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Abstract

The distribution of 5Mn and *Cl recoil species following radiative neutron capture in
permanganates, chlorates and perchlorates has been investigated by using ion-exchange
chromatography method. The whole of the ®Mn radioactivity in permanganates appeared
in two valence states, the ¥Cl radioactivity in chlorates in two valence states and also
the ¥C] radioactivity in perchlorates in three valence states. Recoil energy was calculated.
The internal conversion of (] isomer transition affects the retention value. The greater
the radii of the cation, the higher is the probability of the recoil atom breaking through
the secondary cage. In ammonium salt, the ammonium ion behaves as a reducing agent.

Crystal structures with their greater free space have shown low retention.

2 o

Fziaed, datdy A9409 F4A Tho] fahe U256 % G438 LRI
FulE o] eapazolEFANE o2 FEaide. APAPY FA-56 PAFL 239 UAAY
B2 e 4449 g2-388 239 YA 293 Sdauge d4-388 339 4
Azt 2 e,

Hkzo R = A Absld o}, #eCle] #e) 4

d
ot kol 2wt o] E45 24} Aol E Fulsie

< BA gL A B T2 2AGF3

Introduction

Retention is the fraction of the total
radioactivity found after the irradiation in
the same chemical form as the target
substance. The methods of investigating the
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retention depend on the determination of
the final products by means of radioactive
atoms, and do not provide any information
on the nature of the primary recoil fragm-
ents. Therefore, the studies of these proce-
sses are confined to measurements of reten-

tion and of its dependence on various
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factors, which are concluded from experim-
ental results on retention in various chemical
systems.

Libby® proposed the ligand loss model
based on the hypothesis that central atoms
of complex ions in (n,7) reaction lose some
of their ligands. In irradiated potassium
chromate crystals O% fragments are lost
from the CrO,*- ions leaving the chromium
atom in its original oxidation state of (VI).

For some oxyanions, there is a relationship
between the retention and the standard
redox potential®. The oxy-anions of higher
redox potential take fewer states of oxidat-
ion to give a form which oxidizes water on
dissolution, and therefore, lower the reten-
tion. The central complex-forming ion has
an electronegativity similar to that of
oxygen. The oxidation state is decreased.
The effect is strongest with chlorine, and
less with'iodine. The ions XO,-, XOs-, XO,-,
X0~ and X- form and react with water to
produce the corresponding acids.

In the gamma-radiolysis of KClO; and
KClO, relatively much larger yields of less
degraded oxychlroine anions are produced
than in (n,7) reaction®. The breaking of a
single Cl-O bond is much more possible
when the ClO,~ or ClO,~ ions are excited or
ionized by gamma rays than when the
nucleus of the chlorine atom is excited by
neutron capture.

For the effect of cations, the influence of
the ionic radii of cation on retention in
hexachloroiridates was investigated by Heine
and Herr®. They found that the higher
stability of the complex compound incresa-
ses disintegration and rearrangement of
excited molecules and decreases the retenti-
on. Baba® found that the change of retent-
ion as parent form was proportional to the
ionic radii of cations. In ammonium salts

and in hydrated salts, ammonium ijon and
water molecule behave as reducing agents
in the hot zone and result in lJow retention®.

The initial retentions of monoclinic and
triclinic potassium dichromate, irradiated
under the same conditions, were found to
be 82.49% and 89.5% respectively”. The
monoclinic crystals with their greater free
space show the lower initial retention. The
relationship between the crystallography
and the initial retention was studied with
four polymorphic forms of copper phthaloc-
yanine, i.e. alpha, beta, gamma and delta
.-1) Tkeda et al.!® investigated the effect
of the crystal structure on the inital reten-
tion in neutron-irradiated cobalt, nickel and
copper tetraphenyl-porphines.

This study has been concerned with the
recoil effects of neutronirradiated permang-
anates, chlorates and perchlorates. The
distribution of **Mn recoil species following
radiative neutron capture in NaMnQ,, KMn
0,, Ba(MnO,);, and
following radiative neutron capture in Na-
ClOs, KClOs, RDbCIOs;, Ba(ClO;)., KCIO,,
NH,CIO, and RbClO, has been investigated.
The influence of the ionic radii of cations,

3Cl recoil species

and the crystal structure on retention in
neutron-irradiated permanganates, chlorates
and perchlorates was studied.

Experimental

Chemicals

Sodium permanganate, potassium perman-
ganate, barium permanganate, sodium chlo-
rate, potassium chlorate, rubidium chlorate,
barium chlorate, potassium perchlorate,
ammonium perchlorate and rubidium perch-
lorate were used without further purification
on account of guaranteed reagents. All other

reagents used in the chemical procedure
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were of A.R. quality.

Neutron Irradiation

Approximately 5mg of permanganates,
4mg of chlorates and perchlorates were put
in polythene snap-closure capsules and irra-
diated in a thermal neutron flux of approx.
10** n/cm?/sec. This was done by means of
a pneumatic tube at the TRIGA mark III
reactor for one minute for permanganates
and for ten minutes for chlorates and
perchlorates. Neutron-irradiated permangan-
ates were dissolved in 10 ml of re-distilled
water, neutron-irradiated chlorates and per-
chlorates in 4ml of re-distilled water, and
the solutions were immediately passed thr-

ough the ion-exchange column.

Analysis of Irradiated Crystals

A cylindrical bed of 200-400 mesh Dowex-
50W-x12, 0.8-cm diameter by 3-cm deep,
was employed, and the resin was converted
to the sodium form by passing with 10ml
of 1N-NaOH. Neutron-irradiated permanga-
nates dissolved in water were placed on the
top of the bed where all the radioactivity
was adsorbed. A selective elution of the
radioactive species was accomplished by
passing 20ml of re-distilled water and 40ml
of 3N-HCI through the bed at 0.5 ml/min,
and the radioactivity of 2ml each of the
effluent solutions was measured with a well-
type gamma scintillation counter.

Anion-exchange resin, Dowex-1-x8 (100~
200 mesh) was converted to the nitrate form
by placing it into a solution of 2N-HNO,
for 24 hours. The resin bed, 0.8~cm diame-
ter by 8-cm deep, was prepared by packing
as an aqueous slurry into a glass column
and was washed with 20 ml of re-distilled
water, 20ml of 0. IN-NaOH and 15ml of re-
distilled water successively. Neutron-irradi-

ated chlorates dissolved in water
adsorbed on the top of the resin bed. A

selective elution of the radioactive species

were

was made by passing 0.01N-HNG; and 0.1
N-HNQ, solutions through the bed at 0.5
ml/min and the *Cl radioactivity of 2ml
each of the effluent solutions was measured
with a well-type gamma scintillation counter.

An aqueous solution of neutron-irradiated
perchlorates was adsorbed - on the bed of
anionexchange resin Dowex-1-x8 and was
eluted with 0.01N-HNQs;, 0.4N-HNO; and
4N-HNO; solutions successively through the
bed at 0. 5mi/min.

The radioactive purity was determined
with Hitachi model 400 channel analyzer
throughout this work.

The chromatographic analyses were perf-
ormed five times for each permanganate,
four times for each chlorate and perchlorate.

Results and Discussion

Identification of Recoil Species

The nature of the recoil species in conde-
nsed state remains unknown in detail,
because of the short-lived nature of the
compounds and atomic states remaining
after the recoil. One difficulty is the actual
impossibility of observing the original atom,
since the methods of investigation involve
dissolution of the sample under observation
and subsequent chemical processing. The
species observed are those remaining after
some vigorous changes have occurred in the
physical and chemical surroundings of the
recoil atoms. Another difficulty in tracing
all the reactions arises from the fact that
the number of atoms produced in nuclear
reactions is too small for ordinary chemical
detection and investigation.. Although it is
possible to detect such atoms and to invest-
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igate their chemical behaviour by their
radioactivity, all the non-radioactive and
highly energetic atoms, molecular frag-
ments, ions and radicals formed in nuclear
processes escape direct observation. Also
the influence of lattice defects formed in
solids - by the nuclear recoil process can
hardly be detected by indirect methods.
The typical histogram of cation-exchange
chromatographic separation of 2.58hr *Mn
activity in neutron-irradiated permangana-
tes is plotted in Fig.1. The whole of the
manganese-56 radioactivity in neutron-irra-
diated crystalline KMnO, appears in two
valence states. The identical results were
found with neutron-irradiated Na*MnO,
and Ba(**MnQ,).. After the neutron-irradi-
ated sample was adsorbed at the top of a
bed of Dowex-50, the radioactivity which

was obtained by passing 20 ml of distilled
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Fig. 1. Cation-exchange Chromatographic Separat-

jon of 2.58 hr Mn Activity in Neutron-
irradiated Crystalline XMnO,

water through the column comes from
%MnQ,~. The radiative species obtained by
elution with 40 ml of 3N-HCl is *Mn**. It
will be assumed that in irradiated perman-
ganates O?>- fragments are lost {rom the
oxygenate anion, MnQOs;* radicals are formed,
and the retention is increased during the
dissolution process due to the following
hydrolysis or ion-exchange:

#MnQO;* +0OH-=%Mn0O,” +H*

MnQO;* +MnO,~=MnO;* +5MnO,~-

The radioactive concentrations of K+, Na~*
or Ba** were almost negligible, and the
radioactivities were determined by the diff-
erence in kalf-lives of the nuclides and by
the gamma spectra with a Nal (T1) crystal
connected with multichannel analyzer. A
test was made for **Mn?* in neutron-irradi-
ated manganese chloride. The chloride was
neutron-irradiated for a certain time and
was adsorbed on cation-exchange resin col-
umn with the same size of column which
was used for the separation of activities in
neutron-irradiated KMnO,. The column was
eluted with 20ml of distilled water and 40ml
of 3N-HCl, and the eluate was collected
with 0. 5 ml/min. The activity was compared
with the recoil manganese peak of perman-
ganates.

The typical histogram of anion-exchange
chromatographic separation of 37,5 min *Cl
activity in neutron-irradiated chlorates is
plotted in Fig. 2.’
neutron-irradiated crystalline KC1O; appears

The radioactivity in

in three peaks. The peak A is identified as
cation K*, peak B as Cl- and peak C as
parent species, ClO,~. K* was contained in
the initial water solution during elution
and was examined with activity of *K,
gamma-ray energy of 1,52 MeV. A test was
made for *Cl- in neutron-irradiated sodium
chloride. The chloride was neutron-irradiate d
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Fig. 2. Anion-exchange Chromatographic Separation
of 37.5 min 3#Cl Activity in Neutron-irrad-
jated Crystalline KC10,

for a certain time and was adsorbed on
anion-exchange resin column with the same
size of column which was used for the
separation of activities in neutronirradiated
KClQOs. The column was eluted with 0. 01N-
and 0. IN-HNQ;, and the eluate was collected
with 0. 5ml/min. The activity was compared
with the recoil chlorine peak of chlorates.
ClOs~ was identified as follows: aqueous
solution of potassium chlorate was adsorbed
on the anion-exchange resin column and the
solution of 0.01N-and 0. IN-HNO; was passed
through the column and the eluate was
collected with 0.5 ml/min. 10 ml of each
solution was neutron-irradiated and the
activity was compared with the peak C.
Although the production of ClO-, ClO.,
ClO,- or thermal disproportionation reaction,
ie. 4Cl0s~=3ClO,~+Cl- are suggested by
the neutron-irradiation of chlorates, together

with Cl- and ClO,-, the results from the
anion-exchange chromatographic separation
in neutron-irradiated sodium chlorate, pota-
ssium chlorate, rubidium chlorate and bari-
um chlorate were not observed.

The typical histogram of anion-exchange
chromatographic separation of 37.5 min **Cl
activity in neutron-irradiated perchlorates
is plotted ‘in Fig. 3. The radioactivity in
neutron-irradiated crystalline KCIO, appears
in four peaks. The peak A is identified as
cation K*, peak B as Cl-, peak C as ClO,-
and peak D as parent species, ClO,~. K,
Cl- and ClO,- were identified by the method
similar to that of KClOs. ClO,~ was identi-
fied as follows: aqueous solution of potass-
ium perchlorate was adsorbed on the anion-
exchange resin column and the solution of
0. 01N-, 0.4N-and 4N-HNO; was passed thr-
ough the column and the eluate was collected
with 0.5 ml/min. 10 ml of each solution was
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Fig 3. Anion-exchange Chromatographic Separation
of 37.5 min *¥Cl Activity in Neutron-irradi-
ated Crystalline KC10,



104

neutron-irradiated and the activity was
compared with the peak D. The species C10-
and ClO,- were not observed in neutron-
irradiated potassium perchlorate, ammonium
perchlorate and rubidium perchlorate.

Recoil Energy

In order to calculate the recoil energy
distribution, it is necessary to know the
intensity of each transition, the energies
and angular correlations of the gamma-rays,
and the life-times of the~corresponding int-
ermediate excited states. There are insuffi-
cient data available on nuclear processes
following neutron capture to permit detailed
investigations but rough calculations of the
recoil energies can be made. The prompt gam
ma-ray spectra from radioactive capture of
thermal neutrons have been determined!®!.

If the whole of the gamma-ray energy
emitted in an (n,7) reaction is concentrated
into a single gamma-ray of energy E, (MeV)
and the energy is equivalent to the neutron
binding energy, then it will cause an atom
of mass M (a.m.u.) to recoil with energy
E, (eV) given by

_ B37E/
E.=- M

The recoil energy available for bond
rupture, E,. depends on the type of bonding

J. Korean Nuclear Society, Vol. 12, No. 2, June, 1980

and .on the distribution of mass in the
molecule. If the molecule containing the
newly formed atom is not dissociated imm-
ediately as a result of the (n,7) reaction,
the whole molecule will suffer recoil. The
molecular recoil energy is distributed betw-
een the internal energy available for bond
rupture and the energy of translation. In
oxygenated salts, the recoil energy available
for bond rupture depends on the ratio of
R/(R+M),
recoiling atom, and R the rest of the mole-

where M is the mass of the

cule'®. The effective recoil energy is calcu-
lated such as

E=£__R

"R+4+M

Table 1. Recoil Energies of Nuclides with Manga-
nese and Chlorine Oxygenated Salts.

Effective recoil
energy, Ea(eV)

Recoil energy
(eV)

Nuclide | E¥(MeV)

56Mn 7.0 470 | 288 NaMnO,
306 KMn04

332 Ba(MnO,),

547 NaClO,
586 KClOs
655 RbCIO;
635 Ba(ClO;),
615 KCIO,
575 NH,CIO,
671 RbCIO,

#Cl 7.72 842

Table 2. Retention Values and Crystal Structures for Manganese and Chlorine Oxygenated Salts.

Salt Recoil atom Rete%tion g:"t(ilégs’ 3{ vﬁgﬁgﬂﬁ /D Crystalline form
NaMnOy 56Mn 14.3 0.95 55. 4 Orthorhombic
KMnO, 13.8 1.33 58.4 Orthorhombic (Pnma)
Ba(MnO,), 14.2 1.35 50.0 Orthorhombic (Fddd)
NaClO, 3C1 5.8 0.95 42.8 Cubic or Trigonal (P2,3)
KCIO, 5.7 1.33 52.8 Monoclinic (P2;m)
RbClO; 6.1 1.48 53.0 Rhombohedral (R3m)
Ba(ClOs): 7.9 1.35 101.3 Monoclinic
KCIO, 2.4 1.33 54.9 Orthorhombic (Pnma)
NH,CIO, 6.5 1.42 60.3 Orthorhombic
RbCIO, 1.1 1.48 63.8 Orthorhombic
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with
manganese and chlorine oxygenated salts
are listed in Table 1.

The retention values found by the ion-

The recoil energies of+ nuclides

exchange chromatography of permanganates,
chlorates and perchlorates are shown in
Table 2.

In addition to recoil energy, the internal
conversion of *m Cl isomer transition from

¥Cl (n,7) *#~Cl (1.T.) *Cl

in neutron-irradiated chlorates and perchlo-
rates may also have some influence on the
retention values which are relatively low.

Effect of the Cations

The dependence of retention on the radius
of the cation was shown in Table 2. The
results explain that the higher stability of
the complex compound decreases disintegra-
tion and rearrangement of excited molecules,

and increases the retention, i.e.

NaMnO,>KMnO,, Ba(ClO;).>
RbC10; and NH,CIO,>RbCIO,,
which runs counter to the results of Heine

and Herr’s experiment®.

It is proposed that the zone of a displaced
atom is formed when an energetic mangan-
ese or chlorine atom breaks through first
the primary cage of an oxygenated ion and
then the secondary cage of cations. The
greater the radius of the cation, the higher
is the probability of the recoil atom break-
ing through the secondary cage.

In ammonium perchlorate, the ammonium
ion behaves as a reducing agent in the
disorder zone and results in low retention.

Effect of the Crystal Structure

The dependence of retention on the crystal
structure was shown in Table 2. It is

observed that the change of retention is
inversely proportional to the molecular
volume as well as the ionic radii of cations.
KMnO, is isomorphous with Ba(MnO.):
which is orthorhombic, but the primitive
lattice of KMnO, with its free space greater
than the face-centered lattice of Ba(MnQO,):

shows the lower initial retention.
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