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explanation. This is, we suggest (with Dodson
and co-workers), that the continuing increase in
exchange rate at high [CI—]/[TI(I1I)] ratios is due
to rapid exchange between TICl,~ and one or more
of the weakly associated thallium(I) complexes,
such as TICl, TICl;—, TICl;~= and possibily TICL=7

In view of these findings on the effect of chloride
on the exchange, we find it extremely difficult to
take seriously arguments based solely on coulombic
attractions or repulsions, when we come to the con-
sideration of possible mechanisms. In our pre-
vious work,? such arguments were considered, but
now we are inclined to account for the high ex-
change rate in sulfuric acid as compared to per-
chloric acid, on the basis that sulfate ion may ac-
tually participate in the electron transfer process.
We believe that the rapid exchange reactions in sul-
furic acid are

*TI1SO;*+ 4 T1T = *T1+ 4 TISO,* (8)

and

*TI(SO4)2~ + TISO;~ = *TISO;~ + TIUSOs).~ (6)

We suggest that exchange is accomplished by trans-
fer of electrons through the sulfate bridge in the
complexes
0 ++
|
Tl—O—’S—O—Tl )

o)

and
O =

(80, )TI—O—S;)—O—TI(SOO (8)
0O

(This would be formally equivalent to the transfer
of a sulfate radical, SO4~, from the thallium (III)
to thallium(I).)
We believe this proposal is further supported by
the absence of an (SO4~)? term in the rate law, since
(7) H. Fromherz and K. H. Lih, Z. physik. Chem., A188, 335 (1931);

Kuo-Hao Hu and A, B. Scott, Tuis JourwaL, 77, 1380 (1955); J.
Chem. Phys., 28, 1830 (1935).
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the symmetrical, bridged complexes (such as 7 and
8) can only occur for odd numbers of sulfates in the
complex. The product species are chemically iden-
tical with the reactants.

We also believe that we are now able to offer
possible explanations for the seemingly anomalous
effects of chloride and sulfate ions in other oxida-
tion or reduction reactions involving either thal-
lium(I) or thallium(III). It has been reported"
that the TI(I)-Ce(IV) reaction is fast in aqueous
HCI, but is very slow in sulfuric acid and, in fact,
sulfate retards the reaction markedly even in the
presence of chloride. Further, we are told®!® that
the reduction of TI(III) by Fe(II) in HCIO, is ac-
celerated by sulfate and retarded by chloride.

If we assume, as we have above, that TI(III)
chloride complexes are much stronger than the sul-
fate complexes and remember that TISO,~ is
slightly stronger than TICI'*!? and the higher chlo-
ride complexes,” we believe that it is possible to ac-
count, in part, for these effects.

In the oxidation of thallium(I) by cerium(IV) in
HCI, the addition of sulfate effectively reduces the
concentrations of the wvarious chlorocomplexes,
which react readily with the cerium chloro complex,
by forming TISOs~. We are somewhat puzzled by
the lack of reaction between Ce(SOy4);= and TISO4~
in the absence of chloride.

In the reduction of thallium(IIT) by iron(II), the
chloride ion strongly complexes thallium(III) and
removes the reacting species (i.e.,, TIOH** and
TI1+3) from solution, while sulfate, which forms
weak complexes, does not, and any of these com-
plexes that do form, may also react readily with
iron(II).

(8) P. A. Shaffer, J. Phys. Chem., 40, 1021 (1936).

(9) C. E. Johnson, Jr,, THis JoUur~xaL, T4, 959 (1952),

(10) K. G. Ashurst and W. C. S. Higginson, J. Chem. Soc., 343
(1946)

(11) R. B. Bell and J. H, B. George, Trans. Faraday Soc., 49, 619

(1953).
(12) V. S. K. Nair and G, H. Nancollas, J. Chem. Soc., 318 (1952).
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The chemical and virtual changes in CCl, containing Cl, under the influence of Co® ~-rays have been investigated. Two
reactions are observed: the exchange of Cl; with CCl,, and the decomposition of CCl, to form C;Cls and Cl;.  The rates of
both reactions are inder ndent of the chlorine concentration and directly proportional to the dose rate. The former re-
action is interpreted as a measure of the “radical yield”” in the system, and it is observed to occur with an efficiency corre-
sponding to 3.5 == 0.35 molecules of chlorine being brought into exchange with CCl, for every 100 e.v. absorbed. The latter
reaction is interpreted as a measure of molecular yield and takes place with an efficiency of 0.80 =£ 0.06 molecule of C;Cls
and Cl; being formed for every 100 e.v. absorbed. Spontaneous exchange and exchange under the influence of sunlight and
ultraviolet light also were noted.

Introduction

Previous work? indicated that in the work on
CHCI; + O,, most of the information obtained re-

(1) Work performed under the auspices of the U. S. Atomic Energy
Commission.

(2) J. W. Schulte, J. F. Suttle and R. Wilhelm, THIs JoURNAL, 76,
2222 (1953).

ferred to the chain-carrying processes rather than
the primary act. By using a simpler system,
CCly 4+ Cl,, it was hoped that the reactions ob-
served would be simpler and a direct consequence
of the primary act. In such a system G values for
“radical yields” and “molecular yields’ analogous
to those determined for water might be measured.
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The rate of exchange of tagged chlorine with CCly
fragments produced by irradiation appeared to be a
promising reaction to use as a measure of the “rad-
ical yield.” The evidence for a ‘“‘molecular reac-
tion” is the formation of the stable products Cl,
and C,Cls which build up linearly with the dose, at
a rate which is unaffected by the accumulation of
these products.

The early work of Rollefson and Libby? indi-
cated that little or no exchange occurs when solu-
tions of tagged Cl; (37-minute half-life) in CCl,
are illuminated with a quartz mercury arc. In the
present study, in which Cl,* (4 X 10° year half-
life) was dissolved in CCl,, it was found that ex-
change does take place at measurable rates in the
dark, in sunlight and when samples are exposed to
ultraviolet light or +y-radiation. This disagree-
ment may be attributed to: incomplete purifica-
tion of CCl; by Rollefson and Libby? (z.e., the Cl
atoms formed may have reacted with impurities
to give inorganic products); the difference in ex-
citing radiation ( light used in the present study in-
cluded light of shorter wave length); and possibly
the low-precision counting equipment then avail-
able may have obscured the results which were ob-
served by this author,

Seely and Willard* observed that Br, and C,Br
are formed in CBr, illuminated at 90° with light
of 4100 and 4500 A. By using radioactive Brs,
they found that the photo-activated exchange of
free Br, with the Br in CBr, is much greater than
the quantum yield for the formation of Br,; and
C,Bry,. Other workers®® have measured the ther-

mal and photochemical exchanges between Br,
and CClL;Br.

Experimental

Purification of CCl,,—The CCl; used in this study was
first saturated with Cl; and then exposed to sunlight for
three days. Chlorine was removed by successive washings
with ag. NaOH and H,O. The two phases were separated,
and the CCly was dried with Drierite. Chlorine dioxide,
prepared by heating 5 g. of KClO;, 20 g. of oxalic acid and
2.5 ml. of H;O to 70°, was passed into the dry CCly. Expo-
sure of this solution to light and removal of the Cl0; were
carried out in the same manner as with Cl;. The resulting
CCl; was distilled, with the first and last 100-ml. fractions of
a 2-liter batch being discarded. About 10 g. of P,0O; was
added to keep the product dry during storage.

Preparation of Cl1%.—Tagged chlorine was obtained by
irradiating 3 g. of anhydrous MgCl; for 3 months at a flux
of 10!3 neutrons/cm.?/sec. in the Idaho Materials Testing
Reactor. The irradiated material was allowed to stand
long enough for the short half-life chlorine isotopes to dis-
appear. In the Cl, recovered from the irradiated MgCl,,
1.39, was CI* which emits a 0.7 m.e.v. beta particle and
has a half-life of 4 X 105 years.

By allowing 0.4 g. of MgCl; to react with 20 ml. of satd.
KMnO; and 30 ml. of concd. H:S0;, an 809, Cl, yield was
obtained. The Cl; was swept with helium through a scrub-
bing system and a MgClQO, drying tube before being passed
into 100 ml. of purified CCly, which served as the stock
solution and was stored in a low-actinic erlenmeyer flask
with a tight fitting ground glass joint.

Preparation of Samples.—It was realized that contamina-
tion of the CCl~Cl; samples by oil and stopcock grease
would result in gross quantities of HCI being produced from
the reaction of chlorine with the hydrocarbon contaminants.

(3) G. K. Rollefson and W. F. Libby, J. Chem. Phys., 5, 600 (1937).

(4) L. B. Seely, Jr., and J. E. Willard, THIS JoURNAL, 69, 2061
(1947).

(5) A. A. Miller and J. E. Willard, J. Chem. Phys., 1T, 168 (1949).

(6) N, Davidson and J. H. Sullivan, ¢bid,, 17, 176 (1949),
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Consequently, the vacuum system contained two liquid
nitrogen cold traps between the oil diffusion pump and the
section of the manifold where the samples were prepared.
Two stopcocks (in series), located between the diffusion
pump and the manifold, remained closed when the vacuum
system was not in operation. Since usually negligible quan-
tities of HCI were observed in the samples, it appears that
contamination by hydrocarbons was held to a minimum.

About 35 ml, of CCl; and 1-3 ml. of stock solution were
taken for each set of five samples. These solutions were
poured into a 50-ml. round-bottom flask having a standard
taper joint for connection to the vacuum line. About 1 g.
of P,O5 was added to prevent traces of moisture from being
distilled into the sample tube; a glass wool plug was inserted
in the neck to keep the P;Oj in the flask during distillation.

The CCL-Cl; solution was frozen with liquid N; and
pumped down to a pressure of <2 X 107® mm. The entire
operation was repeated three times to remove air, since it is
known that copious quantities of Cl;, COCl; and C,Cls are
formed when CCl, saturated with O, is irradiated.” By
heating the round-bottom flask with warm water and im-
mersing the reservoir section of a special sample apparatus in
liquid N, the solution was slowly distilled into the reservoir.
The importance of slow distillation should be emphasized,
for it was observed that whenever condensate appeared in
the vacuum line manifold, the resulting samples always
contained high concentrations of acid and very little chlo-
rine. In such cases the chlorine in the condensed CCly
probably reacted with impurities in the vacuum system, as
was stated earlier, to form HCIl, which was carried into the
samples.

When the distillation was completed, the sample holder
was sealed off below a ground glass joint connecting it to the
vacuum line, and the CCl,—Cl; was brought to room tem-
perature. By inverting the container several times, the
solution was first mixed and then distributed uniformly
among five sample bulbs connected to the upper end of the
reservoir, The bulbs were immersed in ice-water for 30
minutes and then sealed off individually at preformed re-
strictions. Approximately 69, of the added Cl; remained
in the reservoir section and was discarded. The Cl, loss
could have been eliminated by immersing the bulbs in
liquid N; or a Dry Ice bath, both of which were used in pre-
liminary experiments. However, samples prepared by
either of these techniques always resulted in a prohibitively
unfavorable Cl; distribution among the five samples. To
assure uniformity of Cl; distribution among the duplicate
samples and to minimize the time required to prepare the
large number of samples required for this study, it was es-
sential to use an ice-water bath (rather than liquid N; or
Dry Ice) at the time of sealing. It was recognized that
pyrolysis of the vapors during the sealing off operation might
introduce some impurities. Consequently, the tubing at
the restriction was pulled down to capillary size before the
sample apparatus was placed on the vacuum line, thereby
minimizing the quantity of vapor in the heated region dur-
ing the sealing operation. If pyrolysis does occur under
these conditions, then the products must have a negligible
effect on the exchange reaction and on the production of
Cl,. For it was observed that exchange, production of Clp
and the formation of small quantities of HCI also took place
to the same extent (within experimental error) when samples
were frozen in liquid N; or a Dry Ice bath prior to the sealing
off operation.

By weighing the sample bulbs after sealing, and the empty
bulbs following analysis, the volume of CCl, was determined.
Each sample contained 6-8 ml, of CCl,.

Source of y-Radiation.—Radiation was provided by two
Co% sources, 40 and 300 curies. Calibration was made at
two distances from each source by means of the Fricke
dosimeter® using for G (molecules/100 e.v.) the value of
15.8. To calculate the energy absorption per unit volume
of CCl, it is necessary to correct for the ratio of electron den-
sity of CCly as compared to that of the aqueous calibrating
solution which was 0.8 N in H;SOq4 and 104 M in (NH,),Fe-
(804);. Since the ratio is 1.34, it is assumed that the energy
absorption in CCly is 1.34 times that of the Fricke dosimeter,
measured in the same geometry. All samples were irradi-
ated at 21 +£ 2°.

(7) See ref. 2, p. 2225,
(8) R, M. Lazo, H. A, Dewhurst and M. Burton, J. Chem. Phys.
22, 1370 (1954).
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TABLE 1
ResuLTs FrRoM TypricaL RUN
Cly cone, X 10¢ M Normalized
Ipitial, C./min./ml, sample ¢,/min./ml,
Hr. CCl,, cor, H + concen, Aqueous CCle in aq.
irrad. ml, Anal, by calc. X 104, M phase phase Total phase (1 — F)
14.9 7.96 8.30 7.68 3.00 396 226 622 394 0.718
23.0 7.42 8.70 7.73 1.45 316 278 594 330 .601
40.1 7.70 9.20 7.52 1.56 222 420 642 214 .390
47.7 7.54 9.05 7.05 1.59 181 426 607 185 .337
66.4 7.51 9.95 7.16 2,72 124 515 639 120 .218
Av. 7.43 Av. 620

Counting Procedure.—In counting the samples, a flowing
methane beta proportional counter was employed. The
end window was a Mylar film having a density of 0.85 mg./
cm.,?, Liquid samples of both the aqueous and CCly phases
(see below) were counted in disposable Al foil dishes 50 mm.
in diameter and 15 mm. deep. Preliminary experiments in
counting liquid samples showed that the same quantity of
tagged Cl; dissolved in 10 ml. of H,O or 5 ml, of CCl; gave
counting rates which were equal within +=39%. These
volumes correspond to thicknesses of 2.5 and 5 mm. for
CClL and H:0, respectively, in the Al foil dishes. Even
though the volume of HyO was twice that of CCly, the count-
ing rates were nearly equal because of the difference in ab-
sorption of the two media and also because the aqueous
solution was nearer the counting tube.

To determine the total activity of each phase a 5-ml.
aliquot of the CCl, (25 ml.) and a 10-ml. aliquot of the
aqueous solution (50 ml.) were counted for 2 minutes.
The counting rates varied from 200 to 1500 c./min. with
an over-all counting error of +59%,. The Cl3 originally
present in each milliliter of CCly sample was determined by
adding the total c¢./min. from each phase and dividing the
value obtained by the volume of CCl; sample. To correct
for uneven distribution of C1%, occasionally as high as 7%,
among the five samples, the results were normalized with
respect to the average ‘‘total ¢./min./ml.”’

Analysis of Samples. (1) Chlorine.—After irradiation,
the sample bulbs were scored with a file and immersed in
liquid N,. The tip was broken, and the bulb containing
the frozen CCly was immediately immersed in 25 ml. of 0.08
M KI in an erlenmeyer flask. After the CCL had melted,
the bulb was withdrawn and rinsed. The liberated I, was
titrated with 0.010 N Na:S;0; to the starch end-point.

In irradiated samples which contained no Cl; initially,
a single absorption peak was found at about 300 mu which
tended to confirm that Cl, is produced during irradiation.
This method which employs a special cell was previously
used? for the quantitative determination of Cl; in the pres-
ence of other oxidizing agents, In the present work the
Cl; found by titration was equal, within experimental error,
to that determined spectrophotometrically since no other
oxidizing agent was present.

(2) Acid.—An analysis for acid was performed on all
samples as a check on the purity of the reagents used and
the extent of contamination during the preparation of
samples. Most of the irradiated samples contained only a
small amount of acid, presumably HCI.

To the solution from the Cl; determination was added 5
ml. of satd. KIQs;. Titration with 0.010 N Na:S;0; was
again carried out to the starch end-point, and the HCl was
determined according to the reaction

KIO0; + 6HCI + 5KI —> 6KCl + 3H.0 + 31,

(3) Distribution of CI%,—After the two phases were
separated, the aqueous phase was washed three times with
CCly which was added to the previous CCly layer and di-
luted to 25 ml. with CCL. Several grains of Drierite were
then placed in the flask to absorb traces of aqueous phase
(and its activity) which might give a spurious count. The
aqueous phase was diluted to 50 ml. with water, and liquid
samples of each solution were counted as described earlier.

Results

Data and Calculations.—The results from a
typical run are listed in Table I. The dose rate for
this experiment was 8.83 X 10 e.v./1./sec.

It is difficult to determine the initial [Cl,], which
varies among the five samples of a given experi-
ment, since Cl, is generated by irradiation as a re-
sult of the decomposition of CCl. However,
there are two methods by which this can be done.
In the first method one plots [Cl.] versus time of
irradiation. By extrapolating the straight line ob-
tained to zero time, one obtains the average initial
[CL,] for the five samples.

In the second method one uses the rate of Cl;
formation which was obtained experimentally
when samples of pure CCl, were irradiated. By
subtracting from the final value that quantity of
Cl, which was known to have been produced by
irradiation, one obtains the initial [CL,].

The linearity of Cl; formation versus irradiation
in either experiment indicates that the Cl, yields
are independent of the initial concentration of Cl..
There was good agreement between the two
methods. The latter procedure, however, gave
more exact values and consequently was used
throughout this study for calculating the initial
[ClL:] of irradiated CCly—Cl, solutions, see columns
3and 4 of Table I.

Using the data from Table I, the logarithms of the
normalized values of counts/min./ml. of aqueous
phase were plotted against time. An extrapolated
value of 550 c./min./ml. was found at time zero.
The fraction unexchanged (1 — F) which is shown
in the last column was obtained by dividing the nor-
malized c./min./ml. of sample at each irradiation
time by 550, the c./min./ml. at time zero.

Since the Cl; concentration increases during tle
irradiation period, the results obtained cannot fit a
conventional exchange expression

2(Cl)(CCly) In 2
[2(Cly) + (CCL)1tr/:

where R is the rate of exchange and the Cl; con-
centration is expressed in moles/liter.®1® The Cl,
concentrations used in this study are small with
respect to (CCly), and therefore eq. 1 can Le simpli-
fied to

R =

ey

2(Cly) 1n 2
R = ﬁ— @
Equation (3) was derived (see Appendix)

to compensate for the increasing [Cl,] during
irradiation.

In P/Py = :ﬁgz%;'_at) @)

(9) H. A. C. McKay, Nature, 142, 997 (1938).
(10) G. Friedlander and J. W. Kennedy, “Introduction to Radio-

chemistry,’”” John Wiley and Sons, New York, N. VY., 1949, pp. 286~
288.
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or
_ fZa A\vo II};_P/‘]){)
Tl (14 ) ®)
where
P = CI% as Cl, at time ¢
Py = Cl¥% as Cl; at time 0

total Cl; in moles 1. ! at time 0

o = dN/dt; (AN = no. of tagged Cl; atons disappearillg
TN, from the tagged phase in time df)

R = rate of exchange in gram atoms 1.~! lir, !

If one plots log P/P;y [or log (1 — F)] agaiust
the log (1 + o), the slope of the line, — R/2aNy
in eq. 3, is obtained. The experimental data from
Table I fall on a straight line having the equation

log (1 ~ F; = —4431log (1 + ab )

At 309, exchange, log (1 + af) = 0.068. Sub-
stituting the appropriate values into eq. 4.
2 X 565 X 1073 X 743 X 10~* X 0.693 _
2.30 X 0.068 -
3.72 X 1075 g.at 1.7 hr. "' witlt a dose rate of 8.83 X 101
e.v. L.-lsec. ™!
Effect of Chlorine Concentration.—The radia-
tion-induced exchange between dissolved Cl; and
the Cl in CCl, is independent of initial Cl; concen-
tration. At a dose rate of 8.83 X 10! e.v./1./sec.
and a tenfold variation in [Cl], ranging from 7 X
10~% to 7 X 107 }f, the exchange rate was found
to be 3.88 X 107% £ 0.21 gram atom Cl,/1. /hr.
Dose Rate Study.—The exchange rates were de-
termined at four dose rates varying from 3.28 X
10 to 1.85 X 10" ewv./l.'sec. The rate of ex-
change was found to increase linearly with dose
rate according to the cquation
grain atoms Cl, exchanged /see. = 1.12 X 10~% X (e.v. ab-
sorbed) /sec. 6y

If the data for the two highest dose rates (1.83
X 10" and 3.46 X 10V e¢.v./l./sec.) had not been
reduced according to the method described above,
the rates of exchange would have been low by
about 109,. At lower levels of radiation the rate
of formation of Cl, is correspondingly less, and cou-
sequently the crror cucountered in usiug the cou-
ventional rate expression, eq. 2, becones less
serious.

Acid Formation.—Acid, presumably HCI, [ound
i the irradiated sainples was relatively constant for
eacly set, irrespective of the time of irradiation.
The concentrations found, usually negligible, but
occasionally as high as 209, of the initial Cl, con-
centration (in cequivalents), appeared to lhave 1o
measurable cffect on the exchange rute. When
attempts were muade to compensate for the pres-
ence of acid, the constancy of results was destroyed.

Formation of Cl, and C.Cli.~—In solutions
with and without Cl, initially, it was found that
Cl, increases linearly with irradiation at constant
dose rate. The rate of Cl, production was found
to be proportional to dose rate according to the
straight line equation

moles Cl; formed/sec. = 1.40 X 10-% X dose rate in e.v./
sec, (")

The G values (molecules ‘100 e.v.) for Cl. exchange

and Cl, formation are given in Table I1.
Hexachloroethane was isolated from irradiated

CCl.. Identification was wmade by melting point

R =
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TaBLE II

G VALUES AT DIFFERENT DOSE RATES

e. xz,/ll.),/osseecv.l:a;(e’lo ~18 Gely exchange® Gely formation®
3.28 3.91 0.74
8.83 3.68 .80
34.6 3.25 .84
185.0 3.32 .84

¢ Tlhie values in both columns are good to about +=5%.

determinations and the infrared spectrum in CS..
Quantitative determinations were made for Cl,
and C.Cls on samples which had been irradiated
for 30 days at a high dose rate. Chlorine was de-
termined as described earlier. The CCls phase
resulting from the analysis for Cl, was fractionally
distilled, and the C,Cls residue was weighed. Av-
erage yields in millimoles of 0.333 + 0.007 and
0.325 * 0.016 were found for Cl, and C.Cls, re-
spectively. This gives a C:Cls/Cl: ratio of 0.92.

Miscellaneous Experiments.—Preliminary ex-
periments were carried out to determine the extent
of exchange in the dark and when samples were ex-
posed to light. Exposure of the samples to arti-
ficial light during analysis had no measurable effect
on the exchange.

No Cl, was produced in samples of pure CCly
illuminated up to 8 hours at the same light inten-
sity as that listed for the ‘‘ultraviolet light run
in Table III. Consequently, the formation of
Cl, for the “dark reaction” and ‘“‘sunlight” runs,
also listed in Table I1I, is presumed to be zero.

Quartz sample bulbs were used for the calibra-
tion and exchange experiments. The bulbs were
placed at 12 inches from a G. E. VA-2 250-watt
ultraviolet lamp. Since these experiments were of
a preliminary nature, no measures were taken to
obtain monochromatic light. The unfiltered light,
as claiined by the manufacturer, ranges from 2200-
7600 A., with 2207 of the output being in the 2200~
2800 A. region. As has been reported earlier!
CCl; readily absorbs light below 2600 A., and\ is
quite transparent to light above 2650 A. The
Light intensily was 1neasured using the uranyl oxa-
late dosimcter deseribed by Norton.!? In cal-
culating the light inteusity a quantum yield of 0.60
was asstined for the unfiltered radiation. Nor-
tou!* found quantum yields varying from 0.45 to
0.60 as the wave length of the incident radiation
was varied from 3660 to 2537 A, When a sample
bulb containing pure CCly was placed between the
ligltt source and the actinometer, there was 1o meas-
urable differcuce observed. However, with CClL
which was 1 X 10=% 37 in Cl,, 259, of the light af-
fecting the actinometer was absorbed. ]

In Table III are the results from these experi-
ments. Data from the y-irradiations are also in-
cluded. The exchange rates for the irradiations
with sunlight, ultraviolet light and Co® have not
been corrected for the dark reaction. Two figures
in one column represent duplicate runs; the corre-
sponding results may be found in other colunns on
the same line in like order.

(I11) 5. 11 Lyuns and R. . Dickinson, Tins JourNar, 87, 443

1935).
(12) B. M. Nortow, 1b4d., 56, 2204 (1934).
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TasLE III

DaATA FROM EXCHANGE EXPERIMENTS

Sept. 5, 1957
Radiation intensity, Temp.,

Run e.v./l./sec. °C.
Dark reaction 23
Sunlight Not measured 5-16
Ultraviolet light  3.94 X 107¢ einsteins/l./sec. 23
Cof ~ 3.28 X 101 21 =2
Co® ~ 8.83 X 101 21 £ 2
Coto ~ 8.83 X 10 21 &= 2
Co® ~ 8.83 X110 21 %+ 2
Co® ~ 3.46"x 3107 21 £ 2
Cof ~ 1.85 X 10 21 = 2

Rate of Clg

formation, Rate of exchange,

Av. initial Cls, molel. 1 Av, H* found, g.at, Cl; 1,1
mole1.=1 X 108 hr.~1 X 10¢ mole1, =1 X 104 hr. =1 X 108
1.40 0 1.96 0.162
0.755 0 2.18 0.918
0.860 0 0.97 141
1.99,2.20 1.46° 8.4,6.1 1.47,1.62
0.743 4.20 2.06 3.72
2.63,'3.08 4.20 3.32,3.72 3.67,4.04
6.84,6.52 4.20 15.7,4.0 3.97,3.98
1.71,1.70 17.3 10.1,10.8 13.3,13.7
0.889, 0.887 93 1.92,1.85 73.6,73.6

@ This value was calculated using eq. 6. * Complete data for this run are listed in Table 1.

Discussion

The spontaneous exchange (dark reaction) is so
slow that no corrections have been applied to de-
crease the induced exchange rates. The exchange
observed in the dark reaction cannot be attributed
to the radiation from CI® since this is about 108
times less than the lowest y-dose rate used. Until
further work can be done it is presumed that the
spontaneous exchange is a result of Cl, reacting
with some impurity which remains in the organic
phase during the extraction with aqueous KI.

The over-all reactions occurring under the in-
fluence of y-radiation are

1/4CCL + 1/2CL* m—> 1/4CCL* + 1/2CL;  (8)
2CCY w—> Cl, + C,Clg 9)

The rates of both reactions are directly proportional
to the rate of absorption of energy. Another sig-
nificant observation is that the rates of both are in-
dependent of Cl; concentration. Reaction 8 is
presumably the result of the interactions of frag-
ments which escape local recombination and sepa-
rate by diffusion. The observation that the rate
of exchange is independent of chlorine concentra-
tion shows that all the radicals which escape local
recombination undergo exchange. Thus the rate
of exchange furnishes some measure of the radical
vield.

The work provides no definite evidence as to the
identity of the radicals. However, in view of the
formation of C,Cls and its analogy to other systems,
it is assumed that the radical leading to ultimate
exchange between CCly and Cl; is CCl;.  This ex-
change would be accomplished by the reaction

CCl; + Cl* —> CCLCl* 4 Cl (10)

The extent of the contribution to the exchange by
reactions of atomic chlorine, such as the reversal
of (10), or by

Cl* 4+ CCl —> Cl + CCLCI* 11

probably can be ruled out by activation energy
considerations. In view of the high local concen-
tration of atomic chlorine in the column along the
tracks, and the general resistance of CCly to radical
attack, it is expected that atomic chlorine will dis-
appear by recombination before exciting further
exchange. Because of this uncertainty and the ad-
ditional uncertainty as to the number of chlorine
atoms in each CCl; produced which are brought into
exchange with Cl,, the G value for the exchange

of Cl, and CCl, (3.5 £ 0.35 molecules of Cl./100
e.v.) must be considered as an upper limit on the
radical yield of CCl;.

The formation of C,Cl;s can be regarded as taking
place in local hot spots either by the combination
of CCl;21314 radicals or by the reaction of excited
CCl; with CCly as

CClL 4+ CCl —> C,Cls + Cl

excited

Since the formation of C.Cls is independent of Cl.
concentration, it is unlikely that there is an ap-
preciable contribution to the yield by combination
of CCl; radicals which have successfully escaped
local interaction. The steady-state concentration
of CCl; radicals which come into contact with the
solute Cl, will be reduced by reaction with the CL.
It has been noted®® in the photochemical exchange
of Br, and CCL;Br that the formation of C,Cle is al-
most negligible when Br, concentrations as high as
10—% to 10—2 molar are used.

Further work with CCl,, making use of solutes
other than Cl,, will be necessary to fix the radical
yield for CCl; more exactly and to establish the
radical yield for atomic chlorine. As in the de-
composition of water, where four species are consid-
ered as products, three independent yield reac-
tions must be specified.’® There is some freedom
in selecting the three reactions which are plausible
ones for the decomposition of CCls. For the case
where the radical yield of Cl exceeds that of CCl;
(as seems likely since Cl can diffuse more rapidly
than CCl;), the following reactions are convenient

(12)

CCl »w—> Cl + CCL; (Gr) (13)
2CCL sm—> Cly 4+ CoCls (Gu) (14)
2CCL smv—> 2C1 4 CoCls (Garor) (15)

The present work suggests that Gr < 3.5 = 0.35
and Gm + Gmr = 0.80 = 0.06.

The experiments on the photochemically in-
itiated exchange suffice only to show that the sub-
ject of the exchange of Cl, and CCly by means of
atomic chlorine is not closed. Further work, us-
ing monochromatic radiation, will be necessary to
determine the efficiency of atomic chlorine in pro-
moting this exchange. Such information may be

(13) R. M. Joyce, W. E. Hanford and J. Harmon, THis JOURNAL,
70, 2529 (1948).

(14) T. W. Newton and G. K. Rollefson, J. Chem. Phys., 17, 718

(1949).
(15) A. O. Allen, Radialion Research, 1, 85 (1954).
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of benefit in interpreting the data relative to the ex-
change of Cl, and CCl, initiated by y-radiation.
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Appendix

Derivation of Modified Rate Law.—For the
conditions in which the loss of CCly by decomposi-
tion is very small compared to the initial [CCls]
and the [Cl,]is about 103 to —¢ M, then the follow-
ing derivation is valid for any one stated flux.

The rate of exchange of Cl between Cl; and CCl,

is expressed as
R o4V
Todt
where d/V = the number of tagged chlorine atoms
disappearing from the tagged phase in time d¢, and

Ris a constant for any stated flux.

dP dN
- Cw
where P = number Cl* atoms present as Cl, at
time ¢t and C = P/N. But since N increases with
time

Aan

(A2

N = N(1 + af) A3

I. C. HISATSUNE, BRYCE CRAWFORD, JR., AND R. A. Ocg, Jr.

Vol. 79

where NV, = total number of Cl; atoms present at
time 0 and

_ dN/dt
a = N,
‘E=___P__(£V=_i__ (A 4)
dt No(1 + o) No(1 + at)
P 4P —R * «adi
pr‘szo‘a o T+ ab A5

where P, = number of C1* atoms present as Cl, at
time 0.

mL=Zfma+ (4 6)

v  al
At P/Py = 1/st = by, and
R
In2 = A In (1 + aty),) (A7)
R=Dheln2 i p M2 4

T in (T F aty,

which would be the case for a stable system. This
expression is in agreement with the work of other
investigators!'® who have derived equations to fit
the general case of unstable systems in exchange re-
actions,

(16) C. P. Luehr, G. E. Challenger and B. J. Masters, THis JOUR-
NAL, T8, 1314 (1956).
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The Kinetics of the NO-N,O; Reaction!
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The decomposition of N;O; in tlie presence of NO lLas been studied with a fast-scanuning infrared spectrometer at total

pressures of 57 and 400 mm. using N; as diluent and at temperatures of 20, 25 and 30°.

By using an excess of N.Os over

NO, the unimolecular dissociation constant for NsOs as well as the ratio of the rates for NO; reacting with NQz and with NO,
respectively, was determined. The Arrhenius activation energies for these rate constants also were determined.

Introduction

In earlier reports from this Laboratory,? the ap-
plicability of our fast-scanning infrared spectrom-
eter to kinetic studies of relatively fast gas-phase
reactions has been described. One of these mod-
erately fast reactions which can be studied con-
veniently with our instrument is the unimolecular
decomposition reaction of N:O; in the presence of
NO. Not only is the half-life of this reaction
within the limits of our scanning rates, but both
N20s; and NO; have intense infrared absorption
bands around 6 u so that we inay follow both mole-
cular species simultaneously through the course of
the reaction. Furthermore, since extensive ki-
netic data for thisreaction are available in the litera-
ture, we are able to compare our results to those ob-
tained from other methods.

(1) This work was supported by the U. S. Navy, Bureau of Ord-
uance, through contract with the University of Minnesota.

(2) G.R. Cowan, E. Vincent and B, Crawford, Jr., J. O#¢, Soc. Am.,
43, 710 (1953); R. E. Nightingale, G. R. Cowan and B. Crawford,
Jr., J. Chem. Phys., 12, 1398 (1953).

Since the publication of our preliminary notes?
on this reaction, we have been able to improve the
sensitivity and stability of our spectrometer and
also have been able to overcome some of the ex-
perimental difficulties involved in the present
method. This paper reports our final results on
this reaction.

A number? of investigators have studied this
reaction and have found that their experimental
data can be interpreted adequately in terms of the
sitnple mechanism proposed by Smith and Daniels,*
which is given below in equation 1. Our data ob-

(3) G. R. Cowan, D. Rotenberg, A, Downie, B. Crawford, Jr., and
R. A. Ogg, Jr., ibid., 21, 1397 (1933); I. C. Hisatsune, A. P, McHale,
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2467 (1955).

(4) W. F. Busse and F. Daniels, Turs Journar, 49, 1257 (1927);
J. H. Smith and F. Daniels, sbid., 69, 1735 (1947); R. L. Mills and
H. S. Johnston, 4bid., T3, 938 (1951); H. S. Johnston and R. L. Per-
rine, ¢bid., T3, 4782 (1951); H. S. Johnston, f&id., TB, 1567 (1933);
D. J. Wilson and H. S. Johnston, ibid., 75, 5763 (1953); R. A. Ogg,
Jr., J. Chem. Phys., 18, 5372 (1850); R. A, Ogg, Jr., W. S. Richardson
and M. K., Wilson, sbid., 18, 573 (1950).



