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b Evan H, Appelman
(Thesis)

Lawrence Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

January 1960

ABSTRACT

The aqueous solution chemistry of astatine has been inVestigated

by»extraction of the astatine into benzene and carbon tetrachloride and

by its coprecipitation with insoluble iodides, iodates, and periodates,

Some of the experiments of previous workers have been repeated and

amplified.
A systematic study of the behavior of astatine as a function of

the emf of an acid aqueous solution has been carried out, This study

‘has confirmed the existence of the (-1), (0), and (+5) oxidation states,

and of at-least one intermediate positive state. A rough potential
diaéram for acidic astatine solutions has been proposed. No evidence’
for a (+7) state has been found, Iodine has been used as a nonisbtopic
carrier to.fix the identity of the (O)'state as AtI. In the course of
this study photochemical reactions involving astatine have been observed
for the first time. | ' |

| The distribution of astatine between aqueous solutions and carbon
tetrachloride in the presencé of other halogens and halide ions has been
investigated quantitatively, and evidence has been adduced for the species
AtI, AtI2 , AtIBr ™, AtICl , AtBr, AtBrZ', and AtCl, . The equilibrium
constants relating these species have been determined. 1In connection with
these studies the distribﬁtion of IBr between CCl)_L and aqueous bromide
solutions has been accurately determined,

A report is given of an unsuccessful attempt to obtain quanti-
tative information regarding the At (-1) -- At (0) couple from the re-
actions of astatine with the As (III) -- As (V) couple,

Incidental data is presented on the half-lives of At211 and Bi207.
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I. INTRODUCTION

Astatlne, the heaviest member of the halogen famlly, has no

1sotope of half life longer than 8.3 hr and ex1sts in nature only in

minute quantitles,resultlng from the decay of long-lived natural

radioactivities,l The element was first identified in 1940 after
synthesis by alpha particle bombardment of bismuth, 2‘ Since then the
chemlstry of astatine has been the subJect of a rather limited number
of original papers3 and a v1rtually unllmlted number of reviews,

‘The dearth of original work on astatine chemistry probably re-.
sults from the difficuities.involved'in studying a short-lived material
which is avallable only in quantltles comparable with the least of the
1mpurities present in one's experimental system, and for which there
ex1sts no entirely satlsfactory nonisotopic carrler. Grim testimony
to the magnitude of these difficulties comes from the recent studies

of 1od1ne chemistry at very low concentratlons 5, The 1nvest1gators of

v tracer iodine have been . 31ngularly unsuccessful in attempts to explain

their results in terms of the known macrochemlstry of iodine, - And the

guantities of iodlne 1nvolved in these experlments are still several

orders of magnitude greater than the readily avallable gquantities of

The 1nvest1gatlons of astatlne chemlstry whlch have been conduct=
ed to date have .established the follow1ng, When left to 1ts own devices
astatine usually is present in a relatively volatile state which has |
been generally assumed to be elemental At or Atz, .This state will be
referred to henceforth as ."At(0)." Astatine in this state, either as

vapor or in dilute nitric acid, has a tendency to be adsorbed by
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varlous metallic surfaces and, less strongly, by glass. This form of
astatlne can be extracted from dilute nitric acid solutlons by ethers,
carbon tetrachloride, or hydrocarbons, although the distribution of the
astatine in such eXtraetions is Variable. B
From these nitric acid solutions the astatlne does not copreci-
pltate with Agl or T1I, but partlally coprec1p1tates with (or is adsorbed pl
by) insoluble sulfides and hydroxides, and with metallic silver or
~tellurium precipitated: in situ., In acid solution At (0) may be reduced
by soé or metallic zinc to an unextractable state which coprecipitates ’
more or less completely with Agl and T1I and is taken to be At ., Strong
. oxidants such as HOCl or persulfate oxidize astatine to an unextractable
stateiwhich coprecipitates conpletely with AgIO3 ond which is assumed
to‘be A.tO3 . Less_powerful oxioants such as bromine'convert'the astatine
to a state which, although unextractable, does not coprecipitate with
‘ AgIOS. This is considered to be an intermediaﬂe positive oxidation state,
From several molar HCl solutions, oxidized:.astatine is extractable
into ethers but not into hydrocarbons or CClu, sug gestlng the formation
of species such as HAtCl or HAtClu Addition of hydrohalic acids to
At (0) solutlons renders the astatine unextractable into CClu or hydro-
carbons, but does not significantly alter its extractablllty into ethers,
giving further evidence for polyhalide complexes.
“An At (0) solution’ becomes unextractable when made élkaline, and
the extractibility is uSually partially or complétely‘restored when the
-solntion is reacidified. The astatine in these alkaline'solntions co-
precipitates'completely'with AgI. This behavior is taken to indicate
disproportionation of the At (0), although the complete copreéipitation
with AgI is not ekpected,
In all solutions investigated, astatine was found to migrate in
an electric field as a negative ion., It could be electrodeposited at

either the anode or the cathode.
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II. EXPERIMENTAL METHODS .

'A. Preparation and Purification of‘Astatiné6

Astatine was produced by bombardment of bismuth with alpha
particles in the University of California's‘60»in"cyclotron.,«The
reaction Bizog(a,Zn)At211 has a threshold of 19 Mev.7_vaovev29 Mev
the (o,3n) reaction sets in to give A.tZlOg In order to avoid this,
the alpha beam was degraded to 29 Mev or less with aluminum absorbers.

The target was reagehtsgrade,bismuth fused or vaporized onto

~a 10- to 30-mil aluminum backing;_ The thickness of the:bismuth layer

was at least 100 mg/cmz to make full use of the beam, The back of

 the target was water-cooled, Heat was conducted from its face either

by a flow of helium at one atmosphere or by a static half-atmosphere

“of helium, In some cases the target was covered with an 0.5- to l-mil

copper or l-mil stainless steel foil, Targets were bombarded from 1
to 4 hr. with a beam current of 12 to 30 pamps. Yields measured by

dissolution of targets in nitric acid and direct assay agreed with the

reported yield of 1,3x 107 d¥sinteghations /min/uamp-ht O “This Plg-
iire"wds ‘therefore. then taken to be 100%_in - 'estimating “the yiclds 6f
Various.purification procedures.,

The .investigators of ‘the nuclear properties of astatine,8 as

9

well as those who have studied its effects on blological -systems,

. have. contributed greatly to the development of methods of separating

and purifying the element, .These may bevdividéd into wet methods and
dry methods, - The most succéssful wet method involyes dissolving the
bismuth in nitric acid, making the solution 6 to 12 M in HCl, extract-
ing the astatine into diisdpropyl ether, and back-extracting into
basic solution. . _ .

The dry methods take advantage of the volatility of At (0) to
remove 1t directly from_the target. Since these methods seemed to
offer less threat of introducing unknown chemical impurities than did
the wet methods, they were utilized almost exclusively in this study.

Johnson,éﬁ_gio, using bismuth targets less than 40 mg/cm?

thick on l-mil aluminum were able to remove the astatine quantitatively
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by heating to the melting point of bismuth (27100) in high vacu.um.3a
The astatine.could be collected on glass at liquid-nitrogen temperatures
and, if desired, could be redistilled from the glass at room temperature. -
In our experiments, working with much thicker bismuth layers, we
found that the astatine didﬂnot*ieave-the target ‘in high vacuum at tem- -
peratures below 6OOOC° Above this temperature the bismuth itself dis-
: tilled;.carrying the astatine with it., A stream of nitrogen at a few
millimetefs pressure permitted the removal of 5 to 15% of the'astétine
from the targeﬁ, ’ |
’ The.redistillation.from glass was not as straightforward as
- Johnson et _al, found it., It was usually necessary to heat the glass to
well above room ﬁemperature before the hulk of the astatine distilled,
- The astatine -was very probably being adsorbed by impurities which con-
- .densed along with it, A discoloration of the glass was frequently ob-
served at the point where the astatine was deposited. '
We d4idg, howeVef, find it possible to distill the astatine from
the target in air, as was done by Barton gﬁ_gl,B The astatine began
to come off at the melting-poiht of the bismuth, bﬁt was most nearly
completely removed at 700 to 800°C. From %0 to 80% of the astatine
could be removed from the target in this way.
The discrepancy between this behavior and that reported by
Johnson et al. is marked and hard to explain. Bismuth is a rather poor
thermal conductor., Possibly the interior of a thick target is heated
by the alpha beam té a temperature at which the bismufhvreacté with the
astatine, forming a_relatively nonvolatile astatide which is decomposed
upon heating in air to bismuth oxide and free astatine, We have found
that hot bismuth reacts rapidly and completely with igdine vapor in a
vacuum system,
If distilled in air, the astatine may be collected on a cooled
platinum or silver foil suspended above the heated target. The condensed ",
-astatine is held on these foils with surprising tenacity. Very little
of the astatine is normally removable when the foil is washedlwith hot T

- water, methanol, or benzene., When the foil is heated in vacuum the

7
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astatine does not distill below about 130°C., and complete removal from
the plate often requires temperatures as high as 500°C. A
~ On the basis of these observations the following purification

method for astatine was devised and utilized"thfoughout most of this

‘study: The target was placed in a stainless steel vessel open tc air

and the vessel was heated to 27000o in an electric furnace to remove
volatile impurities. A water-cooled l1-mil platinum plate was suspended
ovef the'£arget,'the temperaﬁure of which was then raised to 800°C over
about 30 min. . The apparatué waé agifatedloécasionally to break up any
oxide film which might trap the astatine within the bismuth,

The platinum plate, containing the astatine and a small gquantity
of ‘bismuth and bismuth oxide, was transferred to a quartz tube which was
attached to the end of a vacuum line incorporating‘a'detachablé u-tube.
The line was evacuated to a pfessure leSS‘than lO-h-mm of Hg,‘and the
platinum was heatedito 13OOC with a small electrical furnace to further

remove volatile impurities. A slush bath of dry ice in a l:l.CClberHCl3

'mixture was placed around the u-tube, to which the astatine was trans-

ferred by heating the -platinum foil to 50000.i in about 10 min, ' The dry-
ice bath was used in preference to liquid nitrogen to minimize chdensah
tion of impurities, .

After the transfer of astaﬁine was complete, the cooling bath

' was removed, the vacuum broken, snd the u-tube taken off the lihe and

washed with 0,5 to 1 ml of an,aqueousvsdlutionvapprbpriate'ﬁouthe experi-‘
ments to be carried out with the astatine. The yield of astatine for the
entire process was 20 to 30%, and the resulting stock'solutionjéontained
about 1070 disintegrations/min of AtZIl
(Invtypical experiments the At concentration would ’be‘lO"l3 to'lO-ls M.)

‘Nitric acid stock solutions (0.01 to 1 M) were used for most of

and was about lO'm8 M in astatine.

“the experiments in Section III, but perchloric acid stocks were used in

all later experiments:
Astatine is rather sfrongly absorbed by ordinary hydrocarbon
vacuum greases, but not by Dow Corning silicone vacuum grease. The

latter was used in early vacuum work, but was later abandoned because
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of its tendency to spread over the glassware in its vicinity, Instead
~a heavy fluorocarbon fraction -- Hooker Chemical Corporation's Fluoro-

lube HG 1200 -- was used. Although the physical properties of this

i

material make it a rather poor grease, it should have complete chemical

inertness, and it was, in fact, found to have only a slight tendency

& o

to absorb astatine.

B, Assay Methods

Atle has the follohing decayvscheme:lo

Atle'

Thus the astatine may be assayed either by cowlting the alpha particles
or by counting the x-rays accompanying'its electron capture.

-Alpha counting was carri;a out in either an argon-flow ionization
chamber or in a methane-flowvalpha proportionél counter, both with close-
ly the same geometry of approximately 51%. The-alpha—aSséy techniques
relied on the fact that under certain conditions metallic foils tend to
retain the astatine present in solutions evaporated to dryness on them,
even though the astatine is present in the solution in what would .
normally be considered a volétile form, The effect of varying conditions
has been investigated, and the results are shqwn'in Table I.

. The relative retention of asﬁatine from benzene and CCl)1L solutions

was obtained by comparison of the alpha-counting results with the results
of direct x-ray counts of aliquots of the solutions, with the efficiency

: of‘the latter assumed to be the same for organic and agueous solutions -

(see discussion of scintillation counting to follow). The ratio of x-ray
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‘Table I

. . . . ' . a
Retention of astatine.from solutions evaporated on various metals

Composition ofysolution Metal . ‘:Relative“retention
12 MHCL . S . 10

3 M.HC1 g Pt or Ag ' 1.0 + .01°2°
1 MHCL , . Pt . . 1.0 |
0.2.M HC1 o Pt - 0.9

16 M HINO, S Pt o ~0.5°7¢ .
3MENO, . Pb 0Tt LI
1.5 MHCL + 1.5 MHNO, Pt , 1.0

15 M NHOH | Pt : 0.9

0.1 M NaOH o Pt , 0.9

0.01 .M NaOH ' Pt .. 09

Water - Pt 0.8 .1
ABénZeﬁe or CClA' - ".Pt“orbAg. ” 0.64 .O?e
ce1, : . Pt 0.1k, 1.0°
3 MHCL or 3 M o, L 0.5%"

3 M HNO, _ AL o.uZ’i

3 M HNO3 _ - Stainless steel 0.17°"

aIn the case of aqueous solutions 5 to 50 microliters (pl) of an
vAt(O) stock were added to ~100 pl of the indicated Solution on the
metal plate. .The mixture was then .evaporated to dryness under an
infréred heat lamp. Aliquots of organic astatine soiutions were
placed in depressions stamped into the metal plates and were
allowed to dry aﬁhrOOm temperature.

b‘I'he activity was not changed by prolonged heating of the dried
plate under an infrared lamp. '
QSaturation_of the 3 M HCl stock solution with.,_SO2 did not alter
the retention.

»QResults,varied by as much as a. factor of 2.
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Notes to Table I (concluded)

e"Normal"-values‘afoundl0f6h.Wéré’obtéinéd7fioﬁ,CCl&'éndlbénZené,

solutions’ of astatine which were made by extracting aqueous. At(0) -
stocksfoontaiﬁingino reagents other ﬁhan'dilutewHN03:oT7HClOL;fmThe

low value was obtained from a‘CClu solution which had been washed ‘ »
repeatedly with portions of an aqueous solution O.l.M in HClOu; Q.l
M.in.Fe(ClOA)3, and 0.001 M in Fe(ClOu)z The high value was

obtained from a CClu solutlon which had been washed repeatedly

with a solutlon 0.1 M in HC1O), 0.0l M in Fe(ClOu)B, and 0.1 M in

Fe(Cth) - Solutions of astatine in CCl) prepared by extractlng

the astatine from either of these ferrous-ferric solutlons with-

‘ fresh CClh gave normal" retention values. '

Much act1v1ty was lost from the drled plate upon prolonged heat-

1ng under the 1nfrared lamp
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activity to alpha activity was always constant to w1thin a few percent
in the case of aqueous solutions 1f the alpha assays were made by evap=-

oration of 3 M HC1 solutlons on platinum or silver, However, when this

| ratio was measured for different benzene or CClh solutions, the consider-
vvable variations shown in the table were found, even though duplicate
- alpha counts of the same benzene or CClh solution agreed to w1thin a few

percent, These variations were confirmed by the material balance in

solvent-extraction experiments

It is not unlikely that the retention of astatine when organic
solutions are evaporated on metallic foils is strongly dependent on
impurities in the solutions The observed effect of reagents such as
ferric and ferrous lons may be on these impurities rather than directly

on the astatine,
Even from aqueous solutions the causes of the retention remain

unknown. The highest and most reproducible retention was obtained when

astatine solutions were evaporated on silver or platinum foils from 3 M
HC1, although it has not been established that the retention is complete
even in this case, However this method of evaporation was routinely used
for alpha assay of aqueous astatine solutions |

All in all, analysis of solutions by alpha counting left much to
be desired., Even aside from the irreproducibility sometimes encountered,

self-absorption by: solid residues on the plates often made the results

'quite uncertain Therefore methods were developed for counting the X-ray

activity of the unevaporated solutions w1th a sodium 10dide sc1ntillation

éounter .
Aliquots of the solutions were added to a quantity of solvent

sufficient to yield a constant final volume (either O 5 or 1.0 ml) in a

»small glass vial. Either 2.M HCth or 2 M H SOlL Was used as the solvent

for assay of aqueous astatine solutions, and technical-grade butyl

'carbitol (Griffin Chemical Co ) for organic assays. In the earlier part

of this study, v1als 1/2 in, '1n diam, and 1/2 in, hlgh were counted
beneath a standard cylindrical thallium-activated sodium_iodide crystal
1 in, thick and 1-1/2 in, in diam. with a 0,032-in;-thick aluminum cap.
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Later a special crystal 1 in. thick and 1-3/k in, in diam. with a 0.01-
in,-thick aluminum cap and containing a well of 5/8 in.diam. and 1/2 in,
‘depth was used, and the v1als were placed in the well For some experl-
ments a second crystal 1/2 in, thick and l~3/h in, in dlameter with a -
cap 0,01 in, thlck was mounted above the well so that after the v1al had

~ been put in place the two crystals could be brought together face~to- .
face, The photomultlpliers attached to the two crystals were connected
to the same countlng un1t g1v1ng a b countlng geometry. However, the
high geometry was found not to be worth the added background from the
second crystal, and it was later eliminated, reducing the geometry to
about 70%; ‘Samples were thereafter placed in standard l-dram vials
(Kimble Glass Co.). All sodium iodide crystals used were made by the
Harshaw Chemical Co. | ' -

7 In order to reduce the high background ordinarily encountered
with sodium iodide scintillators, -the counter was operated as a single-
chhannel analyser with a large window 51tt1ng on" the ~ 90 kev K-x-ray
peak of the POle.' In this way, backgrounds as low as 7 counts/mln
could be obtained, whlle still countlng MO% of the x-rays to which the
.crystals responded ‘

Since butyl carbitol is miscible with water as well as with
benaene and CClu, its absorption of the x-rays could be compared direct-
ly with that of water. The difference was found to be negligible, as
'was the dlfference An absorptlon between agueous solutions of various
comp051tlonsr However, in cases in which appre01able amounts of CClh
were added to the carbitol with the astatine, a correctlon of a few
percent was necessary to account for the greater absorption of x-rays
by the CCL,. ‘ )

Precipitates were slurrled into the vials W1th n-propanol for
counting. Since the pre01p1tate settled to the bottom of the vial, it
counted with a higher efficiency than did solutlons, and a suitable
correction had to be made., This smounted to 4% relative to solutions
assayed at a volume of 0,5 ml, and 10% relative to those'assayed at a
volume of 1 ml, This correction was not applied‘for samples counted

with the UYn-geometry setupﬁv A small correction was also necessary for
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v‘x»ray absorption by'the pregipit@tesithemselvest For the precipitates
used in this'stﬁdy, this correction amounted to about 4% per 10 ﬁg of
précipitaté; o B o . : , .
- Unless otherwise specified, alpha counting wasfused,féniall-
“assays in SectiohjiII'eXCept the assay of preéipitateé; 'X-réy counting
was used exclusively for the assays of Sections IV and V. v
Decay corrections were, of course, always necessary in this work,
Since there was some disagreement in the literaturelo over. the half life
of Atzll, a reaéonably accurate determination of its value seemed worth-
while. Samples were prepared for alpha counting by evaporation onto
platiﬁum‘from 3 M HC1 and were counted long enough to obtain 10,000 counts,
-except in some cases when the activity had decayed to such a level that
this was impractical. Coincidence correction was made at a rate of 1%
per 100,000 counts/min, |
Larger aliquots of the same stock solutions were plated to deter-
miné the residual galpha activity afﬁer the decay of the astatine. This
residue was identified by pulse#heighf analysis as }?02lo and corresponded
to an initial AtZM/at?0 ratio of ~ 2500. |
- Half-life values were determined by a visually fitted best
straight line on dvsemi—logarithmic plot to give the results shown in
Table II. o
In accordance.with these.results, a half life of T7.22 hr was used -
in correcting for decay. In general, related samples were counted at
nearly the same time to minimize this correction. When 1t was necessary
to compare samples counted at considerably different ﬁiﬁes, a decay curve
was usually obtained for a standard made from the same stock solution:as
the samples, .
Samples of précipitates and agueous solutions which were x-ray
counted 3 days or more after the end of a bombardment were allowed to
" decay for several more déys and were then recounted for residual Bi207
éctivity, which had to be subtracted from the briginal count, The amount
of radiobismuth found varied erratically, much of it tending tQ deposit

on the walls of reaction vessels,from which it could be-dislodged'by
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Table II

l,

"~ Half:life of A2t

Initial gctivity

Half 1ife
(hr)

(counts/min) o ' Dayé followed

18,000 23
8700 . .. - 21
118,000 B :I”‘_‘ - oz
g0 2.0
75,000, o - 2.7
73,000 31
Méaﬁ,(exclﬁdinéq*)“‘ R

Literature Values:

.28
7.04"

7.2%

- 7.18
79
7.23 '
'f;'7f22 ii.ojﬁ

720

7.5
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concentrated HCl, The results seemed to indicate that in solutions of
loﬁvacidity the bismuth was not in solution but was.present as .a
"radiocolloid,"” probably deposited’on dust particles in the solution.

The ratio of At 211 activity at the end of the bombardment to
residual Bizo_7 act1v1ty appeared to be within a factor of two of 1 x lO5
If the half life of Bi' 7 is really 8 yr, this ratio should be only
T x 103. The most plausible explanation of the enormously greater ob-
served ratio is that the true half 1life of BiZ"! is of the order of 100
yr. Values as high as 50 yr have been reported.lO

All assays in the rest of* this study'were‘COunted to a total of
at least 40O counts, except for a few assays of extremely low-activity
solutions and precipitates, which were counted to a total of at least
100 counts. Assays in Section V were counted to at least 1600 counts,

- C. Reagents

All reagents were commercial products of reagent grade unless
otherw1se specified. Mallincrodt low-sulfur CClh and water redistilled
from an alkaline permanganate solution were used for the experiments of
Sections IV and V, and for those of Section III in which theirvuse is
specifically indicated. Otherwise, singly distilled Watervand Baker and
~ Adamson reagent grade CClu were used, A |

o Sodium and barium perchlorate solutions were prepared by dissolv~
ing the respective hydrox1des in a stoichiometric quantity of perchloric
acid, A lead perchlorate solution was prepared from lead carbonate and
an excess of perchloric acid, resulting in a 1 M (Pb(Cth) solution
0. l M in HCth ‘When a smaller excess of acid was desired, it was neces=-
sary to filter the solution to free 1t from basic lead salts In this
vay a 1 M Pb(Cth) solution’ 0.01 M in HC10) was obtained |

Thallous perchlorate was prepared in two ways, Chemically pure
grade (cp) thallous chloride (Fisher Scientific Co.) was fumed with
HCth to remove chloride The solution was diluted and boiled to reduce

‘ any thallic 1on Whlch might have _been formed The resulting 0.25 M
TlClOu -- 0. 5 M HCth solution was tested for thallic ion by prec1p1ta—

tion of T1lI., If thallic ion was present, TlI3 would be precipitated, 11
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{ and I could be removed from the precipitate by washing with acetone,
glVlng the wash a yellow color A positive test was obtained in. the .
freshly prepared solutlon, but - after the solution:had stood for a few
‘weeks a negative test resulted., At this later time also, the. electro=-.
motive force (emf) of a platinum electrode immersed in the solution was
within 10 millivolts of its value in a TlNO3 solution prepared by dis-
solving the cp salt (Fisher). Nor was the emf altered after the solution
had been boiled with metallic thallium, ' ’ '

Later a quantity of cp Tl (CO ) (Fisher) was obtained, from which
a‘TlClOu solution was prepared by addition of a stoichiometric quantity

- of HClOn. It was necessary to filter the solution to free it from an

- insoluble residue, Thallium perchlorate solutions prepared in these two
ways‘gave indistinguishable results in astatine experiments, nor were
different results obtained with TlNO3 solutions, .

Ferrous perchlorate solutions were prepared by dissolving iron
wire in excess hot 0.5 M HCth. The solution was cooled and filtered

before the iron was quite completely dissolved, An 0.2 M Fe(Cth_)2 --

0.2 M HClOA solution madé in this way could be kept several months with-

out more-than a few percent of the ferrous ion being oxidized,' Ferric
v,perchldfate soiutidnslwere made!by fuming ferfdus perchlorate solutions
with perchloric acid and diluting; théy were;found by potentiometric .
titration to contain less than 0.05% of the iron as Fe't,
_ Solutions of VO Clou were prepared by dlssolv1ng cp NHMVO (Ccity
Chemical Corporation of New York) in dilute NaOH and rapidly adding an
ekcess of perchloric acid. City Chemical Corporatlon s cp vanadyl sulfate
was used as a source of vanadium (IV),
Because certain experlments in Section V involved high Cl-/IB or

Br /I” ratios (see Tables XXV and XXVII), NaCl and NaBr stock solutilons
were tested for iodide by oxidation to 1odate, followed after boiling

to remOVE:excessuox1dant, by reduction with iodide to I3 and detection
with starch 12 Bromine was the oxidant used for analysié of the
chloride solutlons, while the bromide solutions were ox1dized with excess
chlorine in 0.2 M acid. Lower limits of 2 x 106 and 1 x 106 were found
respectively for C17/I” in the NaCl solutions an& Br°/I; in the NeBr

solutions.
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In general the concentrations of solutions“nere“determined'simply
on the basis of the weight of aierried.reagent;’Or?the'Volume of concen-
trated acid used, leaving the concentration known to % 10% in the worst
Ecases.'vExeeptions are the sodium perchloraté, sodium halide, and halogen
solutions used in Section V. The NaCth solutions were analysed gravi-
metricglly by conversion to Na, SOu 13 The halide solutions weri analysed
elther grav1metr1cally or volumetrically by ‘the Fajans method Deter-
mination of the concentratlons of the halogen solutions will be discussed
in the follow1ng paragraphs '

Saturated iodine solutions were prepare& in low-sulfur CClh and
in O 001 M HClOu, and were stored in teflonnstoppered bottles’ (g___) at

+ 0.5 C. A small volume of O, OOl M HCth was kept in equilibrium with
" the CClu solution to wash out any iodide that might form, although the
saturated aqueous lodine solution did not develop a detectable halide
concentration over several monthsi“From solubility data the Izvconcen-
trations of the saturated aqueous and CClh solutions should be respectively
0.00117 and 0,099 M, 15 The concentration of the CClu solution was measured
—by titration with thiosulfatelz and was found to be 0,100, 'This value was
used in calculations,'along with the-literature'value for the concentration
‘of the agueous iodine solution, ' o

Bromine solutions in low-sulfur CClh were generally made up direct-
ly from a measured volume of liquid bromine equilibrated with and stored
under 0,01 M HCth at 21 to 23 C. The molarity of the bromine was taken
to be 19.5, 16 For . some experiments a freshly prepared saturatedlsolutionﬂﬁu'
of bromine dn O 0L M- HGthmat 21y 5 iu@ 5 Cxwanused its concentration: o
being takén as 0,215 M. »

Fisher Scientific Co. "Purified" IBr was dissolved in low-sulfur
CCl), to make a 0,5 M solution, which was tested for an excess of eibher
. parent halogen by extracting away. the IBr w1th several portions of l M
NaBr and examining the_residual CCl&. In this way the solution was found
to be about 0,02 M, in excess bromine, T It was then ‘titrated w1th a
.saturated iodine solutlon 1n CClh to give a final solution with a 1 x 10 -
M excess of lodine, The -solution was analysed iodometrlcally,12 and it
was stored in a Teflon-stoppered bottle in equllibrlum with a small volume

of 2 M HCth.
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Solutions of these halogens, particularly bromine solutions and
agqueous iodine solutions, were generally made up from these stocks within
.a few days of their use, All halogens were kept 1n black—taped Teflon~
,stoppered vessels,v_“.

A 0,0015 M I solution in CClh was found to be completely stable
over two weeks, However the concentrations of unsaturated aqueous iodine
.solutions often decreased visibly within a few days. Solutions of Br in
,CClh decreased slowly in concentration, the decrease amounting to 0.5 to
1% per day. A 0,001 M IBr solution in CClu, stored under a small quantity
of 1 M HCth, did not show a detectable concentration change in a week,

Chlorine stock solutions were prepared by saturating water or
dilute perchloric acid with Matheson chlorine passed in through Teflon
and glass -tubing. The solutions were prepared w1thin a few days of their
use and were stored in the dark at 1 to 2° C in Teflon-lined screw-capped
bottles., Some of the solutions were analysed by adding an aliquot to
excess iodide and determining the resulting triiodide spectrophotometrie
dcally. When initially prepared, the solutions were approximately 0,07 M
in stoichiometric chlorine (if no acid was present) but lost.chlorine at
the rate of 30 to 40% per day, Chlorine solutions used in individual
experiments were not usually analysed, the loss of chlorine being only
roughly estlmated, Therefore the chlorine concentrations quoted for

various experiments are probably accurate to no better than * 50%.,

D. Apparatus

v Solutions used in this work were allowed tovcontact only glass

" and Teflon. Teflon stoppers machined to fit standard taper sockets were
found verj convenient, particularly in solvent-extraction experiments,
since liquid did not leak around them. '

Volumetric ware, consisting of l-pul to l-ml micropipets, l-ml andr
larger conventional volumetric flasks and pipets, and, in less critical
work, 5-ml and larger graduated cylinders, Was'generally used without
further calibration, Micropipets of 100 ul and smaller capacity were used

1

"to contain," and were rinsed., Larger micropipets were used either "to
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contaln “or "to deliver," the difference amounting to no more ‘than 0.5%.
In quantltatlve studles, mlcroplpets smaller than 5 ul were rarely used.
Glassware was routinely clesned with 5% aqueous HF and/or hot
fuming n1tr1c ac1d Teflonware was cleaned by treatment successively
with b01ling agua regla, methanol, boiling benzene, and’ CClLL It was

then baked overnlght at 230 C.

E. Solvent-Extraction Procedures

Solvent extractions were carried out in glass- or Teflon-stoppered

1 to 2 ml volumetric flasks, or, occasionally, in small graduates. The

former were centrifuged to separate the phases; the latter were allowed

to settle until no droplets of elther phase were visible in the other.
Unless otherwise specified, extractlon mixtures were agitated 1 to 2 min

in the experlments of Sections III and IV, and 2 to 6 min in the experi-

ments of Section V.,

The cross-contamination problem was most severe when it was neces-

sary to assay a carbon tetrachloride phase through an agueous phase of

bmuch greater acti#ity. Even in this case, with suitable care it was pos=~

sible to keep cross contemination below 0,02%., When the CClh contained
less than 0,1% of the activity, it was separated and recentrifuged be- .

fore an aliquot was taken for assay.

F. Coprecipitation Procedures

Coprecipitations were carried out by mixing the carrier, (iodide,
iodate, or periodate) with the astatine solution in a centrifuge cone,
and then adding an excess of the precipitating ion. 1In the case of all

precipitates except Ba(IO and possibly KIOh, precipitation was complete

3)2
within a few minutes, The precipitate was centrifuged, the supernate was
withdrawn and assayed and the precipitate was washed one or more-times
Vlth a suitable agueous wash solution., When the precipltate carried only
a very small portion of the activity, at least two washes were always

used, In certain cases the precipitate was also washed with acetone.
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The aqueous washes were elther assayed independently or were combined with
the‘supernates. Acetone washes were always assayed independently.

| . The precipitates were slurried into counﬁing vials with n-propanol
»(Eastman,Kodak Co., White Label), which was efféctive_in.dislodging them:
- from the walis of the cones, In a few of the experiments in Section III,
the precipitates were filtered rather than centrifuged and were mounted
.on:flat aluminum cards for counting‘under the conventional tybe of sodium
iodide crystal. : , | |

Table III,gives,the procedures generally used for specific precip—

itations. Exceptions will be noted as they arise,

.G, -Temperature Confrol

Experiments were carried out at room temperature, usualiy 21 to
23OC, unless otherwise specified, The controlled-temperature experiments

in Section V were carried out inva room thermostated at 21 % O.SOC.
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III, PRELIMINARY EXPERIMENTS

In view of the irreproducible behavior generally attributed to
astatine, it seemed worthwhile to initiste this studyiwith efforts to
duplicate some of the earlier work, In general these. efforts resulted
in conflrmatlon of the earller results " In this section I shall report
the few dlscrepan01es which were observed as well as such of my results

which augment the prev1ous studles

A, Adsorption of Astatine -on Glass

lThe tendency of astatine to be adsorbed onto the walls of vessels
has always interfered greatly with attempts to study its chemistry, This
tendency seems to be, primarily a property of At (0) in aqueous solutions.
Organic solutions and solutionsiof.oxidized or -reduced astatine are re<
ported to be much more stable to loss of activity to'the»wslls,' On the
other hand, it has appeared that this property of astatine might provide
a method for separating it from other elements. ' :

Two typeés of experiment were conducted. In the first type about
0.3 &g. portlons of washed Pyrex wodl were added to -1 ml volumes of various
solutions containing At (O). The solutions were allowed to stand un-
disturbed except for periodic withdrawal of aliquots for- assay. ‘A com-
parisdnleXperiment, covering a more limited range of solution compositions,

was conducted with carrier-free solutions of RaDEF (szlo BiZlO, and

o219y, - | -
, In the experiment of the second type, 0.1 g. of glass wool was add-
ed to 1 ml of 20,05 M HNO3 solution contalnlng”At (0) and RaDEF, Four ml
of a‘O.l M NHLFNO3 -= 0,2 M NH3 solution were added., The mixture was agi-
tated briefly and then allowed to stand for 30 min, after which it was
filtered wlth.suctioh through a sintered-glass frit, The glass wool was
' leached first with water, then with concentrated HCL. '

In all sf the experiments, the astatine and polonium were deter=-
mined by alphs counting dried aliquots at ohce and again after the astatine

had decayed away. The bismuth was determined by immediate beta counting
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through 12 mg/ém2 of aluminum with’énﬁenddwindow methané-flow“bfoportional
counter,'and the lead was determined by repeating the beta count several
years later, ‘after secular equillbrlum had been reestablished ‘The re-
sults of these experiments appear in Tables IV and V. ’
It appears that undisturbed alkaline At (0) solutlons, or those

in strong HC1l are stable to loss of activity to glass, while others show
a partial loss which varies. erratically in magnitude. The losses are
greatly enhanced by agitation,; but in no case:is the removal of astatine
from solution complete, This is in marked contrast‘to thé behévior of
bismuth and polonium, which under at least some conditlons can be almost
gquantitatively reﬂoved from solution, It appears that the deposited
activity can be largely, but not completely, brought back into solution
by leaching the glass with HCI, ' | ' |

. Efforts have been made to explain the adsorption of tracer metal
ions on glass in terms of replacement of the hydrogen in Si--O--H groups.
This explanation does not appear too likely in the case of astatine, which
does not seem to form positive ions in solution. It is more probable that
the astatine 1s adsorbed as, a neutral molecule, It may also be that the »
adéorption:behaﬁior is influenced as much by the impurities in the solu-

tion as by its macro components.

B. ‘Solvent Extraction Behavior of At (0)

In ‘the early solvent-extraction experiments, astatine has shown a
characterlstic behavior pattern, If an aqpeous At (O) solution is extract-
ed w1th benzene or CClh_y the distribution coefflcient,

(total At in organic phase)/(total At in aqueous phase),
is found to have a varlable‘value between one and ten, If the organic
phase is washed with_successive poftions of fresh aqueous solution, the
amount of At back-extracted decreases gréduélly from wash to wash until
the activity left in the organic phase is almost completely uﬁextractable
into water, Likewise, if the initial'aqﬁeous phase is washed with suc-
cessive portions of the organic sdlvent, one is uitiﬁatelj left with an

aqueous solution from which very little activity can be extracted,
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Table IV

Adsorption of At(0) onto glass from undisturbed aqueous solutions”

| . Time Fraction of At
"Solution - (hr) " left in solution
0.5 M HNO, o ah 0.7
0.5 MH]\TOgb : o Lk - 0.25
O.'l5 M HNO3 - 6 : ’ | 0.93
‘ o - 20 L 0.69 -
, - ITC R 0.52
o.o;fM. HNO, - 12 - 0.62
_ 39 - ‘ 0.4k
0.001 M HNO, 5 - 0.88
20 » 0.8k
50 | 0.80
3'M HCL - | 22 1.0
49 1 0.91
0.5 MHCL 46 o 0.59
0.1 M HC1 ' 24 ' . 0.62
0.1 M NH,NO : 27 : 0.89
. 3 | T
o.l.M_.I\rHul\ro310 | 19 0.79
0.1 M .NHLLNO3 - Y3 .0.69'
Water in equilibrium with air 5 0.70
' 49 ' 0.70
0.1 M NH,NO_--0.2 M NH, 27 : 1.0 d'
_ oo oo 0.9
0.1 M NaOH (carbonate-free) 49 1.0
0.1 M NaOHL(carbonate-free)b 46 0.95

8Tnitial At concentrations were;§5 x.lO—lS,M;, Comparison

experiments were run with RaDEF in 0.12, 1.2, and 12 M HC1 and
in 0.2, 1.5, and 15 M HNOS. - A1l of these solutions were stable
over one day to loss of bismuth or lead. All but the 0.2 M HI\TO3

solution were stable over 12 days to loss of polonium.: The 0.2

HNO. solution retained 79% of its polonium over one day and 73%

3
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Notes to Table IV (concluded) S

. over 12 days. Initial concentrations were:. Pb210:7A x lQ-}O,

31220 3 510713, ana Po?10 ~107M M. The total Pb and Bi

concentrations may'have been much greater .however, due to

- contamlnatlon w1th 1mpur1ty lead and blsmuth

bDupllcate experiments. : _ _
Th1s solution was now agitated and flltered The filtrate
contained only 33% of the initial astatlne

dSee Table Y for the behav1or‘of an agltated solution of thls

.composition.




Table V

Adsorption onto glass of At(0), &nd of tracer lead, bismuth, and

~ polonium from an agitated and filtered solution of pH 9.72

Fraction of initial acbivity

Solution . Tm B o A%
Filtrate - | 0.5. 0,06 - 0.06 0.34
H,0 leach | | | | 0.07 - 0.01 .01 0.02
" Pirst come. HCL leach . 0.16. 0.63. 0.66 0.20
Second conc. HCl1l leach - 0.01 0.02 0.0 0.01
' Total recovered N 0.783. : 6,72 d.?MA‘ 0.57

%Initial At concentration ~2 xlo’l

were approximately half those in the experiments of Table IV (note a).

2

M. Concentrations of .RaDEF were

.
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This behavior would seem to indicate the preseﬁce‘of at least
three astatine species of varying deprees'cf extractability. .Eiland ob=
-served similar behav1or with iodine at low concentratlons, and was able
to isolate, but not 1dent1fy, the species involved, >4

A series of experiments was: carried out to-determinevto what
extent this behavior was affected by variations in the nature and purity
of the phases; by control of the oxidation potential of the aqueous phase,
or by the exclusion of air and light, The results of these experiments
are shown in‘Table VI. It appears that the general trend of the behavior
is but little dependent on these factors However it is of interest that
my D values tend to be consistently lower than those of Johnson‘gt_gL.Sa
The time,dependences noted are probably due to impurity reactions,
Similarly, the apparent effect of dilution (note d) is more likely due
to impurities introduced with the~dildting solvent than to:any true
concentration dependence of the extraction. o

Table VII shows the reSults of some experiments on the effects
of halidesions on .the extractability. The‘extractibility is depressed
at halide concentratlons considerably below the >1M concentratlon range
1nvest1gated by earlier workers, bromide ion hav1ng a greater effect than
chloride, However, the rather marked and erratic time dependences
dlsplayed in some of these experlments suggest:; that somethlng other than
a simple complex1ng reaction is involved, The effect of iodide on the

extraction of astatine is investigated at length in Section V.

' C. Coprecipitation Behavior of Astatine

In Table VIII ceftein of ﬁy coprecipitation results -are compared
Wlth the results of s1milar experlments reported by Johnson et_gi It
is seen that in some cases At (0) is partially coprec1p1tated with Agl
and TlI, while in other cases it does not appreciably coprecipitate w1th
either, In the,former cases redistilled water was used, and the astatine
was stocked in perchleric‘acid solutions, ' In the latter cases, only
31ngle-dlstilled water was; - used and the astatine was stocked in nitric

acid, The fact that addltlon of nltrlc acid to cyotems of the first type
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Table VII

-,-:

Effect of hallde 1ons on the extractablllty of - At(O) 1nto CClh

" Halide AN  Time _ ;v.l; D
~Series ° | | | ; :
: 0.1 M NaCl lor . 0.95
0.1 M.NaCl 3.5 hr - 0.055°
© 0.01 M NaCl lbr - . o1z
©°0.001 M NaCl 1 hr. 12
Series II® .
0.09MNaCL . S5min 1 0.45
o SR 30 min' 1.2
0.011 M NaBr 5 min N
o 30 min ' . 2.6

Equal volumes of the two phases were used.
bThe astatlne was introduced as a portion . of an organic. phase which
gave a D of .30 when extracted,Wlth_0.0l M HClOu. Mlxtures were agitated
}approximately 1 min out of every fifteen for the total time indicated.
The aqueous phase‘waer.Ql M in HClOﬁ plus the indicated eoncentration
of NaCl. ,The astatine stock had.beeu 0.01 M in.HClOu.
“The astatine was'introduced.as-alportiou of‘an_aqueous phaSe,‘0.00l,M_‘
in HClOu, a :
with low-~ sulfur .CC1

nother portion of which had given a D of 2.2 when extracted
L Mixtures were agltated contlnuously for the time
1ndlcated in bladk ~taped tubes The agueous phases were 0.001 M in
HCth plus the hallde concentratlon 1nd1cated Redlstllled water and
low- sulfur CClu were used in this serles, and assays were made by X-ray
counting of solutions. .The original astatlne stock was 0.001 M in
HClOu and was made w1th redistilled water.
dThls was - a dupllcate of the first experlment, using another preparatlon
of astatine. When the aqueous phase was re-extracted for 1 min with

fresh CClh, albD of 0.1 was obtalned
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vdoes not entirely eliminate coprecipitation is not a conclusive argument
against the nitric acid being.the significant factor, sincefa stock .
stored in nitric acid might slowly develop astatine species different
from those present. in the perchloric acidAsolutions.: Furthermore, dif-
ferent nitric acid solutions may‘contain_various amounts_of lower
nitrogen oxides, ) o '

The partial_coprecipitation could cbnceivably result from ex-
tensive hydrolysis of the astatine due to the: removal of astatide by
coprecipitation. Such hydrolysis should.be inhibited by acid, but there
is no reason why the coprecipitation with AgI should be strongly dimin-
ished when the acidity is increased, while that Wiéh T1I is hardly af-
fected. Nor is the partial,removal of the activity from the TI1T by
acetone ecasily explained in ﬁefms of’a hydrolytic process., I have
found that a single acetone wash removes. neatrly.tompletely moderate
amounts of iodine that have been taken up by a T1I precipitate,

It seems more likely that the coprecipitation of At (0) with
T1I and Agl is actually a process of adsorption, rather than of true
‘isomorphous replacement of similar ions in.the'crystal’lattice,l9. We
shall see in Section IV that drastically different behavior is en-
'cpuntered if the solution contains an appreciabie Izvconcentration.‘

It would appear that reduction of At (0) to At~ by 80, is slow
and incomplete when the SO2 concentration is 0.01 M but is completed
fairly rapidly in 0,1 M 802o However, it is also.possible that astatine
species formed in nitric acid solutions are less readily reduced than
those formed in perchloric acid solutions. The decrease in D when an
\802 solution is used to backextract an organic astatine solution ap-
parently need not be indicative of reduction to. At , since-such’'a
decrease may occur even when the astatine does not coprecipitate with
T1I. ‘It is’ possible that the S0, forms a nonextractable compléx with
the astatine before reducing it. '

The incomplete precipitation with T1I reported by Johnson et al.
may then be dué to incomplete reduction, while the complete precipitation
they observed With“Angmay; as they:suggést, result from deposition of |
At (0) on metallic silver” formed by the reduction of Ag+ by 80,.

(
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On' the other hand, Johnson et al. observed a great deal more
coprecipitation of At (0) with insoluble iodates than I do.S®  They
suggested that the iodate itself was oxidizing the astatine to astatate,
However, my results indicate that no appreéiable oxidation of ‘astatine
to‘asﬁatate takes place within a few minutes in 0,02 td 0.04 M iocdate
solutions at pH 1 to 3 (see Table VIII and the iodate coprecipitation
data in Section IV). In Section IV we will also note that even a
periodate -iodate mixture only slowly oxidizes At (0) ‘to At03'; Thus
the cause of the extensive coprecipitation of At (0) with AgIOgvfound

by Johnson et al, remains a mystery.

D. Discussion

Irreproducibility has keynoted all the early work on astatine,
Results have been strongly dependent on seemingly minor variations in
experimental conditions and in the history of the astatine used, One
tends to-conclude fhat the unknown impurities in the systems are at
least as influential as the known components, This‘unpleasant state of
affairs can be attributed to two causes. Firstly, the oxidation poten-
tials.of solﬁtions used have not been adequately controlled., In most
of the studies characterizing At (0), no redox control at all was
employed, while even in the oxidation and reduction studies the potential
was often poorly defined, due both to failure to fix the concehtrations
. of both members of a redox couple, and to the uée of more or less ir-
reversible couples. . v

‘Strict redox control of a system requires a couple which reacts
much faster with astatine than do impurities in the system. Such couples
‘are not. always easy to come by, nor is there any way to be sure that a
couple fulfills this condition other than to fry_it.énd obtain reproduci-
ble and intelligible results. Still, even the use of a redox. couple that
dnly does the Jjob poorly is better than having no redox control at all.

The second difficulty, which is not unrelated to the first, is
the failure to define the state of the so-called "At (0)! Without know-

ing the nature of this state -- or states -- the explanations advanced
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for'mﬁch'of the observed Beha&ibf of astdtiné'mﬁé% be classed as the

‘sheerest speculatlon

Tt is usually tacitly assumpd that At (0) is either At2 or,
because of the very low concentratlon, At While At- mlght be formed
in nonpolar solvents, in aqueous ‘solution disproportionation,‘e -3 to
At" and HOAt, seems much more likely, ‘

However, there is precious little reason to believe that At (0)
consists.menély of astatinthydrogen—oxygen compounds. As the halogens
get heavier, they become increasingly labile in almost all of their
reactions, Thus astatine should be the most labile member of the group.
Further, at the extremely low concentrations at which the astatine is
present, any reaction which ‘acts to split the At2 molecule tends to o
become thermofynamically favored, In the light of these considerations
it does not seem improbable that "At (0)" solutions contain a veritable
zoo of compounds of astatine with sundry organic impurities in the
reaction media. The exact composition of this tracer-scale witch's
brew probably varies from one solution-tO‘another, and the compounds
may be destroyed by powerful reducing or oxidizing agents, yielding
such less-controversial species as At~ and At03_.

It is unlikely that different workers would have the good fortune
to deal with the same 1mpur1ty complemerit, and w1dely discrepant results
are to be expected, Thus the fact that Johnson et al. found "At (0)" to
be much more extractable than I did merely indicates that We:Wefe prob=:.
&bly.WDrking;iﬁithxenti:eiy~differen$aimpurity:compdunds of astatine,

Thevonly hope of rémedying this unhappy situation'would seem to
lie in convérting the astatine into a known compound before getting
started, and the most likely candidate is an interhalogen. All of the
interhaloéens are stable with respect to their elements, and the reactions

forming them are very rapid. Further, a halogen present in macro.quanti-

~ ties in s system might be expécted to react first with most of the im-

purities that could otherwise react with the astatine, However, although
the possible advantages of iodine as a nonisotopic carrier for astatine
were pointed out by Aten et al,,zo no one has heretofore acted on his

suggestions.
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In the work reported in the follow1ng sectlons, I have attempted

to des1gn most of the experlments in such a way that the ox1dation
potentiagls of the solutlons are more or less adequately controlled and
so that, whenever poss1ble, the At (O) is encouraged to form such re-

spectable 1nterhalogen compounds as AtI and AtBr



41

Iv. A SYSTEMATIC SURVEY OF THE REDOX BEHAVIOR OF ASTATINE

éc Introducto;y Cons1deratlons

If the oxidation potential of an astatlne solutlon can be con-
Vtrolled through the use of redox couples w1th whlch the astatlne reacts
more rapidly then it reacts with 1mpur1tles in the system, it is pos-
sible to bracket the oxidation potentlal between astatlne states A and
va by determinlng the potential at which A is converted to B, and the
least different potential at whlch B 1s converted to A ’

In principal it is possible to find a couple which has a ;_ooten-=
tlal very close to the potential. of the astatlne couple and then, if
equllibrium can be obtalned to determlne the dependence of the reaction
on various constituents of the reactlon mlxture In this way, "if one
of the two astatine states 1nvolved is known, the other may be identified,

For example, if At03_ were reduced to an intermediate state by
the €17 -- Cl, couple in such a way that the ratio (AtO 7)/(At inter-
mediaﬁe) was proportional to the quotient (C;Z_/(Cl -(H:)B, we could
be pretty certain that the intermediate state was HAtO2 and. the reaction
was L _
CHOH + HAtO '+ 1, = Ato,” + 2017 + 3ut.

3 .
The qualltatlve method of bracketing potentials has become a

19

standard technique of tracer chemistry.”” However, only in a few cases
has it been possible to obtain even limited quantitative information
about a redox reaction involving species present at tracer coneentra-

Application of these methods requires some meens,of distinguish-
ing among the astatinestateso In this work such distinctions have been
made in accordance with the following assumpfions:

(a) Only elemental.ﬁélegens,.interhalogens, and organohalogen
compounds containing astatine extract appreciably into CClua

(b) Only At7, At03“, and. AtOhn will coprecipitate extensively
“with insoluble jodides, iodates, and netaperiodates; respectively, and

not be removed’ from the precipitates by washing,
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The second assumption is far less secure than the first. Iso-
morphoﬁs replacement of similar ions is cbuti one of several mechanisms
by which a tracer can be incorporated into a nonisotopic carrier precip-
itate., Surface adsorption, inclusion of mother liquid within the
cfystals, "internal adsorption” at sctive lattice sitééy%and "anomalous
mixed-crystal formation" by dissimilar ibns_are all processes which must
not be ignored.l9 _ 4 o _

v The only way to‘be certain that isomorphous feplacement is taking
place is to determine that the equilibrium distribution of tracer between
the aqueous and crystal phases is indeed a constant, Such studies of
equilibrium distribution invelving precipitates have not.been conducted
in the work reported in this section., Therefore we must utilize as-
sumption (b) with considerable reservation, particularly in those cases '

in which the coprecipitation is incomplete,

B. Experimental Method

The following general procedure was used in these experiments:
Portions of solutions. of astatine in a previously identified state were
treated with various redox couples, and the behavior of the astatine ’
was noted, Intermediate astatine states were approached from both sides,
assuring that the absence of reaction in a particular case was not due
~merely to the slowness:-of the reaction. All reactions werevtested for
‘photosensitivity by repeating the experiments either in black-taped,
opaque -stoppered tubes, or under a Wratten series-1 safeiite with a
LO-watt bulb, which will henceforth be identified simply as the "series-
1 safelite,” ' |

C. Results

The results are shown in Tables IX to XIX,

Explanation of Tables .
- The natures of the stock solutions from which astatine was taken

to react with each couple are indicated in the tables by capital letters,
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plus the prihcipal astatine species believed to be in the stock. The

letters refer to the following solutions: (Stocks A to C were used only

for the experiments of Tabld IX,)

Solution A, Hydrolysed At (0) stock -- no iodine. A»targetvwas'dissolved

in nitric acid and fumed down with HClOu. The astatine was extracted into

CClu from 2 M hydroxylamine éulfate, and was backextracted into 0,05 M
NaOH to give this stock. ' " '

Solution B, Chlorine-oxidized At (0) stock -- no iodine, The astatine

was separated by the wet method of Neumann.3b_ In order to make the stoék
solution the astatine was backextracted from the isopropyl ether with
a@uéous NaOH, The aqueous solution was then acidified, saturated with
Clz, and heated to oxidize impuritieé that might have been introduced
during the separation,

Solution -C. Hydrolysed At (0) stock == no iodine, The astaﬁine was

separated by double-distillation and was removed from the u-tube with

0.01 M NaOH to give this stock solution.
£ :

Solution D. At~ stock, Double-distilled astatine was removed from the

u-tube with 0.01 M.HIOh. .Thirty hours later the solution was made 0.1 M
in 802'(0.06 M excess after reaction with the periodate) to give this

stock, which was allbwed.to stand for 3 hr before usé. From a portion

“of the stock diluted 1000-fold with 0.01 M'HClOu,-90% of the At was co-
 precipitated with PbI,. Another portion, diluted 1000-fold with O.1 M

HCth and’ extracted for a minute with an equal volume of CCl,+ gave a D

of 0,026,

’

.

Solution E, AtI stocks, These stocks were made by removing double-

distilled astatine from the u-tube with solutions 0,001 to 0.01 M in

rC10,, 107" , and 107" to 1072 M in
NaI. ' . |

to 5 x 1075 M in stoichiometric I,

Solution E', AtI stdckev The double~distilled astatiﬁé was washed from

the u-tube with 0,001 M HC10), snd within 10 min the solution was made
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5 x 107 M 1n I, and in Nal. It was allowed to stand one hour before

use,

Solution E". AtI stock. The double-distilled astatine was removed from

the u-tube with 0,01 M HIOh Nine hours later an aliquot of this solu-
tion was dlluted 33-fold with a solution O. l M in HCth, 0 009 M in NeI,
and 0,001 M in Nal. to meke this stock,vwhlch.was allowed to stand 13 hr

3
before use. (Final concentrations were Nal = 0,005 M and NaI3 = 0,002 M.)

Solution E"™ . AtI stock., The organic phase from an .extraction of ‘an

E-type stock with~CClu.

[When  aliquots of E, Ef, and E" stocks were extracted with CCl, they
yielded D values in agreement with Eq. (V-1) (g.v.).]

Solution:F. At03 stock -- no 1od1ne. The double-dlstllled astatine was

washed from the u-tube with O 01 M NaOH, ‘It was oxidlzed at 100°C with
0.01 M cet 4 in concentrated’ HCth to prov1de this stock solution, From
an aliquot of the solutlon diluted 1000-fold the astatine was 83%" pre-

cipitated with Pb(103)2 .

Solution F', AtO, stock == only.trace iodine.

3

to F, except that I,, NaBr, and Bré

cess, They were subsequently removedlargely, but by no means completely,

This solution is similar

were added during the oxidation pro-

by fuming with HCiOhn The final stock solution was 1 M in HC10) and 0,01
"M in (NHh) Cce(NO )6 with traces of bromine and iodine spe01es From an
aliquot of this solutlon dlluted 300-fold with 0.01 M HCth, 77% of the
astatine coprecipitated with Pb(IO3)2 An allquot diluted 150-fold with
1M HCth gave a D of 0,003 when extracted for 1 min with an equal volume
of CClh

Solution F"" Ato3_ stock, A portion of the E' stock was made 0,02 M in
(NHh) Ce(NO )6 and 1.2 M in HC10, and was heated at 100°C for an hour,
?rom'an allquot dlluted lOOQ =fold in Q Ol M HCth, the astatine was 99%
'coprecipitated with Eb(IOS)é. An aliquot diluted 10-fold with 1 M HC10),
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gave a D of 0,025 Whenvextracted'for one minute With'an'équal volume of

CClu.

Solution G. AtO3 stocke. Portions of E-type stocks were oxldized at

100°C with 0.1 to 0.k M HIO, to give solutions from which 98 to 100% of
the astatine could be coprecipitated with Pb(10,), (see Expt. 955). The
astatine was essentially'unextractable-intorCCllL (D < 0.005),

Solution H, Bromine-oxidiied AtI stock. An E"? stock 0,005 M in'Iz,was
 backextracted with an equal volume of a solution 0,1 M in HCiOu, 2 Min
,NaCth, 0,01 M in Brz, and 0,01 M in NaBr. Thé value of D was 0,005,

The agueous phase comprised stock H.

Solution H', Bromine-oxidized AtI stock. A portion of a .type-E stock
was made 0,01 M in Brz,.0.0l M 1nbNaBr, and 0.1 M in,HCth, with a
final stoichiometric IBr concentration of 2 x 10 '~ M to make stock H',
When an aliquot of this solution was diluted 200-fold With,O.l M HClOlL
and extracted for 1 min with an equal volume of CClh,it gave a D of
0.05. '

Solution I, At (0) stock -- no iodine° The double-distilled astatine
was removed from the u-tube with 0.001 M HC10). The solution gave a D

of 4.8 wheri extracted for 1 min with an equal volume of CCl,.

Solution I', At (0) stock -- no iodine. This solution is the organic

phase from the extracti%n of stock I.

The compositions of the reacfionr mixtures include species intro-
duced with the stock. Concentrations are generally stoichiometric, and
do not indicate the actual species present. However, the pH is indicated
in parentheses for.bﬁffergd systems, and the free C1~, Br , and H' con-
centrations are indicated in parentheses in those of the C1~ -- Clz, and
Br ---- Br, experiments in which they receive an appreclable contribution

2
from hydrolysis of the halogen.
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Equilibrlum has been assumed to have established itself between
all oxidizing and reduc1ng agents present in macro concentrat1ons ‘in
the solution, with the following two exceptions: On the basis of experi-
mental observatlons the reduction of ilodate by vo* and the oxidation

.of 1od1ne by Crzo are assumed not to proceed appreciably in the course

of the experlmentz

Electromotive forces of the solutlons have been calculated from
the data of Latimer, 22 Rough. activ1ty corrections have been applled on
-the basis of his table of act1v1ty coeff1c1ents -and the additional data
- of Harned and Owen. 23, The emf's of the ferro-ferrlcyanlde experlments
‘are based on the data of Kolthoff and Toms1ceh‘2h ‘The emf's may eas1ly
be in error by +0.,01 volt. In.Teblés XI and_XIII.thedemf’s calculated
from the 12 -~ 10~ couple are given in parentheses beneath those calcu-
lated from the Cr (IITI) -~ (VI) or vott - V02+ couples, All emfs are
given with respect to the standard hydrogen electrode.

"Time" generally refers to the interval between the time of
‘preparatlon of the mixture and the time at which allquots were with-
drawn for prec1p1tation or extraction,

Unless otherwise specified, solvent extractions were carried
out»with equal volumes of aqueous solutionvand low-sulfur CClh'aéitated
for about 1 mln? Volume ratios appreciably different from unity -are
indlcated as R
At /total aqueous At,

Unless otherwise noted, . prec1p1tations were carrled out in ac-

cordance with the progedures,descrlbed in Table III. The percentage of
the initial activity remaining in the precipitate after all washes 1s

given as "% Precip." If an acetone wash was used, the percentage of the

activity found in it is also given, When more than a few percent of the -

'activity washed off in the<acetohe;3at,least two consecutive acetone
washes were used, and the activity indicated to be in the acetone is
their sum. The'activity of an agueous wash is not usually indicated
unless it amounted to more than 5% of the total activity.

"Dilution” entries should be interpreted in accordance with the
, 1/2

following example: (o 2 M HC10
i

organic volume/aqueous volume, Again D is total organic

)“,means that one volume of the,reactlon

» 3

€
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mixture was. diluted with an equal volume of 0. 2 M HCth | No ehtry in.
the "dllution column means ‘either that no dilution was employed or that
the diluent was a solution of the same compositlon as the reactlon mix-
ture exclusive of new species introduced into the latter with the stock.
The results of duplicateipreeipitations-or‘extractions are indi-
cated in parentheses below the original values, If a "% Percip,™ or D
Value is:given as an upper limit, it means that the activity of the
precipitate or organic phase, respectively, was below the limit of de-
tection .in the ‘particular experiment. Similarly, a lower limit is given

- for "% Precip." if the activity of the supernate was below the'limit of

detection,
" Unless otherwise specified, all reactions and operatlons were

carried out at room temperature in glass vessels eéxposed to more or less

daylight and fluorescent illumination., No effect of variation in

astatine concentration PETr se was ever noticed, indicating that radiation-
induced reactions did not play a significant role,

-Small Roman letters (a),refer to footnotes following the indivi-
dual tables, .Greek letters (a) refer to the following footnotes which
pertain generally to Tablés IX to XIX: - .

() The tubes containing the reaction mixtures and solvent extraction

mixtures for these experiments were covered with black tape to protect

them from light, . However, transfer of aliquots, coprecipitations, and
assays‘of solvent-extraction mixtures were performed under ordinary

fluorescent light,

(B) Thesé experiments differed from those described in note (a) only in
that all operations whlch required removal of solutions from the black=

taped tubes were carrled out in the llght of a series-l safelite

(Y),In'these_experimentsfthelreeetion mixtures‘themselves were 2-phase

- solvent-extraction mixtures, and the "time" refers to the duration of

continuous agitation of the mixtures before aliguots were withdrawn.
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(3) In these precipitations the low-acid TlCth and Pb(ClOL) solutions
described in Section II=C were used instead of the high-acid solutions

'used in the other experiments_

L@t

‘D; Discussion _

- 1. The Highest Attainsble Oxidation State of Astatine (Table IX)
V The experiments of Teble IX were designed to identify the high- -
est oxidation state of astatine, .Ba;ium lodate precipitaﬁé& from a
mixturesof-a_large amount,of,iodate-with a moderate asmount.of perlodate
has.beennfound to,carny_very‘littlecof the periodate,. ‘Similarli, KIOh
‘precipitated from a solution containing a large quantity of periodate
'in the presence of a somewhat smaller quantity of lodate contains very
1little of the iodate,?”.
If we assume that-At©3
counterparts, we then have a method for distinguishing the two astatine

H.and Ateuh behave like their iodine

states. But how good 1s this assumption? The principal species in a
_perchioric acid solution are Hf,and'Cthﬁ,,whileAa,periodic acid

solution,contains;primarily H:IO6i_”This tendency. toward expanded co-

',ordination should be even morZ pronounced with the larger astatine atom,
and an octahedral H5At06 would have little tendency to coprecipitate
- with Klehﬁ But neither would such an ion be likely to coprecipitate
wittha(IO ) The nearly quantitative coprecipitation.of the astatine
with Ba(IO3)2 '
species present is AtO

would‘therefore suggest that the principal astatine
3 ~ rathér than a perastatate,

Throughout the remainder of this thesis, then, we shall assume
that the astatlne species’ which coprecipltates with insoluble iodates
is At03 . As a matter of experimental convenience, Po*t will be most

often used for such precipitations, since Pb (10 is nrecipitaﬁed

3)2 :
rapidly and very nearly completely, even from 0,1 M acid, : . -
Although the most powerfml oxidant used has an oxidation poten- | .
.tial of less than -2 v, it is poss1ble for perastathte formed at such
a potential to benreduced by the iodate present duting the subsequent

precipitations, Therefore we cannot set the limit for the astatate-
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perastatate couple more negative than about =1,6 v in the 0,01 M HC10,
solutions from which the barium iodate was precipitated, We have still
': neglected the possibility of a shift in the astatateaperestatate.equi—:
1ibrium during the precipitation itself, o o
The ease with which lower states of astatine could be oxidized:
to astatate was not always predictable, Experiment 9«6 appears ex-
ceptional, since heating was usually necessary to obtain a,materiai'
completely coprecipitable with lead lodate, OneeEatype stock couldbnot'
be oxidized completely by even the most vigorous periodate oxidation
and required the use of Ce (IV). The reason for these differences is

not known, but they may be due to interference from reducing impurities,

2. The C1° -- Cl Couple

The Table X experiments seem to indicate that at low chlorlde
3 while

at high chloride concentrations the astatete,is reduced, In all cases "

concentrations this couple partislly oxidizes astatine to At@

the astatine 1s essentially unextractable into CClh, even when diluted -
to chloride concentrations so low as.to make polyhallde-ion formation
highly improbable. Apparently, then, the.reduced_astatine specles 1is
not ‘At (0) but some intermediate positive oxidation state,

In those cases in which. appreciable coprecipitatien with lead
iodate takes place, the precipitation appears to be independent of the’
total salt content and acidity of the -sélution from which it is- carrled
out (Expts. 10-7 and 10-8). From Expt, 10=9 we see that the coprecip1~
tation 1s also independent of the excess of Pb™ used and of the iodate.
coneentration up to 0,02 M’IQS—, Further increase in the iodate concen-
tration, however, causes a larger fraction of the astatine to coprecipi-
tate, Both barium end lead iodate precipitations show this effect.

The experiments of Table Xa .show that at 0,005 M 103= e second
lead iodate precipitation gleans relatively little astatine, but when
the iodate concentration is between 0,01 and 0,02 M, the astatine can
‘be almost-completely removed from the solution by severel successive
'precipitations. This unexpected behavior at high ilodate concentration
may be due to adsorption of astatine when aplarge quantity of precipitate

is formed,

v i
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Table X

i " Reaction of astatine with-the:C1T ==’ Clé-couyle
] L. S L . Coprecipitation
oo oo *CEmf v Time Extraction e . -« - Special- Todate
Expt. Stock Reaction mixture (volts) (hr) Dilution D D:L'Lution conditions - precipitate % precip.
10-1P. G_  0.05 M Cl,, 0.1-M HC10,, -1.46 - 25 ) Lead 68
AtO]  0.002 M HEIO : :
3 (e1” = 0.0157 HF.="0.11). .
i X . 2 L
102 G 0.0bMCL,, 0N NaC1, -1.40 25 ‘ - Lead- = 0.5
AtO;. 0.1 M o8 , 0.002 M Nalo3
10-3 F' 0.0l MCl,, O. 1M NaCl, -l.lo 11 1/100 0.02 1/10 Lead 0.5
AtO 0.5 M 5016 (0.5'M Hc:.ok) (0.05 M HClOu)
3 o0.001 M Ce?N03)3, o
0.002 M NHNO
3 ‘ .
10-%4 G 0.03M a , 0.5 M NaCl, -1.38 2k 1/5 Lead 1
L At0Z 0L M 18,“
3 2% 107k u NaIO3'
10-5 F_ 0.003 M Clz, 8 M HCL -1.24 1.5 - 1/1000 0.03 1/200 Lead 0.6 .
At03 0.004% M Cefcm ) : . . . -
10-6 E  0.06 M Clp, 0.4 M HC10, -1.18 24 1/5 Lead 36
AtI 2 x 1070 M Nalo,
(€™ = 0.013)
10-P E  0.06MCl;, 0.1 MECO, -1 1k 1/10 sx10™t Lead &
AtI 6 x 100 M NaIgi (0.1 M HClOk)
(61" = 0.019; 0.12) 0.2 M NaCl0, Tead 6
10-8% E'  0.03 MUl 0.08 M ECL0,  -L.46 55 ©1/20 Lead
< AtI 3 x_10-¥ M -NaIO : . (0.1 M KC10,) ) (10% in wash'
(c1” = 0.012; H; 0.09) 1720 Lead
. ' ' (z% in wash)
Lead
. 5 (h% in vash)
66 . 1/20 .o Lead:
(0.1 M HClOl:) ’(231, in
aqueous wash,
- 7% in ace-
) tone wash)
78 .<0.002
10-9 _E 0.05 ¥ 1z -1.45 1k 0.02 M NaIO,  Lead N
. AT 2x10 M Nalga Lo 0.01 ¥ exceds Pb'+ 17(25)
(at = cl = 0. ozh) 0.02 M NalIO
0.04 M .excess Fb Lead 18
0.04 M NaIO Lead 60
0.03 M excegs Pb (20% in wash)
" 38 0.02 M NaIO3- c o :
0.01 M excess P‘D Lead 19
0.002 M NaI03 . Lead 15
0.02 M excess Pb
b
0.005 M NaIO Lead 17
0.02 M excess PtJH .
0.02 M NaIO Barium 17
0.04 M NaIO3 Barium 31
10-10° E 0.05 M Cl,, 0.2 M NaCl -1.41 b 1/10 éxto-* Lead 0.4
AtI 0.1 M H 15 (O.l'M.HClOk) .
. 6 x M Na103 . ‘
10-11 D_  0.02 M Cl,, 0.5 M NaCl | -1.38 20 1/50 <0.002 1/10 Lead 3
At 0.6 M Hﬁla , 0.005 M HpS0), (0.5 M Bmoh) .

5 x 1074 M NaIO

8The same result was obtained vhen the precipita%ion was repeated under fluoreséent light.

Table XA.

bReprecipitatibns were carried out from the supernates obtained from these initial precipitations. The results appear in
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Table XA

Sﬁécessi&e;prééipiﬁétioné'bf lead iodate

- from aliquoté of the Expt. 10-9 reaction mixturer

- . Original

Precipitate Todate added "Pb++va&deai L activity on

Expt. No. Mmoles . Excess(M) Mmoles Excess(M) precipitate(%)
10-9a 1 0.02 0.02 0.02  o.01 25
2 0.04  0.016 0.02  .0.008 57
3 0.0k 0.01k4 0.02 6.007 13
4 0.04  .0.012 0.03 . 0.012 I
10-9b 1 © 0.02 - 0.02 0.02° . -0.01 - 17
' 2 0.03  0.008 0.02.  .0.008 28
10-9¢ 1 0.005 0.005 0.005 0.0025 17
2 0.01  .0.005 0.005 . - 0.0025 6

ra

-~

aThe aliquot was diluted with an iodate-containing solution of the same-acidity'

_and»chlorine content, and an excess of Pb++ was added to give precipitate No.
1. To the,separéted_supernate was added an excess of iodate. The solutidn
was well mixed and an excess of Pb++‘was added. The total precipitate thus

formed_was=precipitate_No. 2. The process was repeated to give.further pre-

.Qipitations.as indicated.
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, _Exﬁeriment 10-8 indicatés that the~coprecipitation of the astatine
is markedly inhibited by the presence of chlorine and its hydrolysis prod-
ucts in the precipitation mixture., This observatidn_is difficuit td ex- -
plain, and again suggests ﬁhat the astatine is being held by some mechanism
other than isomorphous replacement of ions in the crystal'lattice.

Conéiderably lower D's are obtained in Expts. 10-7, -8, and -10

" than in Expts, .10-3 and 10-5. The extraction mixtures of only the former

yere-protected from light, and the higher D's of the unprotected mixtures
@a& result from a photochemical reduction of astatine to At (0). Other

Tphotoéhemicalfréactions of this nature will be mentioned later in con-

nection with the bromine systems.
The irregularities we have Jjust discussed cast considerable doubt

on the interpretation of the coprecipitation4of‘astatine in this system as

@ue to a simple redox reaction, However, if we assume that at least part .

‘of the coprecipitation results from the formation of At03ﬂ,'and if we

'represent the intermediate state as.At (X), we may set the At (X) -- At03'

potential between -1.46 and -1.5 v in 0.1 M HC1O) .

There are numerous possibilities for At (X). The most likely
candidates would seem to be HOAt, HAtOz, and_interhalogens such as AtCl.
and AtCl3, although we would expect the latter two to be hydrolysed in at
least some of the experiments. Nor can we reaslly rule out organoastatine

compounds like ROAt.

3. The Cr(III) -- Cr(VI) Couple (Table XI)
This is a notofiously sluggish éouple and can scarcely be consid-

ered to control the emf of a solution. Nonetheless, its reaction with
astatine is of interest. Once more we seem to have a case of partial
oxidation of the astatine to astatate and partial reduction of At03_ to
lower states, Since under at least some conditions the astatine is
iargely unextractéble into CClh;-an~intermediate positive state is again
indicated. However, the extractability of the astatine shows a marked
but erratic dependence on dilution which is quite puzzling,
‘Experimentsbll-6, -8, and -14% show the coprecipitation with lead

iodate to be independent of the concentration of chromium species in the
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Table XTI

. Reaction of astati.ne with the Cr (III) -- Cr (VI) couple

_Coprecipitation_

The resulting second precipitate contained h% of the 1nitial activity

contained ‘only 2% of the initial activity.

S

“The lower D value rcse to O. 53 after 20 min of agitation under fluorescent light

.

Emf | Time Extracticn Special a”.
Stock  Reaction mixture (volts) (hr) Dilution -Dilution conditions Precipitate % precip.
‘1.1 6 0.1 M cr(Nog) -1.26 15 F /16 Fb(ma)é TS LT .
AtO, 0.05 M Na,CF. 8 (0.006 M HC1O, ) .
w03 03 MEClsh . . ) ] i
» T 3x107F M ua103
1128 G 0.008 M Cr(NO3)s -l.22 25 1/20 Pb(IO3)2 85
: AtO. 0:0k M HpCrouz- (-1.09) B . (0.1 MHCL0,) :
37 o.09 ¥ BC10), -
. 0.002 M NaIO3, »
L 8x1072 M I, ] . )
1137 G_  0.08 M Cr(Nog)y -1.20 25 © o 1f20 Fb(I03)2 52(56)
AtO o Ok M Na Crzo (-1.09)- (0.1 ¥ HC10,) . .
3 0.1 M HCLE), T .
0.002"M Naxo3
N 8x10"5 M I
11-4 F_ 1 MCr(Nog)g ~ el1 1.5 1/10 Fb(103)é 26
AtO 0.0L M NEQCrOb . :
©3 " 0,04 MHCLO; k .1/10 - 0.024  1/10 Pb(m3)2 20
Lx10% M Ce%ClOu)a {0.005' M HCth)
1-5 B | 0.1 M Cr(NO;) o -1.26 17 1/16- 1:13(103)2 57
: MI 005 M NeCR 8y (0.006 M C10}) .
0.3_M HC10, , 1/1 - Badlc chromic
: 1075 M I, (0,006 M HC10,) No Pb 1odate 30
! 1/16 -
(0.006 M HC10,) No iodate FbCro, 5
u-6¢ = 8107 M Cr(NO3 3 -1.24 20 R 1/100 1’17(103)2 40 .
AtI 0.0k M HpCrp0y (0.1 M BC10),) (7% in wash)
0.09 y HC10),, Ly 1/20 Fb(103)2 3
9x10°2 ¥ I, N - (0.1 M KC10,) (8% in wash)
1-7* B 0.08 M Cr(N03)3 “l.2k .72 © 1/100 0.05 M NsIOBPh(Ioj)g 49
: At 0.0k M Na,Crp07 . (0.1 M HC10Y) - - b
o.zhu HC10),, 0.0L M Naxo3pb(103)2 4¥7°(60)
w0 MI, (0.1 M HC10,)
11-8® E 0.08 M Cr(N03) 41.20 20 0.0016  1/100 m(10,),
ALT 0.0k X Na,Cr303 4 (0.1 M HC10,) (5% in wash)
0.1 1{0151, P(103),
9x10'5 MI, (0.1 ¥ HC10, ) ? (121, in wash)
a 1/40
11-¢ E' 0.1 M cr(Nog) -1.20 b P(I10,) 13
AtI  0.05 M NBZCrzé—(‘ " 207 "1/ . . z.o (0-LMECO) A
0.1 M HC10), (0.1 M HC10,) e
ax10-b M I, 1/13 5(0.17)
(0.1 ¥ HCth) i )
11-16% B 0.08 M Cr(N03)3 -1.19 55 1/10 1.7 1/20 (IO ) ® 4(5)
- At 0.0% M Na,Cr307 - (0.1 M HC10,) 1/20 . Pb(m ) 30°
* 0.08 ¥ HCIo, : (0.1 M HC104) ’Ba(ms 2 "
1.3x10-h K I, 1/20
- e . (0.005 M HC10y)
78 /10 - 2.1 - .
(0.1 ¥ HC10,) 0.00k
. no dilution -
11-1 E' ° 0.001 M Cr(NO3) c-1.19 -7 0.1 - “No dilution or further - Fb(ma)2 5
AtI 10-3 M NeHCrOj, (-1.10) addition of carrier
0.01 M NalOg, :
. olMHCth,ll)sHI o
-12 b Same s 11-11 but (-1.10) 0.1 No dilution or further Pb(103)2 0.5
AT no dichromate addition of carrier .
11-13 E! 0.1 M Cr(KO. )3, 7 1/25 5 1/50 Pb(IO3)2 0.5
AtI 0.1 M HC10), (0.1 M Hc1oh) (0.1 M ncmb)
2x107 M I, 20 1/8 Ly
(o 1M r{cm,i)
. ixt A H
aﬁé’é’eeé"oo?ru‘ e - :
in HZC:' - 1.8 (1 min agitstion) .
. L ww 2.0 (30 itn standing Hlus .
. . 1 min agitation)
11-1% D 0.1 M Cr(No,) -1.29 . 24 1/5 0.00
s . . 1/10 Pb(10.
MO 0.05 M Nae G B 0 w0y 5 13 (10, | 18
0.5 M mu%h, 167 1 (R=1.2)
.003 M H,S0
. 0.003 4 . 1/50 Pb(103)2 53.
(0.1 M xm.oh)
1/10 P(10,), 55
(0.05 M x010,) 3
Pb Croh, BaCrOh, and basic cbromic iodate also precipitate under eppropriate conditions. B
bThe supernéte from this precipitation was made O 03 M excess :Ln NaIO3 ‘then, after mixing, it was made 0.0k M excess 1n Pb . ~

A third precipitate obtained in the same manner
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solution from ﬁhichvthe precipitation is made. Experiment 11-7 shows it
to be independent of the lodate concentration, and also shows that rela-
tively little astatine is brought down by subceseive lead\iOdate precipi-
tations from the same solution (note b). L ’

From Expt. 11-5 we see that not much»astatine'coprecipitates with
lead chromate in the absence of iodate carrier, but a'considereble amount
comes down with the basic chromic iodate prec1pitated by the addltlon of
1odate to the diluted reaction mlxture

-Experiment 11-10 shows the coprecipitation to be greatly diminished
when H+.is‘reduced to 0,004 M and also shows that very little astatine co-
precipitates with barium iodate at pH 2. On the other hand, 20 to 26% of
the astatine precipitates with lead iodate from 0,004 M acid in Expt. 1l-L
and 57%xcopfecipitates from 0,02 M acid in Expt. 11-5. This behavior is o
quite disconcerting, and is hardly what one would expect for a case of
straightforward isomorphous replacement.

Experiments 11-11, -12, and =13 eerve as "blanks," vThey indicate
that chromic ion alone»neither reduces the extractability of At (0) nor
renders it coprecipitable with lead lodate. Further, when the astatine
has been exposed to low concentrations of dfchromate for only a few minutes,
its extractability 1s only slightly reduced and only s few percent of it
coprecipitates with lead iodate. _This indicates that some slow process
* involving the dichromate is involved, and oxidation of the astatine is the
most obvious interpretation,

All in 8l1l, the situation regarding the behavior of the astatine
in .the presence of this couple is far from clear. The irregularities we
have noted, as well as the lack of any clear-cut emf dependence of the
fraction of the astatine coprecipitated, indicate that we are probably
dealing with something more complicated than a redox equilibrium, This
might have ‘been anticipated in view of the irreversibility of the.chromium

couple, which mekes it a rather poor choice for this type of study,

4, The Br -- Br, Couple. (Table XII)

This couple reduces astatate and oxidizes extractable astatine to

a state which is neither extractable nor coprecipitable with lead iodate,
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Table XII

Reaction of astatine with the Br - Br, couple -
K - Binf Time Extraction Coprecipitation with %(103)2‘ . \
Expt. Stock Reaction mixture (volts) (hr) Dilution D Dilution 9 precip. .
122% 0.2 M Br,, 10'1‘}4 NaBr, 0.1 M HC10, -1.28 12 ' /2 - ] u5(u7)° . R -
A0} 7x10_i It N0, 8x107° M Ce(NO§)3 (0.05 M HC10,) 337%}](38%{%19 i aqueous .
2x107 ' M NH, N0, (Br™ = 3.4x1077) - wa:hesi in acetone
R <0.02 1/2 17 .
v (0.05 M (55% in 3 aqueous
. . . oL o . - . HClOu) washes)
12-2%  F" 0.2 M Br,, 1073 M NaBr, 0.1 M HC10,, -1.2h 27 <0.006  1/2 12
Atoé zno'tM Nalo.,, 2x10'h M Ce(NO3)3 (0.05 M }{cmh) (17% in 3. washes) .
) kx10” M NHhNoa, (Br~ = 0.0011)
12-3 " F 0.0z M Br,, 0.6 M NaBr, 3 M HC10, -1.04 = 12 1/100 '_ 0.0 1/70 5-
Apo' 0.005 M Ce(ClOu) ) o v
12-% g 0.2 4 Br,, 5x10° ' M NaBr, 0.1 M HC10,, -L.26 48 0.003 1/2 i 11
- AtI - ,3xlo'“- M IO; & (Br~ = Gﬂo'l‘) ' (0.05 M HCth)_ (40% in 2 vashes)
(nothing in third)
i/1o 22 .
(0.1 M HClOL) (49% in 3 aqueous washes)
. (nothing in acetone wash)
‘12-5% B 0.05 M Brp, 0.005 M NeBr, 0.05 X HCL0; -1.19 - .25 0.005
: AT 707 M IBr®, 1 M NaC10, 0.7 0.005
12-6¥ E Agueous phase: 1.1 0.a° 0.002
AtI 0.009 M NaBr, 0.06 M HC1O0, , 0.36 M NaCl0,
Organic phase: 0.01‘ M Brz, 0.03 M IBrP O.ld 0.002
- ' ‘ 0.1° 0.003
0.2t 0.010
12-7 D 0.2 MhBrz,‘ 0.1 M NaBr, 0.6 M HC10, 21,13 © 22 1/50 = 0.005 - 1/10° 0.6
_At' 3x10' M IBr, 0.003 M H,50, (0.5 M HC_th)_ .
825107

M NaIO3 was added to the reaction mixture; the rest of the iodate .came from oxidation of I

2°

Py considersble fraction of the IBr enters the aqueous phase, both as (:IZBr)aq and as IBr; (see Section V-C). Thus the free

Br-

concentration is around 0.003 M in Expt. 12-6..

considered, due to the brevity of the experiment.

cMixtures agitated and'assays taken in the dark.

dM:‘.x'cw.xrt:s agitated and assays taken under series-l safelite with 40-watt bulb.

eMixturés agitated and assays“taken under series-00 séf‘elite with 100-watt bulb.

fllI:'th:ures agitated and assays taken under fluorescent light.

The- oxidation of -iddine to i¢date in Expts. 12-5 has not been .
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ealthough»the data do suggest that under the most oxidizing conditions the

couple may.okidize a small fraction of the astatine to astatate, Presum-
ably we are'agein dealing with en intermediate oxidation state,

Iﬁ the most'oxidizing systems, a large fraction of the astatine
coprecipitates initially with lead iodate but is washedvoff.in the first
one.or two aqﬁeous washes of the pfeeipitate.- Little more is.removed by
exhaustive waehihé, either with‘aqueous wash solutlon or with acetone.

The effect does not appear to be greatly altered by the extent to which
the reactlon mixture 1s diluted prlor to. the precipltation The explana-
tion of this phenomenon 1s by no means apparent,

If AtO3 is iﬁdeed formed under the most oxidizing condltions, the
intermediate state must be different from that formed in the chloride-
chlorine system, since the latter ‘is only oxidmzed to astatate at a much
more negatlve potential However, the unexplained irregularities in the
coprec1pitatlon behavior of both systems make such conclusions rathet
sheky, to say the least. ' _ L

The photochemical effects apparent in Expt, 12-6 are'fairly typical.
However, the limited results do not warrant much speculation regarding the
nature of the photoehemical reaction, The Wratten series~-l filter is a red

26

filter cutting off between 6100 and 6200 A, The series-00 is a yellow

filter with a short-wavelength cussoff between 5200 and 5300 A, However,

the effects observed with filtefed light may be partly due to the reduction
in over-all light intensity accompanying the use of the filters. Since the
extractions in Expts, 12-3 and 12-7 were pefformed under fluorescent light,
it is likely that the observed D's are higher than they would have been in
the dark, ~ | |

The bromine system will be discussed further in Section V.

5. _The Vanadium Couple, (Table XIII)

It appears that in the dark this couple reduces both AtO3u and the
product of bromine oxidation at least partially to extractable At (O) and
does not greatly affect At (0) itself,

Under the action of light, however, the astatine 1s slowly rendered

~unextractable, and the extractability is restored when the mixture is again
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‘protected’ from the light. Theé unéxtractable species does not: coprecipitate

" with lead iodate), and presumably represents an intermediate positive oxi-

dation state. .The photochemical effect apﬁéars largely dependent on the
presence of iodine infthe‘system.: A

In this case, thén, the photochemical reaction does not merely
produce a small shift in'an equilibrium, but actually convérts the bulk of
the astatine to a .thermodynamically unstable state. -While such an effect
would’ be remarksble on a macro scale,.iﬁ is perfectly reasonable with

tracer amounts of astatine, Consider the possible photochemical - resection:

sequence: IR Fl‘ S : - '
I + light 2 I+ . (Iv-1)
2 T : : ,
k R
1

. k. o o S

CTe 4 AtI I, + Ate. (1v-2)
.2

B+ Ate + V0" —3 > vo** 4 moat . (IV-3)

This competes with the thermal reaction, ﬁhichrwé need not consider mecha-:.
nistically: ‘
| ++ P oo” Ky e + |
VO + HOAt + 1/2 I, ———> V0, + AtI + H . (Iv-k)
The steady-state concentration of iodine atoms may be quite small
compared with the total iodine concentration and still be much greater than
the AtI concentration, In that case, reaction (IV=2) will not -appreciably

alter the (I-) éoncentratlon, A steady state with respect to astatine

-gpecies will be reached at which the HOAt will be formed by reactions (1v-2)

and (IV-3) just as fast;aé'itsis consumed. by the thermal-backbreaction‘
(IV=4). There is no reason why this steady state cannot have most of the.
astatine in the form of HOA%L. | ’ '

In general, a gross shift of an equilibrium is a reasonable possi-
bility in a tracer system if the primary photochemical process does not

1nvolve the tracer spec1es . It therefore becomes apparent that gross
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qualitative as well as quantita;ive,misinterpre@ationg,can;reeult from
failure to. consider -photochemical effects when working.with species at

. tracer levels,

6. . The Fe(II) -- Fe(III) Couple, (Table XIV) |
. This couple and the vanadium couple appear to affect astatine

rather similarly, However, in the iron system the photochemical reaction
comes into play. only when the Fe(III1)/Fe(II) ratio is quite high. It
seems to be more rapid than the .vanadium photochemical reaction, although
the latter renders the astatine less extractable,
. The absence of iodine seems,to‘slew down the photochemical re-
action without greatly altering the final state that is reached. ©Since
a primary process involving astatine could not easily convert the bulk
of the < .. astatine to an unétable ‘state, Fet™ seems 1like the most
probable participant in the primary photochemical step in the iodine-free
systems, However, it is not unlikely that the addltlon of iodine alters
the entire mechanism of the reaction.
It is of interest to note that the equilibrium in the reaction
re™ +1/2 1, = Fettt 4 17 is shifted to the right by light ‘the 1light-
absorbing species being either I or I3 .27 : ‘
Johnson . et al. reported that while ferrous lon reduced higher
oxidation states of astatine to At (0), nearly pure ferric ion seemed
to oxidize At (0)533 Since they made no effort to.exclude light,‘it seems
almost .certain that the oxidation -they observed was a photochemical re-
action, R o o - C : .
It is worth noting that Expts. 14-2 and 14-6, in.which no macro
amounts of iodine species are present, do not in theldark-give_grossly
different results.from the-other experiments,. . This indicates. that the
At (0),species-formed»in,the absence of iodine is not significantly less
stable than AtI, although it may be more.so.. This; .in turn, tends to
exclude At"ﬁﬁﬁ Atz, both of which would be much less stable than Atl

under .these - conditions,
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7. The Iodidemlodine Couple (Tables XV and XVI)
This couple is seen to be capsble of reducing higher astatine

states and oxidizing lower ones to extractable At (0). The extraction
behavior will be examined in detail in Sectilon V, where evidence will
be presented that the At (0) species are AtI, with a_aistributionicon-
stant of 5.5, and unextractable AtIZ'. |
In the presence of this couple the astatine does not usually
coprecipitate with AgI, even on repéat precipitations; .The astatine
in the supernate is unextractable, and precipitates nearly completely
with lead iodate.' The following reaction'seems‘plausiblez
30 + 2T, + AT + 5Ag" = SAgT + Atos‘ + 6ut,

"since undéer these conditions the IzéAgI couple has a potential of about
~1,4 v, The fodine in the solution is of course consumed by the re-

actions:

H2® +.Ag+-+__I2 = HOI + Agl + ut
and

3Agt + 3HOI = 2AgT + AgIO, + 3u",

However, the precipitation of the silver iodéte.may be glow and incomplete
under the experimental conditions employed, explaining the failure of the
| Atogb to be carried, On the other hand, the cause of the extensive co=
precipltation of the astatine in Expt, 16-6 is not known.

a To understiand the coprecipitation results with T1I and PbI2 we
must note that both of these precipitates take up iodine from solutlon =-
the latter to a small extent.from solutions conﬁaining a great deal of

the former much more. extensively,ll The iodine may be removed nearly

>
cgmpletely from either precipitate by one or two washes with acetone,
It appears that the astatine shows behavior similar to that of the
iodine, carrying essentially compietely on the T1I, even .at quite low
| iodine concentrations; carrying, partially on the-PbIz, particularly at
high iodine concentrationsj and being nearly completely washed off either

by acetone. This is the behavior one might expect for Ati, and we may

w3
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" Table XVI

Coprecipitation”of'éstétine from solutions containing 12 and I~

(astatine taken from E-type stocks) _
- » : "% in acetone

(a1) . % in precipitéte wash(T1I and
Expt. Ié I . HC10, Precipitate _afterﬁal; waéhes PbI, only)
16-1 - 0.02 0.001 . AgI , | 40(96)
16-2 -- 0.02 " 0.01 Al 16
16-3 - 0.02 . 0.1 Ael 10
16-4P 2x107%  0.01 0.001 AgI C1.6°
16-58 1073 ‘Q.01 0.01" AgI - 3¢
16-68  0.0035 0.01 0.01 = Ael 1g¢sa |
16-7 -- 10.02° 0.001 7110 ~ 55(53) 23(38)
16-8 - 0.02 oc.0o1  m® 51 41
16-9  6x10"( 0.0z 0.00L  TI® b2 52
16-10 2x10™° 0.02  0.001 = TII - 16 81
16-11%7 30 o0.02 o001 omI 9 73
16-12 107* 0.0z o0.001 T 8 - 90
16-13% 0.007 0.02  o0.026  mI 13 82
16-14  2x107°  0.04  0.00l PO, | 0.2 0.3
16-15° 0.001  0.04 . 0.0l Pbi2 3 5
16-16° 0.007 0.0h  0.016 PbI, 6 75
16-17  6x1077  5x1077 0.001 7Pb(IO3)g’8 0.5 . | )

aSolution made-O.QZ,M.in_NaIO3 immediately prior to precipitation.

bAn,excess of Nal, followed after stirring_by an excess of AgNO_, waé added

3 ,

to the supernate. .Two percent of the activity was fpund in the resulting

precipitate.

CWhen an excess of NaIO3, followed after stirring by an excess of Pb++,_was
added to the supernate under the-series-1 safelite, 91% of the activity of
the supernate came d0wpxwith the mixed AgIO3 - Pb(IC3)2 precipitate.

d .
“An aliquot of the supernate was extracted with_CClh under. the safelite,.
The D value was < 0.01. .
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. s0lid iodine in equiiibrium with an agueous. solution,
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relate it to the observation that astatine is gfaduaiiy incdfporated into

20

The cOprecipitatibn of astatine ffom these mixtures‘ﬁith éll three
iodides appears independent of acidiuy between'pH 1l and pH 3. '

In Table XVI some of the results in iodine—frée‘solutions which
were discussed in Section III are compared with the results in fhe presencé
of macro quantities of I,. When no iodine is present, both AgI and T1I
precipitate appreclable quantities of astatine, and only a portion of the
astatine can be removed from the T1I by acetone washes. In these cases the
coprecipitation with AgI is greaﬁly reduced when the‘acidity is increased.
The "macro iodine behavior" sets in when the‘I3- concentration exceeds |

A1l of this suggests that at vanishinély small iodine céﬁcentra-
tions the astatine is strongly adsorbed at active sites on or in the
crystal lattices. These éites might then be preferentially occupied by
iodine molecules when these are present at a sufficientlyvhigh.concéntra-
tion, Increasing the acidity may result in formation of appreciable I2
by air oxidation of iodide -- perhaps enough to reduce the coprecipitation
with AgI, while not enough to affect the coprecipitation with the-more
strongly adsorbing T1I. '

8. The I -- I, == Br -~ IBr -~ Br, System.

This system bridges the emf gap between the iodide-iodine and the
bromide-bromine couples and is investigated in Section V, In this system
the astatine_displéys &arying degrees of éxtractability, and the épecies
AtBr, AtBrz-, and AtIBr~ are postulated in additibn to AtI and Atlz'.

"9, The As(III) -~ As(V) Couple (Table XVII)

This couple is known to react quite rapidly and reversibiy with the

" iodine-iodide couple,28 and therefore it should be extremely suitable for

use with astatine, The experiments indicate extractable At(0) to be the
equilibrium species for pH < 3, but at higher pH the extractability falls
off, vExperiment 17-3 shows that the extractability is restored quickly -



Table XVII

Reaction’of astatine with the As (III) -- As-(V) couple s -

' Emf . Time _Extraction Coprecipitetion
Expt. Stock Reaction Mixture: . . -{volts) -(hr). Dilution D : -Dilution -Precipitate : * 9 precip.
17-1 bl 0.02 }lilAs(III) As(V), 0.2 M Hcloh -0.51 b L.2 '
" AXO. - bx107 M Ce(NO.),, L 03 u ) :
3 trace I~ 3 3 . h 3
17-2 E 0.01 M 'As(III) = As(V), 6x107% M NaI* -0.06 . 0.2 0.67 .
AtI 0.1 M NaHzPOh = Nazmh_('pﬂ 6.8) 6 0.55 )
: E . 1z - mni 9k
17-3 E  0.0L M As(III) =.As(V), 0.1 M HOAc = -0.25 0.2 . 0.16 , (3% in acetone vash)
' TART NeOAc, 6x107*'M NaI (pH 4.6) 12 0.1k mI -
An aliquot of this mixture made 0.5 M in . (3% 1n acetone wash)
HCth and agitated 3 min with an equal o . ' o
) . volume of CCly: ) -0.53 3.2 .
176 E . 0.0L.M As(III) = As(V), " 2o0.38 0.2 3.5
AT .6x10" M NaI (pH 3)° 6 1.5, . 1
12 " PoI, 9
17-5 E 0.0l M As(III) = As(V), - - =+ - -0.49 0.2 (5% 1 acetone wash)
AT 6x107" M NaI, 0.1 M HC10), 6 3.4 )
: 12. . ST
. ’ ’ (I"ﬁ in acetone wash) 96
(3% in ‘acetone’ ‘vash)
17-6¢ E 0.01 M As(III) = As(V), -0.48 48 ( 1/20 ?bIz ) 28
.. . . - - . N 0.1 M HC10, )(no“acetone wash
AtI  0.06 M HC10,, 0.02k M NaI (0.07 M NaT ¥
- 1/20- PoI, S .36
(0.1 M HC10, )(no acetone wash)
. K (0.05 M NaI
17-7° D 0.1 M As(III) = As(v), pE 3% -0.38 © 2 '( 1/5 z.§
- -5 -y 0.001 M HC1Oy
At 5x1077 M NaI, 5x107 M H,80, (R.= 1.2)
’ 17 1/5 2.4 1/10
: (0(001 M Hc)loh)(o .00L M ncmk) fz% in acetone wash)
R =1.2
1/20 2.0 1/5 93
(0.001 M xcmh)(o 001 M HCth) (4% 1in acetone wash)
17-8 © D 0.08 M As(III); 0.0k M As(V), . -0.52 7 1/k0  PvI, 16
At” 0.5 M HCLO, , 0.003 M NeT . (0.2 M KCth)(6% in acetone wash)
5x107" M stoh 1/10_ - TI - 97
_ (2.5% in acetone wash)
17 1/9 4.3 1/20  Agl o)
(0.6 M EC104) (0.3 M HC1O,)
_ . (R =1.3) o
1/3 mi - © 95

/3
(O 3N !‘[Cloh)(Z% in acetone -wash)

3

8Buffered by the H AsO) -- HZASO; system




-67-

after acid is added to a system at a high pH. :This may be' interpreted
as reversible reduction of. the astatine to At~ by the arsenic.couple as
the latter's potential becomes less negative, . In Section V further data
on the extraction behavior of astatine in this. system will be. given .and
an attempt at a quantitative interpretation will be made,

Although the astatine i1s extractable at pH < 3,,it‘eoprecipitates
nearly completely with TII and Agl at all acidities. With PbI, At pre~
cipitates completely at pH 3, but only incompletely from O,1 Mcacid.

These results suggest that the precipitation is somehow shifting the equi-
librium to favor reduction of the astatine, ‘ )

" Considering the effect of the precipitation on the arsenic species,
we f£ind that none of the precipltating cations precipitate As(IIT) under
the conditions employed., The T1% ion does not precipitate As(V) either;
Ag+ precipitates it incompletely at pH 3 and not at all when the pH is
much lower; and Pb+flprecipitates>As(V) even at the highest acidities
~used. Thus 1t does ndt seem- that changes in the concentrations of the
- arsenlc species can explain‘the experimental results.

‘ The.resnlts do make a little sense 1f we postulate that the equl-
librium shift results from the reduction of the At” concentration-by its
inclusion in the insoluble iodide precipitate, ‘Exactly the same shift

" should result from the removal of I 'from the solution during the precipi-

tation, in accordance with the reaction:
AT + oM = MAGE 4 MIY,

. where Mt is a precipitating cation The relatively soluble PbI would

| then cause the least shift and thus might only partially coprecipltate the
-astatine at the highest acidities when the normal equilibrium most strongly
favors At (0) Of course the Pb is also rendering the solution more re-
_ducing by precipitating the As (V)

' We must observe that the free-iodine concentrations in these soluw
tions are extremely low. Thus Expts 17=2 =3, -h _and ==5 have respective .
1, concentrations of the order of 10 =25 M, 10/ 9 M, lO 51 M, and 10 -1l M.
In the former two cages, the iodine concentrdtions are actually consider-.

ably -lower than the astatine concentrations (lO 13 t lO -15 M), and under
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such' conditions AtI‘isuprobably‘completely¢disseciated4 “Even though the
iodine is in.-excess of the astatine at the highest .acidities, it is still
probably lower than typical impurity levels, and while +the -iodine; itself
will be maintained in concentration by»the_relafively large iodide reser-
voir, we cannot feel particularly confident of thevability_of such a low
ipdine concentration to protect thevastatine from reaction with impuri-
. tles..

Thus we again find ourselves in a situation in which we are un-
‘certain of the nature of the At (0) species, It is now an unavoidable
situation, however, which arises from the fact that iodine is more readily
. reduced to the (-1) state than is astatine, Despite these ambiguities, we
will use these results to estimate the At ™ -- At (0) potential to be about
-0,3 volt, ' E

10, The Ferro-Ferricyanide Couple (Table XVIII)
‘”This-conple.also reacts falrly rapidly with iodine and iodide,

but much mystery still surrounds the reaction.29 The equilibrium is
phbtbsensitive in much the same way as the I -- I - Fe++ == Fe
equilibrium.3o The situation is compllcaxe& by the fact that the ion
HFe(CN)63 is a weak acid, and its salts are also somewhat weak. 2k There-
. fore the reducing power of the couple decreases both with increasing
acidity and with increasing saltvconcentfationn | v

These factors are evident in the solventnextraction behavior of
astatine in the experlments of Table XVIII, vaen the photochemical ef =
fect is seen in Expt. 18:4% (note g). We shall interpret the'degvedsge in
extractability as indication of reduction to At~ ,"It appears that equi-
llbrlum is attained fairly rapldly, maklng it necessary to consider equi-
'. llbrlum shifts accompanying dllutlon of the" reaction mlxtu.re ‘for extrac-
tion or copre01p1tat10n Therefore the emf's of the extraction and co-
prec1pitatlon mixtures are indicated in the ‘table,

Once more we are confronted with a dlfflculty in identifying the
At (0) species, In the most reducing of the solventeextraction mixtures
(EXbﬁ; 18;3)y the.aqueous I2 concentration is of the order of 10 =17 M.
If the At (0) species is still AtI, the reaction is o

AT + 2Fe(01\1)6“ll = AT+ I+ 2Fe(cN)éf§,
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The variation in D between Expt. 18-3 and Expt. 18-4 is compatible with
this interpretation, but comparison of Expt. 18-2 with‘Expt. 18-4 does
not reflect the expected I~ dependence. However, the conditions of
Expt. 18-2 are considerably different from ‘those of Ekpts 18~3 and
18-k, and the emf computed for Expt. 18-2 may be in error,

No extensive quantitative study of this equilibrium has been
made, although such a study may well prove rewarding., A prior clarifi-
cation of the iodine—ferroéyanide system might be-in'ordef; hoWe#er,

The limited results presented here would indicate an At~ -- At (O)_
'potential of about -0.4% v, which is 0.1 v more negative than thé poten-~
tial obtained firom: the study of the arsenic system, The discrepancy may |
be due to an inaccurate estimate of the ferro-ferricyanide‘poténtial.
The difference 1s of considerable importance, since if the reduction
occurs at =0.3 v, .it is virtually certain that the At (O) sPeciés is
not AtI, while at =0.4 v there remains some ambiguity.

It is a little surprising that the astatine in these solutlons
‘can be compietely coprecipitated with T1I, but only partially with AgT

~and hardly at all with PbIz. This may relate to the extent to which -
the various precipitantsi. disturb the ferro- and ferricyanide ions in
the solution. The 1% ion does not precipitate ferricyanide under any
of the conditions used. It does not precipitate ferrocyanide if the

pH is 2 or less, and bnly incompletely precipitates 1t at lower acidity.
The PbtT idn does not precipitate ferricyanide, but precipitates ferro-
cyanide under all conditions employed. The Ag+ ion preéipitates both
ferro- and ferricyanide under all conditions. o

Thus T17 causes the least disturbance of the emf of the solution.
The fact that AgI=coprecipitétes considerably more astatine than PbI2
may be due to the fact that Ag+ precipitates ferricyanide while pptt
does not, or itimay be the consequence of a shift in the astatine equi-
librium resulting from removal of At” and I~ by the highly insoluble
AgT. Or it may simply result from part of the astatine belng gobbled
up by the rapidly precipltated AgI before it can be affected by the
equilibrium shifts,

~
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11, The Reaction of Astatine with S0, (Table XIX)

'Whilesnobodyiin hisﬁright mind would consider the sulflte=-sulfate

couple to be reversible31802tdoes rapidly reduce iodine species, and it

was one of the first'reducing agents used in astatine studies, The re-
sults obtained by Johnson et al have already been discussed in Section

IIT. My results show that regardless of whether or not the reaction

_mixture contains macro amounts of iodlne, the astatine is converted by

_SO to a nonextractable state whichc coprecipitates nearly completely

with AgI, PbI,, and T1I (though only the last was precipitated from
1odine-free-systems), Itzseems,reasonable to ldentify this state as

At”,

12, Conclusions

The results,of~the‘uork reported in this section are summarized

in Table XX, The_identity,,andeeven.the.multiplicity<of the intermediate

_positive‘oxidationﬁstates.ofﬁaStatine.remain1inﬂeterninate,aasddothhe

precise potentials.relatingﬁéqgh,states»at At03; and At (0). However,
it is clear that at least one intermediate positive state does exist,
and we shall continue toyﬂesignate it as At (X). We have also seen that
the nature,of*the‘At (0) species-present in reducing solutions is highly
ambiguous, .Subject to thesevuncertainties, we may oonstruct the follow~

ing rough potential dlagram for astatine at pH ~ 1 (assuming no:pH de-

‘pendence for the At (0) == At~ couples):’

) unknown At (0) _ ‘
AT see «0,3 =ss  AtI ee= =1,0 === At (X)
- ‘ AtBr : '

w15 e Ato3‘ e <=1,6 === B, A0
This potentlal scheme probably represents a modest improvement over that
estimated by - Latimer on the basis of the work. of Johnson et al. 2z
It a”7ears, then, that astatine differs markedly from the other
halogens, s1nce none of them have positlvefvalsneevstates»between 0 and
+5 that are stable to disproportionation ‘Such a stabilization of lower
positive states in astatine might be expected from snalogy with the

nitrogenegroup,elements,
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V. QUANTITATIVE STUDIES OF THE SOLVENT

EXTRACTION OF ASTATINE INTO CClh

A, Introduction

In the course of the work described in the pfevious~Sectibn,'a
number of solvent-extraction systems involving astatine seemed to warrant
detailed study in order to obtain more positive 1dent1fication of the
~ species involved. Certain of these are examined in this section,

The studies'of the previous section indicated that in the’precence
of iodine and iodide, astatine was more or less extractable into: CClh, and
that it was not coprecipitated with insoluble 1od1des, but did carry with
I, ‘
interhalogen such as AtI, If the species is AtI, it should.in<general

absorbed by a T1I precipitate., .This was the.behav1or expected_from an

show properties similar to those of the homologous IBr. This conclusion
is tested in the first three parts of this section, which deal with the
reactions of Atv(o) with other halogens end interhalogens. The lest part
of the section concerns an: unsuccessful attempt to study quantltatlvely

a redox reaction of At (0) not involving another halogen.

B. The I~ -,.12 System

1. Experimental

Astatine was added_td’the two-phase systems as anvaliquot of
either an lodine solution in CCl)+ Or an agqueous iodineaiodide solution.
The "early" group of experlments was performed at room temperature (21
to 23 C) in daylight or fluorescent light. The " ater” experlments were
carfied out at 21 #* O,5°C»in;blackataped, opaque -stoppered tubes,

to

2; Results and Discussion

The principal results appear in Tables XXI and XXIA; The systems
qppeare&uto;reachvequilibriumiaftei.lnmmnutefoﬂuagitétmongﬁalthqughwe@me
mixtures occasionally showed slow drifts in D over several hours, both

when the mixtures were agitated continuously and when they were allowed
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_ Table XXI

Carbon tetrachloride extraction of astatine from iodide-iodine systéﬁls8

(M) S Time Notes and
Expt. (17 (IE)CClAV D, stiar  Drinal (nr) ~ special conditions Dot
: h ' Early experiments (21 to 23°C)
1 10'? . 0.0010 6.3. . 63 0.5 ¢ 5.4
2 1.0x107% 0.0010 9.4 6 ool 4.6
3 L.ox0™t 0.0010 6.5 4.6
L 9x107 ) 0.010 5.7 b7
(1.0x1077)
5 9x07”_,  0.010 8.7° c 4.7
(1.0x107 ) . IS
6 0.00107 1.0xm07 3.1 2.5 248 1.8
7 0.00115 1.0x0" 2.6° c . 1.7
8 0.00103 1,007 3.8 3.5 0.3 1.1 M NaCl0, 1.8
9 0.00120 ‘x107 3.3 10.1 M HCL0, 1.6
10 0.00120 6xi0~ 3.3 30d 0.001 M HC10, 1.6
11 0.00120 6x107 3.1 2 68 0.03 M HOAc = NaOAc 1.6
. . pH 4.6
12 0.00120 6x10” 2.2 1.7 30% . 0.035 M NadgP0),, 1.6
- 0.015 M NaHPO
pH 7.2
13 0.0011L . 0.0010 2.8° 2.2 L standing + N
’ : : 0.5 agitating -7
14 0.00103 0.004 2.6 2.6 1% " 0.00075 M HC10, 1.8
(0.00107) : . _ .
15 -0.00104 0.00k4 3.3 3.2 14 1 M NaClo0,, 1.8
(0.00107) : © 0.00075 MHC10, _
16 0.00105 0.010 2.8 - e 1.8
(0.00115) .
0.00105 b '
7 (600113 0.010 3.1° . _ e 1.8
18 0.00112 0.097 2.0 : Agqueous, phase; 1.7
' (0.00213) : 1 count/min/ul
19 0.00117 0.098" 2.1 - Aqueous phase: 1.65
(0.00223) : . 300 counts/min/ul
20 0.00120 0.098 3.1 2.2 b standing + 1.6
(0.0023) _ : 0.5 agitating
21 0.00111 10.10 1.9 R=14 1.7
(0.00214) . )
22 0.00108 ~  0.097  3.0° 2.6 1 1.1 M NaClO0) 1.7k
. (0.00182) ’ )
23 0.0104 0.0009 0.33 - 0.30 1 0.25
24 0.0103 . 0.0036 0.39 0.34 1 0.00075 M HClO# - 0.25
(0.0107) .{0.00%0) ) .
25 0.010k 0.0036 0.44 0.h43 1 1.0 M NaCl0, , 0.25
(0.0107) (0.00k0) ) o.ooo75,M‘Héloh
26 0.101 1.1x10:t 0.034 0.027
(2.2x107 )
27 0.7k 7x10:§ 0.0046 o R =1.1 0.0037
(5x1077) ,
28 0.75 1.6x1077 0.0041 0.0037

(1.2x10
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Table XXI (cont'd.)

: _ (M) - . . - Time Notes and - . -
Expt. (17) (IZTCCILL Dinitial : Dfinal (hr) special conditions Doplc
Later experiments (21 % .EOC)f
297 5.9x1078 0.088 i 12.1 0.5 5.1 -
(1.08x10°2) , -'
29a® . 5.3x10:6 0.088 9.0 0.5 0.9 M NaClo0,, 5.4
(8.8x107") 0.0008 M Hcfoh ’
296° s.ono:g 0.088 8.6 0.5 0.9 M NaClO, 5.h
(8.4x107°) 1.0'M HC10, :
30% 6.6::10‘?5 0.087 5.7 0.5 0.9 M NaC10, 5.4
(1.08x1077). 0.010 M NaH,PO) =
Na_HPO, =
27
_PH 6.3.
N 8.1x107° 3.8 c 4.7
32 8.1x107° 0.0010 44 b7
33 8.1x1077 0.0010 6.0 1.0 M NeC10, W7
3b .7 9.6x107° - 0.0010 bk 46
35 1.260a0™  0.0010 4.5° 4.3 5 by
36 »J..23xlo"* .0.0010 5.0° 0.9 M NaC10), N
37 126464 o0.0010 4.8° 0.10 M HC10, bk
38 1.25x107%  0.0010 W 0.009 M NaOAc 4.}
_ ’ 0,010 M HOAc, pH 4.6
39 1.2ixa0™  0.0010 3.5° ,0.010 M NeH,PO, = bk
. Na,HPO),, pH 6.3
40 3.05x10'1* 0.0010 3.3 3.4
I 9.7x10" 0.0010 1.87° 1.87
42 0.00105 . 0.0009 1.79° 1.51 5 1.77
(0.0010) 1.55 54+0.5
' under fluorescent light
43 0.0046 0.66 0.59 0.18 0.54
4 0.0089 3x1077 - 0.30° 0.29
45 0.0107 0.0009 0.255 0.245
(0.0010)
46 0.0088 0.0009 0.28° 0.30
(0.0010)
L7 0.0088 0.0009 0.28° Ordinary Baker and 0.30
(0.00lO) Adamson reagent CClu
used.
48 0.0086 0.0009 0.35° 0.8 M NaCl0, 0.30
- (0.0010) .
L9 0.0096 0.084 0.30b 0.27
(0.017) (0.093)
0.0195 0.0008 0.138 - 0.138
(0.0010)
51 0.097 0.0005 0.031L R =0.9° 0.028
: (0.0010)
52 0.093 0.0006 0.033° R = 0.88%% 0.029
(0.0011)
53 0.98 1.8x107° 0.003%4 | 0.0032 0.1 in R = 2.6%% 0.0028
(8x10-5) fluorescent
light .
‘v
5k 0.97 8x107° 0.0046 h 0.0028
: ‘ (0.0010)
55 0.68 0.036 10.0033 R = 5.0 0.0040
(o_.98) (0.096) -
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Notes to Tables XXI and XXIA

aUnless R = organic volume/agpeous volume is specified, the two phases were approximately
equal in volume, and the aqueous solutions were O. 0009 to 0.0010 M in HClOLL with no

inert salt. Acid, buffer, and inert. salt concentratlons‘are given to % 5%. . Todide was
added as Nal, and the iodide cencentrations are indicated to * 5% for the'hearly“
experiments, and to * 1% for the "Later" ones. Iodine concentrations around 0.1 M "~

are given to the same accuracy as the iodide, while iodine concentrations of 0.01 M and
less ‘are given to * 10%. The corrections for the distribution of the iodineé and for the for-
mation of I; end(in Expt. 55)°f12 were made using the data of Table XXII. These data are
strictly applicable only at Zl C, and the corrected concentrations may be 1n error by a
few percent in the room-temperature experlments. When the I correctlon resulted in
appreciable changes, the uncorrected £ I =1 + I3 + 216 and £ I (CClh) =1 (CClu) +

[I (ag) + I + 216]/R are indicated in parentheses beneath the corrected (I”). and

3
(IZ)CClu values. .Values of Dlnltial were obtained after 1 to 5 min of agltatlon unless
otherwise specifled. Values of Dfinal were observed after the system had been agitaped

for the time indicated in the "time" column, except when it is specified that for some_o#
all of the "time" the mixture had been allowed to stand.
:Value of Dinitial obtained after 10 to 15 min of agitation.

The phases of these experiments were separated. To the aqueous phase was added & fresh
iodine solution in CClh of the same.concentration as the original; to the organic phase

was added a fresh iodide-triiodide solution of the same composition as the original’
Aaqueeus phase. The results of these secondary ektractions appear in'Table’XXlA. When
entries in Table XXIA are marked with (a), as in Expt.‘l, another similar extraction was
‘carried out,- the results being entered as Expt. 1'. Thus the original, .agueous phase .of
Expt. 1 was contacted with a second fresh organic phase to give a D of 1. 6 whlle its
'orlglnal organic phase was extracted with a second fresh aqueous solution to give a D of 8.3.
dI‘he mixtures stood undisturbed for the indicated time,- after which they were agltated for

1 to: 5 min, - :

The value of D osclllated with time between 2.6 and 3.2. ]
Expts. 29 and 30 were earrled out at room temperature. Experimenﬁs 29a aud.29b resulted
from modification of the solutions of Exp. 29 .
gAfter organic phase had bean made 0.0010 M in I2 .
hThe astatine .was added in the aqueous phase (indicated only for selected experiments)

The astatine was added in the organlc phase (1nd1cated only for selected exper1ments)
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Notes to Table XXIA

aThe'iah'ases of'these experimehts were sebarated “To the aqueous phase

was added a fresh 1od1ne solution in CClh of the same concentratlon as

'.the original to the organlc ‘phase was added a fresh 1od1de-tr110d1de

Solutlon of the same composition as the orlglnal aqueous phase.‘ The

:results of these secondary extractlons appear in- Table XXTA. When'

entries in Table XXIA are “marked w1th (a), as in Expt 1, another similar
extractlon was carried out the’ results belng entered as Expt 1. Thus
the original agqueous phase of Exp. 1 was contacted with a second fresh
vorganlc phase to glve aD of 1. 6 whlle its orlglnal organlc phase was
extracted with a .second fresh aqueous solution to give a D of 8 3

Value of D ) obtained after 10 to 15 min of agitation.

nitial , .
Whenythe organlc phase was made 9x10 2 M in I and the<systemlwas_agitated
for 5 min, D did not change. When the organlc phase was made O. OlO M in
I and the system was agaln agltated for 5 mln,.D rose to 2. 3

After organic phase had been made 0. OOlO M in I
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,;to stand undisturbed. The d1str1but10n ratlo appears 1ndependent of the
’ relatlve Volumes of the two phases \Expts 21 53, and 55) and usually

remains nearly unchanged when the phases are separated and elther is

. contacted with a fresh portlon of the other The dlstrlbutlon shows no

vsystematlc dependence on I concentratlon or on gt concentratlon between
va 1 and 5 (Expts 9 to 12 and 37 to 39) There does ‘seem to be a slight
but real dropoff of D at pH 7 The presence of l M NaCth 1ncreases D
. same 20 to 30%. Comparlson of Expts 18 and 19 1ndlcates the dlstrlbution
, to be 1ndependent of total astatlne concentratlon, rullng out the possi-
blllty of radlatlon 1nduced reactlons The same D may be obtalned re-
'gardless of whether the astatlne 1s added in the agueous or the organlc
phase (Expts 51 to 55). Experlments 35, 42, and 53 1nd1cate the ab-
sence of photochemicai effects. The substltutlon of ordlnary reagent-
grade CCl)+ for our low=-sulfur reagent does not alter the distribution
(Expt 47). o o

If:the-astatine species present were AtI distributed between the

two phases and AtIz-'in.the agueous phase, then . Lo

v tI
total organic astatine Ké (V-1)
D= A = s V—
total aqueous astatine 1+ K (1)
' , AtIZ
2
(AtI)001 (AtI))
where At _ by and K, , .- = z
Ky = & A1 T (&D (1)
: aq 2 ‘ aq
tI
In Table XXI values of D alc have been computed for KS = 5,5
and K = 2000, The fit appears reasonably good between 107 -4 ang

AtIz
1 MI”, particularly for the "later" experiments., The "early" experi-

ments give D's which are almost uniformly some 50% higher than the calcu-
lated values and those of the "later" experiments., It is hard to ex-
plain such a large difference. The "early" experiments also show more
internal scatter and appear more prone to erratic time dependence than
the "later" experiments.

The "early" experiments were carried out over a three-month

period, using various batches of astatine, The "later" experiments
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.weré conducted a year later, again}over a three-month period. During

the interval between the two sets of expériments, various reagent solu-

. tions were replacéd. and new stocks of double-distilled water were made

up. It is possible that a systematic impurity accounts for the dis-
crepancy. ' ]
Because of their greater 1nternal con31stency, and the greater

care with which they were conducted, I have fitted D . to the "later"

N 1
e

experiments, _
Systems wifh low D sometimes show a decrease in D the first time
the aqueous phese is extracted with fresh CClh. Another extrection with
fresthClh does not alter D, and the final value agrees well with Dcal
(Expts. 52 to 53)., It may be that the initial D is raised by the
presence of small quantities of extractable astatine species other than -
AtI, Accordingly, we would expect that systems of low D which are not
reextracted might giVe D's higher,than.the calculated values (see-Expt.
54). | | | | |
For the IBr -=- IBr system at ZlOC the corresponding constants

are KEBr = 4.31 and K - = bbb (see part C of this sectlon) :The

IBr
2
similarity of the Kb”s supports our identification of the astatine

species as AtI, The difference between KIBrz— aud KAtIé- is not sur-
prising if we consider that the polyhalide ions tend to become increas-
ingly stable as the central halogen becomes heavier, Thus fhe formation
constant of 13' is 800, while that of Br3 is only 17.507 32

If we consider the effect of inert salt to be due prlmarily to
the saltlng of AtI out of the aqueous phase we obtain'a'salting co-

efficient of approx1mately 0.1, i. i.e.:
log,y D = loglo D + lei(Na01oh)o,

The analogous coefflclent for IBr is O, 12 (Table XXII) The experlmentq

at high I~ are also subgect to a salt effect However, data on other

systems suggest that NaI has a considerably smaller saltlng coeffic1ent
than has NaCth -~ " probably ‘less than O, 05 " No salt ¢orrection has

been included in the D values,
calc
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-Table-XXII

Summary of 1nterhalogen equlllbrlum constants used in .astatine computatlons

(21°C unless. otherwise spe01f1ed)

Quotient ‘ K : . Salt effect , L References

86b log K = log K_ + 0.13 (NaCth) +AlS,23,32
0.13(Wac1)® + 0.1(NaBr)® +
0.05(NaI)® + 0.03(HC10,)

(IZ)CCl /(12 aq

(BrZ)CClu/(BTE)aq 27.1 | Assumed the same as for 12 . . 15 |
(IBr)CClh/(IBr)aq ©oh.31 © log K = log K + O.lZ(NaCth) Section V-C
- + 0.096(NaBr) + 0.03 (HClog)
.(13)/(1 )(Iz)aq- - 800 log K = log K + 0.02(NaX) 32
o "+ 0.05 (HCth) s
(IzBr-)/(Iz)aq(Br-) 1.3 .Assumedvthevsame as for Ig” 33
(IBr;)/(IBr)aq(Br—) LbY " log K = log K_ + 0.02(max)? ‘Section V-C
B ’ S + 0.053(HC10),)
(I Cl )/(I ) (Cl_) ~3 -~ Assumed the same as for Ié ‘33
(Br )/(Br q(Br Y17 .Assumed the same as for I; 31
,(1 )/(I )2 Co~ Neglected - o3k
9.6 . "Assumed independent of salt 22,35
(2,0 %(8e )/ ‘ T BN
(17)(1Br), o
. CCLy 1.10x10" | Adsumed independent of salt ~  15,22,35
(Br )(12)CCl ' : .

aAll.logarithms.are to the Base 10. Stoichiometric salt concentrations .are
used Thus IBr is assumed to have the same effect as Br .

Praken as the ratlo of the solubilities (see Section II-C).

Estlmated from the general saltlng behavior of these 1ons.23‘~
dHere NaX is. ~any sodium hallde or -sodium perchlorate.
Calculated from the value at 25 035 with the heat of dlssoc1at10n of IBr

22
in CClh assumed equal to the vapor phase value of 1. 36 keal.

3
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".The lack of iodine dependence means that:no reédox reaction is
coming into play, even at the most reducing potential of -0.42 v in Expt.

27. It also indicates that the reactidn‘AtIZQ + I, =:At1£7=isinot

important.
~From ‘the lack of pH dependence, we may set an upper limit of
10 -1l to the constant for the reactlon'
HOH + AtI(aq) = HOAt + H' + I”. L (v-2)

The correspondlng constant for IBr is l 5 x 10 7 36 We might expect
the heavier 1nterhalogen to be more stable to hydrolysis

It is not clear to what reaction we should actually attrlbute
the slight decrease in D around pH 7. " Its independence of (17) (compare
Expts. 9 to 12. with Expts 37 to 39) precludes 1ts representlng the
onset of reaction (v-2).

The experiments carried out.at very low iodidedconcentrations
(Expts. 1, 29, and 305, and in the absence of iodine (Expts. 31 and 43)
are of interest,.since they tend to bridge the gap between the experi-
ments of this section and those detailed in Table VI, In both cases
- the experiments begin to show the presence of speciee‘both more ‘and less - .
extractable than -AtI, similar to the three or more species needed to
“explain the solvent-extraction behavior of solutions free of both iodine
and iodide, |

C. The IBr -- IBr System

2

Introduction

The reaction'
1/2 I, + 1/2 Br, ="IBr»‘ ‘» SR (v-3)

in- CClu has an equlllbrlum constant of - 19 l at 25 C. 35 Faull determined

- rough values of 3.9 and 380 for K%Br and K -,_reepectlvely, at this

temperature,36 (The more recent paper by Pungor et al, claimiﬁg that

IBrl;3 is the principal complex ion suffers from fundamental thermodynamic
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errors inainterpretation;37_;When-theseyafeecorrected,;epproximate agree«
ment with Faull's work is obtained.). For the calculations needed to
interpret the results of experiments with astatine in:this system, it was
AdesirouS’to‘kuow these two constants to well within % 10% at-ZIOC. The

following experiments were:designed,tp«obtein-this;information,

‘Experimental

The two-phase feacfion'mixﬁures.were“prepafed in-Teflon-étoppered
glass veesels.which_were agitated in the dark for 30 minvat 2l to 216500.
Aliquofs of each phase were added to solufions containing excees iodide,
end the liherated I,” vas tiﬁraﬁig-with standaidizéa 0.01 M sodium thio-
sulfate, using starch indicator, All volumetric ware used was calibrated,

Excess I was added to systems 1n whlch Br~ was O, 01 M or less, and

they were made 1 M in HCth to suppress the reaction -

. - . + )
SIBraq + 3 HOH = 103 +.212aq+ 5Br- + 6 H | »(v-h)

for which K, .o - ~ 10720, 22
25 - :

‘Results and Calculations_. . v L
The results are shown in Table XXIII. The constants of Table XXII

were used to calculate the quantities of iodine and bromine in the two
phases, v o
From the data of Table XXIII it 1is possible to calculate directly
IBr

Ky~ eand KIBr - for a 1 M HC10) medium, However to obtain values for the
- A :

other media we must evaluate six correction parsmeters -- the effect of

each of the reagents HClOu, NaCth, and NaBr on Kb and. on K Bro= Since

the 1limited data do not allow the determination of all of these, certain

assumptions must be made, I have assumed that the effect of HCth on.Kb

is equal to its salting out effect on lodine (salting coefficient = 0.03),32

and T have further assumed that‘NaCIOh and NeBr -affect KIBr = to the same
e 2

extent that NaCl0, affects ‘the formation cénstant:of i3' (see Table XXII).

v
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Table XXIIT

Distribution of IBr betweén CClh and aqpeoué bromidé soiution
(21-21.5°¢C)

a
S

A. - Experimental Resﬁlts_

Stoichiometric amount added (M) Titer (as IBr) (M)

Expt. HCth _ NaCth R® NaBr (IBr)CClh. (Iz)CClh CClh Aqueous
1 1.0 - '1.136 0.001438  0.0069%  0.01058 0.01591 . 0.001822
2 0.99 - 2.028 - 0.01218 0.00240  0.001953  0.00335 0.001930
3 0.06 . - k.48 . 0.109% .. 0.00488 1x1070 _ 0.091622' 0.014k49
4 0.06 . 0.28 4.52 . 0.1103 0.00488 1x10'6 0.001.694 0.01439
5 0.06 C0.78 . L8 0.109k 0.00488 -1xlo'6 0.001829 - 0.0137h4
6 0.89 - 450 0.1100 0.00488 1x1070 - 0.001579  0.0148k4
7 0.065 —— 47.3 0.960 0.00488 1xlo'6 0.002051 0.1344
' ' B. Calculated Values
o cel, () . AQﬂeéus‘(M) ' o

Expt. . I, . Br, .. .IBr "IN TBr" "IBr"n'_ Br- Dexptl  Dealc

1 0.01049 7xlb'6_ 0.00543 l.lelO;F 251071 0.001707 9.o5xlo'h 3.18 3.18

2 0.0019k% 3x1078  o.001hok 2.5x107° 1x107T 0.001905 0.01058  0.737  0.734
3 7.6;&10'5 7.5x10'5 0.001471 2x10'6 7xlo'6 0.01448 0.0952 ° 0.1016 0.101k
i 7.9x10'5 7.8x10'5 0.001538 2x1070 7xlo'6 0.01438  0.0962 0.1070 0.1071
5 8.6x107° '8.5x1075 0.001658 2xlo'6 7xlo’6 .0.01373  0.0960 0.1208 0.1205
6 7.1+xlo"5 7.3x10'5 0.001u32' zx10’6 7xlo'6 0.01k8§_ 0.0955 0.0966  0.0968
7 9.6x1077 9.5x10™ 0.001860 1x107°  5x107° 0.1343  0.826 0.01385 0.0138%4

2

8The qpanti%iesj"lz", "Br_" and "IBr" include the concentrations of IZBr_, Br;, and IBré,

respectively, and D = (IBr)CClh/"IBr"aq.J Concentrations of HCth\and NaCth are only

accurate to * 1%. The other "raw data” concentrations in parti A of the table are accurate

to % 0.5%.

b . ‘ )
R = organic volume/aqpeous volume.
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With these assumptions we can evaluate the other parameters and

conclude (see note (a) to Table XXII): o , "
log KbIBr = log (4.31) 40,12 (NaCloh)'+ 0.03 (HClbh) + 0,096 (NaBr)
log Kyp .- = log (44h) + 0.02 (NaCl0,) + 0.02 (NaBr) + 0.053 (HCth)o

| > _ . _ V

The NéClOu correction to Kbiand the HClOu correction to KIBr - turn out
B N . - . 2

to be nearly the same as the gnalogousﬂvalues in the 12‘“' 13’ system,
The distribution ratios calculated from these expressions are
tabulated as Dcalc in Table XXIII, and can be seen to yield an adequate
fit to the data. Since the data have obviously been overinterpreted,
this serves bnly as a check of internal consistency, However; the
results should easily provide the accuracy needed for interpretation of

the astatine experiments.

5 =" Br -~ IBr =- Br2~System

D, Astatine in the 17 -1

Sincg IBr is an oxidant intermediate betWeen,Iz‘and Brz, it
represents a possible means of investigating the region of tramnsition
- from AtI to the unknown, ﬁnextractable, intermediate positive astatine
state or states. This-possibility has been pursued in the following

experiments.

Experimental

The IBr was usuélly introduced into these systems as an -aliquot -
of either an IBr solution or a Br2 solution in CClh, In a few experi-
ments an aqueous bromine solution was used, Astatine was added from
either an aqueous I2 -~ I~ solution or from a CClh-SOlutiqn containipg

I The mixtures were generaliy agitated for 5 min,

20

At first reactions were carried out in black-taped tubes under
ordinary room lighting, However, it was found that in systems with D .
less than about 0,05, the distribution could be altered by the exposure

of the system to light while aliquots were being withdrawn for assay.
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Theréaffer, experiménts'Were-earried out in -a darkroom illuminated by a
Wratten series-l red safelite using,avhb—watt bulb,  Certain of the mix-
tures were found to be sensitive even to this illumination, and ulti-
mately it was necessary to work in black-taped tubes under the safelite,
vtaking.assays with minimal exposure of the systems to the light and with
the least possible mixing of the phases, In this way it was possible to
obtain results that did not differ from'the.results of awkward parallel
experiments executed in total darkness,

' When it was desired to re—extract an aqueous phase with a fresh
organlc phase of the 'same compos1t10n as the first, the latter was
usually obtained from a sultably agitated duplicate experimental system

to which no astatlne had been added.

Reeults
The results are compiled in Tables XXIV through XXVI.

Calculations

The data of Table XXIT were used in the calculations, Reaction
(V-3) had to be considered for systems which did not contain a consider-

able excess of I2 over IBr. The reaction

I, + Br' = IBr + I - v (v-5)
had to be invoked for systems containing a fairly high bromide concen-

tration but little or no IBr (see Tsble XXII).38

Discussion ‘
The experiments of Tables XXIV and XXV appear to reach equilibrium
within 5 min, The'astatine distribution.appears to.be 1argely-independent
of the concentration of the astatine the phase into which it is intro-
duced, the type of CClh used (Expt 5, note b), and of the acidlty be -
~tween pH O:and'3, The salt effect appears generally to be no greater than
than found in the I2 .- I system., | - | )
The lack of acidity dependence is particularly significant in
the case of Expts, 6 -7 and 15Q°16, since it indicates that altheugh



-88-

Table XXIV
“Carbon 't‘etrachlbridé extractic;fx of agtatine in Br~ -- I2 -- IBr systema
: (21 ¢ .5%) .
B T K CCLy . o K
Expt. R IBr Br 12 ZIBr IBr I.Br[I2 Dex'ptl Dcalc
) Br” ~ .0009 M P
1 1.89 0.00094 0.00093 0.095 0.000037h 0.000032 0.0003% 2.36 2.2
2 1.89 ' 0:0009%° ~ 0.00091 0.095 0.00037h 0.00032 0.0034 " - 0.33 0.37
3 2.07 0.0009%  0.00092 0.0087 0.000L7L 0.000150 - 0.0173 0.097 0.101
4 1.96 0.00108 0.00093 0.092 000182 - 0.00158 0.017L 0,110 0.101.
5 1.89 0.00094%  0.00093 0.0009k4 0.0000374  0.000032  0.03% 0.052 ,  0.066
. B . ; "+ . (0.060)"
6 1.86  0.00164  0.00091  0.098 0.0096 0.0083 0.085 0.049 0.045
7° . 1.86 0.00164"  0.00086  0.098 - 06.0096 0.0082 0,084 0.0k9 0.045
gbhf 0.92 0.00116  0,00113 0.00079 0.000382 0.00028 0.36 0.0215 0.033
R 0.91 0.0009%  0.0009L  0.00080 0.000390 0.00030 0.37 0.040 0.034
10%8  1.89 0.0009%  0.00091  0.00078 0.000374 0.00032 0.41 0.03%4 0.034
'11h’d 0.94 0.00094 0.06093 0.000072 ' 0.000150 . 0.000113 - 1.6 0.036 0.032
12° 1.93 0.00108 0.00093 0.00095 0.00185 0.00160 i.7 0.035 0.032
138 0.92  ©0.0009%  0.00092  0.0000254  0.00015% 0.00011%4 k.5 0.029 0,031 .
(0.00002L3)
11° 1.88 0.00163 . 0.00093 0.0011% 0.009% - . 0.0079 7.1 0.030 0.031
’ (0.00097) '
152 2.02 0.00163 0.00097  0.00042 0.0088 0.0071 17 0.0265 0.031
(0.000L09) o . -
16%4 2.02 0.00163 0.00092  0.000k2 0.0088 0.007L 17 0.025 0.031
(0.000109)
17 0.91 0.009L 0.00232  0.076 0.0h62 0.031 0.h1 0.022 0.025
18 ©0.98 0.0116 0.0060 0.00117 0.0185 0.0101 8.6 0.010k  0.0138
(0.00096) .
19i 0.98 0.0116 0.0060 0.00055 0,0185 0.0098 18 0.0076 0.0137"
(0.000102)
Br~ ~0.009 M .
209 0.91 0.0091 0.0090 0.099 0.0000364  0.000021 0.00021 1,09 1.16
219 0.90., 0.0090 0.0088 . 0.099 0.000138 0.000064  0.00065 0.60 0.53
22 0.91 . 0.0091 0.0091 0.0099 0.0000426  0.000020  0.0020 0.184 0.20
’233 0.87 0.0087 0.0084 0.099 0.000452 0.00021 0.0021 0.172 0.20
218 0.91  .0.0091 0.0088 0.099 0.000430 0.00020  , 0.0020 0.167 0.20
25tk 5 93 0.0093 0.0090 0.097 0.0600372 0.000165  0.Q0LT1 0.163 0.21
26° 0.9%  0.0091 -0.0087 0.095 0.000468 0.00021 0.0022 0.147 0.173
z7m 0.97 0.0092 0.0089 0,092 0.000456 0.00022 0,002k o.;6z 0.17h
28 0.91 . 0.0092 0.0089 0.029% .0, 000452 0.00021 0.007L 0.080 0.067
29h 0.88 0.0089 0.0083 6.098 0.00127 '0.00060 0.0061 0.073 0.080
30J 0.86 0.0086 0.0079 0.098 0.00147 0.00069 0.0071 0.085 0.07L
31 0.93 0.0092 0.009L 0.00096 = 0.0000L60  0.000021 0.022 0.029 0.028
329 0.91 0.0092 ' 0.0089 0.0097 0.000452" 0.0002% 0.022 0.029 0.029
33 0.91 0.0092 0.0090 0.0097 0.000488 0.00023 0.023 0.025 0.028
3T 0.93 0.0108 0.009L 0.095 0.00380 0.001.77 0.0186 0.028 0.032
355" 0.93 0.0108 0.0091 0.085 0.00382 0.00178 0.021 0.031 0.030
36 & 0.93 0.0092 ~  0.0077 0.095 0.00386 0.00192 0.020 0.033 0.034%
37392 9,90  0.0090 0.0073 0.097 0.00461L 0.0023 0.024 0.032  0.032
38 0.90 0.0097 0.0092 0.0092 0.00136 0.00062 °  0.068 0.0165 0.0161
39 0.90 0.0097 0.0092 0.0092 0.00136 0.00062 . 0.068 ° 0.0188°  0.0161
40 -+ 0.90 0.D167 0.0090 0.0695 0:0195 0.0090 0.13 0.0165 0.0135
41 0.91°  0.0108. . 0.0092 0.0080 . 0.00388 0.00178 0.22 0.0133 0.0120
42 0.93 0.0092 0.0091 0.000080  0.0000460  0.000021k  0.27 0.0095 0.0117
43 0.93 0.0092 0.0090 0.000755 0. 000k TY 0:00022 0.29 ‘0.0116  0.0117
AN . 0.93 0.0094 0.0093 '0.000088  0.000167 0.000077  0.87 0.010k  0.0105
yskad T o.q1 0.009% 0.0093 0.000053 0.000126 0.000054% 1.0 0.0106  0.0104
6 0.92 0.0094 0.0094 0.0000300  0.000LLE 0.000066 2.2 0.0079  0.0102
W7 0.99 0.0100 +0,0095 0.000305 ° 0.00127 0.00060 - 2.0 ©0.0095 0.01.0L
48 0.91 0.01k7 0.0093 0.00320 0.0136 0.0062 1.9 0.0115 0.0103



Table XXIV {cont'd.)

(0.000099)

CCI),
t. R® - - ’
Exp IBr Br I TIBr “IBr Igr/I2 Degptl Deatc
49 0.9 0.0234 0.0086 0.0105 0.0390 .0.0183 1.75 0.0118  0.0109
50 0.91  0.0093 0.0092 10.0000245  0.000154 0.000070 2.9 0.0098  0.0103
51° 1.36  0.0185 0.0092 '0.00213 0.0195 0.0107 5.0 0.011%  0.0102
. ‘ (0.00201) ' o
52 0.93  0.0101 0.0093 0.000067  0.00190 0.00085 13 0.0097  0.0101
i (0.0000%02) B o
53 0.91  0.0234 0.0087 0.0011k4 0.0393 0.0178 . 16 0.0039  0.0106, -
' (0.000429) .
5k 0.91  0.0276 0.0275 0.000088  0.000167 0.000041 . 0.47 . 0.0045  0.00kk
55 0.92 . 0.028L 0.0280 0.0000240  0,000154 0.000038 1.6 0.0043 0.0041
Br” ~ 0.09 M B
56 1.86  0.094 0.093 0.097 0.0000356  0.0000163 ©0.000168 0.157-  0.189
57 . 1i86 0.094 0.092 0.097 0.000372 0.000066  0.00069 . 0.055 0.066
58 1.86  0.09%4 0.09k4 0.00095 0.0000356  0.0000062  0.0065 0.0074  0.0090
.59 1.84  0.101 0.094 0.098 0.00485 0.00082 0.0084 0.0063  0.0073
60 1.86  0.094 0.093 0.00080 0.000372 0.000063 0.079 0.002k  0.00195
61 2,00 0.160 0.089 0.090 0.0446 0.0084 0.094 0.0031  0.00193
62F 0.96  0.119 0.118 0.000308  0.00127 0.000101  0.33 0.00129  0.00116
(0.000316) R
©63® ¢ 092 o 0.121 0.0000236  ©0.00015k4 0.0000115 0.49 0.00113  0.00109
(0.0000243) .
6P 0,89  0.101 0.101 0.0000693  0.000479 0.000041  0.59 0.00177 0.00128
. {0.0000713) ) .
65° 0.90 . 0.l02 0.102 0.000057  "0.000486 0.000042 0.73 0.0022  0.00126
. (0.0000585)
66 1.84  0.103 0.096 0.00099 0.00485 0.00080 0.81 _0.0022  0.00132
67° 0.93  0.103 0.095 0.000255  0.0096 0.00090 3.5 0.0020  0.00129
685:%  o0.91  0.100 0.093 0.00013% - 0.0096 0.00089 6.7 0.00195 0.00131
(0.000121) :
6P 2.00  0.18k 0.110 0.0010k4 0.0h46 0.0071 ' 6.8 0.00143  0.00111
(0.00093) .
702 0.91  0.283 0.283 0.000055  0.000486 0.0000L61  0.29 0.001k1 * 0.00050
(0.0000585) . : :
Br~ ~ 0.9 M (a0 NaCth)
n 1.86  0.9%4 0.93 (o.ogé) 0.0000368  0.00001k2" 0.000157 0.021° 0.023
B 0.0
T2 1.86 0.9% 0.93 .0.091 0.000380 0.0000186 0.000206 ©0.0L76  0.020
; (0.098) )
73 1.86  0.9% 0.92° (o.oﬁg) 0.00382 0.000088  ©0.00099  0.0057  0.005T.
0.09! .
" 1.87  0.9% 0.9% 0.00087 0.0000356  0.00000150 0.00173  0.00335 0.0034
(0.00097) . . :
75 1.87  0.9% 0.94 0.00073 0.000380 0.0000085  0.0117 0.00161  0.0006k4
i (0.00079) : .
76 1.90  1.02 0.9% 0.072 0.0374 0.00085 0.0119 0.00158  0.0006k
: (0.077) .
7 1.95  1.00 0.90 0.085 0.04L6 0.00109 0.0128 0.00107  0.00063
(0.091) | C
78 1.82  0.93 0.92 0.00093 0.00485 - 0.000107  0.115 0.00131  0.000188
(0.00100)
79} 1.9%  0.90 0.87 0.000123  0.0172 0.000k2 3.h 0.00026  0.000146
N (0.000127) :
80 2,04 0.96 0.92 0.000093 0.0172 0.00043 4.6 10:00115  0.0001%
. (0.000099) :
81" 2.0 0.96 0.92 0.000093 0.0172 0.00043 4.6 0.00105  0.000137
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Notes to Table XXL1v

®A11 concentrations are moles/llter (M) Bromide ion vas added as NaBr. Unless othervise specifieg,

(_HCth) = 0.063 + .003 M, and (NaClOu) = 0.40 - (ZBr") + .02 M. Again, R = organic volume/agueous

volume. The quantities £ Br , £ IBr (CClbf), and & IZ(CClLL) are. the concentrations that would be

present if reaction (V-3) went to completion, if no I Br- or IBr_ were formed, if reaction (V-5) did

not take place, and if all the I and IBr remained in ‘the organic phase. In most cases I I2 ~ 1.01

(IZ)CClu and the former has not 'been tabulated. In cases in which the organic iodine concentration

has been increased by the dissociation of IBr or decreased by reaction (V-5) or by the formation of

I Br to such an extent that T I, and (z )CClu differ by more than 2%, .Z I, 1s indicated in parentheses

beneath the tabulated (_Iz) value. The tabulated volume ratios and "raw dats" concentrations are

accurate to * 1%. The derived concentration, e.g. (IBr) ceLy’ may be in error by + 2%. Small apparent

discrepancies in calculated q_uanti‘tles result from rounding off after computation.

'.I‘he value in parentheses was obtained from a duplicate experiment using ordinary Baker and Adamson

reagent-grade CClu instead of our low-sulfur reagent.

‘HCth = 1.02% 0.05 M. No NaClOu was added.

d'A‘statine was added in the aqueous phase (indicated only for selected experiments. )

eAsta'bine was added in the organic phase (indicated only for selected experiments )

Taqueous phase activity: 100 to 200 counts/min/pl.

€aqueous phase activity: 10 to 20 counts/min/ul.

hNo change when agitated under fluorescent light.

1When black-taped tube was uncovered and agi‘bated for 5 min under-Series 1 safelite, D rose to 0.0l2.
After 5 -min agitation under fluorescent light D rose to O. 037 ’

JUnchﬁamged. after another 30 minutes agitation.

kI\Io NaCth added.

lThe aqueous phases of these systems were re-extracted with fresh CClu of the same composition as the
original organic phases. The results appear in Table XXVA. .

m0.03 M HCth, 0.03 M HOAc, 0.43 M I\]‘aaClOl+

PAqueous phase activity: ~ 50 counts/min/ul .

oNo change when black-taped tube was uncovered and agitated under Series 1 safelite.

PNaCth 0.485 - (£ Br™) * .035 M. ,

then black-taped tube was uncovered and agitated for 5 minutes under Series 1 safellte, D rose to 0,0023.
o. 0063 M H(SlOLL
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Table XXV
Cérbon tetrachioride ’e.xtr'élc'tion of astat-i.nev 1n T —;‘:13.1'-""#"6“]52' sttemsa
' (21 £ .5%C) -
- : CCly _
Expt: © R I7x10" - Br I IBrx107 IBr/I_x10” D . c
: - 2 - B 2 exptl ~“calc
82°  0.91 . 1.90 0.00089 0.00194%  0.0100, 0.051 b1 4.1
o Br’ ~.0.0L M |
83  0.99 k42.0 0.0101  0.00095  0.0025 0.026 0.48  0.52
: _ ~(0.00100)
84 0.99 10.5°  0.0101 0.00098 . 0.010k 0,106 131 1.27
85  0.95 3.6k 0.0097  0.00099  0.029  0.29 2.01  1.88
86° 0.92 1.92  0.0089 © 0.0019k  0.099 0.51 2.5 2.k
87 0.99 1.26 0.0101 ~ 0.00099 ~ 0.087 0.88 2.16 2.1
88  1.00 0.387  0.0102  -0.00099  0.29 2.9 2.0 2.0
. 89°  0.90 0.11%  0.0088 _ 0.099 8k 8.5 1.81 1.83
o (0.0470) | . .
90 . . 1.01 -0.130  0.0103 -0.00099  0.86 8.7 1.13  1.50
91  0.95 3.0l 0.0188  0.00096 0.066 0.69 1.63 1.37
) ) Br_ ~ 0.1 M : . , | ;
92  -0.98 102 0.098 . 0.00089  0.0094% 0.106°  °~ 0.192 0.169
: o , ~(0.00100)
93°>¢ 0.92 19.% 0.102  0.0009%  0.054 0.58 0.4  0.35
- (0.00098) | ,
94" 0.9% 9.5 0.090  0.00092 0.095 1.0k 0.4  0.38
95 1.01 10.5 0.101 0.00097 0.102  1.05 "~ 0.37 0.3%4
96 0.85 5.4 0.086  0.00095  0.168 1.76 0.4 0.39
 97b 0.89 2.80 0.099  0.00095  0.37 3.9 0.32 0.3k
98¢ 0.92 " 2.32  0.093 0.00095  O.hk2 L.k 0.27  0.32
99%:€ 0089 2.23 - 0.090 0.00095  O.k2 L.k 0.33  0.36
100° 0.93 1.95 0.091L - 0.00191 .0.98 - 5.1 0.255 0.3k
101 1.0L 1.27 0.101 -+ 0.00097 -~ 0.85 - 8.7 0.164  0.23
102 1.03  0.194  0.103 ~ 0.00097 5.7 58 ¢ “0.041  0.06L
' © (0.130) . A y e
1035 0.98 0.138  0.103  0.000079- 0.65 82 . 0.028  0.048
(0.130) ' '
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 able XXV (cort'd.)

- cey,
Expt. ;R~ I‘xlO . Br '12 IBrx10 ;Br/szlo Dexptl Conle
'1ohf 1.80 0.116.  0.093 . 0.00098 8.6 . 88 0.031 0.05k
(0.0243) .- _ - ‘ ;
,105f 1.80 0.116 0.093 0.00098 8.6 88 0.031  0.054
(0.0243) A ‘
Br ~1M ,
1065  0.98 109 0.87 . 0.00074 - 0.065 0.88 © 0.075 0.049
- - - .(0.00091) v :
107 0.98 9.6 ~0.90 0.00081  0.83 -10.3 , 0.043  0.030
o (0.0009k) (0.0Lk)8 |
1088 1.82 6.7 0.92  0.092  1ko  15.2  0.022 0.02h4
(.0245) (0.100) :
109d 0.93 2.80 0.91 0.00166 5.9 36 0.0133 0.0128
(2.36) (0.00196) ‘ : ‘
110%°% 1.80 0.91 0.93 ' 0.00089 9.9 111 0.0042 0.0051
(6.00101) '
111%°" 1.80 0.91 0.93 . 0.00089 9.9 111 ~ 0.004L 0.0051
(0.00101)

8711 concentrations are;mbleS/iiter (M). Unless otherwise specified,
solutions are 0.0009 to 0,001 M in HClOu with no added NaClOA. I~ and Br
were added as the sodium salts. Usually (I—) is Jjust the concentration
resulting from thevadded iddide, less 1 to 2% which goes to form I; when
'(IZ)CClh ~ 0.001L to 0.002 M. Spmetimes, however (If) is appreciably
_greater because of reaction (V-5). In such cases the concentration that
would have resulted solely from the added Nal appears in parentheses

bgneath the corrected value. The (IZ)CCIA values have been corrected for

formation. of (I I;, and IZBr_, end for reaction (V-5). -When this

B)aq’

‘correction exceeds W%, = I_ is indicated in parentheses in the (I

2 _ _ Z)CClu
. column. The greatest deviations of Br from ¥ Br are of the order of 1
to 2%, because of IzBr- formation in systems nearly saturated with iodine,
and ¥ Br~ is not indicated. Accuracies are comparable to those of Table XXIV.
0. 0k0 M Nacmoﬁ,'o.o63 M HCIO, . '
®See note 1 to Table XXIV.

%.063 M HClOu.
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Notes to Table XXV . (concluded)
O 4O M NaClou:,, .0009 tO 0. OOl M HClOu
O 29 M NaCl0, . In.Expt. 10&.' 0. 063 M HClOu In Expt lOS 0;009 M
HClOu : ' '

" 8The values in parentheses are the results of a dupllcate experlment

-

carrled out 1mmed1ately after the first.

0.0063 M HClOu.
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" Table -XXVA-

Ré—exirabtion,bf»aqyeoﬁs{phasésiofJexperimenﬁs'frdm Tables XXIV and XXV

: ‘First. ,’_P Second v . :

Expt. .Original re-extraction re-extraction -Calculated
25 0.163 0.180 o 6}21.’ v
45 0.0106 0.0102 ' ~ 0.0104
64  0.00L77 - 0.001k2 - 0.00173 .~ 7. 0.00128
79%  0.00026 0.00018 0.000135 0.000146
93 - 0.46 - .0.45 0.35

9k 0. 45 .0.43 0.38

99 0.32° 0.30 \ .-f : S 0.36
103 0.028 - 0.025 . - 0.048
106 0.075 0.069 0.067 0.0k49
107 0.043 4 0.022 - 0.022 b 0.030

(0.044) (0.022) (0.024)

110 . . .0.00L2 0.0033 0.0033 - 0.0051
111 0.0041 0.0039 o ' 0.0051

a--.In this case the aqueous phase was re-extracted‘with'pure,CClu to which
no halogen had been added. .Thus in the two re~extractions,£he,ratio
(IBr/IZ)CClu.approachéd the limiting value of 19.6 resulting from the
dissociation of IBr. '

PThe values in parentheses are the results of a duplicate experiment

carried out immedistely after the first.
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reaction (V-4) is thermodynamically possible in the 0,06 M HC10,, experi-
ment of each palr, 1t does not proceed to an appreclable extent during
the experlment ThlS agrees with the reported slugglshness of the re-
actlon under most condltlons 36 _

With the exception of Expts 79 and 107, re-extraction of an
V‘aqueous phase with a fresh organic phase does not greatly alter D.

The systems with moderately great I2 and IBr concentrations show
a sensitivity to fluorescent light, while some of those with quite high

IBr and relatively low I_ concentrations appear sensitive even to 1l-

lumination with a serleszl safelite,

Looking flrst at Table XXIV we. see that for the most part the
distribution of the astatine is dependent only on Br ‘and on the ratio
‘IBr/Iz. At roughly coﬁstant.Br_, D decreases as the ratio of IBr to I2
increases, finally leveling off when the ratio exceeds about 0.2, In-
creasing Br-vdecreasesnD regardless of the value of_IBr/Iz.

o Such behavior indicates the formation of a second species from
a first by introduction,of'iBr and elimination of 12, the second species
having a KDwﬂﬁoh is considerably smaller than that of the first but is
still not negligible, Further, both species must react with Br to form
new species‘of‘low>extractability. | | .

If we consider the first species to be the AtI we have already

' proposed, we may further postulate the following equilibrias

. AtI + IBr = AtBr + I : . - (V-6)
" AtI 4+ Br = AtIBr : o (v-7)
AtBr + Br =,rAtBr2'?-7- o S - (v-8)

and the corresponding_equilibrium_qdotiente:
T a T (v
(AtBr) ( 2 001 /(AtI (IBr)CClLL —__QBr o (v-61)

(A;iBr‘)/(AtI) (Br ) = Kyerpem (V-7



.

(AtBr ") /(atBr)_ (iar") - KAﬁBr'z4-:;v'.il o (v-8)

where the.phases of the neutral interhalbgens havevbeen chosen for compu-
tational convenience, We also have the ﬁewvdistrlbution constant
thBr (A.tBr)CCl /(AtBr) @’ ‘as well as the constants Kﬁtl and Ky o -
2
determined in Part B of this section Then the . distribution coefflclent

is given by:

' TAt)

D = (ZAt . . : o '
Kgﬂ +'thBr Q’B (1Br/ Izy)cc1'4
) 1‘ + KAtI' (17) +K atTpe-(BT ) + Qg (113r/12)CCl {1+ Ky, (Br )]

" Using the wvalues of 5.5 and 2200 obtained in Parf B, I have fitted the

_present data to Eq, (V-9) with KﬁtBr =.0,0k4, Qg = 3800, P = 120,
and K = = 320 to obtain the "D " yalues in Tables XXIV and XXV,
AtBr2 calc

Because most ofithe”experiments were carried out with rather high salt

concentrations; Kﬁtl was corrected by the relation

.log_th: = log (5.5) + 0.1 (Naf)é o o (v-10)

This.éalting coefficient was estimatéd-from the results of Part B, The
effect df inert salt on the other astatine equilibria should be consider-
ably smaller, and no other corrections were applied.

» Mbst of the results .of Table XXIV show satisfactory agreement
with the calculated D values, The principal discrepanciles appear in
systeﬁsvof high Br  and IBr/Iz for which D's of'0,00i or less are pre-
dicted. 1In these systems the experimental D's are usually considerably
too high. The magnitude of the discrepancy seems to vary erratically,
as does the behavior upon repeated extraction of the aqueous phase with
fresh organic phases (sée Expts; 60 to 70 and 75 to 81), Re-extraction
of the agqueous phase of Expt. 79 brings D to the calculated value, but

in no other experiment was a D of less than 0,001 obtained, It is not
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at all uniikely that small emounts of more-or-less extractable impurity
coﬁpOundS'of astatine are responsible for these deviatidné'””

On the other hand, certain experlments of hlgh IBr/I and hlgh k
total (IBr) show D's considerably below the limiting Value for their
bromide concentrations (see Expts. 18,_19, and 53), This may represent

the onset of a further oxidation of the astatine under these relatively

'highly’oxidizing conditidns; e.g. to AtBr_ or to HAtO This idea will

3

-~ be con31dered again when we discuss systems containlng an excess of BI‘2

The experiments detailed in Table XXV, which contaln Iz, I, and

“Br~ but no added IBr, give rather remarksble résults. At constant Br ,

D goes through a maximum as I~ is increased. It is difficult to envisage
any explanation for thistphénomehon other than the series.of'ieactions
wé have Just been considering., The initial addition of iodidé suppresses
the formation of IBr by reaction (V+5), increasing D,38 After the IBr
concentratioﬁ has been rendered negligible, furéher’addition of iodide

forms AtIZ-, causing D to decrease again. The calculated and experimental

"D's for the most part show satisfactory agreement,‘butvthe obéerved drop-

off at low iodide is appreciably kreater than that calculated,

It is of interest to cbmpare'the parameters of the astatine ex-

‘traction with the constants for the homologous iodine system. The distri-

bution constant of ICL is 0,34, compared with 0.0k for“AtBr,36 The dif-
ference is greater than one'mighf expect. The formation constant of
IBrCl” is 43, and ‘that of 1012' is 170, analogous to 120 and 320 for
AtIBr  and AtBrz—, respectively.36 As we observed when comparing AtIZ_
with IBr2 s

complex gets larger.

this is the trend we would expect as the central atom of the

Since BrCl has not been well characterized, we must recast Eq.

(v-6) into the form

AT 4 ;/Z'BEZ = AtBr + 1/2 I (v-11)

~ which may be compared with

(v-12)

IBr + 1/20l, = ICl + 1/23Br, .
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| Cons1der1ng all concentrations in?terms of 1 M aqueous solutions, we find
the equlllbrlum constant of Eq. (v 11) to be k4,2 x 104 at 21°, The cor-
. respondiing constant for Eq. (V 12) is 270 at 250 36v Although we might
‘have anticipated that the astatine constant would be,thevgreater}4the 150-
- fold difference seems surpris1ngly large. o
From the lack of hydrogen-ion dependence (see,vfor example, Expt.
27) we may set an upper limit of ~ 10 -k for hydrolysis reaction HOH +
AtBraq HOAt + Br + H The analogous constant for IC1 is about 10 -k 36
As in previous cases, the data are too scanty, and the possibili-
_ties are too numerous to permit worthwhile speculation regarding the
nature of the photochemical reactions that have been observed
Table XXVI summarizes the results of experiments in which bromine
was present in excess over the stoichiometric iodine. These experiments
. are characterized by relatively low D's which show quitewsevere scatter,
/Within the limits of this scatter can be detected no.clearcut dependence
on .concentrations of Brz, IBr, H+, Br or astatine, It does not matter
into which phase the astatine is,introduced The reactions do not show
appreciable time dependence over half an hour, The value of D is in-
creagéd by exposure to fluorescent light, but it is not appreciably af -
vfected by the series-lvsafelite; Re-extraction of an -agueous phase with
fresh organic phases causes D to drop sharbly. ‘ o _
We should bear in mind that some of these systems are unstable to
the reaction

1Br (aq) + 2Br, (aq) =

103' +5Br  + 6 H, :‘ T (v-13)

22

-

- for which K25o is about T x lO-ll‘ However it -is unlikély"that'the
reaction proceeds to any great extent during the experiments, _

About the only conclusion we can draw from these experiments is
that some further reaction is taking place -- possibly an oxidation to
AtBr3 or HAtOZ. The oxidation product may be virtually unextractable,
with the observed D's being entirely due to accidental impurities., We
'vshould_note that these are essentially the conditions of the bromine

experiments in Section IV, and save for the presence of IBr, they are
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Table XXVI
Carbon tetrachlorlde extractlon of aotatlne in Br~ 4- IBr‘;; BijSystemsa
| - (29+50) ) R
. CClu(M) . .
STBrx103 Bf2x103 D . Notes .
0.02 0.02  0.007-0.011
0.02 0.2 0.004-0.,006 _
0.2 0.2 0.0016-0.006 Independent of astatine concentration,
and of phase in which .astatine is added.
0.2 0.2 0.0008—0.006 0.9 M HCth, no NaClOu : '
0.3 0.004-0.006 - The lowest value was obtained .after 20
v min. agitation
0.3 0.006 - 0.9 M HClOu, no NaClOu
0.02 2, 0.001-0.003 A duplicate experiment in total darkness
: also gave a D of 0.00L
0.2 . 2 ~ 0.0005-0.002 '
2 0.0006-0. 002
30 10 0.002 . ¥Br = 0.009 M. D did not change in
: total darkness but increased to 0.01
under fluorescent light (see Expt. 12-6,
» Table XII).
0.02 20 0.0006-0.0015
0.2 » 20 0.0005-0.0013 _ _
20 0.001-0.0013 Independmt of phase in which astatine is
‘added; D increased to 0.004 under fluores-
o cent light.P
2 20 0.0008  Br” = 0.126
20 20 0.0013 SBr~ = 0.017

Except when otherwise indicated, ‘mixtures were agltated for 5 min in
vncovered tubes under a series l safelite. ZBr- and ZIBr.mean.the same as
in Tablés XXIV &nd" XXV . Unless otheérwise spec1lled YBr (added as NaBr)
was such that the free Br was between 0. 008 and 0.009 M, NaClOu was 0.40
M and HC1Oy was O. 063 M. R = organic volume/aqueous volume ~0.9. Most
of the entries represent several experiments, and experimental spread is
indicated by a range of D values (e.g. 0.001 to O. 003)

vOne of these experiments was re-extracted w1th three successive.portions
of CCly of the same halogen content as the original organic phase and
gave successive D's of 0.00031, 0.00021, and 0.00022.




=100~

‘the conditions under which Johnson et al reported astatine to form an
unextractable spec1es that dld not "oprec1p1tate w1th 1nsoluble 1odates
We can recognize 1nd1rectly an effect of iodine on these systems,
Thus, for example, Expts. 49, 51, and 53 of Table XXIV all have free
bromine concentrations of 10 M or greater in the CClh phase because
of dissociation of IBr, Yet only Expt, 53 deviates from Eq. (V—9
_although systems in Table XXVI whlcn_have similar Brzvand Br concen-
trations have considerably lower D's, Since the emf of the solution
is determined by the brominevand bromide concentrations, we have systems
of the same emf which behave differently..‘The'only apparent difference
is that the free iodine concentration is very much lower in the Table
XXVI experiments than in those of Table XXIV, | V ’
However, if our interpretation of the earlier data has been cor-
rect, the principal astatine species in the Table XXIV experiments in

- question are AtBr and AtBr, . Since these contain no iodine, there is

no way in which iodine canzinhibit>the equilibrium of any further re-
action with bromine. It ie possible that iodine could inhibit such a
reaction kinetically, But it is also possible that our interpretations
have’been in error, ‘The data could be equally well satisfied if our
original species were AtIB,_rathervthan-AtI. Then the first reaction

with bromine would give AtI Br,.leaving_us still two iodine atoms to

2
play with, However, we would not expect A.tI3 to have a distribution
constant so similar to that of IBr as we have observed,

Further elucidation.of the situation will require better in-

" formation on just what is happening when bfomine is"1in excess, The use

—Aﬁof—polar~s-e—];ven-t~s-—-to-e—x—t-rée—t—suehms-peciesuas_.HA:bBrh__may_px:oszide_a_suifc_:‘__~

able tool.

; " E,. The I, -~ I" -- C1” System

The experiments carried out in this system'are shown in Table
XXVII. Equilibrium appears'to have been'reached within 2 min, The
mixtures seem insensitive to light, and D was not changed by re-

extraction of an aqueous phase with fresh CClu of the same iodine
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Table XXVII
Carbon tetrachlorlde extractlon of astatlne in I -eflz .- Cl—nsystemsa
(21 + 0.5°C) LB
(IZ)CC“L (17)x10 (c17) ) Dexptl chalcl Notes
0.0019 1.90  0.0095 . 3.9 Lkl 10.40 M NaC10,
0.00022  0.08k 0.106 1.52 1.6l 0.97 M NaCl0,
0.0019 1.92 0.096 2.} 2.6 o.uo_'M'Naclol+
0.00021 2.24 - 0.106 | 2.6 , 2.8, 0.97'M1Nac‘10u
0.00022 0.54 '1.02 0.162 0.154 1.5 counts/min/
, ’ . ‘ |J.l
0.00095 0.58 .0.95 0.180 0.182 0.001 M HCLO
| - 9 counts/mln?ul
0.0019 . 2.30 . 0.96 0.37 0.40 |
0.00095 9.5 . 0.9% 0.53 - 0.52 0.001 M HCloL.Lb
0.00021 53 1.00 0.35 - 0.33 '

8Iodide and chloride uere,added‘asAtheAsodium salts. Unless otherwise

.specified, the organic,volume/the aqueous volume is about unity, the
HCth.concentration is 0;063 + ,003 M, and mixtures Were.agitatea 5 to
10 min in black-taped tubes. The (I )001h
2% for distribution and for the formatlon of . I cL” . A slight correction
for I3 (2% or less) has been applied to (I ). The 1od1de formed by the
reaction Iz(éq),+ 2 c1” IClg + I (KZSO-— 1.1 x lO ) is negligible.’

has been_corrected by 1 to

Concentrations of NaClOu,. 1., and I. are accurate to.+ 1%, while I2
concentrations are accurate to * 2%

These experlments were agitated: only 2 mln. Their D's were unchanged
when the tubes were uncovered and agltated another three min under

fluorescent llght When each of the -aqueous phases was agltated for 2

. min w1th fresh CClh 0.001 M in 12’ respectlve D. values of 0.171 and 0.57

.were.obtalned.




-102-

:content as the original organlc phase In addltlon, D is independent

of acidity, I,

" At constant C1~ ) 1ncrea51ng I .causes D to pass through a maxi=

concentratlon, and total astatlne concentratlon

© mum, remlniscent of the s1tuatlon 1n the I -= 17 -- Br~ system Ac-
cordlngly, I have postulated the new species AtICl and AtCl2 , and the

equlllbrla

AT 4+ C1T = AtICLT | | L (V1)
AtIC1T + €17 = AtCL,” + I7 (V-15)
‘with the corresponding equilibrium constants:

(AtICli)/(AtI)aq(Clb) = Kpto1” | (V-147)

(AtCléf)(I_)/(AtICl;)(Cl-) = P. L ”fl'tv-15')

" Then we can write

Kétl

-(c17) 1 +p(c17)/(17))

X ~(I7) + Kpyren
In Table X%XII,:DCalé has been obtained bzIsettlng AtICl = 9 and
P=2x10 ', The values of KﬁtI- and Kg , and the salt correction

2
to the latter, are the same as were used in Part D,

The resulting agreement is embarrassingly good. Further analysis

of this system will require direct introduction of ICL into the solution,
so that IC1 and Cl~ concentrations can be varied independently, as was
done in the IBr experiments., For purposes of comparison we'may’Write

the AtBr and IBr analogs to (V-15):

AtIBr~ + Br = AtBr,” + 1 , (V-16)

and

IBrCl + C1° = 1012’ + Br (v-17)
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,Whlch have equilibrium constants of O 0011 and O, 005, respectlvely, the

latter at 25 C. 2z 36

The various 1nterhalogen equllibria involving astatine are

tabulated 1n Table XXVIIT,

F. The Arsenic (III) -- Arsenic (V) System

Introduction
As we observed in Section IV, the arsenic system should be a
good one in which to investigate the At (0) ~-- At (-1) couple, The pH

dependence of the arsenic couple allows its emf to be varied over a

very wide range, meking it especially useful for such avstudy.

‘Experimental _ .
T Reaction mixtures were agitated in black-taped tubes at room

uemperature (21 to 23 C) Todine was usually added to«the two-phase

systems from either agueous or. CClu solutions of IZ’ and the mixtures

were agitated for & few minutes before the astatine was introduced.

?Reduction of the iodine éppeared to be complete,within;a minute, How-

ever no differences were observed in the astatine distribution if the
iodine was added directly as Nal or if the systems'were.not agltated
prior to the addition of the astatine., The astatine itself.was intro-
duced either from an aqueous I - I- solution or from an‘I solution

in CClh' Occasionally the manner in which the astatine was added did

- alter the results; the effect however, was erratic and unpredlctable

Solutions were buffered w1th.acetate or phosphate mixtures, or, when

possible, with the arsenate system itself, The pH values were measured

 with a Beckman model-G pH meter,

Results and Discussion
In solutions more acid than pH 3, the distribution of the

astatine seems largely independent of acidity.and concentrations of

arsenic (III) and (V), and the D's are usually within a factor of two
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Table XXVIII

.vInterhalogen,equilibriaiinVOlving,aStatine -

Reaction : | o ‘Keq (21°C) % 10% 3
AtI (aq) = AtI (0014) ' | 5.5 |
AtI (aq) + I_'='At12- - .,.’ | “ 2000
AT (aq) + Br” - AtIBET o 120
AtI (aq) + 01f - AtIC1T | o 9
AtBr (ag) = AtBr (cCly) C . 0.0k
AtBr (aq) + Br = AtBr,” 320
AtI’(aq) + IBr (ccih) = AiBr (aq) + I, (CCl;) '_3800
AT (ag) +1/2 Br, (aq) = AtBr (aq) + 1/2 1, (sq) 4.2 x 10"
AtIBr” + Br’ ;_AtBrzf'+ o S o.0011

N

]

AEIC1™ + 01;‘ AtCL,” + 17 o . 2x 10

raThe observed salt effect,ié_given by: log KD'= log (5.5) + 0.1 (NaClOﬁ)‘

The "same salting coefficient has been assumed to apply to NaCl and NaBr.
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of the values;calculated'frdm'Eq; (V-1). However.the results.tend to
beusomewhatterratic, and irregular time variations were sometimes, noted

(See Table XVII). - The results at higher pH are summarized in Tables

XXIX to XXXI.

Additional experiments have shown that the astatine distribution

is not discernibly affected by exposure of the mixtures to light, satu-

‘ration of the solutions with nitrogen, introduction or elimination of

either phosphate or acetate, ofrvariation of the astatine concentration.

- The data in general show disheartening scatter and perpiexing
time dependences, Re-extraction of a phase gives a D which may differ
from the original value by as much as a factor of two. There 1s good
evidence £hat the distribution is extremely sensitive to impurities.
Thus experiments using one particular astatine stock solution gave
initial D's very much.higher than those obtained previously. The devi-
ation depended on what volume of the stock solution was used and ﬁearly
disappeared after mahy hoursAof agitatibn.

The data obviously do not warrant quantitative'interpretation°
However certain qualitative observations can be made, Thus D decreases
with both decreasing acidity and decreasing As(V)/As(III), as would be
expected for the reduction of extractable At (0) to unextractable At~
The magnitude of the observed dependence, however, is smaller than thaf
needed for any réasonablevreacﬁion,

The lack of a.clear-cut iodide dependence indicates that the
extractable species cannot be AtI, This should not surprise us, since
we have concluded in Section IV that at pH values greater than 3, the
astatine in these systems is present in'bconsiderable excess.ovér the
12' Thus the astatine 1s susceptible:to reaction with any impurity
that happens to be around to grab it, and we are probably studying the

reduction to At~ of astatine-impurity compounds whose exact ~ nature

varies from one solution to the next.
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_Table XXIX
" Carbon tetrachloride extraction of astatine from As(III) -- As(V) solutions®
' " Dependence on pH;(I”) = 0.00L .M
As(TII) As(V) pH D Notes
0.09 5xlo'h . L.8 2 |
‘ ‘ 5.1 0.6
" 5.6 0.2
6.3 0.03-0.15
0.009 - 4.8 0.7-1.6 '~ Highly variable
' - ;,4.9 - 0.8 : After 30 min®
- 5.2 1.7 Constaﬁt after 20 min
5.4 0.k
5.7 0.3
6.1 0.1
6.3 0.05-0.1°  After 1 to 2 hr>’¢
6.4 0.025-0.1 = ~After 1 to 2 hr’’
6.8 0.04
7.25 0.02k4
7.6 0.023
.0.09 | 4.8 2°
5.6 0.5 f
5.7 0.5
, C 6.2 0.3 to 0.k »
0.02 0.02 L5 0.3 »1 (5 min >1 hr)
5.3 1.k '
5.9 2
6.7 1.4

#The two_phasés were of apbroximateiy equal volume. The.aqueous phases
contained sufficient NaClOu to make the ioni; strength approximately
unity. Iodide was introduced either as I, or as Nal. Arsenic (111)
‘and arsenic (V) were introduced either as the free acids or as their
sodium salts. All concentrations are moles/liter-and_areuaccﬁrate

to + 10%.
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"Notes -to Table. XXIX conclﬁded"‘

Most of the entries represent several experlments, and the
experimental spread is“indicated by a range of D's, e.g. "0.05-0,1."
A D entry such-as "0.3.—>'1 (5 min -—> 60 min)" means.that a.D of 0,3

was observed after 5 min of agitetion, while . after 60 min of agitation

“a D of unity was measured. If no further remérk'ie'made, D did not

change thereafter ~If no time dependence at all is 1nd1cated a

,constant value of D was reached within 60 min,

bWhen the last measurement was made D was stiil‘rising;

c,e,f The aqueous phase of each of these experlments was re-extracted
with fresh CClh, and the- organic phase was re-extracted with a fresh

aqueous phase of the same composition as the original, The results

follow:
D

. - Aqueous phase + : Organic phase +

Note " Original fresh CCl) fregsh aqueous phase
e 0.1 _ - 0.13 —> 0.06 Not carried out
(1 min —> 60 min)
2 ,, 1.1 o 1.8
0.5 : 0.7 o ¢

dAmong duplicaﬁe experiments Were‘some in.whicth’decreased_with time

and others in which it increased with time.

$0ithin 5 min D reached a steady value.
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Table XXX

Carbon tetrachloride_extraction of astatiné ffbm; “.

. As(III) -- As(V) solutions.® -
_Dependence on As(IIT)/As(V). (I7) =0.001 M, ’

pH As(III) @ As(V) é%é%%%l, D. . -Notes =
4.8  0.02 0.2 o 15 b
0,09 0.09 1 2 e ,
0.08 0,008 10 0.7 - 1.6 highly varisle
| 0.08 5 x 10 160 2 | 3
5.2 0,002 0.02 0.1 151.8  (Lbr -5 )
0.02. . 0,02 1 1.
0.09 0,009 10 1.7
0.09 5 x 107" 180 0.6
5.7 ' 0.09 0.09 1 0.5
0.1 © 0.009 11 0:3
0:09 5 x 107 180 0.22
- 6.4 0,09 10,025 - 3.6 0.07 - 0.13
0409 0.009 10 0.03 - 0.1 e
0.09° 0.003 30 © 0.05
0.08 0.002 %0 0.03
0.08 9 x 1ofé 90 0.05 - 0,11
0.08 | , 5.x;1o'4'_16o 0.15

- %5ee note a, Table XXIX,

1

?7CThe aqueous phase of each : exPérimentn was re-extracted with fresh -

CCly, and the organic phase was re-extracted with a fresh aqueous
phase of the same composition as the original, The results follow:

) .
) _ Aqueous phase Organic phase +
Note Original + fresh CCl), fresh agueous phase .
b 1.5 0.7 1.6

c 2 1

1 1.8

“d5ee note b, Table XXIX.

®see note d, Tsble XXIX.
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" Table XXXI

Carbon tetrachloride ekfraetion of astatine from
As(III) -~ As(V) solutions®™

- Todide dependence.

pH  As(IIT) As(v) . (I7) . | D . Notes . .
45 0,02 0,02 -1-3x 107 0.3 =3 (5 min —»7 hr)® -
- o.001 0.3 -1 (5 min =1 hr)
5.2 0,09 0,000 5x10°  0.09,-0.3% " (20 min -3 hr)®
' o 0001 1.7 |
5.6 0,09 0,0005 0,001 0.2
| . 0.18 - o.k
0.09  0.0001  1-2 ¢
| 0,000 - - 0.5 - -d
5.7 0.1. 0.008 0.00012  0.09 »0.2 (15 min — 80 min)®
' _ ' 0,001 0.3 : '
6.2 0.1 -0.08  0.00022 - 0.k
0.001 o .
6.3 0.09 0,008 5x10° 0,06 50.1% (30 min'— 3 hr)P
0.001 = 0.05 - 0.1° - After 1-2 hri’®
0,004k - 0,09 0,06 (20 min — 100 min)
0,008 - : 0,06 - "
0.02 0.06 50.09 (20 min - 150 min)®
0,085 0.07 -0.13 (20 min —>’¥hrs)b

0.85 10.06 »0,09 (20 min — 150 min)

®See note a, Table XXIX.

Psee note b, Table XXIX.

Cover several hours of agitation D alternately rose and fell,
d’eThe aqueous phase of'eacﬁ of;theee'experiments WaS:'re—extraeted with

fresh CCl), and the organic phase was re-extracted with a fresh agueous
phase of the same composition as the original. The results follow:

D ,
L. ‘ Aqueous phase Organic phase +
Note = Original ° 4 'fresh CCly _ fresh agueous phase
d 0.5 0.7 0.7
e 0,1 0,13 - 0,06 not carried out !

- (1 min - 60 min)

fSee note d, Table XXIX,
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