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Some effects of temperature and of various solutes (CIs, Br2, I2, O2 and C2Cl4) on the Co-60 gamma-ray induced decompo
sition of liquid CCL have been investigated. CI2 and CsCU were the only detectable products in pure, air-free, dry CCL. 
Os accelerated and C2CL inhibited the decomposition. Scavenger studies indicated that an abundance of CCL-radicals 
were formed, most of which back reacted to form CCL at measurable CL concentrations. No other radicals were detected. 
A rapid initial reaction with a temperature coefficient of about 3%/°C . was observed above room temperature. This reac
tion was strongly inhibited by CIj to a terminal rate which was independent of temperature. A diffusion limited free-
radical mechanism involving thermal CCL-radicals and excited CCL-radicals is proposed to rationalize the effects of tem
perature and CL. 

Introduction 
It has been previously established that the 

gamma-radiolysis products of dry, air-free, liquid 
CCU are chlorine and hexachloroethane produced 
in equal yields of about 0.7 to 0.8 molecules/100 
ev. at room temperature.3-6 

The object of this investigation has been to 
study the effects of temperature and various solutes 
(CI2, Br2, I2, O2 and C2CI4) at very small and 
moderately large dosages. Similar investigations 
have disclosed an acceleration at elevated tempera
tures of both the initial and terminal rates of bro
mine formation in the radiolysis of CCIsBr and have 
demonstrated that Br2 inhibits the decomposition 
above 20°.6 These and other observations have 
been interpreted as evidence for diffusion controlled 
reactions involving possible excited intermediates. 
Thus, it was anticipated that the initial rate of 
Cl2 formation in the radiolysis of CCl4 might in
crease with increasing irradiation temperature with 
a similar apparent energy of activation (about 3 
kcal./mole), and that Cl2 would strongly inhibit 
the decomposition at low dosages. These expec
tations have been realized. Measurements of 
apparent free-radical yields have also been made, 
using a variety of halogens as scavengers, and the 
effects of oxygen and C2CI4 (a common trace im
purity in CCI4) have been studied in an attempt to 
find an alternative explanation for the effects of 
temperature in the range 0 to 100°. 

Experimental 
"Baker Analysed" reagent grade CCL was further puri

fied by the following procedure: (1) irradiation of thoroughly 
outgassed CCl4 to a dosage of about 1021 ev. /g. in a 400-
curie Co-60 gamma-ray source, (2) washing with dilute 
Na2SOs solution followed by several washings with distilled 
water, (3) drying over CaCl2, (4) distillation at atmospheric 
pressure through a 25 mm. i.d. X 1 meter column packed 
with lime glass beads under conditions providing 10 theo
retical plates as determined by the method of McCabe 
and Thiele,' (5) storage of the middle third of the distillate 
over BaO in Pyrex bottles in the dark. Analyses for organic 
solutes were performed by gas-liquid partition chromatog-
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raphy in a 2-meter stainless steel column packed with DC-
200 silicone oil on Celite and in a 150 foot, 0.01 in. i.d. 
stainless steel capillary column coated with polypropylene 
glycol, using alternately a hydrogen flame ionization de
tector and a thermal conductivity detector. "Baker 
Analysed" CCL was found to contain traces of CS2, CO-
Cl2, CH2Cl2, CHCl3 and C2Cl4 at about 0.01 mole-% each. 
The purification procedure removed all detectable impuri
ties to concentrations less than about 1 p.p.m. No de
tectable traces of C2CL were found in the middle third 
of the distillate following pre-irradiation. Tetrachloro-
ethylene was prepared for use by distillation of Eastman 
White Label C2Cl4 to remove ethanol added as a stabilizer 
and was used immediately following distillation. Com
mercial tank Cl2 and reagent grade Br2 and I2 were used 
without further purification except for passage of the Cl2 
through concentrated H2SO4 to remove moisture. Com
mercial tank O2 was admitted to several samples after 
passage through a Drierite tower and a trap immersed in 
liquid nitrogen. Eastman White Label C2CL w'as used 
without further purification in one experiment. 

All samples were prepared by transfer on an all-glass high 
vacuum system of 5.0 cc. quantities of purified CCL over 
BaO into Pyrex annular irradiation vessels with 1 cm. 
square Pyrex optical cells attached as described previously.8 

Irradiations were performed with a 100-curie Co-60 gamma-
ray source of design essentially similar to one described 
previously.8 Irradiations at room temperature and above 
were performed by enclosing sample and source capsule in 
a constant temperature hot air bath with control to 
± 2 ° at 100° and to ± 1 ° or better at lower temperatures. 

Analyses for free halogens were performed with a Beckman 
DU spectrophotometer at 25° ± 1°. Small corrections for 
slight coloration of the optical cells by gamma-rays were 
applied to all measured absorbances when significant 
(at dosages greater than about 1019 ev. /g . ) . Molar absorp-
tivities for Br2, Cl2, BrCl and I2 in CCl4 were carefully 
measured at wave lengths from 300 mn to 600 m/i and 
were in excellent agreement with values measured by other 
workers.8-12 

Dosage rates were measured with the Fricke dosimeter, 
using a value of 15.6 e v . / F e + + + n in air-saturated 0.8 N 
H2SO4-FeSO4 solutions exposed to Co-60 gamma-rays at 
room temperature. All samples were irradiated at dosage 
rates in the range 3.3 to 5.4 X 1015 ev./g.-sec. as calculated 
directly from Fricke dosimeter measurements with cor
rections for the ratio of the electron densities of CCl4 and 
0.8 ATH2SO4 (1.34). 

G-values for the formation and disappearance of free 
halogens were calculated from measured slopes of plots of 
halogen concentration vs. dosage. Initial 100-ev. yields, 
G(CDo and G(-X2)o, were calculated from slopes at the 
origins of such plots. G(Cl2)o values reported are probably 
accurate to ± 1 0 % . G(-X2)0 values for the initial rates of 
disappearance of Br2 and I2 are probably accurate to ± 
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Fig. 1.—CI2 concentration as a function of dosage in initially 
pure, air-free, liquid CCU at several temperatures. 

10% or better. G(CIj) values measured at high dosages are 
probably accurate within 5 % . G(C2Cl6) and G(CCl3Br) 
were calculated from GLC data using area fractions and 
sensitivities determined by careful calibrations with CCl4 
solutions of known concentrations bracketing the unknown 
concentrations and are probably accurate within ± 3 % . 

Results and Discussion 
The gamma-ray induced decomposition of pure, 

dry, air-free CCU has been studied at irradiation 
temperatures from 0° to 100°. Cl2 and C2Cl6 
were the only products observed. Numerous 
attempts were made to detect other possible prod
ucts at dosages up to 1021 ev. /g. At 23° the 100-ev. 
yields of C2Cl6 and Cl2(0.76 and 0.72) were equal 
within experimental error at a dosage of 5.8 X 
1019 ev./g. I t was also observed, as reported in 
Table I, that the initial rate of formation of Cl2, 
G(Cl2)O, increased with increasing temperature 
between 23° and 100° with a temperature co
efficient of about 3%/°C. Inhibition of the 
initial fast process was rapid and was complete 
at Cl2 concentrations greater than about 0.001 M1 
illustrated in Fig. 1. The rate of Cl2 formation 
following the early inhibition period was the same 
(0.74 ± 0.06 molec/100 ev.) at all temperatures 
from 0° to 100° independent of dosage up to 
TO21 ev./g. and of Cl2 concentration up to 0.01 M. 

Table I also reports initial rates of disappearance 
of Br2 and I2 in CCU-Br2 and CCl4-I2 solutions at 
28° and a G (-Br2) 0 value measured at 78°. 
Schulte's G-value for the gamma-ray induced 
exchange of Cl2 and CCl4

8 is included for compari
son. In agreement with Schulte's observations 
with radiochlorine,3 G(-Br2)o and G(-I2)0 were ob
served to be independent of initial halogen concen-

TABLE I 
Jrradn. 
temp. 
(0C.) 

0 
20 
23 

Room temp. 
28 
60 
78 

100 
" Cf. ref. 5. 

G(Ch)0 

0.7 
0.65" 

0.72; 0. 8* 
0.8e 

0.80 
1.5 
1.8 
2.4 

b Cf. ref. 3. 

trations greater than about 0.001 M. CCl3Br 
was the only brominaied product detected in ir
radiated CCU-Br2 solutions. Measurements with 
the gas chromatograph demonstrated that GLC 
peaks of CCl2Br2, CClBr3 and C2Cl4Br2 would have 
been resolved under conditions used for analysis 
of these solutions. Cl2 and C2Cl6 were again de
tected as major products in irradiated CCl4-Br2 
solutions. Chlorine, appearing as BrCl, was 
formed at a more rapid initial rate [G(BrCl) = 
11] in the presence of Br2, but G(Cl2) returned to 
its normal value at dosages sufficiently large to 
effect total conversion of Br2 initially present into 
CCl3Br. The initial rate of BrCl formation was 
equal to 2G(-Br2)o + 2G(Cl2)o at room temperature. 

Johnston, Chen and Wong's observation14 that 
CCl4, but not Cl2, is a product of the radiolysis of 
solid C2Cl6 prompted a brief investigation of the 
bromine scavenger products formed in an air-free, 
1 M solution of Br2 in CCl4 saturated with C2Cl6-
(28 wt. %) at room temperature. CCUBr was the 
only brominated product clearly identified and 
produced in appreciable yield at a dosage of about 
1020 ev./g. Formation of partially brominated 
2-carbon products in barely detectable yields was 
indicated by several uncharacterized peaks on the 
tail of the C2Cl6 GLC peak. C2Cl4 was formed in 
a yield comparable to that of CCUBr. Neither 
were present in the starting materials. The ob
served formation of C2Cl4 and CCU and the absence 
of Cl2 and CCl2Br2 suggest that an important mode 
of decomposition of C2Cl6 may be 2C2Cl6 = C2Cl4 + 
2CCl4. Other observations reported below indi
cate that C2Cl4 formed in the radiolysis of C2Cl6 
could account for the reported observation that 
large quantities of C2Cl6 inhibit formation of 
Cl2 in irradiated mixtures of C2Cl6 and CCl4.

14 

In the radiolysis of CCl3Br6 the presence of O2 
at an initial partial pressure of 400 mm. (about 
0,006 JIf) was observed to increase the initial rate 
of free halogen formation approximately threefold 
at 25°. Samples of CCl4 containing dry O2 at an 
initial partial pressure of about 300 mm. at 25° 
were irradiated at 28° and 95°. G(CU)0 in the 
presence of O2 was 3.0 at 28 ° and 11 at 95 °. Radiol
ysis products detected were COCl2, C2Cl6 and Cl2. 
The final rate of formation of Cl2 was the same at 
both temperatures and was equal to the final rate 
in samples irradiated in the absence of O2. These 
observations demonstrate that samples containing 
large quantities of O2, like carefully outgassed 
samples irradiated at elevated temperatures, ex-
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hibit an initial rapid rate of CU formation which 
steadily approaches a constant value a t large 
dosages. I t is also apparent t ha t traces of O2 

cannot have been responsible for the initial rapid 
rates of Cl2 formation in outgassed samples ir
radiated a t temperatures above 28°. 

The possibility t ha t traces of C2CU, a persistent 
trace impurity and possible radiolysis product, 
might have inhibited the formation of Cl2 and tha t 
this might in some manner have produced the ob
served curvature in the higher temperature curves 
of Fig. 1 prompted investigation of the effects of 
C2CU on the initial rates a t higher irradiation 
temperatures. A 0.0098 M solution of C2Cl4 

in CCl4 exhibited an initial G(Cl2) of 0.25 at 99° 
and assumed a normal terminal value of 0.75 after 
further irradiation. The C2CU was completely 
converted to C2CU; C2Cl6 and Cl2 were the only 
detectable radiolysis products. Thus, if C2Cl4 

were formed in the radiolysis of pure CCU, it could 
be expected to scavenge Cl-atoms a t a steadily 
increasing rate until a steady state concentration 
of C2Cl4 was reached, analogous to the postulated 
role of olefins in the radiolysis of aliphatic hydro
carbons.16 If, however, this effect is to serve as 
an explanation for the rapid inhibition of the initial 
rate of Cl2 formation observed only a t elevated 
temperatures, one mus t account for the absence 
of C2Cl4 as an abundan t product a t room tempera
ture and for the absence of C2Cl4Br2 in irradiated 
CCl4-Br2 solutions. An argument which might 
appear to overcome this objection is tha t C2CU is 
formed only a t higher temperatures, thus account
ing for the initial rapid rate of formation of Cl2 

and for inhibition as the C2Cl4 concentration ap
proaches a steady-state concentration sufficiently 
low to escape detection (1O-5Af orless). Stoichiom-
etry requires, however, t ha t G(C2CU)o = (1/2)-
AG(Cl2), where G(C2CU)o is the initial (maximum) 
net ra te of C2CU formation and AG(Cl2) is the ob
served increase in the initial ra te above t ha t a t 
room temperature {i.e., G(CU)0 — G(Cl2)terminai). 
Thus, if this hypothesis were tenable, the terminal 
ra te a t higher temperatures would have to be 
greater than the rate a t room temperature by a t 
least (1/2) AG(Cl2), where in fact the terminal rates 
have been observed to be independent of tempera
ture. I t is clear tha t an alternative explanation 
for the positive temperature coefficient of G(Cl2) 
must be found and t ha t C2Cl4 is not responsible 
for inhibition of the temperature sensitive process. 

Mechanism.—The most abundant ions in the 
mass spectrum of CCl4 are CCl3+(54%), CCl 2

+-
(13%), CC1+(15%), Cl+(14%) and C l - ( 4 % ) . 1 6 . " 
The emission spectrum of CCl4 vapor between 1900 
and 2700 A., excited by electrical discharge18 and 
by ultraviolet light,19 indicates the probable pres
ence of excited states of CCl2, CCl, Cl2 and Cl-
atoms. Thus, a wide variety of precursors of the 
simple radiolysis products of CCl4 is possible. 
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The presence of CCl3-radicals seems to be clearly 
indicated by the observed formation of CCl3Br 
in the Brj scavenger experiments. The absence of 
other scavenger products and of C2CU indicates 
a virtual absence of other free-radicals and would 
appear to rule out the presence of CCl2 and CCl-
radicals. Scavenger yields reported in Table I 
set a probable lower limit of about 12 radicals/ 
100 ev. to the thermal CCU-radical yield. A 
possible upper limit of about 20 has been established 
with D P P H and styrene scavengers.2021 An 
abundance of CCU-radicals can be expected as 
dissociation products of CCl4 following excitation 
without ionization, as possible products of electron 
a t tachment processes,17 and possibly as products 
of ion-molecule and neutralization reactions of 
ionic species. The temperature independent yield 
of Cl2 and C2Cl6 may be at t r ibuted to track re
actions, to reactions of short-lived excited species, 
and possibly to ion-molecule processes. The 
relatively low G(Cl2) values reported for the photoly
sis of liquid CCl4 (approx. 0.1)22 and for the alpha-
radiolysis of CCl4 vapor (0.6)23 and the reported 
marked increase in G(Cl2) with increasing L E T 
in the liquid phase (0.7 for Co-60 gamma-rays; 
1.6 for radon alpha-particles)23 suggest tha t track 
effects are of special importance in liquid CCl4. 

The net chemical changes can be summed up in 
Reactions I and I I 

I. 2CCl4 *«->• C2Cl6 + Cl2 (ion-molecule and "hot" 
reactions) 

II. C C W - S - CCl3- (or CCl3*) + Cl- (or Cl-*) 
Reaction I I may then lead to the reactions 

c l >- CCl4 (Primary recombination) (la) 

CCl3' 
CCIv C2Cl6 (Track reaction) fib) 

CCl4 + Cl- (Ic) 

CCl3V 

Cl 

CCI3-

Cl2 . 

u _ _ c c i i _ 

» CCl4 

t C Cl 

• CCl4 + 

• CCl3 + 

Cl 

ecu* 

(2a) 

(2b) 

(2c) 

f2d) 

2Cl-

Cl + CCl4 • Cl2 + CCl3- (3) 

l-~ Cl2 (4) 

The scavenger yields measured with bromine and 
iodine indicate tha t a large fraction of the radicals 
back react via reactions (Ic) and (2c) in initially 
pure CCl4 a t measurable chlorine concentrations. 
The small observed increase in G(-Br2)0 at 78° 
suggests t ha t the higher temperature promotes 
escape of radicals from the track spurs a t the 
expense of primary recombination, rather than an 
increased rate of radical formation via thermal Cl-
atom at tack on the solvent. I t would appear, a t 
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first glance, that G(Cl2) should, as observed, in
crease with increasing temperature at very low 
chlorine concentrations as a direct result of a de
creasing efficiency for primary recombination. 
At "high" chlorine concentrations, however, re
actions Ic and 2c could be expected to exactly 
cancel the gain obtained at the expense of reactions 
la and 2a. The lowest temperature at which 
an increasing rate of expansion of the track can 
promote an increase in G(CIa) and the lowest 
chlorine concentration at which the net gain in the 
initial rate of Cl2 formation is cancelled out would 
appear to depend upon: (1) the relative rates of 
diffusion of Cl-atoms and CCl3-radicals, (2) the 
relative reactivities of the radicals toward CU 
and other possible reactants and (3) the distribu
tion, shape and population of the spurs at zero time. 
For the case of Co-60 gamma-rays the tracks con
sist of a series of widely separated discrete groups 
of more or less spherical spurs containing more 
than one radical-pair on the average.24 A majority 
of spurs are formed by secondary electrons of less 
than about 30 ev. and will be very closely spaced.25 

Thus, overlapping of spurs within a closely spaced 
group or of groups of spurs would appear to favor 
Cl2 and C2Cl6 formation, if there is a significant 
difference in the diffusion rates of unlike radicals. 
An expected increasing rate of overlap caused by 
increasing temperature, then, should favor reac
tions lb, 2b and 4 at the expense of reactions la and 
2a, since Cl-atoms probably diffuse faster than 
CCl3-radicals in CCl4. However, this effect will 
be observable at measurable CU concentrations 
only if the average distance between spurs is small 
and/or the rate constants for reactions Ic and 2c 
are relatively small. The rate constant of re
action Ic will, however, increase with increasing 
temperature more rapidly than the rate of spur 
overlap, assuming an activation energy of about 
3 kcal. for radical diffusion in CCl4

23 and about 
8 kcal./mole for Eic.

27 Thus, it appears that a 
positive temperature coefficient for G(Cl2) would 
not be observable, if only thermal radicals are 
scavenged by Cl2, because reaction Ic is clearly 
important even at room temperature at measurable 
Cl2 concentrations (>10~6 M). I t is suggested, 

(24) D. E. Lea, "Actions of Radiations on Living Cells,"' 2nd Ed-, 
Cambridge University Press, Cambridge, 1955. 
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therefore, that the observed positive temperature 
coefficient of G(Cl2) may be attributed to the oc
currence of a diffusion-limited reaction of an excited 
species which requires no energy of activation for 
reaction with Cl2. The apparent energy of acti
vation obtained from the slope of a plot of log-
[G(Cl2) -0.7] vs. l/T is about 4 ± 2 kcal./mole, 
a value within experimental uncertainty of the 
activation energy for self-diffusion of CCl4.

26 A 
suggestion that the responsible species is a trichloro-
methyl radical is supported by the observation 
that temperature-sensitive initial reactions which 
are rapidly inhibited by free halogen products 
occur in CCl4 and in CCUBr5 but do not occur 
in liquid CCl2Br2, as demonstrated in this Labora
tory by L. L. Schwartz in a series of experiments at 
temperatures ranging from 0 to 140°. The be
havior of CCl2Br2 is otherwise essentially identical 
to that of CCl3Br. It has been assumed in a pre
vious paper6 that excited radicals in CCl3Br must 
retain sufficient energy of excitation to react with 
the solvent following 104 to 106 encounters in order 
to exhibit a sensitivity to halogen concentration in 
very dilute solutions. I t now appears that this 
assumption is not necessary, if radical combination 
reaction 2b predominates for excited radicals which 
manage to escape primary recombination. The dif
fusing excited radical need not be sufficiently ex
cited to react with the solvent at any time but 
need retain only a relatively low level of vibrational 
excitation (>8 kcal.) during the time required for 
completion of radical combination reactions be
tween neighboring spurs (> '~10 - 8 sec. but < ~ 1 0 ~ 4 

sec. for the case of spherical spurs in liquid water 
exposed to 1 Mev. gamma-rays).28 Observation 
that inhibition of the temperature sensitive reaction 
is complete beyond a Cl2 mole-fraction of 1O-4 

also indicates a lower limit for the lifetime of the 
hypothetical excited radicals of the order of 1O-8 

to 1O-9 seconds, assuming that they react with Cl2 
on every encounter and a collision time of the order 
of 10 -13 sec. 
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