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Abstract

The astatine radionuclides 2°%2°%21%2'1 At and the iodine radionuclides '**'*"'>*I were simultaneously produced by Li
beam irradiation of a stack of lead and tin targets. The astatine and the iodine radionuclides each were separated from the
irradiated target with a dry distillation method. No-carrier-added astatine and iodine solutions were prepared using ethanol
or water as a solvent. Astatine in the aqueous solution was reacted with an oxidizing or a reducing agent. Separation of the
astatine and the iodine ions in the solutions was conducted by thin layer chromatography on silica gel with an ethanol/water
solution. Astatine was separated and identified as anions of At™, AtO;~ and AtO, , while iodine was I, compared with

the standard iodine species.
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Introduction

Astatine is a radioactive element. Short-lived astatine
radionuclides  2'°At  (half-life  T,, =565s), 2'°At
(T = 0.1 ms) and 28 AL (T, = 1.6 s) are produced by
the decay of naturally occurring radioactive substances
such as 2*>238U in nature. However, amounts of such short-
lived astatine radionuclides are limited to study chemical
properties [1]. Chemical properties of astatine have been
generally studied by using the two longest-lived radionu-
clides 2'°At (T}, = 8.1 h) and *''At (T}, = 7.2 h) artifi-
cially produced using an accelerator [1-3]. The ?'°At and
2T At nuclides have been generally produced through the
209Bj(*He,3n)*'°At  and 2Bi(*He,2n)*!'At reactions,
respectively [4-6]. Possible production routes of astatine
radioisotopes have been recently studied in the "Li induced
reaction of "'Pb, "Pb(’Li,xn)" *At [7-9]. 'Li beams
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produce not only astatine radionuclides, but also its
homologous element iodine radionuclides in the
natSn("Lixn)" 1 reaction [10]. Thus, the simultaneous
production of homologous elements, astatine and iodine, is
accomplished by irradiating a stack of lead and tin targets
with the ’Li beams. This enables us to conduct control
experiments. The control experiments of no-carrier-added
astatine and iodine will be helpful and effective to study
the chemical properties of astatine.

From the viewpoint of medical use of radionuclides, the
2TAt nuclide is a prospective candidate for utilization in
targeted alpha therapy. A large number of studies in respect
not only of production and separation of astatine from
irradiated targets [3, 4, 11-25], but also of chemical and
radiolabeling reactions for pharmaceuticals [4, 25, 26] have
been carried out in the past. In the preparation of no-car-
rier-added astatine, chemical procedures based on dry-
[3, 4, 11-17, 26] and wet-chemistry [20-25] have been
conducted. In general, methods based on dry-chemistry,
namely distillation of astatine from the melted bismuth, are
simple but somewhat problematic in the repeatability of
yields in the chemical and radiolabeling reactions
[1, 2, 25]. In the production of iodine for medical use,
however, dry-chemistry has been commonly used without
such problem. The problem in dry-chemistry of astatine is
still unsolved and could originate from its chemical
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properties. The understanding of basic chemical properties
of astatine has been required to develop targeted alpha
therapy agents for cancers [27].

Chemical species of iodine and astatine have been
successfully separated and identified as iodide (I7), iodate
(I037) and periodate (IO, ), and astatide (At), astatate
(AtO37) and perastatate (AtO, ) by paper chromatogra-
phy, respectively [28, 29]. These iodine chemical species
were studied not only by paper chromatography [28] but
also by thin layer chromatography (TLC) on silica gel plate
[30]. In the case of astatine, TLC has been conducted to
study the separation and identification only of its organic
compounds [31] and mobility of its complexes extracted
with organic solvents [32]. However, no experimental data
are available on the separation and identification of astatine
inorganic chemical species At™, AtO;~ and AtO, by
TLC.

The aim of this work was to study astatine inorganic
chemical species by TLC and the chemical properties of
astatine prepared by dry distillation. The control experi-
ment of TLC was carried out by using no-carrier-added
astatine and iodine solutions prepared with a method based
on dry-chemistry, after the irradiation using 'Li beam.

Experimental
Production of radionuclides

The thin targets of lead or tin of approximately 1 mg/cm?
in thickness were prepared by vacuum evaporation of lead
or tin metal on a backing foil of 2.7 mg/cm?® aluminum.
Each thin target of lead or tin was sandwiched between the
backing foil and a catcher foil of 2.7 mg/cm? aluminum.
The first stack was composed of five lead targets and four
tin targets. The second was composed of three lead and
four tin targets.

The astatine and iodine radionuclides were simultane-
ously produced by irradiating the stacks of the thin targets
of lead and tin with the 60 MeV "Li** ion beams supplied
from the Japan Atomic Energy Agency (JAEA) tandem
accelerator. Irradiation was carried out using a water-
cooled Faraday cup in the similar way as described by
Nishinaka et al. [9]. In this work, however, the backing
foils on which the target was evaporated were placed beam
backward side and the catcher foils were placed beam
forward side to collect products recoiled out from the target
by the catcher foils. This enabled us to determine amounts
of recoil products and chemical yields. The average beam
current was 180 nA during 2 h for the irradiation of the
first stack, and 160 nA during 12 h for the second stack.

After irradiation, the radioactivities of astatine or iodine
radionuclides produced in the target on the backing and in
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catcher foil were each measured by a high-purity germa-
nium detector in the same way as described by Nishinaka
et al. [9].

Dry distillation and preparation of solutions

Dry distillation was carried out as described in Ref. [9]. An
irradiated lead or tin target on the backing aluminum foil
was put into the 180 x 16 mm (i.d.) glass test tube. The
test tube was filled with nitrogen gas and was dually sealed
with DuraSeal™. A third portion from the bottom of the
test tube was inserted into a furnace at 650 °C and heated
for 20 min. After the test tube was removed from the fur-
nace and cooled to ambient temperature for 10 min in air,
the lead or the tin target on the backing foil was taken out
of the test tube.

The test tube was rinsed with 1.8 mL of ethanol or
distilled water to elute astatine or iodine attached on the
inner wall of the test tube. Ethanol or aqueous solution
containing astatine or iodine was each stored in a glass
vial by pipetting. Recovery of the solutions was determined
by weighing the glass vial before and after pipetting. The
four stock solutions of no-carrier-added astatine and iodine
were prepared.

After dry-distillation, the activities of astatine or iodine
in the glass vial, in the target on the backing foil, and on the
DuraSeal™ were each measured by gamma-ray spec-
troscopy. These measured activities provided yields of dry
distillation and elution.

In order to investigate oxidation—reduction degree of
astatine ions, an oxidizing and two single reducing agents
were used as follows; (1) A stock solution containing the
oxidizing agent of potassium periodate (KIO,) was pre-
pared by adding 0.05 mL of 3 x 107> M KIO, into
0.2 mL of the astatine aqueous solution and heating at
90 °C for 20 min. (2) A stock solution containing the
reducing agent of sodiumu sulfite (Na,SO3) was prepared
by adding 0.05 mL of 5 x 10~* M Na,SOj into 0.2 mL of
the astatine aqueous solution, and was kept at room tem-
perature for 20 min. (3) The stock solution containing the
reducing agent of hydrazine hydrate was prepared by
adding 0.02 mL hydrazine hydrate into 0.2 mL of the
aqueous solution of astatine and was kept at room tem-
perature for 20 min.

TLC for radioactive astatine and iodine

TLC was used for the separation and identification of
inorganic ions of astatine and iodine in the stock solutions.
A silica gel TLC plate (Merck Silica gel 60 F,s4 aluminum
sheet) was cut in strips 12 x 3 cm. A 2-5 pL portion of
the stock solutions were spotted at 2 cm from the bottom of
the silica gel TLC plate. The activities of radionuclides



Journal of Radioanalytical and Nuclear Chemistry (2018) 318:897-905

899

spotted on the plate were 15-18 Bq '**I and 25 Bq ''I for
iodine, and 33-54 Bq *''At, 87-132 Bq *'°At and 35-121
Bq **At for astatine, respectively. After drying the spotted
solutions, the plates were developed by ethanol/water
solution (1:1, v/v) for approximately 90 min. The eluent
front was allowed to advance 8 cm from the start line.
After drying, the plates were exposed to imaging plates for
approximately 12 h. The distribution of radioactivity on the
plates was visualized by Bioimaging Analyzer System
(BAS). The R; value and its amount were obtained from the
measured radioactivity of each spot obtained by the BAS.

It should be mentioned from a perspective of radiation
safety that this TLC analysis for astatine solutions con-
taining a reducing agent will release astatine activities in
development. This aspect will discussed in more detail
later.

TLC for non-radioactive iodide, iodate
and periodate

The stable iodine chemical species in neutral solutions are
iodide I, iodate 105, and periodate 10,~. Thus, the R
values of such standard iodine species were determined
under the same condition of the TLC for radioactive asta-
tine and iodine.

Reagents of 104 mg sodium iodide (Nal), 130 mg
sodium iodate (NalO3) and 21 mg sodium periodat
(NalO,) were each dissolved in 20 mL distilled water. A
10 pL of a portion of the aqueous solution of Nal, NalO;
and NalO,4 was spotted at 2 cm from the bottom of a silica
gel TLC plate. The development of the chromatograms was
carried out with ethanol/water solution (1:1, v/v). After
drying the TLC plate, the visualization of the spots was
made in the same way as described by Ndumann [33].

The detection of iodine was carried out by spraying
successively with a starch solution and 0.1 M potassium
nitrate (KNO,) solution, with a brown coloration indicating
the presence of iodide. A solution of 2 M acetic acid and a
solution of 5% pyrogallol in acetone were successively
sprayed for the detection of iodate, showing a brown col-
oration. A mixture of 4,4'-methylenebis(2,6-diethylaniline)
solution and a solution of 10% manganese (II) chloride
tetrahydrate (MnCl,-4H,0) was sprayed for the detection
of periodate, showing a blue coloration.

The starch solution was prepared by adding 0.2 g starch
into 20 mL 2 M acetic acid, and then it was stirred and
filtered. A 4,4'-methylenebis(2,6-diethylaniline) solution in
2 M acetic acid was prepared by adding 2 g 4,4'-methy-
lenebis(2,6-diethylaniline) into 20 mL 2 M acetic acid,
which was then stirred and filtered.

Results and discussion
Activities of produced astatine and iodine

The activities of astatine and iodine radionuclides deter-
mined by y-ray spectroscopy are listed in Tables 1 and 2.
Values were corrected for the counts of photopeaks for
decays at measurements, corresponding to the activities at
the end of bombardment (EOB). The denomination of 'Pb,
2Pb, 'Sn and 2Sn refers to each lead and tin targets. Two
lead and two tin targets taken from the irradiated stacks
were used in this work. The beam energy at the center of
the target was calculated from the energy loss of "Li beams
in the targets and the aluminum foils [33, 34]. The activi-
ties of *'' At were estimated from the excitation functions
of 21921 At in the "Li 4+ "™Pb reaction [9]. Because intense
y-rays of the astatine isotopes 2°’~*'°At made impossible
to measure the 687 keV photopeak (I, = 0.26%) of 2 At
by y-ray spectroscopy. Activities for *Pb were also esti-
mated from the activities produced in the catcher foil by
calculating an amount of nuclei recoiled out from the target
and will be discussed in more detail later.

Dry distillation and preparation of solutions

The distributions of astatine and iodine activities in pro-
duction and dry distillation, and yields in elution were
determined from the measured activities before and after
dry distillation and elution. The results converted to per-
centage are listed in Table 3.

The activities in the catcher foils represent amounts of
nuclei recoiled out from the target and inplanted into the
catcher foils. Such amounts can be calculated from the
kinetics of recoils and the energy loss in the metal target
[34, 35]. The calculated values in parentheses in the col-
umn for catcher foil of Table 3 are in reasonable agreement
with the measurements for 'Pb, 'Sn and 2Sn. In the case of
2Pb, the calculated value of 17% had an error of 3%, which
was taken from the difference between the experimental
and calculated values of 'Pb. These calculated values and
the experimental activity in the catcher foil of *Pb provide
an account of not only the activity produced in the corre-
sponding target, but also the values calculated from it for
’Pb in Tables 1 and 3. The reason of this calculation is the
accidential loss of the data file of a measurement for the
activities produced in the target for ?Pb. However, the loss
was reasonably overcome by the calculation. The calcu-
lated values involve relatively large ambguity but provide
valuable data for considerations of dry distillation and
elution. It is emphasized that this has no connection to the
results of the TLC experiments.

@ Springer



900

Journal of Radioanalytical and Nuclear Chemistry (2018) 318:897-905

Table 1 Production of astatine

radionuclides Target-no. Energy (MeV) Activity (kBq)
21 lAta 210At 209At 208At
'Pb 56.5 £ 0.1 136 + 4° 86 + 3 112 + 4 197 + 7
’pp 49.8 + 0.1 184 + 56*° 436 + 76° 279 + 48° 232 + 40°

Calculated from the production cross sections taken from Ref. [9]

PCalculated from the kinetics and the energy loss of recoil products with the measured activity in the

catcher foil
Table 2 Production of iodine .
radionuclides Target-no. Energy (MeV) Activity (kBq)
1231 121 120m[ 120g]
'Sn 48.8 £ 0.1 82 +£3 381 + 14 56 £5 128 + 13
Sn 46.2 £ 0.1 80 +£3 411 £ 15 31+2 96 + 10

Table 3 Distribution of astatine and iodine radionuclides in production and distillation, and yields in elution

Target- Production (%) Distillation (%) Eluent  Recovery Elution yield Chemical
no. yield (%) (%) yield (%)
In target  In catcher In target On dura In test
(calculation®) seal tube
'Pb 80 + 3 20 £ 1 (179 40+ 03 16 £ 1 80 + 3 Ethanol 92.8 + 0.02 74 +£3 59+2
Pb 834+ 224 17° £ 3° (179 40+ 08¢ 129+3% 84+ 27 Water 98.9 + 0.01 5294+ 139 4494 9
'Sn 66 + 1 34 +£1 (329 94 + 4 0.27 £ 0.03 6+£1 Water  99.9 + 0.01 106 + 17 59+03
2Sn 68 +£3 32 +£1 @319 92 + 4 0.24 + 0.02 8+ 1 Ethanol 92.2 + 0.02 83 £ 16 64 + 0.3

Calculated from the kinetics of recoils and the energy loss

®Taken from calculation

“Taken from difference of values between experiment and calculation for 'Pb

dCalculated from the values > and the measured activity in catcher

In general, products recoiled out from the target became
considerable amounts in the production of radionuclides by
irradiating a thin target with energetic heavy ions. In this
experiment using the thin targets of lead or tin of approx-
imately 1 mg/cm? in thickness, amounts of recoiled prod-
ucts for the Sn targets (~ 31%) are larger than those for Pb
(~ 17%). This originates from the long range
(~ 0.4 mg cm™?) of high energetic (~ 2.6 MeV) iodine
products with small atomic and mass numbers compared
with those of astatine products (~ 0.2 mg cm_z,
~ 1.7 MeV). The astatine and iodine nuclides inplanted
into the catcher foil are unable to be released from alu-
minum metal by heating. Thus, the catcher foils were not
used as samples for dry distillation.

The distributions of radionuclides in dry distillation
were very different between astatine and iodine. It is well
known that the volatility has advantage of astatine over
iodine [1—4]. The chemical form At(0) is characterized by
high volatility [1, 2]. This results in the high yields in the
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test tube and on the DuraSeal™, and the low yields in the

target on the backing foil for astatine compared with those
for iodine. An amount of activity on the inner wall of the
test tube was not directly measured but it was able to be
obtained from the measurements of target before and after
dry distillation, and Dura seal. The yield of dry distillation
corresponds to the sum of yields on Dura seal and in test
tube. The yields of dry distillation for astatine (96%) were
much larger than those for iodine (6-8%). A reaction
between tin and iodine forms a specie of stannous iodide
with high boiling point. This possibly affects low dry dis-
tillation yield of iodine compared with astatine.

The elution yields were obtained from the activities in
the ethanol or water solutions of astatine or iodine. The
activities in the target and on the DuraSeal™ after dry
distillation were not used in elution of distilled astatine or
iodine. Thus, the elution yield was obtained as the pro-
portion of the measured activity in solution to that in the
test tube. The elution yields include the recovery yields of
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solution by pipetting. The recovery yields of ethanol
(~ 92%) were slightly lower than those of water (~ 99%)
due to viscosity of the solutions. The elution yields show
high values of more than 52%. However, astatine seems to
show slightly lower elution yields than iodine. This could
be related to the chemical properties of astatine and iodine
prepared by dry-distillation. In order to understand the
dependence of the elution yield on eluents, systematic
studies of elution in this method are required. Finally, it is
emphasized that both ethanol and water easily remove a
large portion of astatine and iodine attached on the inner
wall of the glass test tube although the eluent yields for
astatine probably depend on eluents due to its chemical
properties.

The chemical yields were obtained from the ratio of the
activity in the solution to that produced in the target,
approximately 60% for astatine and 6% for iodine. The
chemical yield was composed of the yields of dry distil-
lation, recovery of solution and elution. Among them, the
yields of dry distillation play a crucial role in the deter-
mination of the chemical yields for astatine and iodine in
this method.

Typical y-ray spectra of astatine and iodine in the
ethanol solutions are shown in Fig. 1. Some photopeaks are
labeled by the nuclide with its photopeak energy and
branch. The yields were obtained from 245.3 keV y-ray
activities of 2'’At for astatine and of 212 keV y-ray

activities of '2'I for iodine, respectively. Photopeaks only
of astatine or iodine were observed, indicating that the
separations based on dry-distillation were successfully
accomplished with high purities.

TLC for iodine and astatine

The results of TLC for non-radioactive iodide 1™, iodate
105 and periodate IO, are shown in Fig. 2. The R; values
of the iodine anions under the condition of TLC in this
work were determined to be Ry = 0.87 for I, 0.78 for 105~
and 0.00 for IO, and are listed in Table 4. The errors of Ry
were estimated to be less than 0.01. The order of R; values
(104~ <103~ <I7) was consistent with the reported
results of silica gel TLC system [29].

The results of TLC for radioactive astatine and iodine
are shown in Fig. 3. The images of Fig. 3 were each
individually visualized by BAS. TLC for iodine shows one
spot with Ry = 0.84-0.86 (Fig. 3a, b) while that for astatine
shows three (or two) spots with Ry = 0.74-0.82, 0.66—0.69
and 0 (Fig. 3c—g). The R; value and amount determined
from the measured radioactivity of each spot in the images
of Fig. 3 are listed in Table 4. The amounts of spots cor-
respond to the relative values to the total activity in all area
of a plate after subtracting a background. Therefore, the
sum of amounts of three spots for the anions in a plate
becomes smaller than 100% due to tailing of spots.

Fig. 1 Gamma-spectra of 107
astatine and iodine
radionuclides in ethanol
solutions: a At measured for
7.5 min after 0.8 h of EOB and
b I measured for 9.4 min after

4.0 h of EOB
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(@) (b) (c)

Fig. 2 Results of TLC experiments for iodine anions: a I~ (Nal),
b 1053~ (NalO3), ¢ 10, (NalO,). Photographs of TLC plates after
visualizing spots

statement was obviously demonstrated by analysis of the
chromatograph behavior of halogenated aromatic com-
pound [36]. This is reasonably explained by the different
atomic volume for halogens [1]. The three oxidation states
of astatine assigned by TLC are At(—I) for At™, At(V) for
AtO3™ and At(VII) for AtO, .

Astatine is expected to possess a more electropositive
character than the other halogens from the general trend in
the periodic system [1]. This could reasonably explain
differences of relative amounts of the three anions between
astatine and iodine in ethanol and water (Fig. 3a—d).
Besides, dependence of relative amounts of astatine anions
on the solutions (Fig. 3c—g) of ethanol, water, aqueous
solution of KIO,, Na,SO; and hydrazine hydrate, respec-
tively, strongly supports that the three oxidation states of
astatine are assigned to At~ (—I), AtO;~ (V) and AtO,~
(VID). This aspects are discussed below.

In the ethanol solutions (Fig. 3a, c), the most probable

Table 4 The R; values and

relative amounts of iodine and Sample Solution R; (relative amount, %) Fig. no.

astatine anions on the silica gel 1 105~ 104~

TLC plate with ethanol/water

solution (1:1, v/v) Nal Water 0.87 - - 2a
NalO; Water - 0.78 - 2b
NalO,4 Water - - 0.0 2¢c
Radioactive I Ethanol 0.86 (89) - 0.0 (3) 3a
Radioactive 1 Water 0.84 (79) 0.0 (8) 3b

At AtO;~ AtO,4~

Radioactive At Ethanol 0.80 (41) 0.66 (24) 0.0 (14) 3c
Radioactive At Water 0.81 (18) 0.68 (25) 0.0 (43) 3d
Radioactive At Water + KIO,4 - 0.69 (3) 0.0 (94) 3e
Radioactive At Water + NaSO; 0.82 (19) 0.69 (29) 0.0 (35) 3f
Radioactive At Water + hydrazin hydrate 0.78 (22) 0.67 (48) - 3g

The R; values of radioactive iodine, namely Ry = 0.86
for ethanol solution (Fig. 3a) and Ry = 0.84 for water
solution (Fig. 3b), are almost identical to Ry = 0.87 for
non-radioactive iodide I~ (Fig. 2). This shows that the
radioactive iodine is characterized and identified as I". The
amounts of 103~ (Ry=0.78) and 10, (R;y= 0.00) are
negligibly small.

In contrast, astatine is clearly separated into at least
more than three species by TLC and their relative amounts
are largely different among the stock solutions. The simi-
larity of the Ry values of astatine to those of iodine suggests
possible astatine chemical species. Comparing with the R
values of iodine anions, astatine species could be assigned
to At™ (Ry=0.78-0.82), AtO3~ (0.66-0.69) and AtO,~
(0.00), respectively. Astatine anions show slightly smaller
R; values than those of corresponding iodine anions. Such
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oxidation state is (—I) both for iodine I and astatine At .
However, astatine in ethanol (Fig. 3c) has considerable
amounts of the higher oxidation states of (V) and (VII); the
relative amounts are 41% for At~ (=), 24% for AtO5;™
(V) and 14% for AtO,~ (VII). It is clear that this comes
from the more electropositive character of astatine than
iodine. Changing astatine solution from ethanol (Fig. 3c) to
water (Fig. 3d) results in the most probable oxidation state
(VII); the relative amounts in astatine aqueous solution are
18% for At~ (—I), 25% for AtO;~ (V) and 44% for AtO,~
(VII). This also means that astatine is more effectively
oxidized in water in comparison with iodine (Fig. 3a, b)
owing to the more electropositive character of astatine.
As shown in Fig. 3e—g, the presence of an oxidizing or a
reducing agent controls the relative amounts of astatine
species, At™, AtO;~ and AtO, ", in comparison with the
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Fig. 3 Results of TLC
experiments visualized by
bioimaging analyzer system
(BAS): a iodine ethanol
solution, b iodine aqueous
solution, ¢ astatine ethanol
solution, d astatine aqueous
solution, e astatine aqueous
solution + KIQy, f astatine
aqueous solution + Na,SOs, g
astatine aqueous

solution + hydrazine hydrate

(a (b)

absence of agents (Fig. 3d). As shown in Fig. 3e, the
presence of an oxidizing agent KIO, largely increases the
amount of AtO,~ (VII) up to 94% and decreases that of
AtO3™ (V) down to 3%. Besides, the spot of At~ (—I) was
unobservable. In contrast, as shown in Fig. 3f, the presence
of the reducing agent Na,SO; decreases the amount of
AtO4~ (VII) down to 35% and increases those of AtO3;™
(V) and At™ (—]) up to 29% and 19%, respectively. The
stronger reducing agent hydrazine hydrate clearly disap-
pers the spot of AtO,~ (VII) as shown in Fig. 3g. The
behavior of the relative amounts of the astatine species
with oxidizing and reducing agents reveals that the astatine
species are certainly identified as At™, AtO; and AtO, .

Such identification is consistent with the results of
Dreyer and co-workers [28, 29] but inconsistent with the
identification of At™, At", AtO;~ of Appelman [2] and
Rossler et al. [37]. Appelman [2] claimed that no evidence
has been found for AtO, . Further research studies on
astatine speciation has been carried out and identified some
chemical species [38—44]. Champion et al. [43] identified
At™, At" and AtO™. HPLC analyses have recently isolated
At~ and AtO3;™ [24]. In general, identification of chemical
species will be affected by the preparation of samples and
analytical methods. It should be pointed out that the TLC
analysis of this work successfully separates and identifies
three anions, At™, AtO3;~ and AtO, , in no-carrier-added
astatine solutions prepared by dry distillation.

Finally, it should be mentioned that the TLC analysis
has some disadvantages for the astatine solutions contain-
ing a reducing agent. Such solutions shown in Fig. 3f, g
seem to show small activities compared with the neutral
solutions (Fig. 3c, d), and the solution containing an oxi-
dizing agent (Fig. 3e). The images of Fig. 3a-g

(d) (e) U] (9)

individually visualized by BAS are unable to compare each
other quantitatively. However, these trends have been
apparently observable in our unpublished studies. As
already discussed, the difference between the neutral
solutions of Fig. 3c, d shows that astatine is oxidized even
in water on a silica gel thin layer. Thus, the presence of a
reducing agent in astatine aqueous solution on the silica gel
thin layer could increase the probability of oxidation—re-
duction reactions among At~ (—I), AtO3;~ (V), and AtO,~
(VII) in dynamic equilibria. Such oxidation—reduction
reactions between At~ (—I) and AtO5;~ (V) would enhance
the probability to form At (0) characterized by high
volatility and release it from a silica gel thin layer in the
development. This reasonably explains not only small
activities but also the images of the results in Fig. 3g; the
stronger reducing agent, hydrazine hydrate, doesn’t com-
pletely reduce astatine to At~ (—I) and produces remark-
able tailing of spots for At~ (—I) and AtO;~ (V). Such
tailing generally shows that the chemical species in the
ethanol/water solution are oxidized or reduced with some
probability in the development.

The TLC analysis on a silica gel thin layer should not be
applied to the astatine solutions containing a reducing
agent without adequate ventilation because the disadvan-
tage for astatine causes a marked loss of astatine activities
in the development. In the conventional preparation of no-
carrier-added astatine solutions, basic solutions containing
a reducing agent has been used in order to control astatine
chemical form as At™. Such solutions would lead to
unsuccessful results for TLC on a silica gel plate. In con-
trast, the method based on dry distillation in this work has
prepared astatine solutions with neutral solvents. This
enables us to separate and identify the astatine chemical
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species of At™ (—1I), AtO;~ (V) and AtO,~ (VII) by TLC
on a silica gel plate with ethanol/water solution.

Chemical properties of astatine prepared by dry
distillation

It should be mentioned that the chemical species identified
by TLC are not necessarily identical to those after dry
distillation in the test tube and after extraction with ethanol
or water. The zero oxidation state At® (0) is characterized
by high volatility and probably plays a crucial role in dry
distillation [1, 2]. However, spotting portions of sample
solutions on the TLC plate could oxidize or reduce astatine
to the other oxidation states due to interactions with silica
gel. In addition, during drying the sample solution on the
TLC plate, the chemical species on a silica gel thin layer
will be oxidized or reduced to the more stable astatine
chemical species, namely At~ (—I), AtO;~ (V) and AtO,~
(VII). The other chemical species with intermediate oxi-
dation states between (—I) and (VII) are probably present
in solutions due to oxidation-reduction reactions between
the stable chemical species in dynamic equilibria. How-
ever, the other chemical species might not be present
without solvents. Thus, the amounts of the astatine species
observed by TLC are not necessarily identical, but instead
retain the memory in the dry distillation and extraction
processes.

In the extraction process, as discussed in the subsection
of dry distillation and preparation of solutions, astatine
shows the slightly smaller elution yields than iodine. This
could be also related with the different relative amounts of
the three inorganic astatine anions between ethanol and
water. Because such different composition of the three
astatine anions means that astatine species produced by
dry-distillation could differently interact with glass and
eluents in the extraction process. Not only the elution
yields but also the composition of the astatine anions
determined in this method, therefore, involve information
on chemical properties of astatine, which originate from a
more electropositive character than the other halogens,
prepared by dry distillation.

Conclusions

The simultaneous production of the astatine and iodine
nuclides using lithium beams makes it possible to prepare
no-carrier-added astatine and iodine solutions with high
purities by the method based on dry distillation and to
study chemical species of astatine in the control
experiment.

The yields of dry distillation present advantages for
astatine over iodine due to At(0) characterized by high

@ Springer

volatility, resulting in the chemical yields of approximately
60% for astatine and 6% for iodine by heating in the glass
test tube filled with nitrogen gas with a furnace at 650 °C
for 20 min. Astatine and iodine separated from target by
dry distillation are easily eluted both with ethanol and
water although astatine shows slightly smaller elution
yields than iodine.

This work revealed that astatine in the solutions pre-
pared by the dry distillation based method can be suc-
cessfully separated and identified as At™, AtO3;~ and
AtO,4 . These astatine anions are probably related with the
slightly small elution yields of astatine compared with
those of iodine in the extraction process.

Not only elution yield in the extraction process, but also
relative amounts of the astatine anions At~, AtOs;~ and
AtO," involve information on the astatine species prepared
by dry distillation. Thus, systematic studies of elution
dependence on solutions and composition analyses of the
astatine anions will be subjected to understand the chemi-
cal properties of astatine prepared by dry distillation.
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