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9 and 10 are obtained from Arrhenius plots of the olefin 
and ether yields, respectively. In isopropyl alcohol we 
obtained E9 = 40 rt 10 kcal/mol and El0 = 41 f 2 
kcal/rnol. in ethanol (Table IV). 

The activation energies of the four decomposition 
modes in the radiation-induced pyrolysis of isopropyl 
alcohol are similar to those of the corresponding modes 
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The radiolysis of liquid, air-free carbon tetrachloride containing a variety of solutes at 25' was investigated 
in detail. With Rrz and H I  as radical scavengers, the measured initial 1OO-eV yield of CC13 radicals was 
equal to 7.0 f 0.2. The organic products resulting from spur reactions in these solutions were CzC14 and 
C2C:16 (G = 0.08 and 0.47 molecule/100 eV, respectively). The total yield of scavengeable chlorine was 8.3 
atoms/100 eV. With these two scavengers, evidence for the existence of intermediates other than C1 and 
CC13 was obtained. When 1 2  was the scavenger, IC1 was the most abundant product. The other major 
product, CC&I, was very susceptible to radical attack, and eventually all the initial iodine atoms appeared as 
ICI. In  solutions containing IC1 as a scavenger, G(-ICl), G(Iz), and G(CCl3I) were all equal to zero. With 
each of the above scavengers, tetrachloroethylene was an initial product; in the absence of scavengers, tetra- 
chloroethylene presumably is removed by reaction with C1 or Clz. To explain CzC14 formation in the presence 
of ICl, an IC12 intermediate is proposed. Other scavengers suitable for C1 atoms included "8, C2H4, CH8C1, 
CHZCl2, and CHC13; CC13Br was not an efficient scavenger as suggested by the absence of C2C14 as a product. 
In solutions containing "3, a precipitate containing Cl- ions was formed by the radiolysis. Also, in the 
presence of the chloromethanes, CH2ClZ and CHCL, the radical yield in carbon tetrachloride was lowered 
considerably, apparently by an energy- or charge-transfer mechanism. 

Introduction 
Various authors have estimated2-' widely differing 

100-eV yields of radicals in the 6oCo y radiolysis of 
liquid air-free carbon tetrachloride with a variety of 
scavengers (Table I). These differences may be partly 
attributed to differences in the reactivity of the scaven- 
gers toward electronically excited or ionic precursors of 
the radicals and also the reactivity of the scavengers 
toward the radicals themselves.* However, there is 
no apparent reason for the differences obtained when 
the halogens Brz or 1 2  are used as the scavengers. Both 
halogens haxe been shown to scavenge cCl3 radicals 
in the radiolysis of ch lor~form;~ both have ionization 
potentials lower than that for carbon tetrach1oride;'O 
a n d  both can undergo exothermic reactions with CC13 
radicals or C1 atoms. Accordingly, we have investi- 
gated the radiolysis of liquid carbon tetrachloride in 
detail using a variety. of scavengers including Brz, 1 2 ,  

1C1, and HI. In the presence of these and other so- 
lutes (including NHJ, CH2C12, and CzHJ capable of 

reacting with C1 atoms, tetrachloroethylene was an 
initial product of the radiolysis. This compound is not 
produced in the radiolysis of pure carbon tetrachlo- 
ride2s3 or of carbon tetrachloride containing ~ x y g e n . ~  
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(IO) K. Watanabe, J. Chem. Phys., 26, 542 (195?). 

The  Journal of Physical Chemistry, Vol. 76, No. 1, 1971 



RADIOLYBIS OF CARBON TETRACHLORIDE 25 

Table E : Values EEtimal ed for G(CCla) in the Radiolysis of 
Carbon 'Tetmchloride at -23" with Various Scavengers 

Soavenger G(CC1s) R0f 

ciz 
B r2 
1% 
GKCl8 
DPPH" 
Ferrocene 
M M A ~  

<3.5 2 
>9.0 3 

>12.0 3 
3-3.5 4 

2.9 5 
> 2 . 3  6 
19 7 

' DPPH = Diphenylpicrylhydrazyl. MMA = Methyl 
methaorylate. 

Experimental. Section 
Carbon tetrachloride (Matheson Co.) was further 

purified by triple distillation in an inert atmosphere 
through a 1 m X 2 cm 0.d. column filled with glass 
helices. In  the final distillate no impurity wm de- 
tected by gas chromatography (sensitivity -loe4 mol 
yo). Iodine (research grade) was resublimed before use 
and research grade bromine was used without further 
purification. Hydrogen iodide was prepared by dehy- 
drating a solution of hydriodic acid (Baker 47% aque- 
ous 131 solutioa) with PzOs on a vacuum line. l1 Crys- 
tals of pure iodine monochloride were sublimed directly 
from research grade IC1 a t  25'. These crystals were 
freshly sublimed e a ~ h  time that solutions were prepared 
for radiolysis. All other solutes ("3, C2H4, CHaC1, 
CHzClz, CRC13, CeH4, and CC4Br) were research grade 
materirils and were further purified either by trap-to- 
trap di&illation or' the vapor or by distillation of the 
liquid. 

Samples were prepxed for irradiation by passing the 
carbon tetrachloride solution through a 5-k molecular 
sieve attached to  a buretl2 connected directly to a vac- 
uum line. Aliquots (3 ml) of this solution were then 
passed from the buret to the vacuum line and degassed 
by several freeze-pump-thaw cycles. The entire ali- 
quot was then distilled into the irradiation vessel (15- 
mm a d .  tube) and f'urther degassed and sealed from 
the line while the sample was frozen with liquid nitro- 
gen. 

When the solutes to be dissolved in the carbon tetra- 
chloride were solids or liquids at room temperature, 
they were added to the solution before it was passed 
through the sieve. The only suitable drying agent 
for solutions containing IC1 was "Drierite" (Regis- 
tered trademark of W. A. Hammond Drierite Co.) 
because other drying; agents reacted with IC1 to pro- 
duce 1 2  and presumably C1-. When the solutes to be 
dissolved were gases a t  room temperature, measured 
amounts were added to samples of carbon tetrachloride 
after it was distilled into the irradiation cells. In  these 
cells the void space! above the liquid was approximately 
10-20% of the volume of the liquid, and all the gas was 
assumed to be dissolved in the sample. 

The samples were irradiated at 25 1" with a 
60Co Gammacell 220 (Atomic Energy of Canada Ltd.) I 
The dose rate in carbon tetrachloride, dotermjned by 
multiplying the appropriate electron 
the dose rate in the Fricke dosimeter, was 1.7'4 X 
eV/(g) (set). 

Free halogens in the samples after irradiation were 
analyzed with a Becltman DU qpectrophotometer. 
Molar absorptivities for Clz, BrCI, Br2, Iz, and IC1 were 
determined and were in good agreement with published 
values.I3 Chlorine was also determiniad by breaking 
open the irradiation cell contairil rig the sample while 
the cell was immersed in an 0.1 M solution of KI. The 
liberated JZ was titrated with 0.01 N Na~Sdh to a &arch 
end point. 

Organic products were determined with an F & 14 
Model 400 gas chromatograph with a flame ionization 
detection system. For C)HC13 and CCISBr a 12-ft 'Long, 
l/c-in. column (20% Silicone 200) V-RS operated iso- 
thermally at 90". For CC12Brz, CzCI4, and CZCl6 a 
50-ft long, l//s-in. column (2Oj, SE-30) was used iso- 
thermally a t  100". The columns were calibrated each 
time samples were analyzed. All the solutes used l o  
prepare standard solutions of radiolytic products except 
CCl2Br2 were research grade and were further purified. 
Dichlorodibromomethane was prepared by photolyzing 
a mixture of CWClzBr and Brz. The final. product mas 
purified using an F & M Model 796 preparative gas 
chromatograph. 

In  the irradiated solutions of carbon tetrachloride 
containing iodine in addition to ICI, a product sus- 
pected to be cc131 was formed. Pure CGLI could not 
be synthesized because of its limited thermal stability, 
but its presence in t,he irradiated solutions was proven 
as follows. The production of an organic iodide was 
indicated because: (1) radioactivity was retained by 
carbon tetrachloride after irradiation in the presence of 
l3II2 and washing with an aqueous sulfite sohtion to 
remove unreacted I*, and (2) after standing -16 hr 
these extracted solutions became pink. The organic 
iodide was shown to be CC&I because its retention time 
on the gas chromatograph was slightly less than that for 
CtH+214, which boils only four degrees higher than 
CC131. Also, the height of the peak assigned to GClJ 
at any dose, d, was directly proportional t o  the qixniitity 
2 [ 1 2 ] 0  - 2[I2Id - [TCl], where [Iz], is the initial con- 
centration of iodine and [I2Id and [ICl], are the con- 
centrations of these species a t  the dose d. 

Results and Discussion 
Carbon Tetrachloride Containing the Halogens Br2, 

12, or ICZ. I n  air-free carbon tetrachloride with Brz 

(11) I. Mani and R. J. Hanrahan, J .  Phys .  Chew&., 70, 2233 (1966). 
(12) R. J. IIanrahan, J .  Chem. Educ., 41, 623 (1964), 
(13) R. E. Buckles and J. F. Mills, J. Amer. Chem. Soc., 75, 552 
(1953); A. I. Popov and J. J. Mannion, ibid., 74, 222 (1952); R. M. 
Keefer and T. L. Allen, J .  Chem. Phys. ,  2 5 ,  1059 (1956); P. A, D. 
de Maine, ibid. ,  26, 1192 (1957); Can. J. Chern., 35, 573 (1957). 
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Figure 1. 
of CCl, containing Br2 or 1%: 0, CCiaX; 0, XCl. 

Dose dependence of the major radiolysis products 

Figure 2.  
of CCla containing 0.027 ,VI Br2: A, CzCla/2; 
D, CC12Br2; 0, CZCL 

Dose dependence of the minor radiolysis products 

as scavenger, the radiolysis products and their 100-eV 
yields were: CCl,Rr, 7.1; BrCl, 7 ;  C2C16, 0.48; CZC11, 
0.07; and CCl2Br2, 0.12. The dose dependence of the 
concentrations of the major products is shown in Figure 
1 and that of the minor products in Figure 2 .  Also 
shown in Figure I is the dose dependence of the major 
products in ihe radiolysis of carbon tetrachloride con- 
taining Iz. Clearly, in this system the 100-e Vyields 
of CCIBI and IC1 are dose dependent, with G(CC1,I) be- 
coining negative at large doses. At very large doses 
(> IOzo eV/rnl), the only iodine-containing product in 
these solutions was 1C1. This is similar to results from 
the radiolysis of air-saturated solutions of IZ in carbon 
tetrachloride d ie re  IC1 is the only iodine-containing 
product at all doses.14 In the degassed CC1,-12 sys- 
tem, as in the system containing Brz, the concentrations 
of the minor products, CZC16 and CzC14, were linear with 
dose. Their 100-eV yields were 0.45 and 0.073, respec- 

The major radiolytic products in solutions containing 
Br2 or Iz indicate that CC13 radicals and C1 atoms are 
the most significant neutral intermediates formed by 
ionic or neutral dissociation processes and charge 
neutralization reactions. When 13rz was present, both 
G(CC1,Br) and G(BrC1) were approximately equal to 
the 100-eV yield for the disappearance of Br2, suggesting 
the following mechanism as seen in eq 1-3. 

C1 -t. Brz + BrCi + Br 

CCL Jr Brz -+ CC13Br 3. Br 
(1) 

(2) 

2Br -+ Brz (3) 

Reactions similar to eq 1-3 can be written for the 
mechanism in the system with I2 as a scavenger. 

Reactions consistent with the slow decrease of CCIDI 
at large doses are shown in eq 4 and 5. 

c1 + CC1,I + IC1 + CGh 

CCL + IC1 ---+ CCL + I 
As the dose increases, the concentration o€ 1% decreases, 
and an increasing fraction of the C1 a t o m  reacts with 
CClJ as in reaction 4. Also, as the concentration of 
IC1 increases, more of the CC1, radicals react with 
IC1 as in reaction 5 and are converted back to CCL 
Reaction 4 is proposed instead of an alternative reac- 
tion in which Clz and CClZI are products because the 
energy of the C-I bond is about 30 kcal/mol lower than 
that for a C-Cl bond,15 while the bond strength of CL 
is only approximately 7 kcal/mol greater than that for 
ICl.16 The exclusive occurrence of reaction 5 over an 
alternative reaction in which CG1,I and C1 are products 
is established by the absence of CClJ in the radiolysis 
of carbon tetrachloride containing IC1 as a scavenger. 
Based on standard heats of the alternative 
reaction is slightly endothermic (neglecting solvation 
energies), while reaction 5 is exothermic. 

The concentration of IC1 at large doses in the carbon 
tetrachloride-iodine system increases, regardless of the 
identity of the products formed by the attack of Cl 
atoms on ICl. If C12 results from the Cl atom attack, 
it uill react spontaneously with the 1% to  form IC1.17 
If IC1 results from the C1 atom attack, the resulting C1 
atom will. eventually appear as IC1 either by recombi- 
nation with an I atom or by forming Clz that would sub- 
sequently react) Kith 1 2 .  These reactions explain the 
fact that G(-ICl) is equal to zero in the solutions con- 
taining IC1 as a scavenger and also account for the 
failure to observe the formation of I2 in these solutions. 

Of the three radical scavengers (Brz, Iz, and ICI), 
only in solutions with Br2 can the initial 100-eV yield 

(4) 

( 5 )  
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Figure 3. 
and CClZBr2 on the eoricentratioii of Bra: 0, G(CCl8Br); A, 
G(C2Cla) X 10; El, G(CC12Br2). 

Dependence of the 100-eV yields of CClaBr, CzCls, 

of radicals be determined. When Iz is the scavenger, 
the yields of the products of the scavenging reactions 
are dose dependent; when IC1 is the scavenger, the 
products of the scavenger reactions cannot be measured. 
In  the system containing Rr2, the initial 100-eV yield of 
CCla radicals can be measured accurately because 
CC13Hr is formed. The yield of C1 atoms cannot be 
measured as accurately since they form BrCl; small 
concentrations of this compound cannot be accurately 
measured in 50-100 times cxcesb Brz because of the 
overlapping absorption spectra of the two compounds. 
However, in most of tlit: experiments G(BrC1) is usually 
within 15% of G'(CCLHr). Values for G(CC13Br) 
were dependent upon the initial concentration of Hr2 
as shown in l4gure 3. In solutions with >0.005 M 
Hr2, G(CC1,Hr) is constant a t  7.1 f 0.2 molecules/100 
eV. This is cqual t o  the 100-eV yield of CC13 radicals 
and agrees wcll uith 7.0 radicals/100 eV calculat~ed for 
this quantity from the data of Schulte.2018 In his 
experiments Cl? containing 36Cl was used as a scavenger. 
The radiation-induced formation of CCl, containing 
36Cl was then rneasurcd. 

The formation of C2Cle in the presence of Br2, 1 2 ,  
or IC1 is evidence for the occurrence of spur reactions. 
Whether CCla radicals are the precursors is not certain. 
As shown in Figure 3, Brz can compete for these pre- 
cursors, suggesting that they may be CCl, radicals. 
However, the data in Figure 3 are not conclusive be- 
cause the expected increase in G(CC13Br) as Rr2 com- 
petes with the spur reactions is within the limits of the 
experimental uncertainty in determining G(CC13Br). 

The formation of CC12Br2 in the system containing 
Hrz indicates that intermediates other than CC13 radicals 
or C1 atoms are being scavenged. These intermediates 
may be CCl2 r*iidicals, and the CClzHr2 molecules result 

ing process is incomplete and that the initial 100-eV 
yield of these intermediates is >0.16. Evidence im- 
plying the existence of CC12 radicals has also been ob- 
tained in the radiolysis of liquid chlor~form.~ When 
chloroform containing 0.045 M Brp was irradiated, 
CClZBr2 was formed with a 100-eV yield of 0.4. Pre- 
cursors of CClZ may be ions or excited CCL molecules. 

Previous to this study tetrachloroethylene has not 
been reported as a product in the radiolysis of liquid 
carbon tetrachloride. ltecently, IIarcotte and Han- 
rahan'g have reported that this product is formed in the 
gamma radiolysis of mixtures of CCL and CF, vapor at  
920 mm and 85". In the radiolysis of liquid carbon 
tetrachloride, C2C14 is not a product] in solutions con- 
taining ClZl2 0 2 , 3  or in pure CCL2*d These results have 
been confirmed in this laboratory. However, CzCh is 
an initial product when Br2 is present as a scavenger 
(Figure 2). CZCl4 is also an initial product in solutions 
containing I2 or IC1. In each of the solutions wliere 
CzCl, is riot formed, CI, is a major product.? 5. A180 in 
these solutions, the C1 atoms probably have much 
longer lifetimes than in the presence of Brz or 1 2 .  Both 
C12 and C1 atoms may e a d y  react with and saturate 
any C&14 that is formed. If B scavenger in carbon 
tetrachloride converts C1 atoms (or CIe) to a less reac- 
tive species, the C2CI4 may be protected. This is possi- 
ble when Brs or I2 is present. 

In the solutions with ICI, Cl probably reacts with 
IC1 to abstract an I atom. Because this abstraction of 
I does not remove C1 atoms a3 an abundant intermedi- 
ate, this rraction is not compatible with the appearance 
of C2CI4 as a product. It is proposed that C1 atoms add 
to IC1 to form IC12. This intermediate would then 
react with an I atom to produce two molecules of IC1. 
Possible support for the transient exi&ence of IC12 is 
that in the pulse radiolysis of carbon tetrachloride evi- 
dence has been obtained for the formation of Cl atom- 
solute complexes when electron donating solutes are 
present. 2o 

Carbon Tetrachloride Containing Hydrogen Iodide.  
Hydrogen iodide was investigated as :I solute to  provide 
additioml confirmation of initial radictd yields obtained 
in the CC14-Br2 system. When solutions of carbon 
tetrachloride containing 0.01 M HI were irradiated, the 
products and their 100-eV yields wert:: cwc13, 7.4; 
1 2 ,  8.9; C2C16, 0.52; CZCl4, 0.12; arid C2HClli, 0.07. Each 
of these 100-eV yields is independent of doise up to  
1.36 X 1019 eV/ml, the largest dose used. Cas chroma- 
tographic analysis of these irradiated solutions indicated 
that CClaI was not a product. From the absorption 

from successive bromination. 
enger, the expected product is cClz12 or CCh. 

If Iz or IC1 is the scav- 
CChIz (18) I n  his original cnlculations a factor of 2 was omitted and the 

10beV yield of ccia r d i c d s  reported as 3.5. 
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l o - *  10.' 10': 10-1 

Figure 4. Dependence of the 16)O-eV yields of Hz and CHCl, 
on the concentration of HI: 0, #(IS); A, #(CHCls). 

P i  Conceriratioi, El 

spectrum of solutions irradiated to the largest dose, 
the 100-eV yield of IC1 was estimated to be less than 
7% of G(Iz) or -0.5 molecule/100 eV. 

For formation of the major products the following 
mechanism is proposed. 

CClS -4-331 + CHCl, + I (6 )  

(7) 
(8) 

Although the yield of BCl was not measured, its for- 
mation can be inferred because G(L) is greater than 
G(IC1). From this mechanism, it follows that G(CHC13) 
should equal @(I,). However, S,R shown in Figure 
4, G&) is always greater than G(CMCls) at all con- 
centrations of the scavenger. Part of this difference 
can be attributed to the spur reactions forming CZCl4 
and C2Cle. For each molecule of CzCla or CZCl4 formed, 
either two or four Cii atoms remain to react either as 
Clz molecules or as C1 atoms with HI to increase the 
yield of 12. Consequently, G(L) should equal G(CHCla) 
3- G(C2Cle) -4- 2G'(C2C14) and thus be 0.8 unit larger 
than G(CHCl3). A.s shown in Figure 4, this is the case 
a t  H I  concentrations lower than -0.002 M .  The 
increases in G(CRCL) and G(Iz) at higher concentra- 
tions of H I  probably result from energy or charge 
transfer mechanisms. Similar effects have been ob- 
served in the radiolysis of hydrocarbons containing 
HI. The yields of alkyl iodidesz1 and also iodinez2 
increase with increasing scavenger concentration. As 
shown in Figure 4, G(CHCI8) and G(I2) become con- 
stant below approximately 1.5 mM HI. These data 
indicate that the initial 100-eV yield of CCL radicals is 
6.8 f 0.2 radicals/100 eV. This is within the experi- 
mental error of values determined with Br2. From 
mass balance considerations, the lower limit of the 
initiaI yield of CI atoms is 6.8 since it is not certain 
whether C1 or C'iz results from the spur reactions. 

Values for G(C2Cls) and Q(C2CL) are close to those 
observed when the halogens were used as scavengers. 
In the solutions with HI, the small yield of C2HCls may 
result from ;,lw xrJvwging of s",zC15 radicals. These 

C1-k HI --+ NC1 -t- I 

radicals may result from the dissociation of excited 
C2C16 molecules formed by recombination of CCls 
radicals or from the addition of a small portion (<1%) 
of the C1 atoms to CzC14. In  carbon tetrachloride con- 
taining Br2 OF hp CaClsBr, and C Z C I ~  were not ~ ~ t ~ c t e ~ ,  
These products were either not formed or were not 
detected because of the poorer sensitivity for their 
analysis than for that of CzHC&. 

No evidence for any CCl2 species was obtained when 
H I  was the scavenger. The products CHzCla and 
CHClzI were not detected a t  concentrations of HI suf- 
ficiently large (0.06 M )  to  ensure scavenging of at least 
a portion of the precursors of the CC12Br2 in the other 
system (see Figure 3). This suggests that the C C L  
Brz does not result from successive bromination of 
CC12 because the expected product in the presence of 
HI is CH2C12. If the precursors of CCLBr2 are CCL+ 
ions, these might preferentially abstract I atoms from 
HI leading everdmlly to  CClzL, which cannot be ana- 
lyzed. 

Solu- 
tions of carbon tetrachloride containing other solutes 
were irradiated primarily to  determine the effect of these 
solutes on the formation of C d L  The results are 
summarized in Table 11. Tetrachloroethylene was a 

Carbon Tetrachloride Containing Other Solutes. 

Table 11: Products in the Radiolysis of Carbon Tetrachloride 
Containing Varjous Solutes (-0.02 M )  at 25" 

Solute c------ ProductsQ--- 

"8 Cn@lc 0.10); CZCh (2.8); 
CZH4 CZCL (0.10); CzCls (4.3); CClsCHzCHzCl; 

CClaCHCHz 
CHCla CzCld (0.09); CzCla (2.7) 
CHzClz C2Ch (0.10); CIICls (2.0); Cz&Cl4 (0.4); 

CzHC16 (1.7); CzCla (2.6) 

CzCle (2.8)" 
CH&l C&!la (0.13); CHzClz (5 .5) ;  CHCL (0.1); 

CCl8Br CzCle (0.75);d Clz (0.47);' BrCl (0.24);' 
Rrz (0.04)" 

a 100-eV yields are given in parentheses, where determined. 
' This species was in the form of an insoluble salt in the irradi- 
ated solution. Other products were present but not ident'ified. 

e Deter- 
mined at doses >2.7 X lo'@ eV/ml. 

This yield was nonlinear with dose (see Figure 5). 

product in all the solutions except those containing 
CCLBr. All the solutes are presumably capable of 
reacting with C1 atoms to produce free radicals that> do 
not, react with CaC14. However, it has been shownza 

(21) C. E. McCauley and R. K. Bchuler, J .  Amer. (:hem. Soc., 79, 
4008 (1957); R. W. Fessenden and R. H. Sohuler, iMd., 79, 273 
(1957). 
(22) For a summary of these results see R. A. Holroyd in "Aspects 
of Hydrocarbon Radiolysis," 7'. Gaumann and J. Hoigne, Ed9, 
Academic Press, London, 1968, p 5. 
(23) A. Horowit,z and L. A. Rajbenbach. J .  Amer, Chem. iSoe., 91, 
4626 (1969). 



that organic radxaKs produced by the radiolysis of 
various hydrocarbons can react with CZCl4 added ini- 
tially 10 the solutions. In the present study, the radi- 
cals do not react with CZCl4. Similar results were 
found2d when C)4C14 a , p ~ e a r e ~ ~  as a product of the radio- 
lytically inducod &sin reactions in cyclohexane con- 
taining m M  ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t i ~ ~ i s  of @&I,. In  this sbudyZ4 
C4C14 i.i.wdted E:.smn the dissociation of C2C15 radicals 
formed by the ~ ~ ~ ~ t r a c ~ ~ o ~ ~  of CI atoms from C2C)ls by 

A similar ~~~~e of formation of CzC14 in 
the rti,diolysis of curbon tetrachloride is possible if 
C&l, ;acikcals rebuli: froin the dissociation of a portion 
OS the c*xciteld C2CBg nrroiecules formed by the recomlojna- 
timi of CiG& mdicrds. However, this possibility is 
e ~ ~ ~ i ~ ~ t ~ d  by the ~ ~ ~ s ~ ~ ~ t , ~ o n  that in those systems 
where G~~~~~~~ b:w increased (Table IX) over i t s  value 
in pnwence of thc ~ ~ ~ ~ o ~ e ~ ~ ~ ,  G(C2CI4) has not increased 
s ~ ~ ~ ~ ~ ~ a ~ l ~ ~ y "  

In the ~ ~ r ~ ~ d ~ ~ ~ e ~ ~  solutions containing NHa, a precipi- 
take that ~ ~ n t ~ ~ i r ~ ~ ~  61- ions was formed. Davis and 
~ a I ~ r a ~ a , ~ ~ ~  25 by ~ r r ~ ~ d ~ a t ~ ~ g  carbon tetrachloride that 
cuntshed 0.2 &I NI&, have demonstrated that this 

~ ~ r e l d ~ ~ ~ i ~ : ~ ~ t ~ ~ 7  NIE.I.431. In  their study, they 
ed that the IO0-eV yields for NH&l and 

28 and 2.1, rrspectively, but they apparently 
etecl CZCl9. Their value for G(C2Cle) is lower 

tBiarr that ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ( ? ~  in the present study, but this may 
be caused by mure CGla radicah being scavenged by 
X B8 in their ~ ~ ~ [ ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~  since higher scavenger con- 
centratlonR were used. Assuming the absence of a 
chain ~ e ~ h ~ n i s ~ ~  an estimate of the yield of the scav- 
erigeable organic radicals in their experiments can be 
eelonlated by ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ g  the yields of the carbon atoms in 
all 121c pra~dracls aid sulbtracting from this sum the 
yield of CZ@& 1711 cnles formed by spur reactions. 
This iiatter yield i 5 molecule/100-eV, and the calcu- 
lated organic pa, yield is 9 radicals/lOO-eV. This 
value is somewhat laigber than that determined in this 
study using Br2 OF Il l .  Part of the larger yield may 
resiaN, from the inteiaetion of the N€I3 a t  such high con- 
centrations with the  ionic processes in the carbon tetra- 
chloride. This eflect has been observed in chloroform26 
where the ~ ~ i e ~ e r ~ c e  of NH3 at concentrations greater 
than (1.03 M increases the yield of radicals. 

In ilhc presemw ol' ethylene, C2C14 was a product, and 
enee was obtained for both the addition of C1 

4 and the loss of H atoms from C2H4 leading 
ou of (I2ClaCH2CHzC1 or CC13CHCH2. 

s were used to react with 
and CH&1 radicals were 

1, and CH3C1, respectively 
(Tahle IT). In the presence of any of these three so- 
lute8, Ciz was not a product. This agrees with other 
results4 on t h  radiolysi,is of carbon tetrachloride that 

In  
the present study, of the experiments with chloro- 
methnnes were wit 6 1 2  and the results of these are 

Wbea the ohlarom 

that CHClS inhibits the formation of (21,. 

summarized in Table 111. 
is consistent with t'he results. 

The following mechanism 

C1 + CHzC12 HC1 + CBC12 (9) 

2CHC12 ----f CZITzG14 (11) 

(12) 

2CCls --f CZC16 (13) 

CHClz j -  CC14+ CHCh "r CCb (10) 

CHC12 + CCl3 --j- CzBC15 

Table 111: Products in the Radiolysis of Carbon 
Tetrachloride Containing CHZC~Z 

CH&I?, ~-------lOO-eV yield------------- 
M CllCla czc14 C2HzCln CzHCli CzCle 

0.001 1 . 9  0.09 0.15 1.2 2 .6  
0.007 2.0 0.10 0.41 1.6 2.6 
0.057 2 .0  0.11 0.40 1 . 7  2.6 
0.12 2.0 0.10 0.38 1.8 2 . 5  

All of the C1 atoms are reacting with CHzCl2 because 
an increase in scavenger concentration did not increase 
the yield of CHClz radicals. Reaction 10 is reasonable 
because it is exothermic based on gas phase heats of 
formation. Prom the low yield of CHCL when CH3C1 
was the solute, the CHCla in the system containing 
CHzClz is not a result of CCb radicals attacking CWZ- 
C12. This reaction is probably close to 4 kcal endo- 
thermic based on heats of formation.*7 From the 
above mechanism, the sum 2G(C2 
HCls) 3- G(CHC13) should equal 2G(CzCle) + G(C2- 
HC&) - G(CHC13). The average values of these 
quantities using the data in Table 1x1 are 4.5 and 4.8, 
respectively. These are equal within experimental 
error, lending support to the propnsed mechanism. 
This number can be equated to the yield of CP atoms in 
this system and is close to the value for G(BC1) (5.1 
molecules/lOQ eV) determined by Johnston and co- 
workers4 in the radiolysis of carbon tetrachloride con- 
taining 0.016 M CHC13. These values are considerably 
lower than the 100-eV yield of C1 atoms determined 
with Br2 or HI scavengers. These data suggest that 
both CHzCl2 and CHCla are in some manner inhibiting 
the formation of radicals in irradiated carbon tetra- 
chloride. This process is fairly efficient because the 
inhibition is complete at 7 X lop3 M GHLE~~.  Pre- 
sumably these solutes interact with the intermediates in 
the radiolysis of carbon tetrachloride by an energy- or 
charge-transfer mechanism. 

(24) A. I-Iorowitz and L. A. Rajbenbach, J. Phus. Chem., 74, A78 
(1970). 
(25) D. D. Davis and R. J. Hanrahan, J. Amer. Chem. Soc., 87, 3088 
(1965). 
(26) J. N. Baxter and N. E. Bibler, J .  Chem. P h m ,  53,  3444 (1970). 
(27) 8. Furuyama, D. M. Golden, and S. 'Mi. Benson, J. Amer. 
Chem. Soc., 91, 7564 (1969). 
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Figure 5. 
containing CCl& (-0.02 M ) .  

Dose dependence of CzCla in  the radiolysis of CCId 

Failure to detect CZCL as a product when CClaBr is a 
solute is consistent with the appearance of CIZ as the 
most abundant free halogen. As mentioned earlier, in 
all other systems reported when Clz is a product, CZCL 
is not. This suggests that CClaBr does not scavenge 
C1 atoms efficiently and these atoms either recombine 
or react with CZC14. The nonlinearity (at low doses) of 
the dose dependence of the yield of CzC& (Figure 5 )  is 
similar to that observed for Clz in the radiolysis of pure 
carbon tetrachloride at  temperatures of 60" and 
a b ~ v e . ~ J *  Also, from the slope of the linear portion of 
Figure 5, G(C2Cls) is 0.75, a value equal to G(C12) and 
G(C2Cle) determined in pure carbon tetrachloride. 2,3 

This system is similar to pure carbon tetrachloridea 
except that a fraction (21%) of the free halogen is bro- 
mine. It is suggested that the nonlinearity of Figure 5 
at  low doses results from the dose necessary for the free 
halogen concentration to become large enough to scav- 
enge CC13 radicals and cause a decrease in the rate of 
production of CzC16. 

Conclusions 
The initial 100-eV yield of CCia radicals in the 

radiolysis of carbon tetrachloride measured by Br2 or 
H I  is 7.0 i 0.2. In  the experiments with HI, 7.0 
< G(C1) < 8.3. In  addition to a spur yield of CzCls, 
C&I4 is also an initial radiolytic product (G = 0.07 - 
0.10 molecule/100 eV). In  pure CCh or in solutions 
containing solutes that do not remove @1 atoms or 
Clz, these intermediates react with CZCL and remove it 
as a product. When CHzClz or CHCla are solutes, the 
values of G(CC1,) and G(C1) are lowered considerably 
by an interaction that does not involve the scavenging 
of C1 atoms. 

(28) Experiments in this laboratory have established that the yield 
of CzCls is also nonlinear with dose in the radiolysis of pure carbon 
tetrachloride at  2 5 O .  Preliminary results indicate that the extent 
of nonlinearity is dependent on the void space above the sample. 
As the void space increases, the dose necessary to reach the linear 
portion of the curve increases. 
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