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‘The isomeric transition(IT)-activated 3Br and ®*Br reactions in the gaseous H®™Br-CH;Br and H®*™Br-
CH,Br systems have been compared and the roles of the charge and kinetic energy imparted to 8Br and 32Br

in recombina tion reactions studied using a Kr moderator.
CH,CH,Br in both reactions are only formed via thermal ionic processes.
system, in which the reaction products are only formed through excess kinetic energy processes.

The products CH;Br, CH,Br,, - CHBr,, and
This differs from the %2™BrBr-CH,Br
The difference

between the two reactions has been explained on the basis of the cross sections for charge neutralization and ion
molecule reactions of Br ions as a function of the kinetic energy initially imparted to the 8Br or 82Br atoms. An
isotope effect has been observed between the IT-activated #Br and 82Br reactions with CH;Br, and attributed

to the difference in the decay modes of 8™Br and 82™Br.

Furthermore, the analysis of product yields due to the

successive internal conversion process in **™Br suggested that the second Auger process from the excited %°Br

occurs in a liquid-like condition such as ion-clusters.

Generally, the radioactive bromine atoms produced
by a variety of nuclear transformations have an appre-
ciable recoil kinetic energy and charges. Many inves-
tigations have been made in order to evaluate and
interpret the kinetic energy and charges in the recom-
bination reactions of radioactive bromine atoms in the
gas phase.l”1) It has been demonstrated that the
formation of the C-*Br bond by the reactions of
(n,p)11-13 and/or fission'® activated energetic bromine
with CH, proceeds principally through kinetic energy
processes, and that not only kinetic energy but also the
charges of IT-activated %Br and %Br in the 80™Br,
andfor 82mBr,~CH, system play important roles in
determining the chemical reactions of these atoms.5~®
Furthermore the authors have recently reported that
IT-activated 8°Br and #Br in the H®™Br-CH, and
H&2mBr-CH, systems undergo only thermal ionic
reactions (kinetic energy independent).1-4 Since the
kinetic energy imparted to the 8Br and 82Br by molecular
explosion processes following the internal conversion
in HBr molecule is 0.75 eV on average,!® being very
small compared with that (40.3 eV)!®) for the IT in
80mBr, and/or $2™Br,, this indicates that the organic
yields by thermal ionic processes are largely dependent
on the kinetic energy of the positively charged *Br+ ion.

This paper will report the contribution of the charge
and kinetic energy of IT-activated 8'Br and 82Br to the
organic product vyields in the H®mBr-CH,Br and
H#2mBr-CH,Br systems, by comparing the results
previously reported for the reactions of CHBr with *Br
activated by (n,y)!) and IT'1%18 in Br,. An isotope
effect between thermal ionic 'Br and #Br reactions
has been found in the H8™Br-CH, and H82™Br-CH,
systems,? and a similar isotope effect between the
IT-activated 8Br and %2Br reactions with CHjBr using
HBr as a source molecule will be reported.

Experimental

Materials. The listed purities of gaseous reagents,
supplied by Takachiho Chemical Co., were 99.959%, for Kr

** Present address: National Laboratory for High Energy
Physics, Oho-machi, Tsukuba-gun, Ibaraki 300-12.

and 99.59, for CH;3Br. Krypton gas was used without further
purification and CHgBr was purified by a vacuum distillation
technique so that the impurity was reduced below less than
0.19 for gas chromatographic analysis. The 8™Br and
82Br labeled HBr were prepared by procedures described
previously.1,%%

Sample Preparation. The gaseous samples were prepared
in the same manner as reported elsewhere.’»*% The reaction
mixtures were sealed in cylindrical Pyrex glass ampoules or
breakable glass tubes using a vaccum line. The ratio of
HBr to CH;Br and the total pressure were maintained constant
at 0.140.01 and 660+ 30 mmHg,! respectively, throughout
the series of gas phase experiments. In the solid phase
experiments, the reaction gases of HBr (3°™Br-labeled) (200
mmHg) and CH;Br (700 mmHg) were mixed thoroughly by
the freeze-thaw method and solidified at liquid nitrogen
temperature.

Product Analysis and Yield Determination. The details
concerning product analysis and yield determination have
been reported elsewhere.?:2:4

The experimental errors due to the standard deviation for
counting statistics and chemical procedures were estimated
as 5—99, for the organic yields in the %™Br-experiments
and less than 109, for those in the $2™Br-experiments.

Results and Discussion

Role of Charge and Kinetic Energy of IT-Activated °Br
and %2Br in Product Formation. The conventional
method for discriminating between the charge con-
tribution and the kinetic energy of bromine in the
reactions of product formation is the addition of an
inert gas to the system. The yield of products formed
through kinetic energy processes is expected to decrease
by the addition of an inert gas due to the removal of Br
kinetic energy by the moderation effect. Hence, a
yield which is insensitive to the addition of an inert
gas is considered to be due to thermal ionic processes.

Krypton was used as the moderator which has an
ionization potential of 13.99 eV, (Br (11.84 eV)), and a
mass almost equal to that of Br. Kr therefore appears
to be the most effective moderator for energetic Br atoms
and appropriate for distinguishing between the yields

t 1 mmHg~~133.3 Pa.
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from kinetic processes and thermal ionic processes.
The effect of Kr as an additive on the product yield
distributions in the H8mBr-CH,Br and H®™Br-CH;Br
systems is summarized in Tables 1 and 2, and also
illustrated in Figs. 1 and 2. The %Br and 82Br labeled
CH,Br, CH,Br,, C,H;Br, and CHBr; were identified
as the reaction products in both systems. The products

TABLE 1. PERCENTAGE OF 80Br STABILIZED IN ORGANIC
COMBINATIONS IN A GASEOUS MIXTURE OF
HBr, CH,Br, anp Kr®

Product yield

X0 % Oy yield
CH;Br  CH,Br,  Other ’
0 2.6+0.2 1.340.1 0.840.1 4.840.2
0 2.440.1 1.540.1 0.6+0.1 4.540.2
0 — — —_ 4.5+0.2
0 2.540.1 1.3+0.1 0.540.1 4.34-0.4
0.1 2.140.2 1.44+0.1 0.6+0.1 4.140.2
0.1 2.440.2 1.440.1 0.840.1 4.6+0.2
0.1 2.440.2 1.340.1 0.74+0.1 4.44-0.3
0.2 2.340.1 1.340.1 0.840.1 4.4+0.4
0.3 2.540.2 1.340.1 0.5+0.1 4.2+0.4
0.3 — — — 4.140.4
0.4 2.440.2 1.34+0.1 0.840.1 4.5+0.3
0.5 2.54+0.2 1.540.1 0.6+0.1 4.640.3
0.5 — — — 4.440.3
0.6 2.240.1 1.74+0.1 0.440.1 4.340.2
0.7 1.740.1 2.140.2 0.340.1 4.2+40.3
0.7 — — — 4.340.3
0.8 1.940.1 2.240.2 0.5+0.1 4.6+0.3
a) H8™Br/CH,Br=0.140.01. b) Mole fraction of
krypton.

TABLE 2. PERCENTAGE OF 82Br STABILIZED IN ORGANIC
COMBINATIONS IN A GASEOUS MIXTURE OF
HBr, CH,Br, anp Kr®

Product yield

X.» o Org. Z'/ield
CHpBr CH,Br,  Other °

0 3.9+0.2 1.14£0.1 0.340.1 5.3+0.2
0 3.940.3 1.340.1 0.240.1 5.44-0.2
0 — — — 5.440.3

0 3.5+0.2 1.440.1 0.140.1 4.9+40.2
0.1 3.840.2 1.14£0.1 0.240.1 5.14+0.2
0.2 — — — 5.04-0.4
0.2 3.44+0.3 1.440.1 0.240.1 5.140.3
0.3 3.840.3 1.44+0.1 0.240.1 5.440.3
0.3 3.6+0.3 1.340.1 0.440.1 5.340.2
0.3 — — — 5.54+0.5
0.4 3.740.2 1.240.1 0.340.1 5.2+0.2
0.5 3.840.3 0.9+£0.1 0.140.1 4.840.2
0.5 3.540.3 1.540.1 0.340.1 5.3+0.2
0.6 — — — 5.040.4
0.6 3.7+0.3 1.240.1 0.240.1 5.14+0.3
0.7 — — — 5.440.5
0.7 3.440.3 1.340.1 0.340.1 5.040.2
a) H#"Br/CH;3;Br=0.14-0.01. b) Mole fraction of

krypton.
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Fig. 1. Effect of Kr additive on the yield distribution
in the H*™Br-CH,Br system.
HBr/CH;Br=0.1+0.01, (: organic vyield, @:
CH,;*Br, A: CH,*BrBr, []: other.
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Fig. 2. Effect of Kr additive on the yield distributions

in the H%™Br-CH,Br system.
HBr/CH Br=0.14-0.01, O: organic yield, @: CH,%Br,
A\ CH,3?BrBr, []: other.

were similar to those found previously for (n,y)-1V and
IT-17.18) activated 8Br and ®2Br reactions in the Br,~
CH;Br system. The C,H;Br and CHBr, yields are
listed as the other product yield (the 4th column) in the
Tables. The C,H;®Br yields were less than 0.19, in
most cases, while the CHBr,3Br yields were approxi-
mately 60 to 809% of the other yield. As is shown in
Figs. 1 and 2, the product yield distributions was not
altered by the addition of Kr in the range 0—0.5 mole
fraction indicating that the reaction products in both
systems are formed only through thermal ionic processes,
similar to the results observed in the H#*™Br-CH," and
H#mBr-CH,®» systems. The thermal ionic yields of
CHjBr and CH,Br, at 0 mole fraction of Kr were 3.89%
and 1.3%, for the 82™Br system, and 2.4%, and 1.5
for the 80mBr system, respectively.

Oate et al.,' and Okamoto and Tachikawa!®) have
reported that the IT-activated #Br in the 3?mBrBr-
CH,3Br system undergoes only kinetic energy dependent
reactions. Similarly, Spicer and Gordus!" have pointed
out that the (n,y)-activated ®°Br in the same system
reacts to give the products through kinetic energy
processes. The present results are however largely
different from the above earlier findings. The present
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TABLE 3. PERCENTAGE YIELDS OF ORGANIC PRODUCTS DUE TO KINETIC AND THERMAL
IONIC PROCESSES IN THE IT AND (n,y) EXPERIMENTS®

H#2Br—CH,Br®

(n,y)-Activated®

HsomBr-CH,Br 82mBrBr—CH,Br

%Br_CH,Br

E,.JeV 1.3 1.3 158 417
Org. yield/% 5.3 4.5 2.30 5.9 4.0

N CH,Br/%, 0 0 1.59 4.69 3.0
Kinctic process { CH,Br,/%, 0 0 0.8 .30 1.0
I'hermal ionic { CH,Br/9%, 3.8 2.4 0 0 0
process CH,Br,/% 1. 1.4 0 0 0

a) HBr or Br,/CH,Br=0.14+0.01. b) Present work. c) Ref. 17. d) Ref. 18.

¢) Ref. 11, Br,=0.0254 mole fraction.

authors have pointed out that the product yields due
to both kinetic and thermal ionic processes largely
depend on the Br kinetic energy acquired initially as
results of a nuclear event.)»®» The maximum kinetic
energies (£;.x)'® of Br for (n,y) and IT in HBr and Br,
are shown in Table 3. In contrast to the present results,
there is no contribution of thermal ionic reaction to the
product formation in both (n,y)'V and IT'%!® in Br,
because of the large values of E_,,. This difference
suggests that there is a close relationship between the
kinetic energy of Br and the yields due to both thermal
ionic and kinetic energy processes. The yields due to
thermal ionic reactions are largely dependent on the
number of Br* ions reaching the thermal energy region
by escaping from the charge neutralization.!=% There-
fore it is of paramount importance to estimate the cross
sections for charge neutralization and ion-molecule
(capture collision) reactions as a function of the kinetic
energy of Br* in the present systems. These relationships
are shown in Fig. 3. The cross sections (¢) for capture
collision between Br+ and CH,Br were calculated from
the following equation,? which is applicable for ions
with a kinetic energy <1 eV.

0 = (2nefv)(e/B) + (27e[v®) (u/m)
where v is the relative velocity of Br+, ¢ the charge on the
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Fig. 3. Relationship between the velocity of *Br* and
cross sections for capture collision and charge neu-
tralization.

a: Capture collision; *Brt-+ CH3Br — CH3Br*Br*, b:
resonant charge transfer; *Brt+Br — *Br+Brt, c:
Br!(*P,) -} Kr — Br-+Kr*.

ion, a the polarizability of CH,;Br (2.8x10-2¢cm?3/
mol),?") m the mass of Br+, § the reduced mass of collision
pair, and x the dipole moment of CH;Br (1.45x10-18
esu. cm).?>  The cross sections for resonant charge
transfer reaction between Br* and Br, which are the
highest of several types of charge neutralization con-
cerning Brt, were obtained by interpolating the resonant
charge transfer cross sections at intermediate impact
velocity (105—108 cm/s) as calculated by Rapp and
Francis using the semi-classical impact-parameter
method.?® Furthermore, V.., giving the maximum
cross sections for asymmetric charge transfer reactions
of ground state Brt with CHyBr, Kr, and HBr, were
calculated from the ‘“‘adiabatic rule.”? V.. for
CH;Br is 2.2 X107 cm/s, 3.5 % 108 for HBr, and 3.6 x 107
for Kr. The threshold velocity (V,,)?® of Br+ for
endo-energetic charge transfer reaction with Kr was
obtained as 2.3 10%cm/s. The dotted line in Fig. 3,
showing the velocity dependence of cross sections for
the charge transfer reactions of Br+ with Kr, is drawn
on the basis of values of V,,, and Vi, assuming that
the asymmetric charge transfer cross section is close to
that for the resonance charge transfer at velocities above
Vmax-? The charge transfer reactions of the ground
state Brt with HBr and CH,Br are exothermic, 0.2 and
1.3 eV respectively. In consideration of the vibrational-
ly excited states of those molecules, it is expected that
the charge neutralization of Br* takes place effectively,
and its cross section is close to that of the resonant
charge transfer between Brt and Br. The thus formed
neutral Br cannot however enter into chemical combina-
tion via kinetic energy processes because the kinetic
energy is not sufficient to substitute for H and/or Br
in the CH,Br molecule. The values of E,, for (n,y)
and IT in HBr and Br, are shown by arrows in the
upper abscissa of the Fig. 3.

Figure 3 indicates that the charge transfer reactions
occur predominantly in the energy range >1 eV, while

* the formation of the capture collision complex is favoured

at energies <1 eV. It is readily seen therefore that the
Br atoms produced by (n,y) and IT in Br, undergo
charge neutralization before reaching the reaction range
because of the large values of E,,. The average kinetic
energy of Br in the case of IT in HBr is only 0.75 eV,1%)
which is very small compared with that for (n,y) and
IT in Br,. Itis presumed therefore that the formation
of the capture collision complex competes with the
charge neutralization under the present experimental



February, 1980]

systems using HBr as a source molecule, and a part of
*Br+ which escapes charge neutralization reacts with
CH;Br to form the capture collision complex,
CH,Br*Brt. This complex ion is thought to be a
precursor for product formation via a thermal ionic
process as will be described in the following section.

Isotope Effect in the Reactions of IT-Activated 8°Br and
82Br with CH,Br. As Figs. 1 and 2 illustrate, the
organic yields were a little larger in the H®?mBr—CH;Br
system than in the H#™Br—CH;Br system. An outstand-
ing difference between the results in both systems was
found in the yield distribution of individual products.
The vyield ratios of CH;Br to CH,Br, were 3.0+0.5 for
82mBr and 1.8+0.2 for 8™Br at 0 mole fraction of Kr.
Evidently there is an isotope effect between the thermal
ionic reactions of IT-activated %Br and ®2Br in the
gaseous HBr-CH3Br system. The mass difference
between 8Br and #2Br cannot be considered to be
responsible for the above isotope effect and therefore
the isotope effect may be attributed to the differences
in the decay modes of 8™Br and $mBr.1?

The de-excitation of 8™Br to the ground state occurs
in a single step and is fully converted. The 80™Br
however is de-excited in two successive steps through
an intermediate state with a half-life of 7.4 ns; the first
step is fully converted and the second, partially converted
(61%). Since the first de-excitation step of 8™Br is
essentially the same as that of 8MBr, the charge and
kinetic energy distribution on the excited #Br should
be identical with those on the 82Br. Furthermore, the
excited $Br undergoes successive de-excitation to the
ground state; 619 of the excited 8'Br is de-excited
through the second internal conversion process, while
the remaining 399, is directly de-excited to the ground
state by means of a 37 keV gamma-ray emission. The
chemical effect due to this gamma-emission is however
considered to be negligible since the kinetic energy
achieved on the 8°Br is of the order of 10-2eV. On the
basis of the foregoing the reaction processes of IT-
activated 8°Br may be classified into two types:1,3)

Process (A); 399%, internal conversion (IC)
+ 37 keV gamma-ray emmission

Process (B); 619%, IC + IC

The chemical effects due to process (A) are essentially
identical with those of the 8mBr, and therefore the yields
due to process (A) are equal to 399, of those obtained
in the #mBr. Hence the normalized yields due to
process (B) may be calculated by the following equation.

Yield/% due to process (B) = 100/61(80™Br-yield
—399% of #™Br-yield)

and are depicted in Fig. 4. The isotope effect in both
systems may be elucidated by comparing the yields due
to process (B) with those due to the 82™Br.

As Fig. 4 shows, the CH %Br and CH,®BrBr yields
were constant in the range 0—0.6 mole fraction of Kr,
indicating that the products due to process (B) are also
formed through kinetic energy independent processes.
The yield ratio of CH Br to CH,Br, was between 0.9
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Fig. 4. Effect of Kr additive on the product vyield
distributions due to process (B).
(O: Organic yield, @: CH;*Br,
[: other.

A: CH,*BrBr,

and 1.3 for 0.6 mole fraction of Kr, being largely different
from that due to the 82mBr (3.0). The other product
yields due to process (B) were much higher compared
to those due to the 82mBr.

Assuming the excited 8°Br does not react within its
life time (1.1 X 10-%s), and/or assuming that the excited
80Br forms chemical combinations, such as H*Br,
H,*Br, H*Br*, eic., the chemical effect due to the
successive IC (process B) should also be identical to
that due to the 82mBr because the following IC leads
to an additional build-up of the charge on the free
atom, and/or the kinetic energy of 8Br resulting from
the molecular explosion in such a species is very small.
In this case, an isotope effect will be absent.

Assuming the excited 8°Br reacts with the surroundings
to form a C—*Br and/or Br—*Br combination prior to
the second IC, the resulting %°Br by successive 1C
acquires an appreciable kinetic energy and undergoes
kinetic energy dependent reactions. As Fig. 4 illustrates,
the experimental results show that there is no contribu-
tion to the yield by excess kinetic energy processes, i.e.,
these chemical species will not be present in process
(B). The existence of an isotope effect suggests that the
life-time of the excited 8'Br+ (1.1 X 10-%s) is sufficiently
long to form some chemical species containing the
excited 8Br*. The environment surrounding the excited
80Br is thought to be different from those for the ions
present as single species. Accordingly, it has been
concluded that the %Brt and excited %Br* undergo
capture collision complex formation (Reactions la and
2). Typically this type of ion-molecule reaction does
not require any activation energies.!»?

*Br* + CHyBr —— CH,Br*Br+ (1a)

*Br* + HBr — HBr*Br* @)

Furthermore, the thermal complex ions have an ample
opportunity to interact with the surroundings within
the life-time of the excited 80Br2®) since the life-time is
relatively long compared to the collision time under the
present experimental conditions.??
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It is generally known that at high pressure thermal
ions preferentially form ion-clusters by electro-static
forces.28-39  The authors have demonstrated that the
isotope effect observed in the H8™Br-CH, and H%™Br-
CH, systems may be explained by introducing the
above cluster model.1:®» The complex ions formed by
the above reactions undergo successive attachment
reactions with surrounding molecules to form ion-
clusters, and the second IT in process (B) proceeds in a
liquid-like condition such as ion-clusters. Thus the
chemical effect due to process (B) is expected to be
very similar to that in the condensed phase. Table 4
shows the results obtained in the solidified H8*™Br—
CH,Br system. The yield ratio of CHgBr to CH,Br,
was 0.8, which compare favourably with the values of
0.9-—1.3 for process (B). This indicates that the chemical
effect due to process (B) is very similar to that in the
solid phase, which qualitatively supports the above
cluster model. The large amount of energy evolved
from the second molecular explosion in process (B) is
dissipated to the rigid sphere of the cluster and used
in the formation of ions, radicals and excited species,
which contribute directly or indirectly to individual
product formation.

TABLE 4. THE YIELD RATIO OF INDIVIDUAL PRODUCTS

RELATIVE TO CH,Br IN THE SOLIDIFIED
HsomBr—CH,Br sysTEMm

CH,Br C,H,Br CH,Br, C,H,Br,

Relative 1
yield ratio

Product CHBr,

<0.1 1.3 0.2 0.4

There is little precise information on the ion-molecule
reactions leading to the CH3;*Br and CH,Br*Br in
process (A) because of a lack of knowledge concerning
the chemical behaviour of the complex ion (CH;Br*Br+)
under high pressure. The following reactions are
considered to be possible reaction routes for the forma-
tion of the above products from thermodynamics.

CH,Br*Br* — CHg*Br* + Br (1b)

CH,Br*Br* + HBr — CH,Br*Br + H,Br* 3)
CH,Br*Br* + CH,Br —» CH,Br*Br + CH,Br*  (4)

The heat of reaction for the above reactions has been
calculated approximately as 29, 65, and 87 kcaly,/mol
(exothermic) for Reactions la, 1b, 3, and 4, respec-
tively.3%

The second 1C in process (B) proceeds via an ion-
cluster, so that the molecular explosion following the
second IC is responsible for the chemical effect due to
process (B). Although no information on the IT-
activated 89Br reactions under such specific conditions
is available, both ion-molecule reactions and the
reactions concerning radicals and excited species
produced in the clusters appear to be responsible for
product formation in analogy with the results previously
obtained in the H8™Br-CH, system.!"® The details

t 1 cal,,—4.184 J.
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of such reactions must however await further analysis.

The authors would like to thank the staff of the Hot
Laboratory, Research Reactor Institute, Kyoto Univer-
sity, who assisted in the neutron irradiations and
provided the research facilities.
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