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The moderator effect of Kr on the reaction of (I.T.)-activated #Br with CH, has been examined, keeping
the ratio of Br,/CH, at 0.02 or 0.05. The yield of CH,®*BrBr shows a slight decrease at the beginning of modera-

tion and then tends to increase with further moderation.
80BrBr via a thermal ionic process in highly-moderated systems.

These facts suggest an additional formation of CH,-
When the concentration of Br, is varied in the

system containing 10 cmHg of CH, and from 40 to 36 cmHg of Kr, the yield of CH,®*BrBr first increases and then
decreases, showing a broad maximum. This dependence not only partly explains the inconsistence of the present
results with those previously reported, but also suggests the competition of two types of reaction in its formation.
One must be the reaction of a radioactive radical with Br,, leading to the formation of CH,*BrBr:

«CH,*Br + Br, —— CH,*BrBr.
The other type of reaction is a scavenging reaction of Br, for the reacting 8Br atom.

The determination of the relative importance of the
kinetic energy and the positive charge in reactions of
the recoil Br atom is a current subject in the recoil
Br chemistry. So far, many extensive investigations
of the subject have been carried out, particularly on
the reactions of 8Br with CH,.1-%

While the (n,y)-activated 3'Br reacts with CH, to
yield CH4*Br, mainly as a result of the recoil kinetic
energy acquired by the 8Br atom,® the (1.T.)-activated
80Br reacts by two processes, one involving excess
kinetic energy, and the other, a thermal process.

Following the determination of the total organic
yield by Spicer and Gordus,® Tachikawa and Kahara®
examined the molecular distribution of the products
under a high concentration of bromine and reached
the conclusion that CH,®BrBr is formed principally
via the kinetic energy-independent process, while CHg-
80Br is formed uvia both kinetic-energy and kinetic
energy-independent (thermal ionic) processes. Since
the Br, additive is an efficient moderator of the 8Br
atom, it is rather desirable to use the smallest pressure
of Br,. Recently Yagi ef al.®) reexamined the above
reactions in a Kr-moderated system, keeping Br,/
CH,=0.029; they reached the different conclusions
that CH48Br is principally formed via the kinetic-energy
process and that CH,8BrBr is formed via both processes.

These experiments were all carried out in the total
pressure range from 50 cmHg to 76 cmHg. It has been
reported that the yields of individual organic products
increase with an increase in the total pressure, but
tend to level off around 50 cmHg.® Thus, one of the
possible factors which are responsible for the incon-
sistency among the results previously reported was the
variation in the Br, added as a scavenger in the systems.

In the current set of experiments, we -carefully
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studied the reactions, particularly in highly-moderated
systems. The results obtained showed a characteristic
in CH,%BrBr with the Br, concentration. A qualita-
tive explanation of the above contradiction has been
attempted.

Experimental

The experimental procedure was the routine one for the
study of 8Br activated by the isomeric transition of 8™Br; it
involved the irradiation of Br, in a quartz ampoule, mixture
with reactants and analysis of the products by means of
radio-gas chromatography. The details can be found else-
where.?)

Materials. Bromine came from the Kanto Chemical
Co., and was used after simple purification by vacuum dis-
tillation. Methane and krypton, the nominal purities of
which were both 99.9959%,, were supplied by the Takachiho
Chemical Co., and were used directly from the vessel.

Measurement of Bry-pressure. In our previous experi-
ments,?3) we used an oil manometer to measure the pressure
of irradiated Br, added to reaction ampoules. However, it
was rather difficult to measure a pressure of less than 1.0 cmHg
by means of this apparatus. In the present set of experiments,
therefore we used a digital precision pressure gauge, model
145 (Texas Instruments), which involves a quartz buldon
gauge. This apparatus allows us to measure pressures down
to 0.1 mmHg with precision of better than +59%,.

Sample Processing. All relative products distributions
were determined by radio-gas chromatography, employing
a side window-type gas-flow counter. The inorganic bro-
mides were isolated from the organic bromides by the inser-
tion of a short glass column packed with potassium ferro-
cyanide into the gas stream ahead of the organic separation
column. The separation column consisted of a celite base
(60—80 mesh) coated with dioctyl sebacate (159, by weight)
packed in a glass tube 4 mm in inside diameter and 5 m long.
The major products observed were, in all cases, CH,%Br
and CH,*BrBr, although several minor products, such as
C,H,8Br and CH,*BrBr,, were also observed.

In the determination of the total organic yields, the pro-
ducts were frozen by dipping an ampoule into a liquid-
nitrogen bath. The tip of the ampoule was cut in order to
pour a mixture of 5ml of 0.5 Na,SO,; and 3 ml of CCl,.
After sealing-off the tip, the ampoule was vigorously shaken.
The organic phase was then separated from the inorganic one.
Each phase contained in a vessel specially designed for count-
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ing was measured by an end window-type gas-flow counter.
The activity of 8Br in each phase was corrected for 8™Br and
82Br using the decay curves of the activities. No correction
for freezing, shaking, or separation was applied in the calcula-
tions of the total organic yield, since the decay correction based
on the time spent for these processes was less than a few
percent and could be disregarded. The percentage yields
reported in this paper were the percentage of individual
activities relative to the total organic activities observed,
multiplied by the total organic yield.

Results

The effects of the moderator gas, Kr, on the indi-
vidual product yields are graphically depicted in Fig. 1.
The plots include all the results obtained from systems
where the concentrations of Br, as a scavenger, relative
to CH,, were 0.02 and 0.05. In all cases, the total
pressure was kept constant at 5041 cmHg. At zero
m.f. of Kr, the yields were 4.3+0.4%, CH,%Br, 2.14
0.29, CH,®BrBr, and 6.440.6%, total organic.

w
—0O—
/'

Yield (%)

bt
4%;§~;é¥j

| R SN
[ ]

~ :
0 O~ gose—
0 v . L Y
0 02 04 06 08 10
m.f. of Kr

Fig. 1. The Kr-moderator effects on the individual products.
The ratio, Br,/CH, was 0.02 and 0.05
Br,/CH,: 0.02 @: CH;**Br A:CH,*BrBr
Br,/CH,: 0.05 (¢: CH*Br /\: CH,%BrBr

As the dilution of the reaction system with Kr pro-
ceeded, the yield of CH,%Br decreased and could be
extrapolated to 0.640.19% at 1.0 m.f. of Kr in either
case. However, the yield of CH,%BrBr showed a
slight decrease at the beginning of dilution, but it
tended to increase when the m.f. of Kr exceeded 0.5.
At 1.0 m.f. of Kr, the limiting yield of CH,BrBr was
2.94-0.3%, or 3.24.0.3%,; depending upon the value of
Br,/CH,.

In order to examine the yield variation with the
concentration of Br, in highly-moderated systems, the
Br,/CH, ratio was varied from 0.01 to 0.4, while keeping
the pressure of CH, constant at 10 cmHg. Con-
sequently, the pressure of Kr (40 to 36 cmHg) was
adjusted to attain a total pressure of 50+1 comHg. In
view of the relative efficiency of Br, and Kr as kinetic-
energy moderators for an energetic 8Br, the change in
moderator efficiency accompanied by the small varia-

[Vol. 46, No. 1
L4
i
S % : ~—
sl T4
£ 4
i
|an—oo o] o] 0-
00 Oll 0‘2 0‘3 64 05

Ratio, Br,/CH,

Fig. 2. The effects of the variation of the ratio, Bry/CH, on the
yields of CH#Br and CH,*BrBr in the highly moderated
systems (CH,: 10 cmHg, Br,: 0.1—4.0 cmHg, and the total
pressure was kept constant at 50+ 1 cmHg by adjusting Kr-
pressure).

@®: CH;*Br /\: CH,*BrBr

tion in composition, cannot be important. The results
obtained are plotted in Fig. 2. The variation in
CH,®Br did not exceed the experimental fluctuation
from the value of 0.64-0.1%, over the range studied.
On the other hand, the yield of CH,BrBr increased
with the increase in the ratio of Br,/CH, at the begin-
ning, and then decreased when the ratio exceeded

around 0.15, showing a broad maximum in the range
from 0.05 to 0.10 of Br,/CH,.

Discussion

Comparisons with Reported Results. The total organic
yield (6.44-0.69,) with no additive agreed reasonably
well with those reported by Spicer and Gordus (6.8
0.89%,)® and by Yagi et al. (7.04-0.39,).9 However,
when the limiting yields of the individual products at
1.0 m.f. of Kr are compared, a significant difference
can be noticed between the present results and the
Yagi et al. results. They reported the limiting yield
of zero percent for CHy®Br and 1.49%, for CH,%BrBr.
In their series of moderator experiments, the smallest
m.f. of CH, reached was 0.25, and their extrapolation
of the yields of products to 1.0 m.f. of Kr relied on results
covering the range from zero to 0.75 m.f. of Kr. Ac-
cording to the present results, however, their extra-
polated curves do not necessarily represent the real
moderator curves under highly moderated conditions.
For example, when the variations in CH,*Br from
zero to 0.7 m.f. of a moderator in the present results
are taken into account, the extrapolation of CHy®Br
to zero percent at 1.0 m.f. of moderator is rather pro-
bable. Thus, their results can be understood to show
the moderator effects of the products up to around
0.75 m.f. of moderator, but can not be extented to
much further moderation.

The most significant difference between the present
results and the reported ones, however, can be seen
in the yield of CH,*BrBr at a higher moderation, and
consequently in its limiting yield at 1.0 m.f. of Kr.
When the Br,/CH, ratio was varied while keeping the
pressure of CH, constant, at 5.0 cmHg (the pressure
of Kr was also varied from 45 to 41 cmHg to attain
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the total pressure of 51 cmHg), a dependence of the
yield of CH,*BrBr as the Bry/CH, ratio similar to that
shown in Fig. 2 was observed. This suggests that
this kind of variation in the yield curve of CHy8BrBr
with the ratio can always be expected at high modera-
tions and that a small variation in the ratio sometimes
leads to a large difference in the yield of CH,*BrBr.
Consequently, the limiting yields of CH,*BrBr and of
the total organic at 1.0 m.f. of Kr may vary considerably
depending upon the amount of Br, added in highly
moderated systems. Thus, if the Br,/CH, ratio is
varied little from 0.02 in such a high moderation, the
difference in the yield of CH,*BrBr between the two
experiments, the present and the previous ones, can be
easily accounted for.

In most of the moderator experiments previously
reported,” the amount of Br, relative to that of the
reactant was determined from scavenger curves in
the unmoderated systems. Once it was determined,
the Bry/reactant ratio was kept constant or nearly
constant throughout the m.f. of the moderator. With
regard to this conventional selection of the Br,/reactant
ratio the present results are thus very suggestive. In
conclusions, in order to identify the yields of the organic
products as the kinetic-energy or kinetic-energy-inde-
pendent yields, the present types of behavior of the
products under highly moderated conditions, as well
as the physical natures of the moderator® must be
taken into account.

Kinetic-energy-independent Yields of Products. From
the results shown in Fig. 1, it may be concluded that
the kinetic-energy-independent yield of CH,®Br was
0.64-0.19,, which corresponded to ca. 149, of the
total CHz*Br formed. This conclusion, however,
includes the assumption that the moderator curve
obtained reflects the true reaction processes involved
in the formation of CHy#Br. Recent moderator experi-
ments on 30mBr-C,H,,®» however, have indicated that
when the reaction system is diluted with inert gases,
the distribution of the charged %Br is modified so
that an additional formation of CH4%Br via the kinetic-
energy-independent process occurs. Furthermore, in
the present work the increase in the yield of CH,®BrBr
at a high moderation is an indication of the additional
formation of the compound uia the kinetic-energy-
independent process. Thus, the present value of 0.69%,
for the kinetic-energy-independent yield of CH,*Br
should be understood to be a maximum value.

On the other hand, it is not possible to identify the
observed yield of CH,®BrBr with no additive as kinetic-
energy and kinetic-energy-independent yields on the
basis of the present results alone. Nevertheless, we
preferred to conclude that it was mainly formed via
the kinetic-energy-independent process and that the
formation due to the kinetic-energy process was less
important. This is qualitatively consistent with the
conclusion reached in the early experiments using a
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rather high concentration of Br,.” One support for
the above prediction is given by the recent experiments
in our laboratory.l® When the %BrBr molecule is
irradiated with the light of the wavelength of 2537 A,
an energetic %2Br atom with 1.2 or 1.7 eV, but with no
charge is formed. This atom reacts with CH, to
give CHg8Br. The CHyBrBr was not detected
within the limits of experimental uncertainty, and its
yield, if it is also formed, must be less than a small
percentage of that of CHy®Br. The results obtained
with the reaction of 8Br activated by the (n,y) process
with CH, were also consistent with the above predic-
tion. The #Br thus activated has a higher energy
and less charge than that from the (I.T.) activation,
and it reacts with CH, to yield a total organic yield of
13.8%,, principally via the kinetic energy process.511)
Spicer and Gordus reported that 899, of the total
organic yield was CHg?%Br, while 119, was CH,8BrBr.
A further analysis of the results using the Estrup-
Wolfgang kinetic theory showed that the yields due to
the kinetic-energy processes were 12.3%, for CH,8Br
and 1.09;, for CH.%BrBr.1» These values gave the
ratio of 0.08 for CH,BrBr/CH,3Br.

As a crude approximation, we attempt to evaluate
the maximum yield of CH,®BrBr due to the kinetic-
energy process in the present reaction with the assump-
tion that the value of 0.08 for the CH,8BrBr/CH,8Br
ratio also holds in the present reaction system. The
maximum Yyield of the kinetic-energy process to form
CH,3BrBr was estimated to be 0.08 X 3.9=0.39%,, this,
however, explains only 149, of the total yield of CH,-
80BrBr.

Effects of the Br, Concentration on CHy,®*BrBr in Highly
Moderated Systems. The appearance of the maxi-
mum in the yield of CH,%BrBr in Fig. 2 can only be
explained in terms of the competition between two
types of reaction.’® If at least a part of the yield is
directly dependent on the presence of inactive bromine,
the latter contributes to their formation. An example
would be the reaction of a radioactive radical with
Br,, leading to the formation of CH,8°BrBr:

-CH,®*Br + Br, —— CH,®BrBr.

The other type of reaction involved is a scavenging
reaction of Br, for the reacting 8Br atom, since Br, is
the reacting scavenger. At higher concentrations of
inactive bromine, the collision of the reacting 8Br with
Br, becomes important and the yield is progressively
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the previous works, the reaction mixture was once transferred into
the injection loop for the radio-gas chromatographic analysis.
Thus a constant fraction of CH,*BrBr was lost due to the adsorp-
tion, mainly on the stopcock involved. Furthermore an addition
of Xe or Ar as a moderator may lead to a different behavior
of CH,*BrBr. However, this does not alter the conclusion
previously reached that CH,**BrBr was mainly formed wvia the
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reduced and the usual scavenger curve prevails.

The fact that a small concentration of Br, (6x 10-2
m.f.) brings about such a sharp increase in the yield
also means that the radical responsible for it must be
reasonably stable and long-lived to be able to react
with Br,. Assuming the Maxwellian distribution of
both CH,®Br and Br,, the life-time of the radical was
calculated as >10-7 sec.1®

14) The calculation based on the equation,

z= Nzoi*z( 8k T)m
T

for the collision density (see S. W. Benson “The Foundations
of Chemical Kinetics,”” MacGraw-Hill, New York, (1960) p.
153). The molecular diameter used are 4.27 A for Br, and 4.0 A
for CH,Br in analogy with CHBr (ref. J. O. Hirschfelder, C. F.
Curtiss, and R. B. Bird, ”The Molecular Theory of Gases and
Liquid,” John Wiley and Sons, Inc., New Yrok, (1960) p. 1110).
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The formation of the CH,*Br radical must involve
the breaking of two G-H bonds. In an energetic
reaction, the importance of the double-replacement
reaction is already known.1® However, the foramtion
of the CH,Br radical in the present reaction system
is probably initiated mostly via the kinetic-energy-inde-
pendent process of 8Br. The direct application of the
double-replacement reaction to the present case, there-
fore cannot be made. As was suggested in a previous
paper,” the formation of (CH,Br)+ is the most re-
alistic primary step involved. However, the details of
the reaction pass leading to CH,*BrBr from (CH,-
8Br)* must await the carrying-out of further experi-
ment.

15) R. Wolfgang, “Prog. Reaction Kinetics,” Vol. 3 (1965)
p. 97.




