; % Cl, 52.51; %S, 47.49.

Found: %Cl, 51.93, %S, 49.32.
J.

d. Chlorine-36 labeled sulfur monochloride. S
2

Cl2'
was pre-

pared by exchange of radiochlorine with labeled tetraethylammonium

chloride. Several batches of labeled sulfur monochloride were made.

A typical batch involved distillation of approximately 100 ml of pure

sulfur monochloride onto two grams of labeled tetraethylammonium

chloride (see below), containing approximately 52 [lc of 36
C1. All of

the salt dissolved with stirring. After one hour, the sulfur mono-

chloride was distilled into a 200 ml flask containing a small amount

of sulfur and activated charcoal. All distillations involving sulfur

monochloride were conducted by maintaining the source at room

temperature and the receiver at -78. 5oC with a dry ice--acetone

slush bath. The labeled sulfur monochloride was stored under its
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own vapor pressure at -78. 5oC. The labeled material was vacuum

distilled a minimum of four times, the middle 70% being retained each

time, before use for exchange purposes. A typical preparation yield-

ed sulfur monochloride having a specific activity of 57.46 cpm/mg.

e. Antimony(V) chloride. SbC15, (Baker and Adamson, re-

agent) was purified by a single vacuum fractionation, in which the

middle 50% of the distillate was received in a 50 ml round bottom

flask. The antimony(V) chloride was stored at 0°C to minimize

interaction with stopcock grease.

Analysis. Ca lc. for. SbC15: %Sb, 40.72.

Found: %Sb, 40.63.

f. Sulfur dichloride.
SC12'

(Matheson, Coleman and Bell,

technical) was purified by three vacuum distillations, the middle 50%

of each distillate being retained. The ultraviolet--visible spectrum

of the purified material showed only a small amount of sulfur mono-

chloride as impurity.

g. The tetraalkylammonium chlorides. (CH3)4NC1 and

(C
2

H
5

)
4
NC1, (Eastman, white label) were dried by heating at 120 oC

under high vacuum for a minimum of six hours. No further purifi-

cation was conducted. Dried material was stored under vacuum.

Analysis, Calc. for (CH3)4NC1: %Cl, 32.35. Found: %Cl,

32.28. Calc. for (C2H5)4NC1: %Cl, 21.40. Found: %Cl, 21.85.
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h. Chlorine-36 labeled tetraethylammonium chloride.

(C
2

H
5

) 4NC1, was prepared in several batches in the course of this

work. A typical preparation involved addition of 5.0 ml of a 0.32 N

H
36 C1 solution (see above; 59.2 [lc) to 2.0 gm of tetraethylammonium

chloride. The mixture was stirred and additional small amounts of

water were added (whenneeded). until a homogeneous solution formed,

after which the container was attached to the vacuum line. The solv-

ent was distilled off, and the salt dried by heating at 120°C for six

to 12 hours, under high vacuum.

i. Sulfur dioxide. SO2' was obtained from Virginia Chemicals

and Smelting Company. The material was initially contained in one

pound amounts in "Can-o-Gas" pressure cans. Sulfur dioxide was

purified on the vacuum line by passage through two sulfuric acid bub-

blers, over a three foot column of phosphorus pentoxide, and was

collected as liquid in a 100 ml round bottom flask at -78. 5°C. This

material was vacuum distilled once, the first and last 15% of the

distillate being discarded, and was stored under its own vapor pres-

sure at -78. 5oC. The sulfur dioxide was vacuum distilled twice

more before use. Measured vapor pressures of sulfur dioxide at

-63. 5°C, -45. 2°C, and -23. 2°C were 31.5 mm Hg, 115.4 mm Hg,

and 409.2 mm Hg, respectively. (Reported for SO2: 29.3 mm Hg,

119.4 mm Hg and 409.7 mm Hg at -65. 3°C, -45. 2°C and -23.2°C,

respectively (41). )
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j. Sulfur was obtained from two sources. The first source

was K & K Laboratories and the material was a high purity, 99. 999%

granular sulfur. The second source was Mallinckrodt and the mater-

ial was termed "precipitated purified" sulfur, in powder form. The

K & K 99.999% sulfur was used without further purification. The

Mallinckrodt powdered sulfur was also used without additional treat-

ment after exchanges indicated that sublimation of the sulfur before

use did not affect exchange.

5. General Exchange Run Procedures

a. Exchange bomb design . --Four basic exchange bomb designs

were utilized in this study. These designs are diagrammed in Figure

29. The individual tube and equilibrium tube exchange bombs each

contained a single exchange sample and a series of these individual

sample tubes was needed for a complete kinetics run. In contrast,

a number of successive samples could be removed in the pot and

equilibrium pot exchange bomb techniques, thereby allowing a single

bomb to yield enough samples for a complete kinetics run. The

equilibrium tube (C) and equilibrium pot (D) exchange bombs differ

from the tube and pot bombs by the existence of a separate chamber

(d), for thionyl chloride, which was equipped with a break tip. This

design allowed the components to be mixed after thermal equilibrium

had been achieved.
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Figure 29. Radiochlorine exchange bomb designs.
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The tube, (A), and equilibrium tube, (C), exchange bombs

were constructed from ten mm o. d. Pyrex tubing. Sidearms (a)

were constricted near the sample chambers (c) to facilitate sealing

off the tubes from the vacuum line after dosing. The equilibrium

tube was equipped with a thionyl chloride chamber (d), constricted

at the upper end and equipped with a break tip at the lower end. Both

tube designs included sampling break tips (b) through which single

samples could be rerrioved at an appropriate time. Magnetic ham-

mers were constructed from small pieces of iron sealed in five mm

o. d. Pyrex tubing and were placed in positions accessible to the break

tips. The sample sections (c, d) for the tube style bombs were approx-

imately three to five ml in volume. The tubes were approximately

15 cm in overall lengths.

The pot and equilibrium pot exchange bombs were also largely

constructed from ten mm o. d. Pyrex tubing with the enlarged "pot"

portion of the exchange bomb made from a short section of 17 mm

o. d. tubing. The dimensions of the pot type exchange bombs varied

with the requirements of the mixture to be dosed. The side arms

(a) of the pot style bombs, (B) and (D), were equipped with high

vacuum, oblique, four mm bore stopcocks. Extensions (a) and (a')

for the pot bombs terminated with the ball portion of 18/9 socket

joints. The pot exchange bombs contained coiled glass stirring rods,

made from two mm diameter cane, equipped with a small iron bar
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encased in five mm o. d. tubing and sealed into the upper portion of

the rod. A vertical stirring action was achieved by activating a

solenoid (e) in a continuous, regular manner. The stirring mechan-

ism is identical with that used in the thermal analysis technique

described in Section II. A typical set of dimensions for a pot ex-

change bomb was, for Experiment V-21, a total length of 35 cm with

the "pot" (c) being five cm in length and the thionyl chloride chamber

(d) 13 cm in length.

b. Dosing technique. --A series of liquid dosers, e._g., (E),

Figure 28, were used in this work. Dosers were constructed from

five to ten mm Pyrex tubing, depending on the total volume require-

ments, with lengths of five to 20 cm. The doser volumes were cali-

brated by triplicate weighings of the tubes filled with mercury to

the appropriate marks. Sulfur monochloride and thionyl chloride

were dosed by distilling the desired, purified component into the ap-

propriate doser by cooling the latter with liquid nitrogen. This cool-

ing process had to be interrupted frequently by lowering the liquid

nitrogen Dewar away from the closer and spraying the doser with

acetone. This process rapidly melted the frozen material, mini-

mizing the chance for solid expansion which could shatter the doser.

After a small excess of the desired component had been distilled into

the doser, the liquid was held at 0°C with an ice slush and the excess

distilled into a discard receiver cooled with liquid nitrogen. A known
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volume of thionyl chloride or sulfur monochloride was then distilled

into the appropriate section of the exchange bomb. In some cases

this procedure involved dosage of all the residual material in the

doser. Most often, however, it involved distillation of only a por-

tion, from an upper to a lower mark on the doser. This process, of

course, provided additional fractionation for the material being

dosed. Sulfur monochloride was distilled into sample chamber (c),

Figure 29, by cooling the exchange bombs with a dry ice--acetone

slush. Thionyl chloride was either distilled onto the sulfur mono-

chloride, for bombs (A) and (B), at -196°C or into the separate

thionyl chloride chamber (d) for bombs (C) and (D). The latter dis-

tillation from the doser was affected by cooling the chamber (d)

with a dry ice--acetone slush bath, -78.5°C, thereby keeping the

thionyl chloride in the liquid state. This was necessary since frozen

liquid in the break tip had an objectionable tendency to expand and

shatter the fragile tip. For this distillation the entire bomb was

immersed in the cold bath and the thionyl chloride was distilled in

first. Then, after the thionyl chloride chamber had been sealed off,

the sulfur monochloride was distilled into the lower portion of the

bomb. After total transfer of material from doser to bomb, the

bomb was either sealed at the appropriate constriction by heating

with an oxygen torch or closed with the stopcock shown in bombs (B)

and (D), Figure 29. Most exchange runs were made in the dark by
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painting the exchange bombs with black enamel. The data tables indi-

cate which runs were made in the dark.

Sulfur was dosed into exchange bombs by adding weighed amounts

of Mallinckrodt powdered sulfur or K & K 99. 999% sulfur to the bombs

through side arm (a). The amount of sulfur added was calculated to

give a saturated solution with ten percent excess solid, assuming the

sulfur in the soluble form. (The K & K sulfur was found to be quite

soluble in sulfur monochloride; the Mallinckrodt sulfur, however,

was relatively insoluble. )

c. Exchange run initiation. --Exchange runs were initiated in

the following manner. Samples in bomb styles (A) and (B), Figure

29, i. e., both components in the same chamber, were kept frozen

in a liquid nitrogen bath until the exchange run was to be started.

To initiate exchange for bomb styles (A) and (B), the samples were

rapidly melted by spraying with acetone and were immediately im-

mersed in the appropriate constant temperature bath. Tube style

exchange bombs, (A) and (C), were agitated during exchange runs

by a mechanical device that gave a horizontal tipping motion to a

sample holder. Pot style bombs, (B) and (D), were stirred with a

solenoid activated stirrer as discussed above. Exchange runs were

initiated for equilibrium bombs (C) and (D) by immersing the bomb in

the appropriate constant temperature bath, allowing sufficient time

for temperature equilibration, and then breaking the break tip
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separating sections (c) and (d) with the stirring bar contained in sec-

tion (c). This allowed the components to be mixed at the desired

temperature for the exchange and also allowed sulfur monochloride

to come to equilibrium with any added sulfur that was present. This

process resulted in a mixing time of one to three seconds.

d. Counting Sample Collection and Separation. - - The method

used for the collection and separation of counting samples was based

on the fact that thionyl chloride (b. p. , 78. 8°C) is more volatile than

sulfur monochloride (b. p., 135. 6°C). This fact, then, allowed

separation of the more volatile component, SOC12, by fractional

distillation and fractional condensation procedures. Exchange run

counting samples were collected from the exchange bombs as a func-

tion of time in the following manner. The individual sample tubes,

(A) and (C), Figure 29, were removed from the constant temperature

bath and immediately frozen in liquid nitrogen to stop the exchange.

The exchange sample separation system is shown in Figure 28. The

frozen tubes were sealed to a small secondary manifold which was

attached by means of a socket joint to the vacuum line at (A), Figure

28. The portion above the break tip was then evacuated and heated

with a luminous flame. The samples were kept frozen and the break

tip (b) on the tube was broken with the magnetic hammer encased in

glass. Stopcocks (1), (3), (4) and (5), Figure 28, were opened, stop-

cocks (6) and (7) were closed, and low temperature slush baths
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or liquid nitrogen were placed around the traps in separation train

(C) and a collection tube (D.). Two -23°C (carbon tetrachloride) slush

baths, one -78. 5°C (dry ice--acetone) bath and one -196°C (liquid

nitrogen) bath were used in that order. The collection of an exchange

sample was begun by rapidly melting the frozen sample by spraying

it with acetone and warming it to room temperature. A small amount

(about one-tenth) of the most volatile portion of the sample was dis-

tilled through the series of cold traps, (C), Figure 28, for one min-

ute, and then stopcocks (3), (4) and (5) were closed. In this proced-

ure material condenses in all three traps, presumably mainly sulfur

monochloride in the -23°C traps, and mainly thionyl chloride in the

-78. 5oC trap. Very little, if any, material goes through to the col-

lection tube (D). The separation time, i. e., the time lapse between

melting the sample and the end of the sample distillation, was about

one minute. This rather long s-eparation time was necessary due

to the relatively low vapor pressure of the sulfur monochloride- -

thionyl chloride mixture and the small exit hole obtained in the break

tip. As soon as sample collection ceased, with the closing of stop-

cock (3), the major portion of the material remaining in the exchange

bomb was "rapidly" distilled out by opening stopcock (7) and was dis-

carded. The last 0.2 ml remaining in the exchange tube bomb (pri-

marily sulfur monochloride) was quickly refrozen and saved for later

purification for a sulfur monochloride counting sample. At this point,
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stopcock (1) was closed. The most volatile portion of the material

trapped at -78. 5oC was distilled into a counting sample collection

tube, (D), Figure 28, (cooled with liquid nitrogen) by opening stop-

cock (5), and warming the trap and its contents to 0°C with an ice

bath. This material provided the thionyl chloride counting sample.

The counting sample collection tube was sealed with an oxygen torch

and removed from the vacuum line. The sample was treated for

counting as described in Section V. B. 2. After the evacuation of the

separation train, the sulfur monochloride remaining in the exchange

tube bomb was then purified by distilling it through the two -23°C

traps and the -78.50C trap. After renewed evacuation of the -78.5°C

trap (stopcock (4) closed), the material retained in the first -23°C

trap was then allowed to pass through the second -23°C trap to the

-78. 5oC trap. The material finally left in the second -23 oC trap

was distilled at room temperature into a counting sample collection

tube (cooled with liquid nitrogen) and sealed from the vacuum line.

This material comprised the sulfur monochloride counting sample.

Components of the experimental solutions other than the two major

ones were either non-volatile (sulfur or tetraethylammonium chlor -

ide) or, if volatile, (antimony (V) chloride) were present at negligibly

low concentrations. Hence, in either case, they provided no inter-

ference in the foregoing procedure.

Exchange run counting samples for the pot exchange bombs,
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(B) and (D), Figure 29, were collected in a somewhat different man-

ner from the above due to a need for rapid collection of a series of

samples during certain runs. A pot exchange bomb was immersed

in a constant temperature bath (G) (at the exchange temperature)

while attached to the vacuum line at point (A) in Figure 28. Dewass

filled with liquid nitrogen were placed around the lower extensions

of the sample storage bulbs (B) (one to all eight, as needed). Stop-

cocks (3), (6) and (7) were closed, stopcock (8) and one of stopcocks

(2) were opened, and at the desired time stopcock (1) was opened for

''ten seconds, then closed again. The process so used drew a sam-

ple mainly from the experimental liquid solution and not simply from

the vapor over the solution. Mixtures containing excess sulfur mono-

chloride required somewhat longer collection times. This process

was repeated as rapidly as required (successive item (2) stopcocks

being opened one at a time) for sample collection for a complete

kinetics run. With this technique samples could be collected within

five seconds of initiation of the exchange and the time interval be-

tween samples could be as little as 15 seconds. The samples were

kept frozen until the sample purification procedure was begun.

The purification procedure followed with the pot exchange

technique again involved cooling the separation train traps (C) with

two -23oC slush baths, a -78. 5oC bath, and a collection tube (D)

with a -196°C bath, as described above for the individual sample
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sample tube technique. The sample stored in the sample storage

bulb (B) was kept frozen and stopcocks (2) (the pertinent one), (3),

(4), (5) and (8) were opened, and stopcocks (6), (7) and the other

(2) stopcocks were closed. Sample purification was initiated by re-

moving the liquid nitrogen bath from the sample storage bulb exten-

sion (B) and replacing it with a 259C water bath. The fractionation

was allowed to proceed until approximately 0.1 to 0.2 ml of material

(actually the bulk of the entire sample taken) had been collected in the

-78.5oC trap. Stopcocks (3), (4) and (5) were then closed. The most

volatile portion (usually about one-half to three quatters) of the ma-

terial retained in the -78. 5°C trap was distilled into the counting

sample collection tube (D), cooled with liquid nitrogen, by opening

stopcock (5) and placing an ice bath around the trap that had been at

-78. 5oC. The collection tube was then sealed from the vacuum line.

Its contents comprised the thionyl chloride counting sample. No

sulfur monochloride samples could be taken with this technique. The

counting samples were further treated as described in Section V. B. 2.

Many samples could be obtained in the above manner over a

period of time from one pot exchange bomb, or several tube exchange

bombs, to give information concerning the rate of radiochlorine ex-

change for the sulfur monochloridethionyl chloride system. The

size of the samples collected in the pot technique was approximately

0.1 to 0.15 ml out of a total original volume of seven to ten ml. This
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allowed five to seven samples to be taken without changing the concen-

tration of the exchange sample by more than ten percent. The above

counting sample separation technique resulted in thionyl chloride

counting samples containing less than 0.5% sulfur monochloride,

as shown from ultraviolet spectra. The major portion of the sulfur

monochloride contained in the exchange sample was trapped in the

first -23 o C trap, and only a trace remained in the -78. 5oC trap after

removal of the counting sample.

6. Preliminary Exchange Runs

The experinrntal techniques discussed in Section 5 were devel-

oped in the course of preliminary studies of the radiochlorine ex-

change between thionyl chloride and sulfur monochloride. The tech-

niques used in other phases of the exchange work are described in

Section 5 and will be identified in the appropriate sections below.

The data from the preliminary investigations are collected in Table

17. (Tables 17-20 are located at the end of this Section B). The

methods used to calculate quantities reported in the tables collected

at the end of this section were those described in Section B. 11 below.

7. Uncatalyzed Exchange Runs

The data for the uncatalyzed exchange runs for the sulfur mono-

chloridethionyl chloride system are shown in Table 18. As
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indicated in Table 18, some of this work involved the equilibrium tube

((C) Figure 29) technique. Most, however, was done using the equi-

librium pot ((C, D), Figure 29) technique, about half of these in the

dark. These techniques allowed sulfur monochloride to be saturated

with sulfur before addition of thionyl chloride. The techniques used

in these uncatalyzed exchange runs are those described above for the

equilibrium tube and equilibrium pot exchange bombs.

8. Catalyzed Exchange Runs: Tetraethylammonium
Chloride as Catalyst

The data for the radiochlorine exchanges catalyzed by tetra-

ethylammonium chloride are shown in Table 19. The chloride cata-

lyzed work was done in the dark, using the equilibrium pot technique.

Exchange run and sample collection techniques were those described

using the equilibrium pot exchange bombs.

The tetraethylammonium chloride catalyst was dosed in the

following manner. A 0.09669 N aqueous solution of tetraethylam-

monium chloride was prepared, standardized by potentiometric titra-

tion of chloride with standard silver nitrate, and dilutions were made

to give chloride concentrations suitable for dosing. Aliquots of the

dilute solutions were added to the thionyl chloride chamber (d) Figure

29, with 100 to 700 p.1 micropipets. The water was evaporated from

the salt in an oven at 100oC and the equilibrium pot exchange bomb



217

was then attached to the vacuum line via an 18/9 socket joint attached

to sample chamber (d). The thionyl chloride sample chamber was

evacuated and degassed. In order to assure complete dryness of the

salt and sample chamber, a small amount of thionyl chloride, 0.5 to

1.0 ml, was distilled into the chamber and allowed to stand at room

temperature for several minutes. The thionyl chloride was then dis-

tilled from the chamber and the bomb was heated (with a water bath)

with pumping for one hour at 70° to 80°C. Since the thionyl chloride

chamber could not be flamed after dosing the chloride salt, because

of the possible decomposition of the tetraethylammonium chloride,

the treatment with thionyl chloride with subsequent gentle heating

was used to remove adsorbed water. After this treatment, thionyl

chloride and sulfur monochloride was dosed as 'described in Section

5. b above.

9. Catalyzed Exchange Runs: Antimony(V)
Chloride as Catalyst

The data for the radiochlorine exchanges catalyzed by anti-

mony(V) chloride are shown in Table 20. The equilibrium pot tech-

nique was used for all runs and the exchanges were conducted in the

dark.

Antimony(V) chloride was dosed as a gas, using the thionyl

chloride sample chamber, (d), Figure 29, and (F), Figure 30, as a
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calibrated volume gas doser. Consequently, no distillation of small

amounts of antimony(V) chloride was necessary. This dosing was

approximate only; the final antimony(V) chloride concentration was

established quantitatively at the end of an experiment as indicated

below. Antimony(V) chloride was dosed as a gas because of the

small quantities required, e.g., 10 -3 millimoles, for each exchange

sample. The antimony(V) chloride dosing system is shown in Figure

30. Purified antimony(V) chloride was stored in a 50 ml round bot-

tom flask (G). The small dosing manifold was equipped with a 500 ml

pressure buffer reservoir (H), a tube for collecting vapor samples of

antimony(V) chloride (I) and entries to the vacuum line through stop-

cocks (9) and (12). The separate dosing manifold was necessary

because of the difficulty encountered in removing trace amounts of

antimony(V) chloride from the main manifold when the material was

allowed to expand into it. This difficulty resulted in extremely irre-

producible dosing of antimony (V) chloride since the subsequent thi-

onyl chloride dosing tended to carry adsorbed antimony(V) chloride

from the main manifold into the thionyl chloride sample chamber (F),

Figure 30. This problem was minimized by the use of the small dos-

ing manifold without allowing antimony(V) chloride to expand into the

main manifold. Since antimony(V) chloride vapor pressures obtained

for dosing were between 0.1 and one mm Hg, these could not be

directly measured with a satisfactory degree of accuracy. An
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estimate of vapor pressure, assuming ideal gas behavior, was made

for a dosing calibration by collection of antimony(V) chloride vapor

samples in tube (I), Figure 30, as a function of the temperature of

the liquid antimony(V) chloride source (G). The vapor samples were

extracted with 12 N hydrochloric acid, appropriate dilutions with

concentrated hydrochloric acid were made, and the ultraviolet ab-

sorbance of the hexachloroantimonate(V) ion was measured at the

band maximum for this species, 272 mil. Comparison of the meas-

ured absorbance with a standardization curve prepared with stock

standardized antimony(V) solutions (prepared as described in Section

3) allowed calculation of the amount of antimony(V) chloride present.

Vapor samples were taken (and analyzed by the hexachloroantimon-

ate(V) method described above) occasionally after exchange sample

dosing as a check on the probable amount dosed. In general the

checks with the calibration curve were reasonably satisfactory though

some deviations did occur, reflecting the approximate nature of this

dosing procedure.

The procedure for dosing antimony(V) chloride into an exchange

bomb was as follows. The bomb was attached to the vacuum line at

the entry below stopcock (9) via the thionyl chloride chamber (F),

Figure 30. After thorough evacuation and flaming of all portions of

the system, the antimony(V) chloride source (G) was surrounded by a

water bath at the appropriate temperature and was allowed to stand
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for several minutes. All stopcocks were closed during this period.

Stopcock (11) was then opened and the small dosing manifold was

allowed to stand in contact with antimony(V) chloride vapor for five

minutes. Stopcock (10) was opened for one minute, then stopcocks

(10) and (11) were again closed. Exposure times in excess of two

minutes resulted in excess antimony(V) chloride being adsorbed on

the walls of the sample chamber. After stopcocks (10) and (11)

had again been closed, the antimony(V) chloride vapor in the volume

including sample chamber (F) and all tubing connecting (F) to stop-

cocks (9) and (10) was condensed into the sample chamber (F) by

cooling the latter with a dry ice -- acetone slush. Thionyl chloride

vapor was then allowed to expand into the main manifold from its

doser, and a known volume pf thionyl chloride was distilled into (F)

by opening stopcock (9). The chamber (F) was then sealed at the

constriction with an oxygen torch. All other components were dosed

as described in Section 5. b.

The total antimony content of the exchange samples was deter-

mined quantitatively at the end of the exchange run by analysis of the

residual solution after sampling, using the rhodamine B technique

described in Section B. 3. It may be noted that this residual volume

consisted of about 85 to 90% of the original volume, and would have

contained almost all of the original antimony(V) chloride due to the

relatively low volatility of this material (b.p. 140°C).
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10. Investigation of the Sulfur Monochloride--Antimony(V)
Chloride--Thionyl Chloride System

The chemical behavior of mixtures of antimony(V) chloride,

sulfur monochloride and thionyl chloride was of interest in this work

because of the fact that antimony(V) chloride was to be investigated

as a catalyst in the radiochlorine exchange between sulfur monochlor-

ide and thionyl chloride. Of particular interest in this regard was a

report (referred to in Section I) by Fortunatov, Kublanovskii and

Biryuk (37) that indicated that antimony(V) chloride, in excess, re-

acts with sulfur monochloride to give antimony(V) chloride adducts

of sulfur dichloride and sulfur tetrachloride, antimony (III) chloride

simultaneously being formed. As a result of this report, a brief

study was made to determine whether or not a reaction would occur

when thionyl chloride was present and sulfur monochloride was in

excess over antimony(V) chloride. In addition, it was desired to

demonstrate qualitatively whether or not any possible reaction pro-

ceeded to completion.

In an effort to determine whether or not antimony(V) chloride

would react with sulfur monochloride under more dilute conditions

than those studied by Fortunatov et al. (37), the following experiment

was conducted. Antimony(V) chloride was vacuum distilled once,

and the middle half, 65.2 gm (0.218 moles), of the distillate was
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then distilled into a 100 ml round bottom flask equipped with a 19/38

standard taper joint and connected to the vacuum line via a stopcock

adapter fitted with a 18/9 ball socket joint. Thionyl chloride was

vacuum distilled once and the middle half, 94.6 gm (0. 795 moles)

was distilled onto the antimony(V) chloride by cooling the latter with

a dry ice--acetone slush. The resultant mixture (A/3.8 M in SbC15)

was warmed to room temperature and formed a light, lemon yellow,

homogeneous solution. The flask containing the thionyl chloride- -

antimony(V) chloride solution was closed by means of the stopcock

adapter and transferred to a dry atmosphere glove bag. The reaction

system next used was constructed from an all glass standard taper

apparatus and the reaction pot, initially containing the sulfur mono-

chloride, was a 500 ml, three neck flask. Stirring was done by

means of a magnetic stirrer. All the following steps were conducted

at room temperature. The above antimony(V) chloride solution, in

its entirety, was slowly added dropwise, with a stirring, from a

separatory funnel to 167.0 gm (1.24 moles) of purified sulfur mono-

chloride, over a period of perhaps 15 minutes. The sulfur mono-

chloride solution turned deep, clear orange as the thionyl chloride- -

antimony(V) chloride solution was added, the color appearing as soon

as some had been added and becoming darker as the addition continued.

About ten minutes after initiation of the addition, the clear orange

solution began to turn cloudy, and over a period of several hours a
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modest amount (about six grams) of yellow solid formed. The solid

was allowed to settle and was suction filtered in the dry atmosphere

glove bag through a coarse fritted disk, glass crucible. A powdery,

light yellow solid was thus obtained. The solid was washed with dried

chloroform and placed in a 100 ml round bottom flask equipped with

a stopcock adapter. The flask was then attached to the vacuum line

and evacuated with constant pumping for several minutes to remove

adsorbed sulfur monochloride, thionyl chloride or chloroform that

might have been present. Several samples of the still light yellow

solid were takdh for separate total sulfur, total chlorine and total

antimony analyses, since all three analyses could not be made on

the same sample. The analyses were conducted using the methods

described in Section B. 3. The analysis results are shown below:

Found, samples (1), (2), (3): %S, 7.028; %Cl, 64.82; %Sb, 26.37

samples (4), (5), (6):

average:

%S,

%S,

7.504; %C1,

7.266; %Cl,

65.85; %Sb,

65.34; %Sb,

27.50

26.94

Calculated for SbC15. SC14: %S, 6. 780; %Cl, 67.47; %Sb, 25.75

SbC15. SC13: %S, 7.330, %Cl, 64. 84; %Sb, 27.83

SbC15 SC12: %S, 7.976; %Cl, 61.74; %Sb, 30.29

SbC15° S2C12: %S,14.77 ; %Cl, 57.18; %Sb, 28.05

SbC13 S2C12: %S,17.66 ; %C1, 48.82; %Sb, 33.53

The analysis results suggest that a mixture of SbC15 SC12 and
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SbC15 SC14 (shown above as SbC1 5SC13) is formed under the reaction

conditions described above, i.e., a 0. 18:1 mole ratio of antimony(V)

chloride to sulfur monochloride. This result is in at least partial

agreement with the report by Fortunatov and coworkers (37) in that

a reaction was indeed found to occur between sulfur monochloride and

antimony(V) chloride. On the other hand, these authors reported

that, for solutions of sulfur monochloride in excess antimony(V)

chloride, only the SC12 complex with SbC15 was found for an initial

mole ratio '<3/1 of antimony (V) Chloride to sulfur monochloride; a

mole ration t 5/1 was reported to give only the SC14 complex. This

would suggest that the present work should have yielded only the SC12

complex, but such was not the case.

The next point of interest in this system involved the question

of the extent of the antimony(V) chloride--sulfur monochloride reac-

tion. Although a reaction was found to occur, only approximately six

grams of solid were obtained. If one assumes, as suggested from

the above results and from the report of Fortunatov et al. (37) that

the overall reaction is

(45) 4 SbC1
5

+ S
2

C12 SbC1
5

SC1
2

+ SbC1
5°

SC14 + 2 SbC13'

the amount of product obtained corresponded to only about a 13 percent

yield. A check on the solubility of the solid product showed that it

dissolved only to a small extent in pure sulfur monochloride or thionyl
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chloride--sulfur monochloride mixtures. Thus, most of the product

formed was presumably collected as the solid, and was not left in

solution. This observation suggested the possibility that the reaction

does not proceed to completion, and might not occur to a very great

extent when the antimony(V) chloride is present in small amounts

(,,,10
-5 M), such as is the case in the exchange work discussed in

the sections to follow.

In view of the apparent incompleteness of the above reaction,

it was desired to find a method that would demonstrate whether or

not an antimony(V) species, other than the above products, remained

in solution after equilibrium had been attained. Consequently, a

method was developed that would allow precipitation of antimony(V),

presumably as hexachloroantimonate(V), from the reaction medium

without precipitating the above products or an antimony(V) species

derived from these products.

In the first step toward finding_ such a method, it was found that

a compound, (I), presumably tetraethylammonium hexachloroantimon-

ate(V), could be readily prepared by any of the following methods:

(1) addition of dried solid tetraethylammonium chloride to neat anti-

mony(V) chloride; (2) mixing thionyl_chloride solutions of the two

components; or (3) mixing concentrated hydrochloric acid solutions

of tetraethylammonium chloride and antimony(V) chloride. The solid

obtained in each case, a fine grained white powder, was found to be
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only slightly soluble in concentrated hydrochloric acid, concentrated

nitric acid, concentrated sulfuric acid, water, concentrated sodium

hydroxide solutions, carbon tetrachloride and benzene. However,

the solid was quite soluble in acetonitrile and acetone. The subse-

quent observations were applicable to samples of the solid (I) pre-

pared by all three of the above techniques. (I) was purified by three

recrystallizations from acetonitrilewater solutions. The recrys-

tallization process involved dissolving the solid, (I), in acetonitrile

with subsequent addition of an equal volume of water to cause the

solid to reprecipitate. (I) was found to melt at 276-277°C with de-

composition to a black tar.

The nature of the antimony in (I) was investigated in several

ways. It was demonstrated that (I) contained large amounts of anti-

mony(V) by applying the rhodamine (B) analysis technique (Section

B. 3. ) to saturated solutions of (I) in concentrated hydrochloric acid.

In addition, the ultraviolet spectrum_ of (I) was examined, in ace-

tonitrile solution, and it was found that a single band was obtained

at 270 mil. The molar absorbance of (I), assuming a 1:1 adduct,

(C
2

H5)4 NC1 SbC15' was found to be 8. 60 x 103 cm-1 M-1 (±5%).

These characteristics closely resemble those of the hexachloro-

antimonate(V) ion, which was studied in 12 N hydrochloric acid dur-

ing the development of an antimony(V) chloride dosing technique. It

was found, in 12 N hydrochloric acid, that the species SbC16
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exhibited an absorbance maximum at 272 mil (94) with a molar absorp-

tivity of 8.93 x 103 cm-1 M-1. The demonstration of the presence of

large amounts of antimony(V) combined with the spectrophotometric

evidence mentioned above strongly suggests that compound (I) con-

tains the hexachloroantimonate(V) moiety. In addition, the infrared

spectrum of a Nujol mull suspension of (I) was identical with that of

pure tetraethylammonium chloride. Thus, it would appear that

compound (I) might well be (C2H5)4NC1 SbC15.

It was next demonstrated that no precipitate was obtained when

a concentrated solution of tetraethylammonium chloride in thionyl

chloride was added to a saturated solution of the reaction product

mixture SbC15 SC12- -SbC15. SC14 in a sulfur monochloride- -thionyl

chloride mixed solvent. This indicated that these products would

not interfere in any attempt to precipitate unreacted antimony(V)

chloride from the reaction medium.

Finally, it was found that addition of a concentrated solution of

tetraethylammonium chloride, in thionyl chloride, to the filtrate ob-

tained after separation of the antimany(V) chloride-- sulfur monochlor -

ide reaction products resulted in the formation of a large amount of

a white precipitate (II). This solid,_ as was observed for (I), was only

slightly soluble in water but was quite soluble in acetonitrile. Com-

pound (II) was purified by three recrystallizations from acetonitrile

(by addition of an equal volume of water each time). (II) was found to
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melt with decomposition at 272-273°C yielding a black tar, as com-

pared with a melting point of 276-277°C for compound (I). The ultra-

violet spectrum of an acetonitrile solution of (II) exhibited an absorb-

ance maximum at 270 mp,, as compared with the same X of 270max

mp. for (I) (and approximately the same max for the species SbC1
6m

in 12 N HC1). The essentially identical properties of compounds (I)

and (II) suggest that they are in fact the same compound, presumably

tetraethylammonium hexachloroantimonate(V).

The foregoing result suggests that there is a large amount of

antimony(V), presumably SbC15, remaining in the equilibrium mix-

ture of sulfur monochloride, thionyl chloride and antimony(V) chlor-

ide obtained after removal of the solid reaction products,

SbC15 SC12- -SbC15. SC14. Therefore, it would appear that the

reaction between sulfur monochloride and antimony(V) chloride

does not go to completion under the conditions studied. Further-

more, there would seem to be a large amount of antimony(V), pre-

sumably as SbC15, remaining in the equilibrium mixture. It would

thus appear likely that under the radiochlorine exchange run condi-

tions studied in the present work, (SbC15) z 10-5M, most of the

antimony(V) present probably remains unreacted.

11. Calculations

a. Concentrations. --Molar concentrations were used
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throughout this work. The molar concentrations were calculated

from the known amounts of the components and the total volumes

of the samples. The quantity of each component was obtained from

weight or volume data and the volumes were determined as needed

from the densities tabulated below. Additivity of volumes was as-

sumed in all cases.

S 2012 SOC12 SCI
2

Temp. neat Saturated with
o K &K 99.999% S

C (c)
g/m1 ml/rnmole g/ml ml/namole g/m1 ml/mmole g/ml ml/mmole

45.0 1.6403(b) 0.08233 1.470 0.09187 1.587(d) 0.07497 -r
25.0 1.6733(c) 0.08071 1.498 0,08932 1.6290(d) 0.07304
15.0 1.6873(a) 0.08004 1.512 0,08932 1.6483(d) 0.07218 -- -

(d)
0.0 1.7106() a) 0,07897 1.533 0,08810 1.676te) 0,07097 1.6567(g) 0.06216

-23.0 1.745 0.07739 1.565 0.08629 1.721 0.06913
-46,0 1.779(f) 0.07591 -- -- 1.765(e) 0.06741

(a) Gmelin (44), p. 1765.

(b) Gmelin (44), p. 1765, interpolated value.

(c) Determined in present work.

(d) Gmelin (44), p. 1794.

(e) Gmelin (44), p. 1794, extrapolated value.

(f) Gmelin (44), p. 1765, extrapolated value.

(g) Gmelin (44), p. 1784.

The density of sulfur monochloride used for calculations involving

the pure compound or sulfur monochloride saturated with Mallinckrodt

powdered sulfur was that tabulated for neat sulfur monochloride. The

assumption was made that the density of sulfur monochloride saturated
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with Mallinckrodt powdered sulfur was approximately the same as

for the neat liquid since the solubility of this form of sulfur was quite

low. However, the use of K & K 99.999% sulfur required the use of

the second set of densities (S2C12 saturated with K & K 99.999% sul-

fur) due to the high solubility of the K & K sulfur in sulfur monochlor-

ide.

b. Exchange Rate. --Specific activity data were used to calcu-

late using the equation,
1,

(46) F. -
1

A - Ao '
oo

A. - A_
1 1

with the following definitions for the terms:

F. is the fraction of radiochlorine exchanged for the ith

component, i. e., sulfur monochloride or thionyl chlor-

ide.

A. is the specific activity, in counts per minute per milli-
].

gram (as mercurous chloride) (cpm/mg), of the ith com-

ponent at time t.

A. is the initial specific activity of the ith component.

A00 is the specific activity at infinite time. This quantity is

the specific activity that would be observed after a time

period long enough to allow complete randomization of

the activity among all the exchanging components.
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All exchange runs in this work involved the use of labeled

sulfur monochloride. All other components were initially inactive.

Thus, A. was zero for all components other than sulfur monochlor-

ide. The quantities A. and A.. were experimentally determined, as

discussed in Section B. 2. A mentioned above, A was finite only

for AS Cl the initial specific activity of the labeled sulfur mono-
2 2

chloride. A. was either a sulfur monochloride or thionyl chloride

specific activity, in the case of the tube techniques, or only a thionyl

chloride specific activity, in the case of the pot techniques. Apo was

calculated from the expression

o A
o

n. S2 C121.152 C12
A.0 - -(47 ) En.

1

where n. is the number of gram -atoms of the element involved in

the exchange (here chlorine) in the ith component. The numerator

in this expression describes the total activity of the system, and the

denominator shows the total number of gram-atoms of the element

involved in the exchange in the system. Although the values of Apo

used to calculate F. values reported in Tables 17 through 20 were

in all cases calculated from the above expression, it was also possi-

ble to check this value experimentally for exchange runs that had

been allowed to go to completion. This comparison of Ao0(calculated)

with Apo(observed) allowed a check to be made on the radioactivity
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balance in the exchange system and on the dosing procedures.

Ajcalculated) and Aoo(observed) were in good agreement (-±,.5%) in

most cases.

Exchange rates were calculated (as described below) from both

FS2Cl2 and F
SOC1

data when available, F
SOC1

2
values being used in

2
all other cases. The quantities As

2 2
, Asoci

2
, As

2 2
, 1 FS

2
Cl

2
and 1-F

SOC12
have been tabulated (see Tables 17 through 20 at the

end of this section) as a function of time.

The exchange rates for the radiochlorine exchanges were calcu-

lated from the slopes of the least squares "best fit" straight lines

obtained for plots of the tabulated log(1-Fi) versus time data (McKay

plots). The equation relating the slope of the McKay plot to the ex-

change rate is

(48) Rate = -2.303
(2)(S2C12)x(2)(SOC12) dlog(1-Fi)
(2)(S

2
C12 )+(2)(SOC1

2)
dt

where the quantity dlog(1-Fi)/dt is the slope of the log(1-Fi) versus

t plot, and the quantities (S2C12) and (SOC12) are the molar concen-

trations of the components sulfur monochloride and thionyl chloride.

The factor (2) is necessary since there are two chlorine atoms, the

exchanging element, per molecule of each component. It is thus ap-

parent that the units of the exchange rate are gram-atoms of chlorine

per liter per unit time. In support of the above calculation procedures
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it should be noted that McKay (86), as well as Duffield and Calvin

(29), have shown that the rate of an isotopic exchange reaction between

two chemical species carried out at chemical equilibrium in a homog-

eneous system will follow a first order rate law; this occurs inde-

pendently of the actual kinetics of the exchange, but does assume

chemical equivalence of the exchanging isotopes. Thus, the exchange

rate is proportional to, but not equal to, the slope of the log(1-Fi)

versus t plot. With further regard to the applicability of the above

relationships, it should be noted that, for most of the exchange runs,

plots of the log(I-F.) data versus time appeared to give straight lines.

Two exchange runs performed during the preliminary work appeared

to be curved; the probable cause of this curvature was an error in

experimental technique. However, the linear nature of the McKay

plots for a majority of the exchange runs was taken as adequate indi-

cation that the simple first order exchange rate law was applicable.

It was mentioned above that a least squares treatment of the

log (I -Fi) versus time data was used to obtain best fit straight lines

for the semilog plots of (I-Fi) versus t. The least squares treat-

ment, used for all runs consisting of three or more points, was

necessary due to the varying degrees of scatter exhibited by the data

for various runs. The scatter of the data was large enough that a

satisfactory visual best fit could not be made graphically. A few

exchange runs were made in which only two data points were obtained



235

before the exchange had proceeded to completion. In these cases,

a best fit plot was made visually through the two log(1-F) versus time

data points.

Examination of the 1-F (and 1-F5 C1) versus time data
SOC12

2 2
shown in Tables 17 through 20 shows that extrapolation of log (1-Fi)

versus t plots back to t= 0 (zero-time) in all cases yields a non-zero

value of log(1-Fi). This non-zero log(1-Fi) effect is termed an ap-

parent zero-time exchange; the implications of the apparent zero-

time exchanges will be discussed further in Section C. It should be

noted for the purposes of this section that for each run an approxi-

mate zero-time sample was taken, in most cases, immediately after

initiation of the exchange. Thus no assumptions of reproducibility

of this apparent zero-time exchange from run to run were necessary

in a comparison of runs. However, an assumption was made that,

for data collected for a single run, the zero-time exchanges were

reproducible. In addition, it has been shown by Prestwood and Wahl

(100) that the existence of an apparent zero-time exchange, if repro-

ducible, does not invalidate the equations given above. Even though

log(1-F) 0 at t= 0, the true exchange rate is still related to the slope

of the best fit straight line as discussed above.

Another point regarding the validity of the above relationship

between the slope of the McKay plot and the rate of the exchange

involves the number of exchanging components present in the system.
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The above discussion with regard to McKay plots and exchange rates

is valid if only two exchanging components are present in stoichio-

metrically significant amounts. This is the case for the uncatalyzed

exchanges, the exchanging components being sulfur monochloride and

thionyl chloride. On the other hand, the catalyzed exchanges involved

three exchanging components, the two mentioned above and either

chloride ion (tetraethylammonium chloride) or antimony(V) chloride.

However, the catalyst was, in all cases, present in very small

amounts. Typical concentrations of chloride ion were 10-5 10-6M

and antimony(V) chloride concentrations were 10-3- 10-4M. There-

fore, the two component rate treatments were applicable to the cata-

lyzed exchanges as well.

Before illustrating the above procedures with a sample calcula-

tion, it is necessary to elaborate upon the least squares treatment

of the log(1-F) versus t data. The least squares procedure used was

similar to that described by Mendenhall (91, p. 229). The equation

describing the McKay plot (the best fit straight line) is

(49) log(1-Fi) = A + Bt.

If we let Y = log(1-Fi), B = the slope of the line, X = the time, t,

and A = the intercept value of log(1-F) for t = 0, the equation describ-

ing the McKay plot becomes the general equation for a straight line,

(50) Y = A + BX.
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The computations necessary to obtain the most probable values and

the standard deviations of B and A for a series of log(1-Fi) versus

t data pairs were conducted using the Oregon State Conversational

Aid to Research (OSCAR) with teletype input to a CDC 3300 computer.

The program formulated for the least squares computations and a

sample calculation are shown below:



#EQUIP, 1 XGLS 1

#OSCAR

OSCAR AT YOUR SERVICE V55 08/16/69 1615

& CONTROL, 1, TTY
&PRECISION = 10
LET LS1(XX, YY, MM) = [TT(1:MM) = 1; D = DD; LL(1) = BB;
LL(3) = AA; LL(5) = SS2; LL(2) = SSDB; LL(4) = SSDA; LL]
G - 30103

DD::= 'MM*(XX*XX) - (XX*TT)t2'
BB::=1(MM*(XX*YY) - (XX*TT)*(YY*TT))/D'
AA::= '((YY*TT) - LL(1)*(XX*TT))/MM'
CC::= 'G/L(I, 1)!
SS2::= '((YY*YY) - LL(3)*(YY*TT) - LL(1)*(XX*YY))/(MM-2)'
SSDB::= 'SQRTUMM*LL(5))/D)/
SSDA::= 'SQRTMLL(2))+2)*(XX*XX)/MMY
SSDC::= '(L(I, 2)*HT(I))/L(I, 1)'
1.12: CLEAR TT; CLEAR LL
1. 121 :READ "RUN =", RUN, CR
1. 13: READ "X =", X, CR, "NEGF =", NEGF, CR
1.14: &INPUT, TTY
1.15: READ "M =", M
1. 16: READ "N =", N
1.17: FOR I = 1 TO N DO FOR J = 1 TO M DO Y(I,J) = LOGT
NEGF( I. J)

1. 18: CLEAR L; FOR I = 1 TO N DO L(I) = LSI(X, Y(I), M)
1. 19: PRINT "SLOPE, S. D. SLOPE, INTERCEPT, S. D. INTERCEPT,
Y VARIANCE ARE:" CR
1. 20: FOR I = 1 TO N PRINT I, L(I), CR
1.21: CLEAR HT; CLEAR $DHT
1.22: FOR I = 1 TO N DO [HT(I) = CC; SDHT(I) = SSDC]
1.23: PRINT "HALF TIME, S. D. HALF TIME ARE:", CR
1. 24: FOR I = 1 TO N PRINT I, HT(I), SDHT(I), CR
1. 25: GO TO PART 1.12
DO PART 1

RUN = 5.15

X =ARRAY( 1. 1 2. 2 3.3 5.9 14.9)

NEGF =ARRAY((0. 8332 Q. 8159 Q. 7429 0. 6756 0.4252))

M =5
N =1
SLOPE, S.D. SLOPE, INTERCEPT, S. D. INTERCEPT, Y VARIANCE
ARE:

1

(-0. 0214537972P 9 0.000771445P6
0. 00570828P 6 7.35625E -5P6
HALF TIME, S. D. HALF TIME ARE:

1 14. Q315487P9

-Q. Q501133013P9 .

-Q. 5Q4553P6

238
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The following description of the above program will serve both

to clarify the least squares treatment used and its application within

the program. This description is not intended to serve as a detailed

explanation of communication in OSCAR or of the program, but only

to equate familiar equations with possibly obscure statements within

the program. Let

M = number of observations ((1 -F) vs. t data pairs) made for

a particular exchange run.

N = number of (1-F) vectors observed for a given t vector

(N=1 in all present cases).

X. = t, time.
1

NEGF.
1

= (1 - Fi)

Y. L.= LOGT NEGF.
1

= log10(1-Fi)

In this program X is a vector of all the X. values and Y (or NEGF)

is a matrix of Y.
1

values (or NEGF.
1

values) with N rows. The vector

array T, i.e., TT(1:MM) = 1, is simply T=ARRAY(1 1 . . . . 1)

having.M elements. The T array simplifies the calculation of sum-

mations, e.g., ZXj. The asterisk * denotes multiplication. If the

vector arrays X and 'T are multiplied, X T, the result is the same

as EX.. In addition, if the other arrays are multiplied, the following

results are obtained according to the rules of matrix multiplication:

(51) X *X =EX.
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(52) X*Y(I) =

Here (I) represents a computer subscript, denoting the row number

in the Y matrix. Since N=1 in all present cases, (I) always is (1)

throughout these calculations. With these concepts in mind, the

familiar least squares equations can now be related to the expres-

sions contained in the program.

The most probable value of the slope B of the best fit straight

line of Y = A+BX. is given by the expres sion,

(53) B = (M ZXIri-EXpi)/(MZXi2-(ZXi)2).

This expression is shown in computer-compatible form as the "literal

expression" following BB. Note that in the program the denominator

is denoted by the expression DD.

The most probable value of the intercept A is given by

(54) A = (ZYi-BZXi)/M,

shown as AA in the program. LL(1) refers to the calculated value

of B.

The half-time of the exchange reaction is

(55) t = (log 0.5)/B = ( -0. 3010) /B,1/2

shown as CC in the program.

The variance in Y. values, 52, is given by the expression
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(56) S2 B=(EY2
. -AEY.- EX.Y.)/(M-2),

shown as SS2. Again in the "literal expression" SS2 in the program,

A and B are given by the functions LL(3) and LL(1), respectively.

The standard deviation of the slope B, SB, is

(57) SB = (MS2 /(M 2 -( ZXj)2
))1

/2,

shown as SSDB. In the expression SSDB in the program, the function

LL(5) corresponds to SS2, the expression giving the variance in Y.

values.

The standard deviation of the intercept A, SA, is

(58) S
A B

= (SB EX? /M)1/2,

shown as SSDA where LL(2) corresponds to SSDB, the expression

giving the standard deviation of B, SB.

Finally, the standard deviation of the half-time, St , is
1 2

given by

(59) St1/2= (S
B

)(t1/2)/B'

shown as SSDC. In the expression SSDC in the program, L(I, 2)

corresponds to SB, HT(I) corresponds to t1/2 and L(I, 1) is B.

The program is set up to print out the slope, B, the standard

deviation of the slope, SB, the intercept and its standard deviation,

A and SA' respectively, the variance in Yi values, S2, the half-

time and the standard deviation of the half-time, t1 /2 and Silk,
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respectively.

In order to illustrate the above procedures, the necessary cal-

culations will be shown for Run V-15. This experiment was conducted

with approximately a ten-fold excess of thionyl chloride over sulfur
6monochloride at 0.0o C with 5.80 x 10 millimoles of tetraethyl-

ammonium chloride present as catalyst. The data for Run V-15 is

collected in Table 19 and is repeated, in part, below. The amounts

of reactants present were:

= mmoles S
2

C12 = 7.028mmS2C12

mmS0C12 = mmoles SOC1
2

= 70.46

mmoles (C2H5)4NC1 = 5.80 x 106

g-atoms S(K & K99.999%) = 6.70 x 10-3

The asterisk indicates the initially labeled species. The calculation

of the quantities required will be illustrated using Sample V-15-1

(Table 19). The initial specific activity of sulfur monochloride was

77.94 cpm/mg. The specific activity of the thionyl chloride (initially

inactive) 1.1 minutes after initiation of the exchange was 1.179 cpm/

mg. The first step in the treatment of the data is the calculation of

the specific activity at infinite time, A00. From the relationship dis-

cussed earlier,

(60) A00-

A
S C1(2)(mms C1 )

2 2 2 2

(2)(mm5
2

C12)+(2)(mm52C12)
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(77.94)(2)(7.028)A00 - - 7.069(2)(7. 028) + (2)(70.46)

It will be recalled that the factor (2) is required to account for the

presence of two equivalent chlorines in each component. The frac-

tion exchanged is calculated from Asoci = 1.179 cpm/mg.
2

and

A
SOC1

2 1.179 cpm /mg(61) 0.167FSOC1
2

A00 7.069 cpm/ing

1- F
SOC1

= 0.833

This process was repeated for all counting samples, V-15-1

through V-15-5, and a least squares calculation for the best fit

straight line for the log(1-F) versus time plot was conducted. Fig-

ure 31 shows the log(1-F) versus time plot for Experiment V-15 with

the data points and the calculated least squares line. A sample print-

out of the data entry in the computer program and results of the

calculation are shown below, repeated from the previous program

display.

RUN = 5. 15

X =ARRAY(1. 1 2.2 3.3 5.9 14. 9)

NEGF = ARRAY((O. 8332 0.8159 0.7429 0.6756 0.4252))

M =5
N =1

SLOPE, S. D. SLOPE, INTERCEPT, S. D. INTERCEPT, Y VARIANCE
ARE:



1

(-O. 0214537972P9 0. 000771445P6 0501133013P9
0.00570828P6 7.35625E -5P6 )

HALF TIME, S. D. HALF TIME ARE:
1 14.0315487P9 -0. 504553P6

RUN
#LOGOFF
TIME 2.658 SECONDS MFBLKS ¢ COST 0.39

1.0
0.9

0.8

0.7

0. 6

0.5

0.4

0.3

0.2

0. 1

0 2 4 6 8 10 12

Time, minutes
14 16

Figure 31. Log(1-F) as a function of time for experiment V-15.

18 20

244



245

The least squares calculation in this case involved entering the

X. values (time) as an M-dimensional array, in the case of Run V-15

a data were entered

as NEGF values in an N by M array (N=1). Upon the computer being

informed of the dimensions of the array, i. e., the values of M and

N, the computation was initiated. The results of the calculation

yielded a slope for the best fit straight line of B = -2.15 x 10-2 min -

ute -1 with a standard deviation of ± 0.0771 x 10 -2 minute 1. The

intercept, A, and its standard deviation were calculated to be

-(5.01±0.571)x 10-2 minute 1 and the half-time, t1/2' with its

corresponding standard deviation were 14.0±0.50 minutes.

The rate of radiochlorine exchange was calculated using the

expression

(2)(S2C12)(2)(SOC12)
(62) Rate = -2.303 (B).(2)(S

2
C12) + (2)(SOC1

2)

Again, molar concentrations were used in the above expression and

the factor (2) accounts for the presence of two equivalent atoms of

the exchanging element in each molecule of each component. There-

fore, the units for the rate are, in effect, gram-atoms of chlorine

per liter per unit time.

The molar concentrations were calculated, using densities at

0.0oC, assuming the volumes of components were additive. Since
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K & K 99.999% sulfur was used in this experiment, the sulfur mono-

chloride density required was that for a saturated solution as sum-

marized earlier. The number of millimoles of each reactant and

their corresponding volumes were:

7.028 mmoles S
2

C12 = 0.619 ml

70.46 mmoles SOC12 = 5.000 ml

5.80 x 10-6 mmoles (C
2

H
5

)
4

NC1

Total volume = 5.619 ml

Thus, the component concentrations at 0. 0oC were:

S
2

C12 = 1.25 moles/liter

SOClz = 12. 54 moles/liter

(C
2

H
5

)
4
NC1 = 1.03 x 10-6 moles/liter

Finally, the rate is expressed as

(2)(1.25)(2)(12.54)Rate = -(2. 303) (-2. 15x10-2)
[(2)(1.25) + (2)(12.54)

Rate = (1. 13±0. 040) x 10-1 gram-atom/liter -minute

The calculated half-times and rates for all exchanges are collected

in Tables 21, 22, 23 and 24, located in Section C.



Table 17. Preliminary radiochlorine exchange experiments between sulfur monochloride and thionyl chloride.

Experiment-- (a ) Reactants(b),

Sample number millimoles

(c)Specific Activities, cpm/mg

A
o

*
(h) 1-F( )ASOC12 AS2

C12 S2 C12
1-FS2C12

SOC12

Time,

Temperature 0.0°C Pot technique (g)
11-39-3 SOC1

2
14.90 7.466 24.67 0.361 3 min.

11-39-4 S2 C12 13.39 4.978 24.67 0.574 3 min.

Temperature 25.0
o

C Pot technique (g)
11-53-2 SOC1

2*
14.90 0.493 24.17 0.957 1.5 min.

11-53-3 S2 C12 13.39 0.752 24.17 0.934 1.5 min.
11-53-4 S (d) xs. 8.177 24.17 0.285 9 days
11-53-5 8.185 24.17 0.285 9 days

Temperature 25.0°C Tube technique (g)
11-83-1 SOC12 7.011 2.507 21.17 24.43 0.747 0.783 0.05 hr.
11-83-2 S

2
C12 6.300 11.55 11.78 24.43 0.017 0.001 23.0 hr.

11-83-3 11.55 11.53 24.43 0.000 0.001 46.2 hr.
11-83-5 11.64 11.59 24.43 0.002 -0.007 93.8 hr.
11-83-7 11.52 11.52 24.43 -0.003 0.004 120.9 hr.
11-83-8 11.70 11.48 24.43 -0.006 -0.012 142,6 hr.
11-83-9 11.68 11.50 24.43 -0.005 -0.020 167.2 hr.
11-83-10 11.67 12.20 24.43 0.049 -0.009 188.5 hr.



Table 17. Continued.

Specific Activities,
(c)

cpm/mg
Experiment--( a)
Sample number

Reactants(b),
millimoles

A
SOC1

2
A

S
2

C12
*A

S2 C12
1-F(h)

S2 C12
1-F(i)

SOC1 2

Time,

Temperature 25. 1°C Tube technique (g)
11-86-7 SOC1 7.011 3.560 32.41 37..50 0.742 0.799 0.4 min.
11-86-.1

2
S

2
C12 6.300 5.163 ---- 37.50 ---- 0,709 2.2 min.

11-.86,3 17.38 17.60 37.50 -0.008 0.021 7.5 min.
11-86-4 15,83 18.36 37.50 0.031 0.108 10.8 min.
11-86-5 11.70 23.89 37.50 0.311 0.341 12.8 min,
11-86-6 14.53 21.09 37.50 0.169 0.181 19.5 min.
11-86-2 17.21 17.29 37.50 -0.023 0.030 58.3 min.

Temperature -46.0°C Tube technique (g)
11-86-11 6.487 30.64 37.50 0.653 0.635 0.50 min.
11-86-12 13.56 24.37 37.50 0.335 0.236 6.1 min.
11-86-9 14.16 22.56 37,50 0,244 0.202 17.2 min.

Temperature 25.0°C Tube technique (g)
11-103-15 SOC1 7.011 10.13 22.81 37.50 0, 256 0.429 0.45 min.
11-103-7

2
S

2
C12 6.300

-3 17.71 17.79 37.50 0.002 0.002 11.4 min.
Ste), g-atom 1.57x10

-3II-103-17 S(e), g- atom 8.62x10 10.78 23.14 37.50 0.273 0.393 0.25 min.
11-103-18 17.78 17.23 37.50 -0,026 -0.002 7.1 min.



Table 17. Continued.

Experiment--
(a)

Sample number

(b)
Reactants ,

millimoles

Specific Activities (c)
cpm/mg

A A A
SOC1

2
S2 C12 S

2
tl 1 -F(h) 1-F (1)

S2C12 SOCI
2

Time,

Temperature 25.0°C Pot technique (g)
11-107-2 S9C1

2
70.445 3.698 37.50 0.803 2.5 min.

11-107-3 S
2

C12 70.509 4.428 37.50 0.764 4.0 min.
11-107-4 4.135 37.50 0.780 5.5 min.II-107-5 4.374 37.50 0.767 7.0 min.
11-107-6 5.061 37.50 0.730 8.5 min.
11-107-7 5.312 37.50 0.717 10.0 min
11-107-8 5.170 37.50 0.724 11.5 min.

Temperature 25.0°C Pot technique (g)
111-1-1 SOC1 70.456 2.568 37.50 0.863 4.0 min.
III-1-2

2
S2 C12 70.535 4.028 37.50 0.785 8.5 min.

III-1-3 6.989 37.50 0,627 30.0 min.
III-1-4 7.239 37.50 0.614 60.0 min.
III -1 -5 7.356 37.50 0.608 90.0 min.III-1-6 8.354 37.50 0.555 120.0 min.III-1-7 8.185 37.50 0.564 150.0 min.
III-1-8 7.767 37.50 0.586 180.0 min.
III-1-10 8.070 37.50 0.570 240.0 min.



Table 17. Continued.

Specific Activities
(c)

cpm/mg

(a )
Experiment--
Sample number

bReactants(),
millimoles *A

o
S Cl

2

1-F(i)
2

SOCI
2

Time,

Temperature 0.0°C Pot technique (g)
111-5-1 SOC1

2
68.34 10.33 37.01 0.499 15.0 min.

111-5-2 52 C12 70.26 14.13 37.01 0.247 30,0 min.
111-5-3 16.51 37.01 0.120 45.0 min.
111-5-4 16.62 37.01 0.114 60.0 min.
111-5-5 17.98 37.01 0.042 120.0 min.
111-5-6 17.89 37.01 0.047 135.0 min.
111-5-7 18.18 37.01 0.031 150.0 min.
111-5-8 17.98 37.01 0.042 165.0 min.
111-5-9 18.45 37.01 0.017 285.0 min,
III-5-10 18.51 37.01 0.013 510.0 min.

Temperature 0.0°C Pot technique (f)
111-11-1 S9C1

2
69.62 13.77 35.31 0.220 15.0 min.

111-11-2 S
2

C12 69.62 14.40 35,31 0.184 30.0 min.
111-11-3 14.83 35.31 0.160 45.0 min.
111-11-4 14.78 35.31 0.163 60.0 min.
III-11-5 15.49 35.31 0.123 90.0 min.
111-11-6 15.81 35.31 0.105 105.0 min.
111-11-7 15.41 35.31 0.127 120.0 min.
111-11-8 15.92 35.31 0.098 150.0 min.
111-11-9 16.37 35.31 0.073 180.0 min.
III-11-10 16.89 35.31 0.043 270.0 min.



Table 17. Continued.

(c)Specific Activities (c), cpm/mg

Experiment--
(a)

Sample number
Reactants(b),
millimoles A

SOC1
2

A
S2

*
C12

(i)1-F
SOC1

2

Time,

Temperature 0. 0°C Pot technique (g)
111-15-1 SOC1

21=
69.62 10. 14 35.31 0.426 15.0 min,

111-15-2 S2 C12 69.62 11.32 35.31 0. 359 30.0 min,
111-15-3 12.77 35.31 0, 277 45.0 min.
III-15-4 13.79 35.31 0. 219 60.0 min.
111-15-5 15. 20 35.31 0. 139 90.0 min.
111-15-6 14.76 35.31 0. 164 105.0 min,
111-15-7 16.08 35.31 0, 089 120.0 min.
111-15-9 16.86 35.31 0.045 210.0 min.
III-15-10 17. 65 35.31 0, 000 300.0 min.

Temperature 0. 0
0

C Pot technique (f)
111-19-1 SOC1

2
64. 12 4.616 27. 87 0. 669 3.0 min.

111-19-2 S C12 64.08 5.850 27. 87 0.580 30.0 min.
111-19-3

2
8. 127 27. 87 0, 417 60.0 min.

111-19-4 7.980 27.87 0, 427 90.0 min.
III-19-5 8.459 27.87 0.393 150.0 min.
111-19-6 8.843 27, 87 0.365 270.0 min.
111-19-7 9. 115 27.87 0.346 360.0 min.
111-19-8 8. 886 27.87 0,362 465.0 min.



Table 17, Continued.

Experiment-2 )
Sample number

Re actants(b),
millimoles

Specific Activities
(c), cpm/mg

A A
o

*
SOC12 S2C12

1-F0)
SOC1

2

Time,

Temperature 0.0 °C Pot technique (f)
III-23-1 SQC1

2
64.26

*
1.039 35.00 0.941 4.0 min.

111-23-2 S
2

C12 64.71 2.049 35.00 0. 883 15.0 min.
III -23 -3 S (e), g-atom 0.112 1.794 35.00 0. 898 30.0 min.
111- 23-4 2. 203 35.00 0. 875 45.0 min.
III- 23-5 2.409 35.00 0.863 60.0 min.
111-23-6 2. 272 35.00 0.871 90.0 min.
111-23-7 2. 146 35.00 0.878 135.0 min.
111-23-8 2.050 35.00 0.883 240.0 min.

Temperature 0.0°C Pot technique (f)
111-31-1 SC1

2
62.57

*
2.375 42.40 0. 888 O. 13 hr.

111-31-2 S
2
C12 62.56 6.733 42.40 0. 682 24.00 hr.

111-31-3 S (e ), g-atom 7. 99x102 7.519 42.40 0.645 48.00 hr.
111-31-4 9. 703 42.40 0.542 72.00 hr.
111-31-5 10. 16 42. 40 0.521 120.00 hr.
111-31-6 12.48 42. 40 0.411 168.00 hr.
111-31-7 12.55 42.40 0, 404 217.50 hr.

Temperature 0. 0°C Pot technique (f)
111-33-1 SOC1

2
62.42

*
2.760 42.40 0.870 0.75 hr.

111-33-2 S2C12 62.18 21.57 42.40 -0.019 24.05 hr.
111-33-3 S (e), g-atom 7. 61x10-3

20.72 42.40 0.021 48.03 hr.
111-33-4 20.91 42.40 0.012 144. II hr



Table 17. Continued.

(a)
Experiment- -
Sample number

Reactants
millimoles

Specific Activities (c), cpm/mg

ASOC12 A
SC12

A
o

*
S2 C12

1-F
SC12

1-F (1)
SOC1

2

Time,

Temperature 0, 0 C Pot technique (f)
111-35-1
111-35-2
111-35-3
111-35-4
111-35-5
111-35-7
111-35-8

SOC1
2

64. 12
*

S
2

C12 64.33
S (d), g-atom 5. 61x10-2

3.242
2.451
3. 641
4, 842
4. 100
9, 750

13, 12

42.40
42.40
42.40
42.40
42.40
42.40
42.40

0. 847
0. 885
0. 829
0.772
0. 806
0. 539
0.380

0, 25 hr
24. 12 hr.
48.07 hr.
72. 20 hr.
125.00 hr.
169.20 hr.
217. 20 hr.

Temperature 0. 0o
C Pot technique (f)

111-37-1 SOC1
2

62. 71 2.579 0. 2070 42.40 0.989 0. 864 2.0 min.
111-37-2 S C12 63.32 6. 126 0.6710 42.40 0. 965 0. 677 3.0 min.
111-37-3

2
SC12 15.77 -2 3, 150 0.4619 42.40 0,976 0. 834 5, 0 min.

111-37-4 S (e), g-atom 6.55x10 5.396 0, 6484 42.40 0.966 0, 715 10.0 min.
111-37-5 4, 478 2, 386 42.40 0. 874 0. 764 60.0 min.
111-37-6 7.750 7.707 42.40 0, 593 0.591 1285.8 min.
III-37-7 18.55 17.78 42.40 0,061 0.020 5983. 8 min.
111-37-8 19, 12 20. 10 42.40 -0.061 -0. 001 8509. 2 min.
111-37-9 19.60 19.53 42.40 -0.031 -0. 035 11435.4 min.



Table 17. Continued.

Experiment--(a) Reactants
(b)

,

Sample number millimoles

Specific Activities
(c) cpm/mg

A0*
S2 C12

1-F(i)
SOCI

2

Time,

Temperature 0.0°C Pot technique (f)
111-39- 2 SOC1

2
63.55 21.13 42.40 0.004 2.0 min.

111-39-3 S
2
C12 63.57 -2

21.36 42.40 -0.007 3. 2 min.
111-39-4 Et4NC1 1.00x10 21.35 42.40 -0.007 5.0 min.
111-39-5 S(e), g-atom 7.42x10 20.41 42.40 0.037 10.0 min.
III -39 -6 20. 86 42.40 0.016 15.0 min.,
111-39-7 20. 20 42.40 0.047 128.0 min.
III-39-8 21.38 42.40 -0.008 746.0 min.

Experiment--Sample numbers are listed by research notebook volume number in Roman numerals, followed by page number, and ending
with the individual sample number.
The component that was initially active is indicated by an asterisk.

ang2*c12 are experimentally measured specific activities. ° *c12 is the initial specific activity of sulfurASOC12, AS2C12, A and ASC12 t d iiti AS2
monochloride.
Mallinckrodt "precipitated purified" powdered sulfur.
K & K 99.999% sulfur.
Exchange run in the dark.
Exchange run in diffuse light.
1-FS

2C12

calculated from

1-F calculated from
2

and A0,0 (calculated)AS2C12

and A00 (calculated)ASOC12



Table 18. Uncatalyzed radiochlorine exchange experiments between sulfur monochloride and thionyl chloride.

Experiment--
(a)

Sample number
Re act ants

(b)

millimoles

Specific Activities (C), cpm/mg

A A
o

SOC12 S
2

C12
1-F(0

SOC1
2

Time,

Temperature 0.0°C Equilibrium pot technique (g)
111-45-2 SOC1 2 57.91* 6,893 44.79 0.692 1.048 days
111-45-3 S2C12 58.00 6,271 44,79 0.720 2.957 days
111-45-4 S(d), g- atom 3.97x10-2 6,925 44,79 0.691 8.953 days
111-45-5 7.952 44,79 0,645 18,026 days
111-45-6 8.808 44.79 0.607 29.800 days
111-45-7 9.539 44.79 0,574 56.259 days

Temperature 0.0°C Equilibrium pot technique (g)
111-47-1 SOC1

2
55.94 8.439 44,79 0.626 0.085 days

111-47-2 S2 C12 56.86 7.397
2 44.79 0.672 0,998 days

111-47-3 S (d), g-atom 3.97 x 1C 6.425 44,79 0.715 2.999 days
111-47-4 9.645 44.79 0,573 8.957 days
III-47-5 8.266 44,79 0.534 17,983 days
111-47-6 9,175 44.79 0.594 29.973 days
111-47-7 7.544 44.79 0.666 56.386 days

Temperature 0.0 °C Equilibrium pot technique (g)
111-49-1 S9C1

2
57.63 7.218 44,79 0.673 0.039 days

111-49-2 S2 C12 55.97 6.459 44,79 0.707 1.051 days
111-49-3 S (d), g-atom 3.97x10-2 6,628 44.79 0.700 2.958 days
111-49-4 8.658 44.79 0.608 8.887 days
111-49-5 10.44 44.79 0.527 17.940 days
111-49-6 11.15 44.79 0.495 29,940 days
111-49-7 8.829 44,79 0.600 56.358 days

Temperature 45.0°C Equilibrium pot technique (g)
111-57-1 SOC1

2
55.37 4.319 38,46 0.775 0.02 hr.

III -S7 -2 S
2
C12 55.34 3.813 38,46 0.802 0.27 hr.

111-57-3
-2S (d), g-atom 3.14x10 18.86 38.46 0.019 74,37 hr.



Table 18. Continued.

Experiment-- (a)

Sample number

Reactants( b),

millimoles

Specific Activities (°), cpm/mg

Ao*ASOC12
S

2
C12

1-F
(i)
SOC1

2

Time,

Temperature 45.0°C Equilibrium pot technique (g)
111-59-1 SOC1

* 2 57.06 18.83 38.46 0.020 29.11 hr
111-59-2 S2C12 56,98 18.29 38.46 0.048 7.37 hr.-2

S (d), g-atom 3. 14x10

Temperature 25.0°C Equilibrium pot technique (g)
111-63-1 SOC1

2
55.94 2.546 38.46 0.868 0.03 hr.

111-63-2 S2 C12 56.10 2.349 38.46 0.878 0.29 hr.
III-63-3 S(d), g-atom 3.14x10-2 18.30 38.46 0.050 140.35 hr.

Temperature 25.0°C Equilibrium pot technique (g)
111-65-1 S9C12 61.29 7.880 38.46 0.589 0.892 days
III -65 -2 S2 C12 60.91 -2 8.361 38.46 0.564 2.716 days
III-65-3 S(d), g- atom 3.14x10 5.861 38.46 0.694 5.621 days
111-65-4 7.981 38.46 0.584 9.600 days
111-65-5 11.18 38.46 0.417 17.558 days
111-65-6 14.17 38.46 0.261 27.827 days

Temperature 0.0°C Equilibrium pot technique (g)
111-67-1 SQC1

2
56.64 2.256 38.46 0.883 0.001 days

111-67-2 S2 C12 56.60 2.267 38.46 0.882 0.015 days
111-67-3 S (d), g-atom 3.14x10-2 2.705 38.46 0.859 9.692 days
111-67-4 4.525 38.46 0.765 27.788 days
111-67-5 8.412 38.46 0.562 60.531 days
111-67-6 7.487 38.46 0.611 60.697 days



Table 18. Continued.

Experiment--
(a)

Sample number

SO C12

Reactants(
b),

millimoles

S2 C12 Sx10
3(d)

(c)Specific Activities , cpm/mg

A
SOC1

2
A

o
* 1-F

(h)
AS

2
C12 S2 C12 S

2
C12

1-F( )
SO C12

Time,

111-69-1
111-69-2
111-69-3
111-69-4
111-69-5

Temperature 25.0 °C
11.98 12.03
11. 13 11.14
13. 10 12, 79
14.79 14, 94
14.37 14.44

Temperature 0.0 °C

Equilibrium tube technique (g)
9, 36g -at. 7.345 32.41
9.36 7.510 30. 65
9.36 9.044 30.72
9.36 12.96 24. 25
9.36 15.83 22, 25

Equilibrium tube technique (g)

38.46
38.46
38.46
38.46
38.46

0.685
0,594
0,602
0, 257
0. 155

0. 619
0. 610
0.524
0, 330
0.179

1.250 days
6. 115 days
10,088 days
18.038 days
28. 163 days

111-79-2 6, 27 6.30 4, 70g- a t. 14.21 13.90 28. 18 -0.016 -0, 006 122.50 hr.

Temperature 25.0 °C Equilibrium tube technique
111-89-1 14. 65 4.90 3. 14g -at 7. 191 6.566 28.18 -0.023 -0, 018 0, 12 hr.
111-85-1 12.96 1.44 3.59 2.729 2.697 28.18 0.003 0, 032 23.00 hr.
111-87-1 16.06 2, 84 3.14 4.325 4. 296 28.18 0, 003 -0.021 24. 17 hr.
111-81-2 6.90 6.90 4.68 14.01 13.96 28.18 -0.009 0.006 96, 50 hr.

Temperature 45.0 °C Equilibrium tube technique (g)
111-83-1 6.60 6, 60 4. 71g-at. 2.955 26.16 28.18 0.857 0.790 0.006 hr.
111-79-1 6.90 6, 80 4.71 13.90 14.05 28.18 0.005 0. 006 2.84 hr.
111-83-2 6, 34 6.34 4.71 14.07 14, 37 28.18 0.020 0.001 27.58 hr.



Table 18. Continued,

Experiment--
( a )

Sample number

b)
Reactants

(

millimoles

Specific Activities(c) , cpm/mg

A A
o

*
SOC1

2
S2 C12

1-F(i)
SOC12

Time,

Temperature 0.0°C Equilibrium pot technique (f)
IV-81-1 SOC1

2
70.46 1.112 81.84 0.850 0.02 hr.

IV-81-2 S
2

C12 7.028
3

0,7339 81.84 0,900 0.21 hr.
IV-81-3 S (e), g-atom 6.65x10- 1.412 81.84 0.810 1.34 hr.
IV-81-4 8,585 81.84 -0.157 87.75 hr.

Temperature 0.0
o

C Equilibrium pot technique (f)
V-14-1 SQC1

2
70.46 1.447 77.94 0.795 2.3 min.

V-14-2 S
2

C12 7.028
3

7.641 77.94 -0.081 105.7 min,
V-14-3 S (e), g-atom 6.60x10- 7.581 77.94 -0.072 785.8 min.

Temperature 25.0°C Equilibrium pot technique (f)
V-34-1 SOC1

2
126.82

*
0.1387 54.59 0.972 0.8 min.

V-34-2 S
2

C12 12.66 0.3947 54.59 0.920 30.0 min.
V-34-3 S (e), g-atom 2.73x10-2 2.886 54.59 0.418 360.0 min.
V-34.4 5,041 54.59 -0.017 2940.0 min.

Temperature 25,0°C Equilibrium pot technique (f)
V-35-1 S9C12 111.32 0.8439 17.09 0.938 1.2 min.
V-35-2 S

2
C12 429.04 1.027 17.09 0.924 34.0 min.

V-35-3 S (e), g-atom 8.95x10
-2

12.97 17.09 0.044 360.0 min.
V-35-4 13.80 17.09 -0.017 2573.5 min.

Temperature 0.0oC
Equilibrium pot technique (f)

V-48-1 SOC1
2

114.99 0,4126 13.69 0.963 0.8 min.
V-48-2 S

2
C12 463.10 0.3015 13.69 0.973 15.0 min.

V-48-3 S (e), g-atom 3.21x10-1 1.564 13.69 0.858 62.0 min.
V-48-4 0,3336 13.69 0.970 229.5 min.
V-48-5 0,7885 13.69 0.928 848.0 min.
V-48-6 2.809 13.69 0.745 2934.0 min.
V-48-7 10.35 13,69 0.060 5320,0 min. uIVi

00



Table 18. Continued.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Experiment-- Sample numbers are listed by research notebook volume number in Roman numerals, followed by page number, and ending with
the individual sample number.

The component that was initially active is indicated by an asterisk.

and A *
are experimentally measured specific activities.ASOC19' A

S
2

C12'
ASC12

S
2

C12

monocEloride.

Mallinckrodt "precipitated purified" powdered sulfur.

K & K 99.999% sulfur.

Exchange run conducted in the .dark.

Exchange run conducted in diffuse light.

1-FS
C12

calculated from

1-F
SOC12

calculated from

AS
Cl

and A oo (calculated).
2

and Ao0 (calculated).ASOC12

2

A
o

* is the initial specific activity of the sulfur
S2 C12



Table 19. Catalyzed radiochlorine exchange experiments between sulfur monochioride and thionyl chloride. Tetraethylammonium chloride as
catalyst.

Experiment--
(a )

sample number
Reactants

(b),

naillimoles

Specific Activities( c). , cpm/mg

A
SOCI

2
AS

2
*Cl

2

1-F( h)
SOC1

2

Time,

IV-77-1
IV-77-2
IV-77-3
IV-77-4

IV-78-1
IV-78-2
IV-78-3
IV-78-4
IV-78-5
IV-78-6

IV-82-1
1V-82-2
IV-82-3
IV -82' -4

IV -82-5

V-15-1
V-15-2
V-15-3
V-15-4
V-15-5
V-15-6

Temperature 0.0°C
SOC1

2
S2C1

2_
EtaNC1
S (e), g- atom

Temperature 0.0°C
SC1

2
S2Cla
Et

4
NCI

S(e), g-atom

Temperature 0.0°C
SOCI

* 2
S Cl

2
Et4NO.
S (e), g-atom

Temperature 0.0°C
SOC1

2
S2C1

Z
Et N21
S re ), g- atom

Equilibirurn pot technique (f)
70.46 7.173
7.028 7.078
4.83x10-

4
7.156

6.65x10-3 7.092

Equilibrium pot technique (f)
70.46 7.199
7.028 7.619
4.83x10-s
6: 65x10-3

7.540
7,653
7.606
7.759

Equilibrium pot technique (f)
70,46 1.977
7.028 0.9369
4.83x10-

7
0.8298

6.71x10-3
0.7487
1.445

Equilibrium pot technique (f)
70.46 1.179
7.028 1.301
5.80x10

-6
1.817

6.70x10-
3

2.293
4.063
8.067

76.57
76.57
76.57
76. S7

76.57
76.57
76.57
76.57
76.57
76.57

81.84
81.84
81.84
81.84
81.84

77.94
77.94
77.94
77.94
77.94
77.94

-0.032
-0.019
-0.030
-0.021

-0.036
-0.096
-0.085
-0.101
-0.095
-0.117

0.40.874
0.888
0.899
0.805

00.. 883136

00..

0.743

0.425
-0.141

1.5 min
12.5 min.
31.5 min.
61.5 min.

1.5 min.
5.0 min.
9.0 min.
15.0 min.
35.0 min.
112.0 min.

1.0 min.
3.8 min.
7.8 min.
14.0 min.
60.0 min.

1.1 min.
2.2 min,
3.3 min.
5.9 min.
14.9 min.
103.5 min.



Table 19. Continued.

Experiment-- (a)

sample number

(b)
Reactants ,

millimoles

Specific Activities
(c)

, cpm/ mg

A
o

*ASOCI
2

S2 C12
1-F

(h)
SOC1

2

Time,

V-21-1
V-21-2
V-21-3
V-21-4
V-21-5
V-21-6

V-22-1
V-22-2
V-22-3
V -22-4
V -22.5
V-22-6

V-23-1
V-23-2
V-23-3
V-23-4
V-23-5
V -23 -6

Temperature 0.0°C
SOC1

2*
S2 C12

EtaNC1
S te), g-atom

Temperature 0.0
SOC1

2*
S2 C12

Et4Ncl
S(e), g-atom

Temperature 0.0 °C
SOC1* 2
S2 Cr
E NIA
S(e), g-atom

70.46

7.028
6, 77x10-3

6

6, 89x10

70.46
7.028 -6
2.90x10
6. 59x10

70.46
7.028
9. 67x10-7
6. 63x10

3

Equilibrium pot technique (f)
0.5851 54.76

0. 7149 54. 76
0, 6120 54.76
0.1660 54.76
1.019 54.76
1.271 54.76

Equilibirurn pot technique (f)
0.2251 54.76
0. 2290 54, 76
0.3935 54.76
0, 2668 54.76
0.5164 54.76
0.7057 54.76

Equilibrium pot technique (f)
0.4973 54.76
0.4154 54.76
0.7329 54.76
1.090 54.76
1.729 54.76
2.838 54.76

0.882
0, 856
0.877
0, 967
0.795
0.744

0.955
0.954
0.921
0, 946
0.896
0.858

0.900
0.916
0.852
0.781
0.652
0.429

0.3 min.
1.8 min.
4.2 min.
7.0 min.
10.0 min.
23.3 min.

0, 2 min.
3.0 min.
10.0 min.
25. 1 min.
56.0 min.
122.0 min.

0.3 min.
15.0 min.
43.0 min.
120.0 min.
240.0 min.
639.0 min.



Table 19. Continued.

(a) Experiment -- sample mimbers are listed by research notebook volume number in Roman numerals, followed by page number, and ending
with the individual sample number.

(b) The component that was initially active is indicated by an asterisk.

and Ao( * are experimentally measured specific activities. A * is the initial specific activity of the sulfurc) A
SOC1 SCI

2
S2 C12

A A
S2C12

mon loride.

(d) Mallinckrodt "precipitated purified" powdered sulfur.

(e) K & K 99.999 % sulfur.

(f) Exchange run conducted in the dark.

(g) Exchange run conducted in diffuse light.

(h) 1-F calculated from A and Aco (calculated).
SOC1

2
SOC1

2



Table 20. Catalyzed radiochlorine exchange experiments between sulfur monochloride and thionyl chloride. Antimony pentachloride as catalyst.

Specific Activities
(c)

cpm/mg
Experiment- -

( a )
Reactants

(b),
0 Time,Sample number millimoles 1-F(1,A

SOC1
2 AS 2C12

SOC12

IV-83-I
IV-83-2
IV-83,3
IV-83-4
IV-83-5

IV-84-1
IV-84-2
IV-84-3
IV-84-4
IV-84-5
IV -84 -6
IV-84-7

V-16-1
V -161.2

V-16-3
V-16-4
V-16-5
V -16-6

V-17-1
V-17-2
V-17-3
V-17-4
V-17-5
V-17-6

Temperature 0. 0°C
SOC1

2
S2C12

SbC1
5

S(e), g-atom

Temperature 0.0°C
SOCI

* 2
S C12
S?C15
S(e), g-atom

Temperature 0.0°C
SOC1

2
S Cl
SgC12

5
S (e), g- atom

Temperature 0. 0°C
SOC1

2*
S2 C12

SbC1 5

S(e), g-atom

70.46
7.028
2.92x10-3
6. 61x10

3

70.46
7.028
5. 03x10

3

-3
6. 63x10

70.46
7.028
3.21x10_3
6.64x10

70.46
7.028

-3
1. 68x10

-3
6. 72x10

Equilibrium pot technique (f)
2.796 81.84
5.735 81.84
7.579 81.84
7.794 81.84
8.003 81.84

Equilibrium pot technique (f)
1.067 81.84
3.556 81.84
5.062 81.84
5.813 81.84
7.280 81.84
8.324 81.84
8.074 81.84

Equilibrium pot technique (f)
1.000 77.94
3.317 77.94
5.206 77.94
7.215 77.94
7. 696 77.94
7.992 77.94
Equilibrium pot technique ( f)
0. 4548 77.94
1.709 77.94
3.907 77.94
6.441 77.94
7, 109 77.94
8.352 77,94

0. 623
0. 228

-0.021
-0.050
-0.078

0.856
0.521
0.318
0. 217
0.019

-0,112
-0.088

0. 859
0.531
0. 264

-0.021
-0.089
-0.131

0.936
0. 758
0.447
0.089

-0.006
-0.041

0. 8 min.
2.5 min.
6.8 min.
15.0 min.
62.0 min.

0. 1 min.
0. 6 min.
1.2 min,
1.8 min.
2.9 min.
19.8 min.
77.3 min.

0. 2 min.
0.9 min.
2. 1 min.
5.0 min.
8,0 min.
15.0 min.

0.3 min.
1.5 min.
5.0 min.
1p.0 min.
15.0 min.
21.0 min.



Table 2Q Continued.

(a)
Experiment- -
sample number

Reactants
(b),

millimoles

Specific Activities (c), cpm /mg.

A
o*
S2 C12

1-F
(h)
SOC12

Time,A
SOCI

2

V-18-1
V-18-2
V-18-3
V-18-4
V-18-5
V-18-6

V-24-1
V-24-2
V-24-3
V-24-4
V-24-5
V-24-6

V-25-1
V-25-2
V-25-3
V-25-4
V-25-5
V-25-6

V-26-1
V-26-2
V-26-4
V-26-5
V-26-6

Temperature 0,0°C
SO Cl

2*
S, C12
SSC1

5
S(e), g-atom

Temperature 0.0°C
SC1

* 2
S C12
SgC1

5
S (e), g- atom

Temperature 0.0°C
SOC1

2
S2C12

Sb
5

S(e), g-atom

Temperature 0.00C
SOC1

* 2
C12

SSC1
5

S(e), g-atom

70.46
7.028

-49,93x10
6,69x10

-3

70,46
50.65
7.79x10

4

2.87x102

70,46
25.33
----

1.56x102

70.46
7.028
7.00x10

Equilibrium pot technique (f)
0,292 77.49
0.966 77.4 9
3,318 77,49
2.220 77.49
4.733 77,49
5,752 77.49

Equilibrium pot technique (f)
1.186 54.76
1.816 54.76
3,347 S4.76
7.169 54.76

11.12 54.76
20.51 54.76

Equilibrium pot technique (f)
0,8255 54.76
1,08b 54.76
1.741 54.76
2.510 54.76
1.990 54.76
1.914 54.76

Equilibrium pot technique (f)
0.2785 54.76
1.982 54.76
4.404 54.76
S. 145 54.76
5.706 54,76

0.959
0.863
0.531
0,689
0,330
0.186

0.948
0,921
0,854
0,687
0.514
0.104

0.943
0,925
0.880
0.827
0.863
0,868

0.944
0,601
0.113

-0,036
-0,149

0.2 min.
3.0 min.
8.0 min.
16.0 min.
25.0 min.
34.0 min.

0.3 min.
2.0 min.
7.0 min.
21.0 min.
42.0 min,
127.0 min.

0.3 min.
4.0 min.
10.0 min,
25.0 min.
60.0 min.
130.0 min.

0.3 min.
3.0 min,
45.0 min.
75.0 min.
148.0 min.



Table 20. Continued.

Experiment--
(a)

sample number
Reactants(b ),

millimoles

Specific Activities(c), cpm/mg

A A
o

SOC1
2

S2 C12
1-F

(h)
SOC12

Time,

V-29-1
V -29 -2

V-29-3
V-29-4
V-29-5
V-29-6
V-29-7

V-30-1
V-30-2
V-30-3
V-30-4
V-30-5
V-30-6
V-30-7

V-31-1
V-31-2
V-31-3
V-31-4
V-31-5
V-31-6
V-31-7

Temperature 0.0°C
SOC1

2*
S2 C12

SOC1

S(e),
5

g- atom

Temperature 0.0°C
SOC1

S
2

2

Sb Cl

g
5S(e), -atom

Temperature 0.0°C
SOC1

2*
S, Cl,
SSC1

5

Cl2

S(3), g-atom

147.25
7.028

-31.37x10
1,06x10-2

139.08
14.31

-3
1.25x10

2
1. 28x10

126.82
25.20
1,11x10-3

1.80x10-
2

Equilibrium pot technique (f)
0,7825 54.59
1.165 54.59
1.808 54.59
2.580 54.59
2,596 54.59
2.602 54.59
2.532 54.59

Equilibrium pot technique (f)
0,6135 54,59
1,399 54.59
2.392 54,59
3.851 54,59
4.960 54.59
5.488 54.59
5.531 54.59

Equilibrium pot technique (f)
0,676 54,59
2,091 54.59
3,106 54.59
3,760 54.59
5.423 54.59
9,290 54.59
9.446 54.59

0.685
0.532
0.273

-0.037
-0.044
-0.046
-0.018

0.880
0.725
0.530
0.244
0.026

-0.078
-0.086

0.926
0.770
0.659
0.587
0.405

-0.020
-0.037

0.5 min.
6.0 min.
12.0 min.
41.0 min,
62.0 min.
180,0 min.
319.0 min.

0,5 min,
3.5 min,
8.0 min.
19.0 min.
40.0 min.
80.0 min,
149.0 min.

0.5 min.
2.0 min.
5.0 min,
8.5 min.
14.0 min.
65.0 min,
275.0 min,



Table 20. Continued.

Experiment--(a)
sample number

Reactants (b)
,

millimoles

Specific Activities
(c), cpm/mg

A
o*

A
SOC1 5

2
C12

1-F
(h)
SOC12

Time,

Temperature 15.0o
C Equilibrium pot technique (f)

V-32-1 SOC1 139.08 0,6252 54.59 0,877 0.3 min.
V-32-2 2

S2C12 14.31
3

1.186 54.59 0.767 1.4 min.
V-32-3 Sb C15 1.14x10 1.742 54.59 0.658 3.0 min.
V-32-4 S(e), g-atom 2.25x10

-2
2.943 54.59 0.422 5.3 min.

V-32-5 4.250 54.59 0,166 10.0 min.
V-32-6 5.582, 54.59 -0.096 30.0 min.
V-32-7 5.581 54,59 -0.096 90.3 min.

Temperature -22,9°C Equilibrium pot technique (f)
V-33-1 SOC1

*C?
139.08 0.3067 54.59 0,940 0.8 min.

V-33-2 S
2 2

14.31
-3 1.078 54.59 0.788 12.0 min,

V-33-3 Sb Cl 1.49x10 2.377 54.59 0-533 3S.0 min.
V-33-4

5
S(e), g- atom 3.61x10-2 4.234 54.59 0.169 95.5 min.

V-33-5 4.818 54.59 0.054 150.0 min.
V-33-6 5.227 54.59 -0.026 262.0 min.
V-33-7 5.195 54.59 -0.020 406.0 min.

Temperature 0.0°C Equilibrium pot technique (f)
V-49-1 SOC1

*c2
114.99 0.2535 13.69 0,977 0.8 min.

V-49-2 S 463.10 0.7370 13.69 0,933 13.3 min.-4V-49-3 SbC1 3.69x10 0,3381 13.69 0.969 46.0 min.
V-49-4 5

gS(e), -atom 2.44x10-1
0.7223 13.69 0.934 300.0 min.

V-49-5 1.195 13.69 0.892 1482,8 min.
V-49-6 2.105 13.69 0.809 4511 0 min.
V-49-7 2.947 13.69 0.732 6641.8 min.
V-49-8 3.158 13.69 0,713 10883.0 min.
V-49-9 4.475 13.69 0.594 16705.0 min,



Table 20. Continued.

Experiment- -( a)
sample number

Re actants(b),
millimoles

Specific Activities
(c) , cpm/mg

A A
o

*
SOCI

2
S2 C12

1-F
(h)
SOC1

2

Time,

Temperature 0.0 °C Equilibrium pot technique (f)
V-50-1 SOC1, 114.99 0.9654 13, 69 0.912 1.5 min.
V -50 -2 S cr

2
463, 10

3
0.6029 13, 69 0.945 7, 0 min.

V-50-3 2,
SbC1 1.48x10 O. 1656 13, 59 0.98S 23.8 min.

V-50-4 5
S(e), g- atom 2. 44x10

-1
0, 3331 13, 69 0.970 120, 0 min.

V-50-5 1. 249 13. 69 0.887 726.0 min.
V-50-6 1. 169 13, 69 0.894 2110.0 min.
V-50-7 1. 649 13.69 0.850 3513.0 min.
V-50-8 2.732 13.69 0.752 5890.0 min.
V-50-9 3.160 13.69 0.713 11348.0 min,

Temperature 0. 0°C Equilibrium pot technique (f)
V-51-1 SOC1

2lc
114.99 0. 2354 13. 69 0.979 2.0 min.

V-51-2 S22 C12 463. 10
3

0. 1650 13. 69 0.985 4.5 min.
V-51-3 SbC1 4.12x10 0.4272 13.69 0.961 13.0 min.5

-1V-51-4 S(e), g- atom 2.44x10 2.036 13. 69 0.815 46.3 min.
V-51-5 5.037 13, 69 0. 543 160, 0 min,
V-51-6 8. 515- 13. 69 0.227 550.0 min.
V-51-7 9.293 13.69 0,156 1118.0 min.
V-51-8 9,311 13,69 0.154 3480.0 min.

(a) Experiment-- Sample numbers are listed by research notebook volume number in Roman numerals, followed by page number, and ending
with the individual sample number.

(b) The component that was initially active is indicated by an asterisk.

(c) A A A and A * are experimentally measured specific activities. Ao
* is the initial specific activity of the sulfurSOC19' S2 C12, SC12 S2 C12 S2 C12

monocEloride.
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(d)

(e)

(f)

(g)

(h)

Mallinckrodt "precipitated purified" powdered sulfur.

K & K 99.999% sulfur.

Exchange run conducted in the dark.

Exchange run conducted in diffuse light.

1-F calculated from A and A (calculated).
SOC1

2
SOC12 co
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C. Results and Discussion

1. Non-catalyzed Radiochlorine Exchange Experiments Between
Sulfur Monochloride and Thionyl Chloride

a. Introduction. --The following discussion describes the re-

sults of a number of preliminary experiments conducted in an effort

to develop an acceptable experimental technique for the investigation

of the exchange of radiochlorine between thionyl chloride and sulfur

monochloride. The exchange run data for the preliminary work is

summarized in Table 17 and the resultant rates and half-times are

collected in Table 21. In addition, the results of experiments using

the optimum experimental technique for investigation of the non-

catalyzed exchange between thionyl chloride and sulfur monochloride

are discussed. These results are summarized in Tables 18 and 22.

b. Effect of Sulfur on the Exchange of Radiochlorine Between

Sulfur Monochloride and Thionyl Chloride. --Initial experiments incor-

porating the tube technique (A, Figure 29) gave relatively rapid and

quite irreproducible exchange rates for the radiochlorine exchange

between sulfur monochloride and thionyl chloride. This is illustrated

by Runs 11-86 and 11-103. The results of Wiggle and Norris (124),

however, had suggested that the exchange is probably slow. On the

basis of the supposition that, in fact, the exchange should be slow,

it seemed possible that the experimental solutions employed in these



Table 21. Rates for preliminary radiochlorine exchange experiments between thionyl chloride and sulfur monochloride. No catalyst.

Experiment
number

11-53

11-83

II-86A

II-86-A

11-86- B

II-86-B

11-103

11-107

III-5

III-15

111-19

111-23

Concentration,
moles / liter

SOC12 S Cl
2 2

Temperature,
oc t1/ 2(f) Rate, (f)

minutes grams-atoms chlorine/liter-min.

6.33, 8)7. 05 (a 25,0 > 7.42x103 < 6. 24x10
4

6, 33(h)7. 05 25.0 < 1.43x102 > 3. 23x10
2

7.05(c) 6,33(h) 25.1 8. 21±3. 93 (5. 63±2. 69 )x10
-1

6, 33(d,
h)

7. 05 25.1 9. 06± 0. 63 (5. 10±0.36)x10
1

6. 33(h)7. 05
(c) -46.0 (1. 14±0. 76)x101 (4. 25±2. 83 )x10 1

7.05 6. 33(d,
h) 1 -1

-46: 0 (1; 26±0; 52)x101 (3: 83 ±1; 57)x10-1

6,33
(b, h)

7. OS
(c) 25.0 < 1.4 > 3. 27

6. 67(8)6. 67 25.0 (5.80 ±1. 14)x101 (7. 97±1. 56)x10
2

6, 67(g,
i) (9. 60±3. 15)x1036. 67 25, 0 (4. 81±1. 58)x102

6. 76(8, i )6. 57 0.0 (2, 02±0. 45 )x101 (2. 29±0. 51)x10 1

6, 67(g,
i)

6. 67 0.0 (1. 15±0. 21 )x10
2

(4. 01±0. 72)x10 2

6, 67(g,
i)

6. 67 0.0 (5. 71±0. 81)x101 (8. 10±1. 15)x10 2

6. 67(g,
i)

6. 67 0.0 (6. 30±2. 07 )x10
2

(7. 34±2, 42)x10
3

6. 31
(b, g)

6,31(b6.26 0.0 (5. 63±5. 98)x10
3

(7. 75± 8. 23 )x10-4



Table 21. Continued.

Experiment Concentration, Temperature,
t1/2

(f) (0
*

number moles/ liter o Rate,
SOC12 S2 C12

C minutes grams-atoms chlorine/liter-min.

111-31

111-35

III-37

111-37

,629(b, g)6.29 0.0

,668(a, g)6.66 0.0

5.70(c) 5.75(b, g)1.43M
SC12 0.0

5.70 5.75(13' e' 1 .)43M SC12 0.0

(1.24±0.19 )x10
4

(1.17±0.26)x104

(3.36±1.43 )x103

(1.84±0.17)x103

(3. sao. 53)x104

(3.94±0.86)x104

(1.31±0,56)x103

(2.40±0,22)x103

(a) Exchange conducted in the presence of excess Mallinckrodt powdered sulfur.

(b) Exchange conducted in the presence of excess K & K 99.999% sulfur.

(c) Samples taken for counting were composed predominantly of thionyl chloride.

(d) Samples taken for counting were composed predominantly of sulfur monochloride.

(e) Samples taken for counting were composed predominantly of sulfur dichloride.

(f) Plus or minus values refer to the standard deviations obtained from the least squares analysis of log(1-F) versus time data.

(g) Pot technique.

(h) Tube technique.

(i) Sulfur monochloride pretreated with sulfur and rapidly dosed and used in the exchange.

(j) Sulfur monochloride vacuum fractionated before use.
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first experiments might possibly have contained some "foreign" spe-

cies which led, in the different experiments, to the observed rapid,

but irreproducible rates.

In an effort to remove such a possible contaminant from the

sulfur monochloride, a sample of this solvent was treated by several

fractionations through a series of four cold traps (similar to C, Fig-

ure 28) at 0°C, -23°C, -78. 5 °C and -196°C. The final material re-

tained in the -23°C (the greater portion of the sample) was vacuum

distilled6 twice and the final middle portion used in exchange Run

111-5. Comparison of Run 111-5 with Run 11-107 shows, despite the

lower temperature in 111-5, no decrease in rate produced by the frac-

tionation procedure. No such extensive fractionation procedure was

used in Run 11-107, although all other treatment was the same in each

case except for temperature.

An additional technique that might result in lower rates was sug-

gested by the possibility that the irreproducibility was caused by a

catalytic species formed from the sulfur monochloride, e. g. , some

sulfur--chlorine compound. In view of this possibility, the effect on

6 In this work, the term "vacuum distillation is used in refer-
ence to a distillation process (vacuum). in which the most volatile and
least volatile portions of the distillate are discarded (30% of the
total) and the middle A/70% of the distillate is retained for use or for
a subsequent distillation.
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the rate of pretreatment of sulfur monochloride with elemental sul-

fur or the presence of sulfur in the exchange bombs was investigated.

It was found that the latter procedure did, in fact, have a pronounced

effect on the rate. The effect of the former procedure, however,

was not so clear. For example, in Run 11-107 purified sulfur mono-

chloride (vacuum distilled once from sulfur and charcoal with two

additional vacuum distillations of the middle 70% of each previous

distillate) was, in addition, allowed to stand over Mallinckrodt

powdered sulfur for ten days (in the vacuum line) and was then vacu-

um distilled twice more before being dosed into the exchange bomb.

However, the resultant material was allowed to stand under its own

vapor pressure at room temperature for several hours before being

dosed into the exchange bomb. No sulfur was present in the exchange

bomb. This procedure resulted in an exchange rate of 7.97 x 10-2

g-atom chlorine/liter-minute (t 1/2=58.0 minutes). In contrast, Run

III-1 was subjected to the same treatment with the following excep-

tion: After contact with sulfur, the sulfur monochloride was vacuum

distilled twice, rapidly dosed into the exchange bomb and immediately

frozen with liquid nitrogen. The thionyl chloride was dosed as soon

thereafter as possible (again, no sulfur present in the exchange bomb)

and the run was quickly initiated. Run III-1 yielded a much slower

exchange rate than Run 11-107, having a rate of 9.60 x 10-3 g-atom/

liter-min. (t112= 481 min. ). Thus, pretreatment with sulfur,
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followed by immediate use of the treated sulfur monochloride, ap-

peared to decrease the exchange rate significantly. However, as may

be seen by comparison of Run III-1 with Runs III -11, III-15 and III-19

considerable irreproducibility in apparent rates was observed, in

spite of similar pretreatment in all four of these cases. Thus, it

was not entirely clear that pretreatment by sulfur had a retarding

effect on the exchange rate, although the possibility did exist. What

was clear, however, was that exchange experiments employing this

experimental technique were not capable of yielding reproducible

results.

In contrast to the fairly fast exchange rates discussed above,

it was found that the presence of elemental sulfur in the exchange

bomb yielded much slower (and more reproducible) exchange rates.

For example, Run III -31 was conducted in the pre sence of excess

sulfur and yielded an exchange rate of 3.52 x 10-4 g-atom chlorine/

liter-minute (t 1/2=1.24 x 104 minutes) at 0.0°C. The reproducibility

is illustrated by comparison of this rate with that of Runs 111-23 and

111-35. Thus, it would appear that the presence of elemental sulfur

in the exchange system results in increased reproducibility and

greatly decreased rates of exchange. It seems plausible that this

effect is due to (1) an equilibrium involving decomposition of sulfur

monochloride to sulfur and a catalytically active product, e. ,
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(63) S2C12 T SC12 + 5,

or (2) a reaction or complexation of sulfur with some catalytically

active impurity, or (3) a reaction or complex formation between sul-

fur and sulfur monochloride possibly to block an exchange pathway.

With regard to conducting the exchange in the presence of sulfur, it

should be noted that there appears to be no significant difference in

the rate of radiochlorine exchange between sulfur monochloride and

thionyl chloride when conducted in the presence of Mallinckrodt

powdered sulfur as compared with K & K 99. 999% sulfur. This is

demonstrated by Runs 111-31 and 111-35. Exchange Run 111-31 was corr

ducted in the presence of excess K & K 99. 999% sulfur, Run 111-35 in

the presence of Mallinckrodt powdered sulfur, and the respective

exchange rates were 3.52 x 10-4 g-atom/liter-min. (t 1/2= 1.24x104

min. ) and 3.94 x 10-4 g-atom/liter-min. (t1/2= 1. 17x104 min. ). The

difference in the rates is well within the standard deviations shown

in Table 21.

With further regard to exchange experiments conducted in the

presence of sulfur, the pronounced decrease in the rate of radiochlor-

ine exchange between sulfur monochloride and thionyl chloride in

the presence of elemental sulfur introduces, as mentioned above, the

possibility of significant reaction between sulfur and sulfur monochlor-

ide at the temperatures studied or, alternatively, the possibility of

complex formation between sulfur and sulfur monochloride, thereby
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blocking an exchange pathway. The question of the possibility of

significant reaction occurring between sulfur monochloride and sul-

fur can be settled by consideration of the results of a recent study of

the exchange of sulfur-35, 35S, between elemental sulfur (initially

labeled) and sulfur monochloride (initially inactive) (97). If sulfur

reacts with sulfur monochloride to give, for example, chlorosulfanes

such as S3C12' S4C12, etc., one would expect to observe an exchange

of sulfur-35 between elemental sulfur and sulfur monochloride. How-

ever, for the process,

* *
(64) S

2
C12 + S8 ,?- S

2
C12 + S8,

Owens (100) found no detectable exchange after 72 hours at 25°C,

using ethylene dibromide as solvent. In this regard it is significant

to note that the experimental procedure used by Owens involved radio-

activity assay of all volatile material that could be vacuum distilled

from the elemental sulfur. This result indicated that no significant

reaction occurred between sulfur and sulfur monochloride at 25°C

over a 72 hour period. Thus, it is probable that, for the time per-

iods and temperatures involved in the present work, no significant

amount of reaction occurred between sulfur monochloride and sulfur.

On the other hand, although no exchange was observed to occur be-

tween sulfur and sulfur monochloride at 25°C, Owens (97) did observe

a slow but measurable radio sulfur exchange for this system at
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103. 5oC. For example, the exchange at 103. 5oC occurred with an

estimated rate equal to 2.77 x 10-4 g-atoms sulfur/liter-minute,

corresponding to an estimated half-time of 1.09 x 10 3 minutes, for

an ethylene dibromide solution containing 0.733 g-atom sulfur/liter

as elemental sulfur and 0.733 g-atom sulfur/liter as sulfur mono-

chloride. In addition, Bruni (14), and Hammick and Zvegintzov (52)

were also unable to obtain evidence for reaction between sulfur and

sulfur monochloride at normal temperatures, although reactions form-

ing polysulfides (chlorosulfanes) were reported at elevated tempera-

tures in both studies. In the present work, the ultraviolet spectra

of mixtures of sulfur and sulfur monochloride in acetonitrile exhib-

ited no obvious indication of the formation of reaction products. With

further regard to this matter, vacuum fractionation of mixtures of

sulfur and sulfur monochloride did not result in separation of pos-

sible reaction products, such as the chlorosulfanes. Compounds such

as S
3

C12 and S
4 C12 are low volatility, viscous, dark red materials

that would be easily separable from sulfur-- sulfur monochloride mix-

tures if present. On the basis of the above several pieces of informa-

tion it seems clear that no new compound formation occurs under the

conditions of the present work.

With further regard to possible interaction between sulfur and

sulfur monochloride certain facts should be noted concerning the pos-

sibility that elemental sulfur blocks an uncatalyzed exchange pathway,
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thereby resulting in a decreased exchange rate. In the present work,

excess elemental sulfur was present in all exchange runs shown in

Tables 18, 19, and 20. Since the solubility of sulfur (rhombi0(cor-

responding to the K & K 99.999% sulfur) in sulfur monochloride is

only approximately ten percent by weight at 0.0°C and e420 percent

by weight at 25°C (52), and sulfur exists predominantly as S8 in sul-

fur monochloride (14), the effective mole ratio of S8 to sulfur mono-

chloride in solution was only approximately 0.13 at 25°C. Thus, even

if sulfur formed a stable complex with sulfur monochloride, such as

58 S2C12, at least 87 mole percent of the sulfur monochloride would

have been free to undergo a normal radiochlorine exchange. In addi-.

tion, the existence of such a stable, non-labile complex should have

resulted in an inflection in the log(1-F) versus time plots (1). If

such inflections occurred, they were well hidden by the scatter ex-

hibited by the uncatalyzed exchange runs conducted in the presence

of sulfur. The further point may be noted that, as indicated earlier,

substantially the same exchange results were observed whether K & K

99.999% sulfur or Mallinckrodt powdered sulfur was used, despite

the fact that the solubility of the latter was much lower than the above

quoted figures. In short, then, the exchange rates observed can be

assumed to be representative of the uncatalyzed exchange between

sulfur monochloride and thionyl chloride with no involvement of sul-

fur because of the small mole ratio of sulfur to sulfur monochloride
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in solution. Furthermore, the high sensitivity of the sulfur mono-

chloridethionyl chloride radiochlorine exchange rate to the presence

of very low concentrations of ionic chloride (Tables 19 and 23) and

antimony pentachloride (Tables 20 and 24) indicates that sulfur does

not block catalytic exchange pathways. Both of the above-mentioned

catalysts give linear log(1-F) versus time plots from (1-F) = 0.95 to

0.1.

In summary, with regard to the three plausible effects on the

exchange of the presence of sulfur mentioned earlier, the above dis-

cussion appears to eliminate two of these effects, namely (1) and (3).

However, (2), the possibility of sulfur reacting or forming a complex

with a catalytic impurity, remains. This will be further discussed

below.

c. Comparison of Exchange Bomb Designs. --The above dis-

cussion serves to illustrate the effect of elemental sulfur on the un-

catalyzed exchange. It is also pertinent to consider the relative mag-

nitudes of exchange rates obtained using each of the four exchange

bomb styles shown in Figure 29.

The simple tube technique (A, Figure 29) gave very fast, irre-

producible exchanges that exhibited a high degree of scatter in the

log (1-F) versus time plots. These effects are illustrated by consid-

eration of the rate data tabulated for Runs II-86-A, II-86-B and II-103

(Table 21). Exchange Run II-86-A gave a fast, but measurable, rate
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at 25.0 oC of 5.63 x 10-1 g-atom chlorine/liter-minute (t1/2=8.21

min. ). In Contrast, Run II- 103 gave an immeasurably fast exchange

(t1/2< 1.4 min. ) for the same experimental conditions except for

the presence of sulfur (a feature which should, if anything, have

decreased the rate). In addition, Run II-86-A, conducted at 25. 1 °C

and Run II-86-B, conducted at -46°C, gave quite similar rates despite

the experiments having been conducted at two greatly different tem-

peratures. These examples illustrate the irreproducibility appar-

ently inherent in the tube technique for this system. Furthermore,

the large standard deviations of the rates for II-86-A and II-86-B

(&±50 %) illustrate the occurrence of a large amount of scatter in the

log (1-F) versus time data.

Much slower exchange rates were obtained with the pot technique

(B, Figure 29). For example,. Run 11-107, conducted under the same

experimental conditions as Run II-86-A (tube technique, t112=8.21

min. ), gave a rate equal to 7.97 x 10-2 g-atom/liter-min. (t112=58.0

min. ). It should also be noted that the standard deviations of the

rates obtained for experiments incorporating the pot technique (in

the absence of sulfur, Runs II-107 through III-19) were somewhat

smaller (fv±25%) than found for the tube technique (N ±50%). This

illustrates the occurrence of somewhat less scatter in the log (1-F)

plots for the pot technique in comparison to the tube technique. The

additional decrease in rates obtained for runs conducted in the
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presence of sulfur using the pot technique has been mentioned earlier.

The apparent rate depressing effect of sulfur on the radiochlor-

ine exchanges discussed above suggested that even more reproducible

results might be obtained if an exchange bomb were used that would

allow the sulfur and sulfur monochloride to come to equilibrium,

with respect to solubility and temperature, before initiation of the

exchange. In the pot technique, sulfur-- sulfur monochloride mix-

tues had to be frozen in order to dose the thionyl chloride. This

would naturally disturb any equilibrium between the first two compo-

nents. As a result, the equilibrium pot technique was developed us-

ing exchange bombs consisting of a separate chamber for thionyl

chloride separated by a break tip from the sulfur--sulfur monochlor-

ide mixture. This bomb design is illustrated in Figure 29-D. Ex-

change run 111-65 (Table 22) was conducted using the equilibrium pot

technique (with sulfur, at 25.0°C) and yielded a rate of 2.12 x 10-i

g - atom/liter -day (1.47x10 -4 g - atom/liter -minute), corresponding

to a half-time of 21.8 days. This is a much slower rate than, for

example, that exhibited by Run 111-35 which incorporated the use of

the pot technique, rather than the equilibrium pot technique, and

was also done in the presence of sulfur. Run 111-35, conducted at

0.0 °C rather than at 25.0o C, resulted in a rate of 3.94 x 10-4

g-atom/liter-minute, corresponding to a half-time of 1.17 x 104

minutes or about 8.13 days. Thus, there appears to be an additional
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retarding effect on the exchange rate when the sulfur monochloride

is allowed to come to equilibrium with the sulfur, in the exchange

bomb, at the exchange temperature, before initiating the exchange.

However, there is still not a clear improvement in reproducibility

of the exchange results, as may be seen by intercomparing runs in

Table 22.

In addition to the foregoing experiments, an adaptation of the

equilibrium pot technique to the use of individual tubes (the equilib-

rium tube technique, C, Figure 29) was also explored. Experiment

111-69 incorporated this technique and yielded an exchange rate roughly

comparable to that exhibited in Run 111-65 (equilibrium pot technique).

Unfortunately, it appeared to be difficult to prepare large numbers of

samples, using the equilibrium tube technique, that would give con-

sistently similar results. In fact, only one run (III-69) incorporating

the equilibrium tube technique gave a measurable rate. Six other

runs, 111-79 through 111-89, gave immeasurably fast exchanges.

The result of the above exploratory work was that the equilibri-

um pot technique appeared to represent a ."best effort" in terms of

exchange rate and reproducibility. Consequently, almost all of

the work summarized in Tables 18, 19 and 20 was conducted using

the equilibrium pot technique, with sulfur present.

d. Discussion of Non-catalyzed Radiochlorine Exchange Exper-

iments Between Sulfur Monochloride and Thionyl Chloride. - The
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discussion of the previous section has shown that the most satisfac-

tory results were obtained using the equilibrium pot techniqe. Ac-

cordingly, the rates and half-times for all experiments incorporating

the equilibrium pot technique, and one apparently consistent result

from an experiment incorporating the equilibrium tube technique (III-

69), are recorded in Table 22. These results were calculated from

data summarized in Table 18 (which also includes other data obtained

with the equilibrium tube technique).

Consideration of the exchange rate and half-time results shown

in. Table 22 illustrates a number of interesting features concerning

the radiochlorine exchange between sulfur monochloride and thionyl

chloride in the presence of sulfur. The first point to be noted is that

in general the equimolar systems at 25. 0°C and below indicate a slow

exchange, despite the presumably anomalous high rate shown by III-

63. For example Run III-65 (25. 0°C) gave a half-time of 21.8 days,

and, in addition, Runs 111-45, 111-47, 111-49 and 111-67 (all at 0. 0°C)

gave half-times ranging from 100-185 days. Presumably Run 111-63

involves some perturbing effect of the same (not yet established)

nature as is involved in the previously discussed runs that incorpo-

rated the three other reaction bomb techniques; the latter all led to

anomalously highly inconsistent and irreproducible rates.

It is interesting to compare the above indications of a slow

exchange rate with the similar system, thionyl chloride- sulfuryl



Table 22. Rates for radiochlorine exchange experiments between thionyl chloride and sulfur monochloride in the presence of sulfur. No catalyst.

112
(e, f)

t
,

Experiment Concentration, Temperature, (e, f)
number moles/liter oC Rate,

SOC12 S2 C12
days gram-atoms chlorine/liter-day

111-45 6, 66 6.
67(a)

1U-47 6.61 6.
72(a)

111-49 6. 77 6.58(a)

111-57 6. 67 6.67(a)

111-59 6. 67 6. 66(a)

111-63 6. 66 6.68 (a)

I11 -65 6.69 6.65(a)

111-67 6.67 6.67(a)

111-69 6.67(c) 6.67(a)

111-69 6. 67 6, 67(a,
d)

IV -81 12.54 1.25(b)

V-14 12.54 1. 25
(b)

V-34 12.54 1, 25
(b)

V-35 2, 39 9, 21
(b)

V-48 2.35 9.46(b)

0.0

0.0

0.0

45, 0

45.0

25.0

25.0

0.0

25.0

25.0

0, 0

0.0

25.0

25.0

0.0

(1. 731-0. 26)x102 (2.67±0.40)x10 2

(1. 26±0. 84 )x10
2

(3. 67±2. 42)x102

(1.851-1, 26)x10
2

(2. 49±1. 69 )x10
-2

< 7. 78x10
1

> 5.94
< 2. 81x10 1

> 1.65x101

< 1.42 > 3. 26

(2. 1810. 46)x101 (2. 12±0.45)x10
1

(1.00±0. 087)x102 (4. 61±0. 39)x102

(1..421-0. 17)x10
1

(3. 26±0.40)x10 1

(1. 16±0. 17 )x10
1

(3. 99±0. 58)x10 1

(5. 101-4. 33 )x10
1

3, 09 ±2. 63

< 1.80x10 2
> 8.77x101

(2. 03±0. 03 )x10
-1

7.761-0. 12

< 6.84x10 -2 > 4.47x10 1

6.08± 1.75 (4. 29±1. 24)x10-1

(a) Exchange conducted in the presence of excess Mallinckrodt powdered sulfur.

(b) Exchange conducted in the presence of excess K & K 99.999% sulfur.

(c) Samples taken for counting were composed predominantly of thionyl chloride.



Table 22. Continued.

(d) Samples taken for counting were composed predominantly of sulfur monochloride.

(e) Run 111-69 incorporated the equilibrium tube technique. All others incorporated the equilibrium pot technique.

(f) Plus or minus values refer to the standard deviations obtained from the least squares analysis of log(1-F) versus time data.
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chloride. Bain and Norris (7) have reported, for example, an ex-

change rate of 3.72 x 10-2 g-atom chlorine/liter-day (t112=121 days)

for radiochlorine exchange in a 1:1 mole ratio system composed of

thionyl chloride and sulfuryl chloride at 25.0°C. Thus it would ap-

pear that radiochlorine exchange in the sulfur monochloride--thionyl

chloride system, while slow, may be significantly faster than in the

related thionyl chloride- - sulfuryl chloride system.

The only previous radiochlorine exchange information for the

sulfur monochloride--thionyl chloride system involves a single ob-

servation reported by Wiggle and Norris (124). These authors, using

an experimental technique similar to the equilibrium pot technique

described earlier, collected a number of samples from an exchange

system consisting of 54.4 mmoles of thionyl chloride and 123.9

mmoles of sulfur monochloride (no sulfur) at approximately 25°C.

The resultant fraction exchanges, F
SOC1 2'

as a function of time, ex-

hibited a large amount of scatter, so great in fact that no definite

time dependence of F
SOC12 values was apparent. A single sample,

obtained after 48 hours by distilling most of the more volatile mater-

ial from the exchange bomb, gave an apparent fraction exchange of

0.134. This result suggested an approximate minimum exchange

half-time of w9.5 days (124). This value compares reasonably well

with the somewhat slower exchange rates observed in the present
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work (t 1/2 V14-22 days) at 25.0oC for equimolar systems.

The above mentioned demonstration of a very slow rate of

radiochlorine exchange has important implications with regard to a

possible solvent systems self-ionization of either, or both, sulfur

monochloride or thionyl chloride.

(65) S
2

C12 S
2

Cl+ + Cl

(66) SOC1
2

SOC1
+ + Cl

With regard to this possible self-ionization, it has been demonstrated

that thionyl chloride exchanges chlorine rapidly with tetramethylam-

monium chloride (88). Similarly, Wiggle and Norris (124) have

shown that sulfur monochloride undergoes a rapid radiochlorine ex-

change with tetraethylammonium chloride. Thus, if the extent of

self-ionization of either, or both, sulfur monochloride or thionyl

chloride were significant, giving significant concentrations of chlor-

ide ion, one would expect a rather rapid exchange of radiochlorine

between the two compounds. However, only a slow radiochlorine

exchange was observed in the present work. This observation would

seem to render questionable the occurrence of self-ionization of

these components to a kinetically significant extent, and to cast doubt

on the utility of the solvent systems concept for systems involving

either thionyl chloride or sulfur monochloride as solvent. The study

of the catalytic effect of very low concentrations of
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tetraetlylammonium chloride on the radiochlorine exchange allowed

an estimate to be made of the maximum chloride ion concentration in

the uncatalyzed systems and this will be discussed in Section C. 2.

Suffice it here to say that the extreme sensitivity of the thionyl chlor-

ide--sulfur monochloride system to low concentrations of chloride ion

(see Table 23) suggests that the "pool" of free chloride due to self-

ionization of the components must be less than ^,10 -8M. Thus, the

degree of self-ionization of either component must be very small,

K. 1016.

The effect of varying the concentrations of the components

(S2 C12 and SOC12) on the radiochlorine exchange rate will next be

discussed. Examination of Runs IV-81 through V-48 in Table 22

shows the result of varying the relative concentrations of sulfur mono-

chloride and thionyl chloride from a ten-fold concentration excess of

thionyl chloride to a four-fold excess of sulfur monochloride. If

either an ionization or a molecular mechanism were in effect in this

system, one would probably not expect a greater radiochlorine ex-

change rate in excess both of thionyl chloride and sulfur monochlor-

ide than for exchange in an equimolar system. However, the results

of Runs IV-81 through V-48 (Table 22) do not exhibit this expected

behavior. For example, in a ten-fold excess of thionyl chloride at

0.0o C a radiochlorine exchange rate of approximately 3.09 g-atoms

chlorine/liter-day (ti /2=0.510 days) was obtained (Run IV-81). The
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maximum rate observed for the .1:1 mole ratio system under the same

conditions was 4.61 x 10 -2 g-atom/liter-day (t1/2=100 days)(Run III-

67). At the other concentration extreme, Run V-48 exhibited a radio-

c hlorine exchange rate of 4.29 x 10-1 g-atom chlorine/liter-day

(t 1/2=6.08 days) for a 4:1 mole ratio of sulfur monochloride to

thionyl chloride at 0. 0°C. Although the foregoing rather unexpected

result appears interesting, it must be recognized that the extreme

irreproducibility encountered in exchange Runs IV-81 through V-48

(Table 22) makes the validity of even the slowest exchanges observed

in excess of either component highly questionable. In addition, it

should be noted that slower exchanges were observed for runs con-

taining low chloride or antimony(V) chloride concentrations in excess

thionyl chloride and excess sulfur monochloride Runs IV-82

and V-49, Tables 23 and 24) than in the uncatalyzed systems under

otherwise similar conditions. However, the rates of the catalyzed

exchanges were proportional to catalyst concentration for each cata-

lyst, indicating a catalytic, not an inhibiting effect. Thus, it would

appear that the relatively rapid uncatalyzed exchanges obtained in

excess of either component may well have been caused by some ran-

domly introduced catalytic impurity. It would also seem that this

exchange system may have been much more sensitive to such an

impurity in excess of either component than in the equimolar condi-

tion. In any case, the end effect of the irreproducibility encountered



290

was to discourage further attempts to obtain more extensive kinetic

information for the uncatalyzed system. Incidentally, it may be

noted at this point that this irreproducibility was apparently large

enough also to have an adverse effect on the quality of the catalyzed

observations to be discussed in later sections.

With further regard to possible catalysis by some impurity of

the radiochlorine exchange between sulfur monochloride and thionyl

chloride, the possibility was considered that sulfur monochloride

might decompose to form a catalytically active product. The demon-

strated effect of the presence of sulfur on the exchange rate suggest-

ed the possible existence of an equilibrium involving sulfur and a

catalytic species. In the course of the development of the fractiona-

tion procedure traces of a highly volatile, red material were ob-

served. Unfortunately the identity of this material was never estab-

lished since it was not found possible to isolate any quantity of the

substance. However, one impurity that could be isolated from sulfur

monochloride was sulfur dichloride (identified by its visible--ultra-

violet spectrum), present in extremely small amounts (^'10-4M).

The possibility was considered that this material might be of cata-

lytic significance by virtue of the equilibrium

(67) S
2

C12 SC12 + S.

Exchange Run 111-37 (Table 21) was conducted as a check on the
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possible catalytic effect of sulfur dichloride on the present exchange

system. This run incorporated a mixture containing 5.70M SOC12,

5.75 M S
2
C12 and 1.43 M SG12 in the presence of excess sulfur (pot

technique, 0. 0 °C). The large amount of sulfur dichloride assured

an excess over the amount of sulfur present (as confirmed by the

red color of the system). The exchange rate was calculated on the

basis of a two component system with the assumption that sulfur

dichloride and thionyl chloride undergo a relatively rapid radiochlor-

ine exchange compared to exchange between sulfur dichloride and

sulfur monochloride or between thionyl chloride and sulfur monochlor-

ide. Thus, the two components involved are sulfur monochloride and

a "pool" composed of sulfur dichloride and thionyl chloride in rapid

exchange equilibrium with each other. Although the less volatile

thionyl chloride exhibited a much greater zero-time exchange, due

to contamination with sulfur monochloride, examination of the rate

of change of 1-F values (Table 17) for thionyl chloride samples as

compared with those for sulfur dichloride samples over the course

of the exchange run demonstrates that the above assumption appears

to be valid. The exchange rate calculated for the thionyl chloride

samples was 1.31 x 10-3 g-atoms chlorine/liter-minute (t112=3.36

x 103 minutes). Comparison of this rate with Run 111-31 (6.29 M

SOC12, 6. 29 M S2 C12, 0. 0°C, no SC12), which exhibited an exchange

rate of 3.52 x 10-4 g-atoms/liter-min. (t1 /2 =1. 24x104 min.) shows
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that sulfur dichloride appears to have, at best, only a weak catalytic

influence on the thionyl chloride--sulfur monochloride exchange. The

effect is certainly not of a magnitude that would itself yield the ex-

change rate irregularities evident in the exchange results shown in

Tables 21 and 22. Thus, the cause of the irreproducibility in the

exchange results remains unknown.

The effect of temperature on the exchange rate for equimolar

mixtures was also studied. Only results at 0.0°C and 25.0°C ap-

peared to be meaningful. The exchanges at +45.0°C were consider-

ably more rapid than expected from the data at the two lower temper-

atures. An apparent Arrhenius activation energy, Ea, was calculated

from the equation,

(68)
dln(Rate) Ea

d(1/T) R'

using the 0°C data and Runs III-65 and III-69 (SOC12 sample) at 25 °C.

The value obtained was 13.5 ± 4.0 kcal/mole. The error was esti-

mated by consideration of the standard deviation of the 0°C data and

the mean deviation of the 25°C data. Since no meaningful kinetic data

could be obtained with regard to a possible rate law, no estimate

could be made of the entropy of activation. It is interesting to note

that, in the related thionyl chloride--sulfuryl chloride system, Bain

and Norris (7) reported an activation energy for the uncatalyzed

exchange of 7.4 kcal/mole. These authors found a very complex
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behavior for the exchange between thionyl chloride and sulfuryl chlor-

ide, that was best described by a three term rate law, in which a

molecular mechanism was proposed that involved multimolecular

activated complexes.

In summary, the non-catalyzed exchange studies discussed

above have shown a very slow radiochlorine exchange to occur be-

tween sulfur monochloride and thionyl chloride. Furthermore, the

results of these studies suggest that self-ionization of the components,

in the solvent systems sense, occurs only to a very limited extent.

The irreproducibility characteristic of the system prevented the

further study of the kinetics of this system. However, a suggestion

for future work is evident at this point. Since the study of the radio-

chlorine exchange in the system sulfur monochloride thionyl chlor-

ide appears to be limited by the extreme sensitivity of the system to

very low concentrations of some impurity or impurities, a study of

the radiosulfur exchange in this system might yield more useful

kinetic data. The reasonably reproducible results of Owens (97)

dealing with the radiosulfur exchange between elemental sulfur and

sulfur monochloride suggests that the present system might be less

susceptible to catalysis of a possible sulfur exchange by random im-

purities than was the radiochlorine exchange.
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2. Tetraethylammonium Chloride Catalyzed Radiochlorine
Exchange Experiments Between Sulfur Monochloride
and Thionyl Chloride

As mentioned in the earlier description of the uncatalyzed work,

the sulfur monochloridethionyl chloride system exhibits a remark-

able sensitivity to very small concentrations of added chloride ion.

For example, chloride concentrations in excess of rs-,8 x 106 M gave

immeasurably rapid exchanges, having half-times of less than 0.35

minutes. Table 19 summarizes the exchange data obtained using

tetraethylammonium chloride as a catalyst. Table 23 shows the

calculated rates and half-times for each rim. The statistical treat-

ment of the data and the method of calculation of the rates and half-

times are described in Section B. 11.

The effect of chloride ion on the rate of radiochlorine exchange

between sulfur monochloride and thionyl chloride was of considerable

interest in this study. It was particularly desirable to obtain infor-

mation concerning the sensitivity of the exchange rate to very small

amounts of chloride ion in order that an estimate of free chloride

concentration in the uncatalyzed exchanges could be made. From

such an estimation it was hoped that an evaluation of the possible

importance, or lack thereof, of self-ionization of either, or both,

sulfur monochloride or thionyl chloride could be made.

An attempt was made to study the radiochlorine exchange rate



Table 23. Rates for catalyzed radiochlorine exchange experiments between thionyl chloride and sulfur monochloride. Tetraethylammonium chloride
as catalyst.

t1/2(a, c)Experiment Concentration, Temperature Rate(a, c)
number moles/liter

C minutes gram-atoms chlorine/liter-min.
SOC12 S2

*C12(b)
(C2 H

5
)
4

NCI

IV-77

IV-78

IV-82

V-15

V-21

V-22

V- 23

12.54

12.54

12.54

12.54

12.54

12.54

12.54

1.25

1.25

1.25

1.25

1.25

1.25

1.25

8.60x10
-5

8.60x106

8.60x10
-8

1.03x10
-6

1.20x10-
6

5.16x10-

1.72x10-

0.0

0.0

0.0

0.0

0.0

0.0

0.0

< 3.47x10

< 3.47x10

(1.87±10. 2)x103

(1.40±0.05)x101

(8.86±4.23)x101

(8.09±1.43x102

(5.84±0.25)x102

>4.54

X4.54

(8.42±46.0)x10-4

(1. 13±0.040)x10

(1.78±0.85)x102

(1.95±0.35)x103

(2.70±0.11)x103

(a) Plus or minus values refer to the standard deviations obtained from the least squares analysis of the log(1-F) versus time data.

(b) Exchange conducted in the presence of excess K & K 99.999% sulfur.

(c) All runs were conducted using the equilibrium pot technique in the dark.
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Figure 32. The rate dependence on tetraethylammonium chloride concentration
of 0.0o

C in excess thionyl chloride. Experiments IV-78, IV-82, V-15,
V-21, V-22, V-23.
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as a function of chloride ion concentration with a view to obtaining

specific kinetic information. Figure 32 shows a plot of log( Rate)

versus log ((C2H5)4NC1) for the chloride catalyzed runs in excess

thionyl chloride. The slope of the least squares best fit straight line

through the data points, using all runs having measurable rates, is

1.41 ± 0.57 (Runs IV-82, V-15, V-21, V-22, V-23). It is not im-

mediately apparent from this result whether the apparent order with

respect to chloride ion is one, two, or some intermediate value.

The only data point that can be omitted from the least squares treat-

ment with any degree of validity is that for Run IV-82, which exhibited

an extremely large standard deviation (tv550%). If this point is dis-

carded, the apparent order increases only to 1.50 ±1.05. Although

there is no inherent reason to expect an integral order, it is inter-

esting that consideration of Run IV-78 does suggest a second order

rate dependence. That is, if one calculates the minimum rate prob-

able from the data for Run IV-78 and includes this rate (N4. 54

g-atomiliter-min. ) in the least squares treatment (Runs IV-78

through V-23), an apparent order of 1.85 ± 0.36 is obtained. Of

course the rate of exchange for Run IV-78 may well have been more

rapid. Omission of Run IV-82 (large standard deviation) gives a

least squares slope of 2.04* 0.49 (Runs IV-78, V-15, V-21, V-22

and V-23). If the exchange were first or three-halves order in chlor-

ide, a measurably slow rate should have been obtained for Run IV-78.
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Thus, the data suggests that the radiochlorine exchange in excess

thionyl chloride is probably second order with respect to chloride

ion.

Knowledge of the sensitivity of the sulfur monochloridethionyl

chloride system toward catalysis of the radiochlorine exchange by low

concentrations of chloride ion allows a rought estimation to be made

of the maximum free chloride ion concentration present in the uncata-

lyzed system due to, presumably, self-ionization of one or both of

the components. This estimation can be readily made by extrapola-

tion of the least squares line to a rate presumably characteristic

of the uncatalyzed exchange. To this end the assumption has been

made that the rate obtained from the uncatalyzed exchanges at 0. 0°C

for a 1:1 mole ratio of components (Runs 111-45, 111-47, 111-49 and

111-67), Rate = (2. 33 ± 0. 68) x 10-5 g-atom/liter-minute, represents

an upper limit for the true rate that should be obtained for systems

composed of a 10:1 mole ratio of thionyl chloride to sulfur monochlor-

ide. The equation describing the least squares line shown in Figure

32 is log(Rate) = (10.836) + (2. 048)(log((C2H5)4NC1). The apparent

chloride concentration calculated from this equation is 2.8 x 10-8

g-ion/liter, a figure representing, then, a probable maximum chlor-

ide ion concentration in the uncatalyzed system at the 10:1 SOC12:S2C12

mole ratio.

The significance of the above results must now be considered.
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The low apparent chloride concentration, e10 -8 g-ion/liter, esti-

mated as described above, suggests that the concentration of chloride

ion in the excess thionyl chloride (or 1:1) systems is low indeed. It

would appear, therefore, that neither sulfur monochloride nor thionyl

chloride ionizes significantly in the solvent systems sense. Since both

components exchange rapidly with chloride ion, one would certainly

expect rapid exchange between thionyl chloride and sulfur monochlor-

ide, even if only one of them. exhibited significant self-ionization. It

would seem, therefore, that the sulfur monochloridethionyl chloride

system presents another example in which the Lewis concept of acid-

base behavior is probably of greater use than the solvent systems the-

ory.

It is of interest to compare the above indication of low free

chloride concentration with the results of a recent conductivity study

of sulfur monochloride in acetonitrile. Heal and Kane (53) reported,

on the basis of such a study, an ionization constant for the proposed

equilibrium,

(69) S
2

C12 -,=`. S
2

Cl+ + Cl ,

of K1 Sf 3 x 10-8 M. If one assumes that sulfur monochloride behaves

about the same in the solvent thionyl chloride as it appears to behave

in acetonitrile, i. e., no change in K. in going from one solvent to the

other, the following is implied: A system that contains 6.67 M sulfur
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monochloride in thionyl chloride (1:1 mole ratio) would be expected

to possess a free chloride ion concentration of ".14 x 10-4 M and a

1.25 M solution of sulfur monochloride (10:1 excess of SOC12) would

be expected to contain "d2 x 10-4 M chloride ion. Of course these

estimated chloride concentrations are much greater than the esti-

mate of "10 -8 M chloride ion in thionyl chloride solutions of sulfur

monochloride determined in the present work. In this regard, one

would, of course, expect K. to be somewhat smaller in thionyl chlor-

ide (dielectric constant 9 at 20°C) than in acetonitrile (dielectric

constant f-e 3 8 at 20o C). Thus, somewhat lower chloride concentra-

tions should be found in the solvent thionyl chloride from self-ioniza-

tion of sulfur monochloride. However, one would probably not

expect chloride concentrations to be as much as four orders of

magnitude smaller in the thionyl chloride solutions. Even if the

chloride ion concentration comparison is made using the exchange

data for the relatively more rapid exchanges conducted in the absence

of sulfur (e..g. , Run III-19, Rate = 7.34 x 10-3 g-atom/liter -minute)

the resulting chloride concentration is estimated to be only "15 x 10-7

g-ion/liter. This value is still three orders of magnitude smaller

than predicted from the results of Heal and Kane (53). In view of

this marked difference in estimated chloride levels it would seem

that the degree of self-ionization of sulfur monochloride is much less
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than suggested by the above authors. In fact, it appears questionable

whether sulfur monochloride (or thionyl chloride) undergoes self-

ionization to any important degree.

The extent of the chloride catalyzed radiochlorine exchange

work conducted was limited due to the extreme irreproducibility of

the system. This is illustrated by examination of Figure 32 which

shows that any attempt to hold the chloride concentration constant,

in order to vary other parameters of the system, would result in an

unacceptable degree of scatter in the rates obtained. Since there

was no ready way to check for true chloride concentration (since it

was so low) after dosing (as was done for antimony(V) chloride as

described later) it is uncertain whether the cause of the irreproduci-

bility in the chloride catalyzed work stems, for example, from a dos-

ing and/or drying problem for the salt or from a random introduction

of a catalytic impurity. With further regard to the matter of irrepro-

ducibility, it should be noted that no correlation was found between

the order of dosing of the components and the rate of the exchange.

In view of the above observations, and the evidence presented in

Section IV regarding introduction of trace amounts of water into the

system, even from a "well dried" vacuum line, it would seem that

the extreme irregularity of both the uncatalyzed and the chloride cata-

lyzed exchange rates for samples containing excess thionyl chloride
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(or excess sulfur monochloride) indicates the presence of some cata-

lytic impurity, possibly water, that appears to be introduced in ran-

dom amounts.

It is of interest to compare the results of the present chloride

catalyzed radiochlorine exchange study of the sulfur monochloride- -

thionyl chloride system with similar work with other related non-

aqueous solvent systems. Of most immediate interest are the re-

sults of Bain and Norris (7) concerning chloride catalysis in the sys-

tem sulfuryl chloride- -thionyl chloride (SO2C12--SOC12). Consider

the following comparison of the exchange rates to be expected in this

latter system with those in the thionyl chloride--sulfur monochloride

system at comparable conditions: For a system composed of a 6:1

excess of thionyl chloride to sulfuryl chloride at 0. 0°C and a dosed

chloride concentration ((C
2

H
5

)
4
NC1) of 4.0 x 10-4 M, extrapolation

of the rate dependence on temperature data of Bain and Norris (7)

gives an estimated rate of 1. 9 x 10 -1 g-atom/liter-min. In contrast,

for a system composed of a 10:1 excess of thionyl chloride to sulfur

monochloride at 0.0°C and a dosed chloride concentration

((C2H5)4NC1) of 4.0 x 10-4 M, the present work gave an extrapo-

lated rate of 1.8 x 102 or 7.5 x 103 g-atom/liter-min. for an order

with respect to chloride of 1.5 or 2.0, respectively. Therefore,

the sulfur monochloride--thionyl chloride system would appear to

be much more sensitive to chloride ion concentration than the
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sulfuryl chloride--thionyl chloride system.

With further regard to the sulfuryl chloridethionyl chloride

system, it is also interesting to compare estimates of the maximum

chloride ion concentration that would yield the observed "non-

catalyzed" exchange rates in this system and the present sulfur

monochloridethionyl chloride system. Bain (6, p. 99) has re-

ported the following estimates for the chloride ion concentration that

would yield the observed "non-catalyzed', rates at 25 °C: (1) for

excess thionyl chloride (six to one mole ratio), (C1);:=1. 5 x 10-8 M;

(2) for excess sulfuryl chloride (ten to one mole ratio), (C12)2',6'7 x

106 M. In comparison, the estimate for the system thionyl chloride--

sulfur monochloride, discussed earlier, for excess thionyl chloride

(ten to one mole ratio), was (C1)2% 2.8 x 10-8 M at 0.0°C. These

estimates are quite similar and the comparison suggests that the

components of neither system undergo any significant degree of self-

ionization, in contrast to assumptions prevalent in the literature (e.se ,

Spandau (110, 112)).

Another system of interest, with regard to its similarity in

exchange behavior to the present system, is the solvent pair nitrosyl

chloride--phosphorus oxychloride. It has been reported that both

nitrosyl chloride (78) and phosphorus oxychloride (75) exhibit rapid

and complete radiochlorine exchange with tetraalkylammonium chlor-

ides, but exchange only slowly with each other (74). The same
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behavior has been noted for the present system. Both thionyl chlor-

ide 88) and sulfur monochloride (124) undergo rapid and complete

radiochlorine exchange with_ tetraalkylammonium chlorides. How-

ever, it has been shown in the present work, and by Wiggle and

Norris (124), that sulfur monochloride and thionyl chloride undergo

only slow radiochlorine exchange with each other. Of more direct

importance, Lewis and Sowerby (75) have also shown that the ex-

change between chloride ion and phosphorus oxychloride (studied in

chloroform, nitrobenzene and acetonitrile) is first order in each of

the exchanging reactants. (See also (28, 85).) They proposed the

association mechanism shown below (28, 85).

(70) POC1
3

+ Cl [POC1
3

C1] POC1
zC1

+ Cl

No kinetic data is available for the nitrosyl chloride--phosphorus

oxychloride exchange, nor for the exchange between chloride and

liquid nitrosyl chloride. However, Lewis and Sowerby (74) have

made some assumptions regarding the nitrosyl chloride--phosphorus

oxychloride exchange in order to estimate the chloride ion concentra-

tion in nitrosyl chloride. These authors assume that the exchange

between phosphorus oxychloride and nitrosyl chloride involves a

bimolecular process in which a rapid ionization of nitrosyl chloride

produces a low level of chloride ion which, in turn, undergoes a

slow bimolecular exchange with phosphorus oxychloride. With this
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assumption, Lewis and Sowerby estimated the chloride ion concentra-

tion in pure nitrosyl chloride at 18oC to be iv10 -8 g-ion/liter.

It is to be emphasized that the estimated chloride concentration

value obtained for the present system represents simply a maximum

figure (the true value could be very much lower), whereas the value

given by Lewis and Sowerby for nitrosyl chloride represents an at-

tempt at a quantitatively realistic figure. Despite this feature, never-

theless, the similarity in the two estimations underscores an impor-

tant aspect of the results of studies such as these. Thus, Lewis and

Sowerby have argued, mainly on the basis of the chemical nature of

the solvent, that the observed fast radiochlorine exchange of chloride

solutes with the solvent nitrosyl chloride does, in fact, involve ionic

dissociation of the solvent, even though the degree of dissociation,

as shown by the above mentioned estimated chloride ion concentra-

tion, must be quite small. On the other hand, these same workers

have shown by the above mentioned kinetic studies that exchange of

chloride salts with phosphorus oxychloride probably does not involve

solvent dissociation. Similarly, all the weight of accumulated kinetic

and other evidence in various sulfur oxyhalide systems appears to

point to molecular or association, rather than ionic dissociation

processes for exchange mechanisms. This despite the fact that in

the present system, for example, the estimated maximum chloride

ion concentration is quite similar to the nitrosyl chloride value.



306

Hence it is evident that conclusions as to the apparent validity or lack

thereof of solvent systems ionization concepts in the case of any

particular solvent must rest on more extensive evidence than any

simple estimate of ion concentration. In this matter, kinetics data,

obviously, can be of the greatest importance.

It is not clear at this time just what the probable mechanism

might be for chloride catalyzed exchange in the sulfur monochloride- -

thionyl chloride system. The irreproducibility apparently character-

istic of the system prevented adequate data being collected to allow

extensive conclusions regarding a plausible mechanism. It is of

interest, however, to consider some general processes that might

occur in this system.

The most obvious possibility involves rapid and direct interac-

tion of the major components with chloride ion from a "pool" made

up of dosed catalyst and chloride made available by self-ionization

of the components. (The possible contribution by the latter source

has been shown to be at most very small, as discussed earlier. )

With regard to more detailed aspects of such an exchange pathway,

it may be noted that the sulfur atom in thionyl chloride is a fairly

electrophilic center, and it is reasonable to postulate nucleophilic

attack by free chloride on sulfur, perhaps in an S
N2

fashion.
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Cl Cl Cl . - 1 *C1 Cl
* \ / ,. \ /_ N"

(71) Cl + S : --.5,-`-- Cl . Cl -,.---=`-t- S: + Cl
I I I:0: :0: :0:

Similarly, such nucleophilic attack on the susceptible disulfide sulfur

is quite plausible in view of Fava's work on nucleophilic displacement

reactions on sulfur

-
(72) Cl

(119).

Cl %
41, /Cl S Cl

:S:
.11PC1

-1 Cl

:S: + C1

NC'

+ :S:

:S:
NC1

Of course, the bond-making, bond-breaking process in either of these

cases need not be simultaneous. Thus the complexes SOC13 and/or

S
2
Cl- may form with randomization of the chlorides. Subsequent

dissociation of the complexes would then lead to chlorine exchange.

While a pathway of the above suggested sort, involving associa-

tion and/or SN2 processes, appears intuitively reasonable, it should

lead to a first order rate dependence on chloride ion. Experimentally

however, at least an approximate second order dependence seems to

be indicated. Hence it seems unlikely that a chloride "pool" mechan-

ism, as described above, is, in fact, involved. Possibly a more

likely mechanism might involve a four-center interaction between the

complexes SOC13 and S2 C13 in the rate determining step.
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-2
Cl Cl

Cl Tl 15S
C1-\---%`Sdl

0
fS1

If the order of the rate of radiochlorine exchange with respect to

chloride is in reality two, as suggested by Figure 32, then it seems

probable that at least some sort of complex polynuclear species in-

volving chlorine bridges may well be involved. Although such a spe-

cies as that shown above may not appear probable, it should be re-

membered that these exchange systems are very concentrated in the

exchanging reactants (^,10 M in SOC12 and N1 M in S2 C12) and such

interactions need not be strong. Furthermore, the observations out-

lined in Sections III and IV of this thesis indicate a strong possibility

that an equilibrium such as (73) is possible,

(73) SOC12 + Cl SOC13,

though shifted far to the left. On the other hand, the only suggestion

for a chloride- -sulfur monochloride complex is in the remarkable

apparent interaction found in the phase diagram study of the sulfur

monochloridetetraethylammonium chloride system described in

Section II. Despite this fact, it seems highly likely at this stage that

the chloride catalyzed exchange does, in fact, occur via some such
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chloride bridged activated complex as suggested above. The more

definite establishment of this fact, however, must, of course, await

future research.

With regard to suggested future work, it may be noted that the

above mentioned possible exchange pathways would not result in sul-

fur exchange between sulfur monochloride and thionyl chloride. How-

ever, a polynuclear complex involving a four-center, sulfur-- sulfur

and sulfur--oxygen bridged species would yield both apparent chlorine

and sulfur exchange. Consequently, a study of the kinetics of sulfur-

35 exchange in this system appears most inviting. Such a study

might be of the greatest value in clarifying exchange mechanisms in

this system.

3. Antimony(V) Chloride Catalyzed Radiochlorine
Exchange Experiments Between Sulfur
Monochloride and Thionyl Chloride

The effect of the strong Lewis acid antimony(V) chloride was

examined to complement the observations concerning the effect of a

Lewis base, chloride ion, on the radiochlorine exchange between

sulfur monochloride and thionyl chloride. The fact that rapid and

complete radiochlorine exchange has been observed between anti-

mony(V) chloride and both sulfur monochloride (124) and thionyl

chloride (7) suggested that antimony(V) chloride should catalyze the

chlorine exchange in the present system. Table 20 summarizes the
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data for this antimony(V) chloride catalyzed radiochlorine exchange

between sulfur monochloride and thionyl chloride. Table 24 shows

the calculated rates and half-times for each exchange run. The data

treatment is described in the calculations section.

The results of the observations on the effect of added anti-

mony(V) chloride on the rate of exchange of chlorine between sulfur

monochloride and thionyl chloride show a definite catalytic effect on

the rate by some species containing antimony. For example (Run

V-16), a system composed of a 10:1 mole ratio of thionyl chloride to

sulfur monochloride and containing 5.71 x 10-4 M antimony(V) chlor-

ide gave an exchange half-time of 1.12 minutes, as compared with a

much longer half-time of 7.34 x 102 minutes for uncatalyzed Run IV-

81 (same conditions) and half-times of rv10 5 minutes for uncatalyzed

exchange runs in equimolar systems.

The results of the determination of the rate dependence on total

antimony concentration in excess thionyl chloride are illustrated in

Figure 33. The least squares best fit straight line for the data ex-

hibits a slope of 1.52 ± 0.215. Thus, the apparent order of the

radiochlorine exchange with respect to antimony(V) chloride concen-

tration is ,v1.5 in excess thionyl chloride.

Figure 34 illustrates the variation in the rate of radiochlorine

exchange as a function of sulfur monochloride concentration. This

is shown as a plot of log (Rate/(SbC1 5)3/2) versus log (S
2
C12), using



Table 24. Rates for catalyzed radiochloiine exchange experiments between thionyl chloride and sulfur monochloride. Antimony(V) chloride as
catalyst.

Experiment
number

Concentration,
moles/liter

SOC1
2

S2* C12(b ) SbC15

Temperature,
o

C

tl/
2,

(a, d)

minutes

Rate,
(a, d)

gram-atoms chlorine/liter-min.

IV-83

IV-84

V-16

V-17

V-18

V-24

V-25

V-26

V-29

V-30

V-31

V-32

V-33

12.54

12.54

12.54

12.54

12.54

7.45

9.74

12.54

13.30

12.49

11.30

12.48

12.48

1.25

1.25

1.25

1.25

1.25

5.35

3.50

1.25

0.635

1.29

2.25

1.28

1.28

5.20x10
4

8.95x10
4

5.71x10
4

2.99x10
-4

1.77x10
-4

8. 23x10
5

(e)

1.25x10
4

1.24x10
4

1.12x10
4

9.89x10
5

1.02x104

1.34x10
4

0.0

0.0

0.0

0.0

0.0

0.0

0,0

0.0

0.0

0.0

0.0

15.0

-22.9

1.17

(8.600.58)x101

1.12+0.05

4.45+0.14

(1.55+0.27)x101

(3.99±0.11)x101

(1.66±1.73)x10
3

(1.57±0.24)x101

8.61±2.00

9.95±0.10

(1.22.±0.11)x101

3.971-0.27

(3.80.710.09)x101

1.35

1.83710.12

1.41±0.062

(3.54±0.11)x10-1

(1,02±0.18)x101

(1.08±0.029)x10-1

(2.15±2.25)x10
3

(1.00±0.15)x101

(9.76±2.26)x102

(1.62±0.016)x101

(2.13±0.19)x10-1

(4,06±0.27)x10-1

(4.25±0.10)x10-2



Table 24. Continued.

Experiment Concentration, Temperature, t
1/ 2 '

(a,
d) Rate

(a, d)
number moles/liter (b) o*

SOC1
C minutes gram-atoms chlorine/liter-min.

S
2 2

Cl
2

SbC15

V-49

V-50

V-51

2.39

2,39

2,39

9.62

9.62

9.62

(c)
7.67x10-6

-5
(c)

3.08x10
(c)

8.56x10-
5

0.0 (2.44±0.18)x104 (1.09±0.078)x10-4

0.0 (2.54± 0,34 )x104 (1.04±0.13)x10-4

0.0 (2.58:E0.16)x10
2

(1.03±0.06)x10
2

(a) Plus or minus values refer to the standard deviations obtained from the least squares analysis of the log(1-F) versus time data.

(b) Exchange conducted in the presence of excess K & K 99.999% sulfur.

(c) Concentration of SbC1
5

shown was calculated from a dosing estimate, not from an analysis of the exchange sample after the exchange run.
See Experimental section.

(d) Exchanges were conducted in the dark using the equilibrium pot technique.

(e) The rhodamine B antimony analysis for Run V-25 gave no evidence for antimony.
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the concentration units g-atoms chlorine/liter. All 0. 0°C data

collected in Table 24 are represented with the exception of Runs

V-25 and V-50. The latter run, like Runs V-49 and V-51, exhibits

an anomalously low rate (though more so) and will be discussed later.

The former run is not represented due to the uncertainty in the true

antimony content. The solid curve shown in Figure 34 is intended

only as a guide line to illustrate points to be discussed later, not as

a best fit line for all data points. The broken line represents the

least squares best fit of all runs conducted in excess thionyl chloride.

The least squares slope of this broken line is 0.856 ± 0.465. The

data from which Figure 34 was constructed are collected in Table

25.

One must next consider the meaning of the trends shown in

Figure 34. Apart from the obvious scatter of the data, the most

obvious effect exhibited by this figure is the apparent dependence of

the radiochlorine exchange rate on both sulfur monochloride and

thionyl chloride. The dependence of the rate on the concentration

of sulfur monochloride is evident by consideration of the change of

R/(SbC1 5)3/2 in excess thionyl chloride. In spite of the obvious

irreproducibility of the calculated values of R/(SbC1 5)3/2 for exper-

iments having the composition 25.08 g-atoms chlorine/liter as

thionyl chloride (12.54 M) and 2.50 g-atoms chlorine/liter as sulfur

monochloride ( 1.25 M), the data do demonstrate an increase in rate



Table 25. Calculated values of apparent rate constants.

(a)Exp. (SOCI 2),

g- at. c1/1

(S2C1
2

)'

g-at. C1/1

11°) R( d)

(Sb Cl
5

)3/
2

x10-3

3/
(SbC1

5
)
3/2

(S
2

C12) (SbC15)

x10-3

2
(S

2
C1

2
X SOC1 2)

x10-2

V-29 26.60 1.27 6, 34 4.99 1.88
V-18 25.08 2.50 3.87 ---- - - --
V-17 25.08 2.50 6. 14
IV-84 25.08 2.50 6.12
V-26 25.08 2.50 6.41
V-16 25.08 2.50 9.22
IV-83 25,08 2.50 10.1 ---- - - --
V-30 24.98 2.58 12.3 4.77 1.91
V-31 22.60 4.50 19.3 4.29 1.90
V-24 14.90 10.70 12.9 1.21 - - --
V-51 4.78 19. 24 1. 17 0.0608
V-49 4.78 19.24 0.462 0.0240
V-50 4.78 19.24 0.0545 0.00283
V-32 24.96 2.56 35.3 13.8
V-33 24.96 2.56 2.46 0.961

(a) All experiments shown below were conducted at 0.0 °C with the exception of Runs V-32 and V-33 which were conducted at 15. 0°C and
-22. 9°C, respectively.

3/2 -1/2 1/2 -1
(b) The units for R/(SbC1

5)
are (g-atoms chlorine) liter minute .

(c) The units for R/(SbC1 )
3/ 2

(S
2
C12) are (g-atoms chlorine)

3/2
liter

3/2
minute-1.

5 3/2 -5/2 5/2 -1
(d) The units for R/(SbC1 5) (S

2
C12 )( SOC12) are (g-atoms chlorine) liter minute .
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as the sulfur monochloride concentration increases. The data, how-

ever, appear at first glance to be too irreproducible to allow a mean-

ingful estimate of the order with respect to the concentration of sul-

fur monochloride. The slope of the least squares best fit line for

all of the results in excess thionyl chloride (except Runs V-24 and

V-25) suggests the apparent order of (0. 856 ± 0.465) mentioned above,

but the significance of this value is clearly in doubt. However, during

the course of this work the results of Runs IV-83 through V-26 made

it obvious that an unacceptable degree of irreproducibility was being

obtained, presumably either from some phase of the experimental

techniques employed or from some randomly introduced catalytic

impurity. As a result Runs V-29 through V-33 were conducted with

extreme attention to the exact reproduction of technique and proced-

ure for each phase of the work for all five runs. Runs V-29, V-30

and V-31 were designed to determine the order of the exchange with

respect to sulfur monochloride concentration and Runs V-30, V-32

and V-33 were conducted at 0.0o C, +15. 0oC and -22.9 o C, respec-

tively, in an effort to obtain a meaningful energy of activation for

the exchange. With regard to the results of Runs V-29, V-30 and

V-31, consideration of Table 25 and Figure 34 shows that these points

appear on the plot to be linear (solid line). Of course the earlier

experience with irreproducibility suggests that this finding may have

been fortuitous. However, the additional quite adequate linearity of
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the log (R/(SbC1
5

3/2(S2C12) versus 1/T plot for the data obtained

from Runs V-30, V-32 and V-33 (Figure 35) suggests that all five

runs in this group gave internally consistent results. In addition,

the least squares best fit line for Runs V-29, V-30 and V-31 yields

a slope of 0.882 ± 0.035 suggesting an integral slope of one. As a

result of the above considerations, it is felt that the apparent order

of the radiochlorine exchange with respect to sulfur monochloride

concentration is probably one.

The above results suggest, in excess thionyl chloride, the fol-

lowing empirical rate law for the antimony(V) chloride catalyzed

radiochlorine exchange between thionyl chloride and sulfur monochlor-

ide:

(74) Rate = k(S
2

C12 )(SbC1 5)3/2

Here k = (4.68 ± 0.24) x103 (g-atom chlorine) -3/2 liters3/2 minutes 1

at a temperature of 0. 0°C. This rate constant is the average for

Runs V-29, V-30 and V-31, all conducted at 0.0°C in excess thionyl

chloride. The reported error is the experimental standard deviation

for these runs. The tenuous nature of the above postulated rate law

must be emphasized at this point. Although the evidence cited for the

apparent consistency of results for the five experiments deemed

most meaningful (from three of which the apparent order in sulfur

monochloride was obtained) appears valid, the previous experience
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with irreproducibility forces one to maintain a tentative stand with

regard to the above rate law. Thus the only relatively definite con-

clusion that one may draw from the exchange data in excess thionyl

chloride is that the rate does tend to increase with an increase in

sulfur monochloride concentration, and with an increase in anti-

mony(V) chloride concentration.

A further conclusion which may be drawn from the data shown

in Figure 34 is that the rate of exchange appears to pass through a

maximum somewhere in the vicinity of the equimolar condition (the

location of the maximum is uncertain due to the lack of adequate data

in this region). As the concentration of sulfur monochloride increas-

es, and the thionyl chloride rapidly decreases, the rate falls off very

rapidly. In this regard, it is interesting to compare the apparent

rate constant calculated for Runs V-49 through V-50 from the postu-

lated rate law with the observed apparent rate constant. The ob-

served apparent rate constant was (for Runs V-29, V-30 and V-31)

k = (4.68±0.24) x 103 g-atom 3- /2 liter 3/2 minute -1. The calculated

rate constants, R/(SbC1
5

)3
/ 2

(S
2

C12), for Runs V-49, V-50 and V-51

(Table 25) were "0.02, 4;0.003, and "v0.06 g-atom-3/2 liter

minute 1, respectively. It is clear from the difference in the mag-

nitudes of these rate constants that the rate appears to be falling off

quite markedly with respect to thionyl chloride concentration. In

fact, at least a third order dependence in thionyl chloride is required
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to account for the observed decrease in rate. This pointwill be further

considered later. In short, consideration of Figures 33 and 34

appears to indicate that the rate of the exchange is dependent upon

the concentrations of all three components. In contrast to the appar-

ent high order dependence of the exchange rate on thionyl chloride

concentration in excess sulfur monochloride, a lower order de-

pendence is suggested in excess thionyl chloride. In this regard,

an assumption of first order dependence in thionyl chloride

(R/(SbC1
5

)
3/2

(S
2

Cl
2

)(SOC12), Table 25) yields a relatively con-

stant apparent rate constant of (1.90±0.02) x 102 g-atom -5/2 liter5/2

minute 1 for Runs V-29, V-30 and V-31. Again, this apparent

agreement may well be fortuitous in view of the small percentage

change in thionyl chloride concentration for these three runs. It

seems, however, worth pointing out.

In addition to the above considerations with regard to the de-

pendence of the rate on concentration, Runs V-30, V-32 and V-33

were conducted with the view to obtaining an estimate of the appar-

ent activation energy for the radiochlorine exchange in excess thi-

onyl chloride. The apparent Arrhenius activation energy, Ea, was

calculated from the slope of the least squares best fit plot of

log(Rate/(SbC1
5

)
3/2

(S
2
C12)) versus 1/T (see Figure 35). Ea was

calculated to be 10.0 ± 0.4 kcal/mole.

Before further consideration of the results of the antimony(V)
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catalyzed exchange work, the large variation in rates for Runs V-49,

V-50 and V-51, in excess sulfur monochloride, must be noted. This

large variation is most readily viewed by observing the R/(SbC1 5)3/2

values for Runs V-49, V-50 and V-51, shown in Table 25. These

values vary by a factor of 20. The cause of the apparent lack of con-

sistency among these three runs, it would seem, might possibly be

due to the presence of some randomly introduced impurity, such as

has been suggested in other phases of this work. The apparent effect

of this impurity could be more pronounced in Runs V-49, V-50 and

V-51, assuming it is introduced via the sulfur monochloride, than in

the exchanges in excess thionyl chloride, due to the larger quantity

and concentration of sulfur monochloride in these excess sulfur

monochloride runs (463.1 mmoles vs. less than 50.7 mrnoles and

9.62 M vs. 5.35 M or less). If one assumes introduction of

^,10 M water due to incomplete drying of the vacuum line

(as suggested by the work in Section IV) the following might occur.

Water impurity in thionyl chloride would have no adverse effect due

to formation only of catalytically inactive sulfur dioxide and hydrogen

chloride (25). However, the hydrolysis products of sulfur monochlor-

ide might well be catalytically active materials because of the more

complex nature of the hydrolysis process of this compound. Even

more important in the present case is the formation of species that

might reduce antimony(V) or possibly form with it very stable
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complexes. Thus, very low concentrations of water might form ma-

terials that could "deactivate" a portion of the antimony(V) chloride,

resulting in somewhat slower exchanges than would otherwise be

observed. It is to be noted, however, that although such an effect

as here described might well explain the irreproducibility of the

rates in Runs V-49, V-50 and V-51 and might, further, explain in

part the low rates obtained, the effect should not be of sufficient mag-

-nitude to lower the rates as much as was, in fact, observed. A pos-

sible further explanation for this effect will be considered later.

With further regard to work in excess sulfur monochloride, it

should be noted that the reported antimony(V) chloride concentrations

are the result of the dosing estimate technique (Section B), not of

the normal rhodamine B analysis. This variation was found to be

necessary since no meaningful results for antimony analyses in ex-

cess sulfur monochloride could be obtained. In general in excess

thionyl chloride the rhodamine B analyses, though giving higher anti-

mony contents than those estimated by dosage, showed agreement with

the estimates within about ten percent. In contrast, in these excess

sulfur monochloride experiments, the analyses (using the rhodamine

B technique) gave apparent antimony contents that were at least an

order of magnitude greater than the estimated dosed amounts. To be

specific:
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Run Total antimony concentration

Found, M Dosed, M

V-49 2.06 x.10 -3 7.67 x10-6

V-50 2.69 x 10-4 3.08 x 10-5

V-51 1.53 x 10-3 8.56 x 10-5

Analysis of the sulfur monochloride used in the above three exchanges,

both before and after purification, yielded apparent antimony content

values ranging from 10-4 10-3 molar. In view of the fact that no

technique was found that would give reproducible results for the

determination of total antimony content in samples containing high

concentrations of sulfur monochloride (N6 M or greater) no further

work in excess sulfur monochloride was conducted. The cause of

the irregular and high apparent antimony analysis results is unknown.

It is possible that the sulfur monochloride contained significant levels

(1%110-3 M) of a metal ion such as iron(III), introduced in the industrial

process for the production of the solvent. Iron(III), for example,

do -.3s interfere in the rhodamine B analysis (101). However, the

extremely irreproducible analysis results also suggest that, when

sulfur monochloride is present in large concentrations, a hydrolysis

reaction might occur yielding a product that itself interferes directly

or indirectly, with the analysis. Due to the obvious unreliability of

the rhodamine B analyses in systems containing high concentrations

of sulfur monochloride, the antimony(V) chloride concentrations

reported for Runs V-49, V-50 and V-51 were calculated from the
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estimate of the amounts dosed as described in the Experimental Sec-

tion.

The above discussion summarizes the results of the antimony(V)

catalyzed radiochlorine exchange between thionyl chloride and sulfur

monochloride. The catalytic effect itself was well established above.

However, it is interesting to note that catalysis of the present radio-

chlorine exchange by antimony(V) chloride appears to be considerably

less effective than that by chloride ion. This variation has been noted

in other similar systems. For example, Burge and Norris (19)

found that antimony(V) chloride was less effective than chloride ion

in catalyzing the sulfur exchange between thionyl chloride and sulfur

dioxide by approximately two orders of magnitude. Similarly, in the

present work, in a system composed of a ten-fold excess of thionyl

chloride over sulfur monochloride at 0. 0°C a catalyst concentration

of No2 x 106 M chloride gave a rate of 0.1 g-atom/liter-minute

whereas the same concentration of antimony( V) chloride gave a much

slower rate, N2 x 10-4 g-atom/liter-minute. Thus, in excess thi-

onyl chloride antimony(V) chloride appears to be a less effective

catalyst for radiochlorine exchange than chloride ion by approxi-

mately a factor of 500.

The above indication that antimony(V) chloride is a less effec-

tive catalyst for the present radiochlorine exchange than chloride

ion does not eliminate the fact that in absolute terms the Lewis acid
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is a very effective catalyst in this system. In contrast, it is inter-

esting to note the results of Bain and Norris (7) for the antimony(V)

chloride catalyzed radiochlorine exchange between thionyl chloride

and sulfuryl chloride. These authors found that antimony(V) chloride

exhibited a fast exchange of radiochlorine with thionyl chloride, but

only a negligible exchange rate with sulfuryl chloride. In agreement

with the latter observation, but in contrast to the present work, Bain

and Norris found only a very, weak catalytic effect for a system con-

taining 5.3 M thionyl chloride, 5.3 M sulfuryl chloride and 1.4 M

antimony(V) chloride (R(uncatalyzed) = 1.54 x 10-2 g-atom/liter-day;

R(catalyzed) = 4.90 x 10-2 g-atom/liter-day).

With further regard to the use of antimony (V) chloride, the

catalytic effect of this compound was examined largely because of

a desire to compare its effect on the sulfur monochloridethionyl

chloride system with its catalytic effect on other systems, such as

thionyl chloridesulfuryl chloride and thionyl chloride-- sulfur diox-

ide. However, the use of antimony(V) chloride in the present

(S
2
C12 --SOC1 2) system depended on the assumption that the Lewis

acid would not itself react with the components when present at very

low concentration in any way so as to unduly complicate the exchange

kinetics. This assumption was certainly justified in the case of thi-

orryl chloride. For example Lindqvist and Einarrson (81) found that

antimony(V) chloride forms a weak 1:1 molecular adduct with thionyl
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chloride, SOC12 SbC15, m. p. 6 °C, but no evidence has been reported

for chemical reaction (involving the breaking of bonds) of the Lewis

acid with thionyl chloride. On the other hand, high concentrations

of antimony(V) chloride in sulfur monochloride do indeed result in

a chemical reaction involving bond rearrangement. Partington (98)

found that a mixture of sulfur monochloride and antimony(V) chloride,

in 1:1 mole ratio, gave a compound corresponding to SbC15 SC14.

Also, as previously discussed, Fortunatov, Kublanovskii and Biryuk

(37) have recently reported that the neat components, when mixed in

a 5:1 mole ratio of SbC15 to S2C12 react to form SbC15 SC14. How-

ever, when the components were mixed in a 3:1 mole ratio SbC15 SC12

was formed.

In the experimental subsection B. 10, some experiments have

been described which were designed to try to see whether, in view of

the foregoing considerations, bond rearrangement reaction between

sulfur -monochloride and antimony(V) chloride would, in fact, occur

to such an extent as to complicate the kinetics treatment of the present

exchange system. The general conclusion from these experiments

was that probably such reaction would not be sufficiently great to pro-

duce undue complications. To recapitulate these observations, it was

found that addition of a dilute (0. 4 M) solution of SbC15 in thionyl

chloride to a six-fold excess of sulfur monochloride resulted in pre-

cipitation of a small amount of a light yellow solid. The analysis of
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this material for total antimony, chlorine and sulfur corresponded

to the formula SbC15 SC13. Considering the results of Fortunatov,

Kublanovskii and Biryuk (3 7), it seems probable that this material

was a 1:1 mixture of SbC15 SC12 and SbC15 SC14. The amount of

solid collected amounted only to a 13% yield, even though it was also

found that the compound was only slightly soluble in the SOC12/S2C12

mixture. Precipitation of a large amount of unreacted SbC1
5

from

the reaction mixture (by addition of tetraethylammonium chloride

dissolved in thionyl chloride), presumably as (C
2 H 5)4N

-I- SbC1
6,

showed

that a large amount of the antimony(V) chloride apparently remained

unreacted after a period of several days. The procedure used to

demonstrate the presence of unreacted antimony(V) chloride has

been more completely discussed in experimental subsection B. 10.

The demonstration of a largely incomplete reaction between sulfur

monochloride and antimony(V) chloride at relatively high concentra-

tions (0. 15 M SbC1
5

overall) suggests (though not unequivocally) that

there may well be even a less extensive reaction under the conditions

of low antimony(V) chloride concentration used in the exchange exper-

iments. Consequently, in these experiments, presumably most of

the antimony dosed remained unreacted (in a bond rearrangement

sense).

Due to the rather considerable reproducibility problem encoun-

tered in all concentration regions of the present work, statements
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regarding a possible mechanism that might explain the observations

made in this study must be of a quite general nature. The depend-

ence of the catalyzed exchange rate on all three components, sulfur

monochloride, thionyl chloride and antimony(V) chloride, would ap-

pear to suggest a molecular rather than an ionic process and to imply

the involvement of all three of these reactant species in the activated

complex. The latter is indicated by the existence of a rate maximum

in the vicinity of equimolar concentrations of the primary exchange

components. The lack of definite knowledge of the order of the ex-

change rate with respect to each component forces one to make only

speculative comments regarding the activated complex. One plaus-

ible possibility is that the rate determining step might involve a

four-center interaction between sulfur monochloride and an adduct

between thionyl chloride and antimony pentachloride.

Cl Cl

C1 - Sb 4r-- 0
Cl \C1

Cl Cls Cl
N.00.

Cl

The adduct C1250 513C1
5

does exist as a solid (81) with a melting

point of hi6°C, as well as in solution (83, 111). One would expect

that donation through the oxygen to antimony (a structure which is

reasonable in view of the known structure of Se0C1 2SbC1
5

(58))

would further increase the electrophilic nature of the sulfur center
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in thionyl chloride. This would serve to enhance the likelihood for

nucleophilic attack by a chlorine, attached to sulfur in sulfur mono-

chloride, on this electrophilic sulfur center. Formation of a four-

center system by interaction of one of the chlorines on thionyl chlor-

ide with the above mentioned sulfur on sulfur monochloride could then

result in chlorine exchange between thionyl chloride and sulfur mono-

chloride.

Postulation (again speculative due to the uncertainty in the order

with respect to each component) of a rate determining step involving

formation of the above complex appears relatively reasonable. The

apparent three-halves order dependence on antimony(V) chloride is,

of course, ignored, but, until more reproducible data are available,

perhaps such license may be tentatively permitted. A mechanism

such as the above would explain the occurrence of a maximum in the

log(R/(5bC1 5)3/2) versus log(S
2

C12) plot (Figure 34). That is, begin-

ning with a concentrated thionyl chloride solution, an increase in sul-

fur monochloride concentration would certainly increase the probabil-

ity of formation of the activated complex, and thus the rate. The

complex between antimony(V) chloride and thionyl chloride is prob-

ably of only moderate stability (Burge and Norris (19) estimated a

formation constant of ,u0.8). Thus, in the vicinity of the equimolar

condition the effect of decreasing the thionyl chloride concentration

might overcome the effect of the (now more slowly) increasing sulfur
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monochloride concentration. Thus, one might expect the rate to pass

through a maximum and again undergo a moderate decrease. This

general effect is, in fact, observed. However, the decrease in rate

in excess sulfur monochloride, as mentioned earlier, is consider-

ably greater than one would expect, assuming that the same rate law

holds in both concentration regions. This has been illustrated by

comparison of the rate constant expected with those actually observed

in excess sulfur monochloride. A possible explanation for the appar-

ent high order of the exchange rate with respect to thionyl chloride

in excess sulfur monochloride might involve the known reaction (37,

98) (studied further in this work) between sulfur monochloride and

antimony(V) chloride. The results of Fortunatov (37) and of the

present work suggest the following possible equilibrium:

(75) S2C12 + 4SbC15 SbC15 SC12 + SbC15 SC14 + 2SbC1
3

The effect of this equilibrium, together with reversal of the following

interaction,

(76) SOC1
2

+ SbC1
5

C12 SO. SbC15,

would cause a markedly greater decrease in the concentration of

antimony(V) chloride, the complex SbC15 SOC12' and thus the rate,

as the concentration of sulfur monochloride increases than would be

expected on the basis of the proposed speculative rate law and equi-

librium (76) alone.
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With regard to possibilities for future work, it would be of

interest to obtain information along the following lines: The above

general remarks relative to a possible mechanism for radiochlorine

exchange, involving a chlorine bridged species, do not allow the pos-

sibility of exchange of radiosulfur. However, an activated complex

involving a four-center sulfur- - sulfur, sulfur- -oxygen bridged spe-

cies, with the sulfur monochloride conceivably present in its (hypo-

thetical) thio-form

Cl

S S
I IO S--

,C1 \hS

Cl

Cl

followed by rapid equilibration of the product species S=SC1
2

to give

the normal chain form, Cl-S-S-Cl (59, 70, 87, 107), would result in

both apparent sulfur and chlorine exchange. In addition, it would be

of considerable interest to obtain more information with regard to

the rate of radiochlorine exchange between sulfur monochloride and

antimony pentachloride as well as between thionyl chloride and anti-

mony pentachloride. This could be conveniently done, perhaps, using

1, 2-dichloroethane as a solvent. This solvent is suggested in view
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of its use in various other similar exchange studies (85, 97) and

because of the greater ease with which this solvent may be adequately

purified relative to a solvent such as acetonitrile. In addition, it is

possible that further radiochlorine exchange studies between sulfur

monochloride and thionyl chloride conducted in 1, 2-dichlorethane

would be less susceptible to catalysis by randomly introduced impur-

ities than the present system (due to the use of lower concentrations

of S2C12) and would possibly give more meaningful kinetics informa-

tion. It would appear that research along some of these lines should

help materially to clarify an exchange system which, though somewhat

exposed, as it were, in the present work, unfortunately still remains

rather obscure. Efforts in this direction would appear most inviting.
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VI. SUMMARY

(1) The phase diagram for the system sulfur monochloride- -

tetraethylammonium chloride has been determined. The system was

found to exhibit a miscibility gap throughout a broad concentration

and temperature range. No evidence for adduct formation between

sulfur monochloride and tetraethylammonium chloride was obtained.

This fact was of interest with regard to radio chlorine exchange stud-

ies between sulfur monochloride and thionyl chloride, the results of

which are described below.

(2) Pressure--composition studies have been conducted for the

systems thionyl chloridetetraethylammonium chloride, thionyl

chloridetetramethylammonium chloride, sulfur monochloride-

tetraethylammonium chloride, sulfur dioxide- -tetraethylammonium

chloride and sulfur dioxide--tetramethylammonium chloride. Evi-

dence for the following previously unreported compounds was found:

(C
2

H5) 4
NCI. SOC12' 2( CH

3
)
4

NC1. SOC12' 2( C
2

H
5

)
4

NCI.. SO2' and

(C2H5)4
NC1 S02. No evidence was found for adduct formation be-

tween sulfur monochloride and tetraethylammonium chloride. The

preparation of the solid adduct (C2H5)4NC1SOC12 was of particular

interest with regard to studies of chloride catalysis of the radiochlor-

ine exchange described later.

(3) A spectrophotometric study of possible adduct formation,
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in acetonitrile solution, in the systems sulfur monochloridetetra-

ethylamm.onium chloride and thionyl chloride -- tetraethylammonium

chloride has been made. No evidence was found for adduct formation

between sulfur monochloride and tetraethylammonium chloride. How-

ever, evidence for a solution species involving thionyl chloride and

tetraethylammonium chloride, absorbing strongly in the ultraviolet,

was found. No quantitative information concerning the stoichiometry

and stability of this species could be obtained, however, even with

total vacuum line techniques, due to low levels of contamination by

water.

(4) The rate of exchange of chlorine-36 between sulfur mono-

chloride and thionyl chloride under various conditions has been stud-

ied in the pure mixed solvents. The radiochlorine exchange was

found to be moderately slow in the two component system (t 1/210.5

days, 0oC) and very slow in the presence of elemental sulfur

(t 1/2Rf.150 days, 0 oC). The systems exhibited a high degree of ir-

reproducibility in the experimental exchange rates. As a result,

no kinetics information could be obtained for the uncatalyzed ex-

change. The Arrhenius energy of activation for exchange in equi-

molar systems in the presence of sulfur was found to be 13.5 ± 4.0

kcal/mole.

(5) The effect of very low concentrations of the Lewis base

chloride ion (tetraethylammonium chloride) on the rate of
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radiochlorine exchange between sulfur monochloride and thionyl

chloride in the presence of sulfur has been investigated. Chloride

ion has been found to exhibit a pronounced catalytic effect on the rate

of this exchange. In excess thionyl chloride the kinetic order of

the exchange reaction appeared to be about two. The high degree of

irreproducibility in the radiochlorine exchange rates prevented

further study of the kinetics of the reaction. An estimate of the

upper limit of the free chloride concentration in the uncatalyzed

system was made from the results of the chloride catalyzed exchange

study. This estimate, N 1 0 -8 g-ion/liter for the free chloride ion

concentration, suggests that neither sulfur monochloride nor thionyl

chloride undergoes a significant degree of self-ionization.

(6) The effect of the Lewis acid antimony(V) chloride on the

rate of radiochlorine exchange between sulfur monochloride and

thionyl chloride has been studied. The presence of low concentra-

tions of antimony(V) chloride exerts a pronounced catalytic effect

on the rate of the radiochlorine exchange through a broad concentra-

tion range. The antimony(V) catalyzed exchange reaction, in excess

thionyl chloride, appeared to be first order with respect to sulfur

monochloride and three-halves order with respect to antimony(V)

chloride. However, the high degree of irreproducibility in the ex-

change rates prevents the postulation of a truly meaningful rate law.

The apparent Arrhenius energy of activation for the antimony(V)
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catalyzed radiochlorine exchange between sulfur monochloride and

thionyl chloride was 10.0 ± 0.4 kcal/mole in excess thionyl chloride.

Meaningful kinetics data for the antimony(V) chloride catalyzed

exchange could not be obtained in excess sulfur monochloride due to

the fact that it was not found possible to determine accurately the

concentration of antimony in such systems.

Antimony(V) chloride was found to be catalytically less effective

than chloride ion by a factor of approximately 500.

The results of the antimony(V) chloride catalyzed exchange of

radiochlorine between sulfur monochloride and thionyl chloride indi-

cate the dependence of the exchange rate on all three components

and would appear to suggest a molecular rather than an ionic proc-

ess and to imply the involvement of all three reactant species in the

activated complex.
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