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ky = 2.7 X 10% In any event this value is to be
compared with the values 1.2 X 10% for chloride
and 3.4 X 10%for the bromide system.

We may conclude that the rates of these reactions
are correlated with the ease of oxidation of the
particular halide used. Since these reactions
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undoubtedly take place between complexed forms
of the metal ions, and since the complexing ability
of the halides decreases as the rates increase, we
may also conclude that charge repulsion is not a
primary consideration.
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Isotopic Exchange Reactions of Liquid Sulfur Trioxide and Sulfur Dioxide’
By J. L. HustoN

No isotopic exchange of sulfur takes place at room temperature when sulfur trioxide is dissolved in liquid sulfur dioxide

or when sulfur dioxide is dissolved in liquid sulfur trioxide, and exchange occurs only slowly at 132°.

It is suggested on

the basis of these results and of work of Nakata that the two compounds undergo rapid exchange of oxide ions at room tem-

perature, interacting as a Lewis acid and a Lewis base but not undergoing oxidation-reduction interaction.

Sulfur tri-

oxide reacts with potassium pyrosulfite at room temperature, converting it to potassium sulfate and potassium dipyrosulfate.
The process induces a small amount of exchange between sulfur dioxide and sulfur trioxide, indicating that some oxidation—

reduction interaction takes place under these conditions.

Isotopic exchanges of sulfur trioxide with barium sulfate and with

potassium sulfate were observed. When potassium sulfate and sulfur trioxide react to form potassium dipyrosulfate sub-
stantial, and possibly complete, exchange occurs between excess sulfur trioxide and the sulfur originally in potassium sulfate.

Isotopic exchange of radiosulfur between com-
pounds containing sulfur (IV) and sulfur (VI)
has been investigated in a number of cases®%*
and in no instance has a rapid exchange at room
temperature been observed. In contrast with this
generalization, Nakata,’ using O'® as a tracer, thus
labeling oxygen in place of sulfur, has reported a
rapid, room temperature exchange for sulfur di-
oxide dissolved in excess liquid sulfur trioxide.
The present work, done in part under conditions
used by Nakata, was undertaken with S%® as tracer,
to clarify the situation concerning isotopic exchange
between these two compounds as well as to obtain
information on the nature of liquid sulfur dioxide
as an ionizing solvent.

Experimental

Preparation of Materials.—Sulfur dioxide from a cylinder
was freed of sulfur trioxide and moisture by successive pas-
sage through concentrated sulfuric acid and phosphorus
pentoxide. Freezing with liquid air and pumping to a high
vacuum ensured the absence of permanent gases.

Radioactive sulfur dioxide was prepared by a method pre-
viously described.?

Sulfur trioxide was handled by all-glass technique without
contact with stopcock grease. Kahlbaum material was
vacuum distilled into several small containers fitted with
break-off tips for use as needed. It was condensed at tem-
peratures above 0° to obtain the low-melting a-form. Its
only drying was that inherent in distillations of moderate
temperatures (below 50°), but this sufficed to maintain
largely the e-form for more than a year.

Radioactive sulfur trioxide was made by a heterogeneous
exchange found to occur between the liquid and active bar-
ium sulfate. Since it developed that the presence of barium
sulfate catalyzed polymerization to the high-melting g-
form within a few hours, it was necessary, after solidification
had occurred, to distil off the sulfur trioxide by warming;
the liquid distillate was then poured or distilled back onto
the barium sulfate. After repetition of this procedure
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eight times during three days, the sulfur trioxide was finally
distilled off with liquid air into small containers with break-
off tips. Using 127 mg. of barium sulfate, 28.5%, of the ac-
tivity was transferred to 3.9 g. of sulfur trioxide. The
solid residue from the last distillation was washed with water
and after filtration 89.6 mg. of barium sulfate was precipi-
tated from the filtrate, containing 129 of the activity;
this must have been present as relatively involatile trioxide
and perhaps partly as barium pyrosulfate. The residual
barium sulfate retained the rest of the activity. The ex-
change might better have been conducted at a higher tem-
perature, perhaps ca. 60°, to avoid solidification of the tri-
oxide.

Potassium pyrosulfite was made by a standard procedure,”
modified to permit all operations, including terminal drying
in high vacuum, to be done in the same container. Iodi-
metric determination of sulfur(IV) gave 99.1%, of the cal-
culated value, considerably better than results for commer-
cial material.

Conémercial potassium sulfate was recrystallized and dried
at 150°.

Run Procedure.—High vacuum techniques were used for
all gas handling operations, all-glass methods being applied
for sulfur trioxide. Visually estimated quantities of sulfur
trioxide were distilled into small ampules, which were sealed
off and placed in an all-glass apparatus. Sulfur dioxide was
condensed into a separate leg of this apparatus which was
then sealed off and shaken to break the ampoule, after which
the sulfur trioxide was condensed into the leg containing the
sulfur dioxide. In certain cases appropriate amounts of
potassium sulfate or potassium pyrosulfite had initially been
weighed into this ‘‘reaction leg’’ before sealing onto the
apparatus,

At the end of a run sulfur dioxide and trioxide were, if
necessary, distilled away from solid material by warming to
100° for two hours and collecting the distillate at liquid air
temperature in a different leg of the apparatus. Dilute
hydrochloric acid was next admitted to this leg (the other
having been sealed off) to dissolve the two reactants, and
sulfur dioxide then distilled out of this aqueous solution into
sodium hydroxide, care being taken to prevent bumping.
The two fractions thus obtained were each converted to
barium sulfate for radioassay.

Residual solid material from the first distillation¥was
weighed in situ. Where potassium pyrosulfite was involved,
it was then subjected to the dilute hydrochloric acid and
vacuum distillation treatment described in the preceding
paragraph. Thus was determined the degree of conversion
of pyrosulfite to sulfate and of sulfate to dipyrosulfate.

Appropriate modifications were made for runs at 132°;
these were executed in heavy-walled capillary tubing and
were thermostated in the vapor of refluxing chlorobenzene.
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Radioactivity Measurements.—All materials were counted
as barium sulfate in ‘‘cupped planchets.’’* The expected
error with this procedure, due to mounting irreproduci-
bility, is around five to ten per cent., which normally ex-
ceeds the statistical error of counting. Experimental errors
given hereafter are estimated on the basis of these figures.

Results and Discussion

Sulfur Dioxide-Sulfur Trioxide.—Liquid sulfur
dioxide and liquid sulfur trioxide are miscible in
all proportions and it has been claimed the com-
pound SQ0,-250; is formed,? although the existence
of this compound has been disputed. Jander?
has reported that a solution of sulfur trioxide in
liquid dioxide has appreciable electrical conduc-
tivity. This may be due to an oxidation~reduction
interaction of the two compounds which could be
represented by the example

280; 72 SO** + SO~

S0; + SO0~ == S:06™
Mechanism 1

If this process, or any other involving transfer of
an oxygen atom from sulfur trioxide to sulfur dioxide
should occur, isotopic interchange would be detect-
ible with either tracer oxygen or sulfur. Nakata
proposed this mechanism to explain his observed
oxygen exchange.

Alternatively the two substances may react
as a Lewis acid and Lewis base, the sulfur in each
maintaining its oxidation state. For example

S0: + S0; =2 S0+* 4+ SO~
or
80; + 280; == SO++ + S0,
Mechanism II

Jander® offered this mechanism in explanation of
the observed conductivity, though with little
supporting evidence. Interaction of this sort,
with transfer of an oxide ion, evidently would yield
a detectable isotopic exchange with tracer oxygen
but not with tracer sulfur.

Sets of exchange experiments were performed
with respective, approximate sulfur dioxide:sulfur
trioxide quantities (millimoles), and up to maxi-
mum times, as follows. At room temperature:
(1) 5.2: 1.5, 336 hr.; (2) 10.3: 1.2, 329 hr.; (3)
1.9: 2.0, 792 hr.; and (4) 0.43: 2.9, 768 hr. Also
at 132°: (5) 5.0: 1.9, 72 hr.; and (6) 0.32: 2.9,
624 hr. The proportions used in Groups (4) and
(6) approximated those used by Nakata. In no
case was any exchange apparent except for a
small effect in Group (6). The use of labeled
sulfur dioxide (Groups (1), (2) and (5)) yielded
small apparent exchanges up to 19, (estimated
counting error, =0.19,). These, however, showing
no tendency to increase with time or temperature,
are presumably spurious and to be ascribed to a
readily explained separation ‘‘blank.” The effect
was eliminated by the use of labeled sulfur trioxide
(Groups (3), (4) and (6)).

In the single instance of Group (6) a small but
probably genuine effect, increasing with time,
appeared, to the extent of 1.6 = 0.19, after 624
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hr. Norris* observed a considerably greater ex-
change rate at 135° between sulfur dioxide and
concentrated sulfuric acid. Although direct com-
parison of the two sets of data is not possible, it is
likely that the rate he observed is not proportional to
the concentration of sulfur trioxide in sulfuric acid.

The non-observance of exchange at room tem-
perature with either excess sulfur dioxide or excess
trioxide clearly implies that Nakata’s results are
to be explained with Mechanism II rather than
Mechanism I. The rapid exchange of oxygen
which he observed is thus indicative of rapid
mobility of oxide ions in liquid sulfur dioxide,
comparable with the mobility of protons in water.
Further evidence in favor of this point of view is
offered in the following paper.

Sulfur Dioxide-Sulfur Trioxide—Potassium
Pyrosulfite.—In one run of Group (5) above a
small amount (ce. 30 mg.) of potassium pyro-
sulfite was included to see if this might induce
some exchange in accordance with Mechanism 1.
No significant effect was observed; however, the
pyrosulfite was converted to a solid residue con-
taining no sulfite but only inactive sulfur(VI).
This reaction was then investigated in a series of
five experiments at room temperature, using labeled
sulfur trioxide instead of dioxide as in the previous
run. Runs 1-4 lasting, respectively, for 5.5,
24, 42 and 96 hours, consisted of mixtures of about
0.31 mmole of sulfur dioxide, 2.5 mmoles of sulfur
trioxide and 0.29 mmole of potassium pyrosulfite.
Run 5, lasting 24 hours, consisted of 6.3, 3.4 and
0.30 mmoles of each of these substances, re-
spectively. The observed per cent. conversions of
pyrosulfite to sulfate, calculated according to
Equation (1) below, amounted to 70, 93, 100, 88 and
1009, respectively, =59,

It is known that potassium dipyrosulfate, Ko-
S5010,'° can be made by exposing potassium sulfate
to sulfur trioxide vapor for an hour or more,
followed by removal of excess trioxide by warming
to 100°. Reaction is always incomplete at room
temperature, though it may be complete at higher
temperature and in the presence of a little water.
The present results indicate that similar treatment
of potassium pyrosulfite at room temperature
(using however liquid sulfur trioxide instead of
vapor) also results in incomplete reaction of potas-
sium sulfate with sulfur trioxide even though the
potassium sulfate is formed én situ by reaction of
sulfur trioxide. The five experiments showed, in
order, 83, 63, 23, 89 and 249, reaction (=15%),
calculated according to the equation

K,8*0, ++ 28*0; —> KS¥Ou

Sulfur dioxide was present initially and was also
generated during each run by reaction of sulfur
trioxide and potassium pyrosulfite. The ob-
served final specific activities of sulfur dioxide for
the five runs were 1.9, 2.0, 2.6, 1.5 and 0.37 c./
m./mg. as compared with an average final sulfur
trioxide value of 161 c./m./mg. The low sulfur
dioxide values indicate that this reaction is at
least predominantly of acid-base type, i.e.

K805 4 §*0; —> Ko8*04 + 250, (1

(10) P. Bgumgerten aod 11, Thlie, Ber,, T1, 2686 (1938)
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However, the activities differ from zero by more
than the experimental error and there must be
some small degree of oxidation-reduction inter-
action of hexavalent and tetravalent sulfur along
the line of Mechanism I. It is to be noted that the
activity enters sulfur dioxide as a consequence of
reaction of sulfur trioxide with potassium pyro-
sulfite, that is to say, the momentary coexistence
of these two compounds along with sulfur dioxide,
and is not due to an exchange catalyzed by potas-
sium sulfate or potassium dipyrosulfate, it being
shown by the two room temperature experiments
described in the next section that neither substance
serves as such an exchange catalyst: in both these
runs 0.0 = 0.19, SO;—S0; exchange was observed.

Since the presence of sulfite or pyrosulfite ion,
even momentarily, leads to isotopic exchange be-
tween sulfur(IV) and sulfur(VI) in accordance
with Mechanism I, we may conclude that the
absence of exchange when only sulfur dioxide and
sulfur trioxide are used bespeaks a low concentra-
tion of sulfite ions arising from self-ionization in
liquid sulfur dioxide.

The percentages of isotopic exchange between
all the tetravalent and all the hexavalent sulfur,
calculated without regard to initial or final chemical
forms, are, for the five runs, 1.7, 1.6, 2.2, 1.2 and
0.7% (=0.2%). But it is probable that exchange
occurs only between that sulfur dioxide which
was generated by reaction and the reacting sulfur
trioxide which is itself converted to potassium
sulfate and potassium dipyrosulfate. The corre-
sponding exchange figures calculated on this assump-
tion are 6.0, 6.1, 8.2, 4.4 and 8.19, (=1.0%).
Some support for the validity of this assumption
derives from the fact that in four cases out of five
the specific activity of sulfur trioxide (average
value 161 c./m./mg.) exceeded that of the solid
residue (average value 154 c./m./mg.), the sulfur
of which has presumably undergone exchange with
inactive sulfur dioxide. These differences, how-
ever, do not exceed the experimental error inherent
in the counting method.

It may be noted that when sulfur trioxide was
distilled onto potassium pyrosulfite a blue-green
color was observed to permeate the solid but to
disappear within a few minutes. Presumably some
unstable intermediate was formed.

Potassium Sulfate—Sulfur Trioxide,—The struc-
ture of the dipyrosulfate ion, S3040=, is not known
though it is assumed?® to be held together by sulfur—
oxygen-sulfur bridges. Nor is it known whether
it forms directly when potassium sulfate is brought
in contact with sulfur trioxide or whether pyro-
sulfate is intermediate in the reaction. Some atten-
tion was paid to the possibility of obtaining in-
formation on these questions by tracer methods.
Two runs, each lasting 24 hours, were done by
exposing potassium sulfate to liquid sulfur trioxide
at room temperature. The reaction mixture con-
sisted of sulfur diokide, sulfur trioxide and potas-
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sium sulfate in the millimole quantities: (1)
0.235, 3.62 and 0.319; and (2) 0.338, 2.58 and
0.341. In addition two runs were made at 50-
53°, following the procedure of Baumgarten and
Thilo, by exposing potassium sulfate to trioxide
vapor, the vapor condensing on the solid to give
partial solution of the solid to formm a viscous
liquid. These runs lasted 2 hours and contained
sulfur trioxide and potassium sulfate in the milli-
mole quantities: (3) 1.85 and 0.322; and (4) 2.10
and 0.338. The observed reaction percentages for
the four runs, calculated according to the equation

K2SO4 + 25*03 — KQSO4'2S*03

were 75, 40, 43 and 529, (109%,). In each case
values were obtained for the per cent. exchange
between the sulfur originally present in potassium
sulfate and sulfur trioxide, correction being applied
for activity introduced directly into the solid
material by reacting sulfur trioxide. The values
so obtained were 60, 63, 77 and 67% (=109%).
Evidently there is comnsiderable exchange and,
indeed, comparison with the preceding set of
figures indicates that to such extent as potassium
sulfate undergoes reaction, to that extent it prob-
ably undergoes complete exchange with sulfur
trioxide, This is not surprising since Baumgarten
and Thilo found they had to obtain complete
solution of the solid to obtain complete reaction.

To verify the completeness of this exchange, the
mixture of potassium sulfate and potassium di-
pyrosulfate obtained in the third run was extracted
with a little water to produce the reaction K,S,0;
+ H;,0 ~——> 2H* + SO~ 4+ Ko$0;. From the
liquid were precipitated 0.336 millimole of barium
sulfate with specific activity of 149 c./m./mg.
while the residue gave 0.266 millimole with specific
activity of 120 c./m./mg. These are to be com-
pared with a specific activity of 157 c./m./mg.
for the sulfur trioxide previously distilled from
mixed solids. The mixture of sulfate and dipyro-
sulfate obtained in the last run was heated 4» vacuo
for one hour, the temperature being raised from 200
to 250° during this time, and the sulfur trioxide
evolved from the reaction K,;S;0, —> K.$0; +80,
being condensed with liquid air. This sulfur trioxide
amounted to 0.139 millimole with specific activity
of 149 c./m./mg., to be compared with specific
activity of 156 c./m./mg. for the unreacted sulfur
trioxide previously distilled at 100°. The pyro-
sulfite residue amounted to 0.547 millimole with
specific activity of 123 c./m./mg. These results
support the assumption that the specific activity
of the dipyrosulfate is the same as that of the
sulfur trioxide. It is thus not possible to in-
vestigate its structure or mode of formation by
tracer techniques.
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