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- 	 To know is nothing at all; 
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ABSTRACT 

The aqueous solution: chemistry of astatine has been investigated 

by extraction of the astatine into benzene and carbon tetrachioride and 

by its coprecipitation with insoluble lodides, 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 

• 	he emf of an acid aqueous solution has been carried out. This study 

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

and of at least one intermediate positive state. A rough potential 

diagram for acidic astatine solutions has been proposed. No evidence 

for a (+7) state has been found. Iodine has been used as a nonisotopic 

carrier to fix the identity of the (0) 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 

'cetrachloride in the presence of other halogens and halide ions has been 

investigated quantitatively, and evidence has been adduced for the species 

AtI, At1 2 , AtIBr, AtIC1 , AtBr, AtBr 2  , and AtC12 . The equilibrium 

constants relating these species have been determined. In connection with 

these studies the distribution of IBr between CCl and aqueous bromide 

3olutions 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, 
211 
	207 Incidental, data is presented on the half-lives of At 	and B1. 

AM 



CBEMICAL PROPERTI1S OF ASTATINE 

Evan H. Appelman 
(Thesis) 	;. 

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

January 1960 

I. INTRODUCTION 

Astatine, the heaviest member of the halogen family, has no 

isotope of half life longer than 8.3 hr and exists in nature only in 

minute quantities resulting from the decay of long-lived natural 

radioactivities, 1  The element was first identified in 1940 after 

synthesis by alpha particle bombardment of bismuth. 
2 Since then the 

chemistry of astatine has been the subject of a rather limited number 

of original papers 3  and a virtually unlimited number of reviews. 

The dearth of original work on astatine chemistry probably re-

suits from the difficulties involved in studying a short-lived material 

which is available only in quantities comparable with the least of the 

impurities present in oneVs  experimental system, and for which there 

exists no entirely satisfactory nonisotopic carrier. Grim testimony 

to the magnitude of these difficulties comes from the recent studies 

of iodine chemistry at very low concentrations. 5  The investigators of  

tracer iodine have been singularly unsuccessful in attempts to explain 

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

quantities of iodine involved in these experiments are still several 

orders of magnitude greater than the readily available quantities of 

astatine 

The investigations of astatine chemistry whch have been conduct 

ed to date have .establlshed the following: When left to its own devices 

astatine usually is present in a relatively volatile state which has 

been generally assumed to be elemental At or At 2 , This state will be 

referred to henceforth as ttAt(o)n  Astatine in this state, either as 

vapor or in dilute nitric acid, has a tendency to be adsorbed by 

am 



various metallic surfaces and, less strongly, by glass. This form of 

astatine canbe extracted from dilute nitric acid solutions by ethers, 

carbon tetrachioride, or hydrocarbons, although the distribution of the 

astatine in such extractions is variable. 

From these nitric acid solutions the astatine does not copreci-

pitate with AgI or Til, but partially coprecipitates with (or is adsorbed 

by) insoluble sulfides and hydroxides, and with metallic silver or 

tellurium precipitatédi in situ. In acid solution At (o) may be reduced 
by SO2  or metallic zinc to an unextractable state which coprecipitates 

more or less completely with AgI and Til and is taken to be At 	Strong 

oxidants such as HOC1 or persulfate oxidize astatine to an unextractable 

state which coprecipitates completely with Ag10 3  and which is assumed 

to be At03 . Less powerful oxidants such as bromine convert the astatine 

to a state which, although unextractable, does not coprecipitate with 

Ag103 . This is considered to be an intermediate positive oxidation state. 

From several molar HC1 solutions, oxid.i'zèdastatine is extractable 

into etherè but not into hydrocarbons or CCl, suggesting the formation 

of species such as HAtC12  or HAtCl, Addition of hydrohalic acids to 

At (o) solutions renders the astatine unextractable into CCl 1  or hydro- 

carbons, but does not Cignificantly alter its extractability into ethers, 

giving further evidence for polyhalide complexes. 

• 	An At (0) solution becomes unextractable when made alkaline, and 

the extractibility is usually partially or completely restored when the 

solution is reacidified. The astatine in these alkaline solutions co-

precipitates completely with AgI. This behavior is taken toindicate 

disproportionation of the At (o), although the complete coprecipitation 

with AgI is not expected. 

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 Astatine 6.. 

Astatine was produced by bombardment ofbismuth with alpha 

particles in the University of California's60-in. cyclotron, The 

reaction Bi 209 (a,2n)At 2'1  has a threshold of 19 Mev. 7  Above 29Mev 

the (a,3n) reaction sets in to give At 210 , In. order to avQid this, 

the alpha beam was degraded to 29 Mev or less with aluminum absorbers. 

The target was reagent-grade bismuth fused or vaporized onto 

a 10- to 30-mil aluminum backing.The thickness of the bismuth layer 

was at least 100 mg/cm 2  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 1-mil 

copper or 1-mil stainless steel foil. Targets were bombarded from 1 

to 4 hr, with a beam current of 12 to 30 .iamps. Yields measured by 

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

'eportedyield o L..3 C:. 	 . Thifig- 

üre:-.ws:-therefore. then -takeli to:.......l00%.i estimating the ,jéldsuf 

ri.otis:purific.tibn procedures. 	 . 
The investigators of 'the' nuclear properties of astatine, 0  as 

well as those who have studied its effects on biological-systems, 9  

have.contributed greatly to the development of methods of separating 

and purifying the element. These may be divided into wet methods and 

dry methods, . The most successful wet method involyes dissolving the 

bismuth in nitric acid, making, the solution 6 to 12 M in HC1, extract-

ing the astatine into diisopropyl ether, and back-extracting into 

basic solutiOn.  

The dry methods take advantage of the volatility of At (0) to 

remove it 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 etal,, usingbismuth targets less than 40 mg/cm 

thick on 1-mil aluminum were able to 'remove the astatine quantitatively 
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by heating to the melting point of bismuth (271 0c) in high vacuum.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 didnot leavethe target in high vacuum at tern-

peratures below 6000c. Above this temperaturethe bismuth itself dis- 

• tilled, carrying the astatine with it. A stream of nitrogen at afew 

millimeters pressure permitted the removal of 5 to 15% of the astatine 

from the target. 

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 temperature before the bulk of the astatine distilled. 

The astatinewas very probably being adsorbed by impurities whióh con-

densed along with it. A discoloration of the glass was frequently ob-

served at the point where the astatine was deposited. 

We did, howeve', find it possible to distill the astatine from 

• the target in air, as was done by Barton et al. The astatine began 

to come off at the melting point of the bismuth, but was most nearly 

completely removed at 700 to 800 0c, From ItO to 80% of the astatine 

could be removed from the target in this way. 

The discrepancy between this behavior and that reportedby 

• Johnson et al. is marked and hard to explain. Bismuth is a rather poor 

thermalconductor. Possibly the interior of a thick target is heated 

by the alpha beam to a temperature at which the bismuth reacts 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 iodine 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 washed with hot 

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

FA 
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astatine dOes not distill below about 1300C., and complete removal from 

the plate often requires temperatures as high as 500
0C. 

On the basis of these observations the following purification 

method for astatine was devised and utilized throughout most Of this 

study: The target was placed in a stainless steel vesselopen to air 

and the vessel was heated to 2700C. in an electric furnace to remove 

volatile impurities. •A water-cooled 1-mil platinum plate was suspended 

over the target, the temperature of which was then raised to 800 
0
C  over 

about 30 mm. The apparatus was agitated occasionally to break up any 

oxide film which might trap the astatine within the bismuth. 

The platinum plate, containing the astatine and a small quantity 

of bismuth and bismuth oxide, was transferred to a quartz tube which was 

attached to the end of a vacpum line incorporating a detachable u-tube. 

The line was evacuated to a pressure less than 10 mm of Hg, and the 

platinum was heated to 1300C with a small electrical furnace to further 

remove volatile impurities. A slush bath .of dry ice in a 1:1. CCl 1 -CHCl3  

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

ferred by heating the -platinum foil to 500 0C. in•• about .10 mm. The dry-

ice bath was used in preference to liquid nitrogen to minimize condensa-

tion of impurities. 

After the transfer of astatine was complete, the cooling bath 

was removed, the vacuum broken, and the u-tube taken off the line and 

washed with 0,5 to 1 ml of an aqueous solution appropriateto the experi-

ments to be carried out with the astatIne. The yield of astatine for the 

ntiie process was 20 to 30%, and the resulting stock solution contained 

about 1010 disintegrations/riin of At 2  'and was about 10 M in astati±ie, 

(In typical experiments the Atconcentrationwould be 10' 13  to 1015  M.) 

Nitric acid, stock solutiOns (0,01 to 1 M) were used for most of 

the experiments in Section III,büt perchloric acid stocks were used in 

all later experiments, ' 

Astatine is rather strongly 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 

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 

to absorb astatine, 

B. Assar Methods 

211 	 10 At 	has the following decay scheme: 

207 
Bi 	

8ys. 

211 
At 	. , 7.2 hr. 	 207

Pb 

Po
211 

 

Thus the astatine may be assayed either by counting the alpha particles 

or by counting the x-rays accompaiying its electron capture. 

Alpha counting was carried out in either an argon-flow ionization 

chamber or in a methane -flow alpha proportional counter, both with close - 

ly the same geometry of approximately 51%. The alpha-assay 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 volatile form. The effect Of varying conditions 

has been investigated, and the results are shown in Table I. 

The relative retention of astatine from benzene and CCl 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 aqueous solutions 

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

Retention of astatine.from solutions evaporated on various metalsa 

Composition of, 'solution 	Metal 	' 	, .Relative,retention 

12 M IIC1 . 	 . 	Pt 	, 	.. 1.0 

3 M HC1 	 Pt or Ag 	 1.0 ±.01 

1 -M .HC1 	 , 	Pt 	. 	. 	. 1.0 

0.2.MIiC1 	 Pt 	' 	 0.9 

16 M irno 	 pt 	
05b,d 

3 	 .. 	. 	. 
3 N HNO3 	, 	, - 	. , 	. Pt 	 0.7 ±, .1 

1.5 M HC1 + 1.5 M HNO
3 
 . 	Pt 	 . 	.1 .2 

15 .M NH ) 0H 	 Pt 	 , 0.9 

0.1MNaOK 	' 	 Pt 	 , 	0.9 

0.01.MNaOH 	 Pt 	,., 	 0.9 

Water 	 Pt -, 	 0.8 ± .1 

Benzene or.CC1 	- 	. 	Pt or Ag 	' 	' 0.64± • 07e,, 

CCl 1 	 . 	- 	Pt 	 . 	.0.14, 10e 

3 M HCl or 3 1 M I0 	Ta-
df 

3.MBI'T0 	 Al 	 0.4 1 ' 

3 N  HNO
3 
	 Stainless steel 	0.1 ' 

the case of 'aqueous solutions 5 to 50 microliters (jJ) of an - 

At(0) stock were added to -'100 i1 of the indicated solution on the 

metal plate. The mixture was then evaporated to dryness under an 

infrared heat lamp. Aliquots of organic astatine solutions were 

placed in depressions stamped into the metal plates .and were 

allowed to dry at rodm temperature. 

bThe activity was not changed by prolonged heating of the dried 

plate under an infrared lamp. 

CSaturation of the 3 N .HC1 'stock solution with.. 	did not alter 

the retention. 

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

eNltt values aound .0.64 wère 'óbtinédTfroni CCl àndhenzene 

solutions: of asttiñe whidh were made b. etrcting:aqueous. At(o) 

stocks: containing no reagents other than dilute..I0 3 .:o'HC10 	The 

low value was obtained from aCCl )  sblution which hadbeen shed 

repeatedly with portions of an aqueous solution 0.1.M in HClO, 0.1 

N in Pe(ClO) 3 , and 0.001 M in Fe(ClO) 2 . The high value was 

obtained from a CC1 )  solution which had been washed repeatedly 

with a solution 0.1 N in HClO, 0.01 N in Fe(ClO) 3 , and 0.1 M in 

Fe(Cl01) 2 . Solutions of astatine in CCl )  prepared by extracting 

the astatine from either of these ferrous-ferric solutions with 

fresh CCl gave "normal" retention values. 

Much activity was lost from the dried plate upon prolonged heat-

ing under the infrared lamp. 



activity to alpha activity was always constant to within a few percent 

in the case of aqueous solutions if the alpha assays were made by evap-

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

ratio was measured for different benzene or CCl solutions, the consider-

able variations shown in the table were found, even though duplicate 

alpha counts of the same benzene or CCl solution agreed to within 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 ions 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 retentionwas 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 with a sodium iodide scintillation 

counter. 

Aliquots of the solutions were added to a quantity of solvent 

sufficient to yield a constant final volume (either 0,5 or, 1.0 ml) in a 

small glass vial. Either 2 .M HClO or 2 M H2SOJ  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, vials 1/2 in. in diem, and 1/2 in, high were counted 

beneath a standard cylindrical thallium-activated sodium iodide crystal 

1 in, thick and 11/2 in, in diem, with a 0,03271n,-thick aluminum cap, 
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Later a:.special crystal 1 in. thick and 13/4 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 vials were placed in the well For some experi 

ments a second crystal 1/2 in, thick and 1-3/4 in. in diameter with a 

cap 0.01 in. thick was mounted above the well so that after the vial had 

been put in place the two crystals could be brought together face-to-

face. The photomultipliers attached to the two crystals were connected 

to the same counting unit, giving a 43t counting 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 1-dram vials 

(Kimble Glass Co.). All sodium iodide crystals used were made by the 

Harshaw Chemical Co. 

In order to reduce the high background ordinarily encountered 

with sodium iodide scintillators, the counter was operated as a single-

channel analyser with a large, window "sitting on" the " 90 key K-x-ray 
211 peak of the Po . In this way, backgrounds as low as 7 counts/mm 

could be obtained, while still counting 40% of the x-rays to which the 

crystals responded. 

Since butyl carbitol is miscible with water as well as with 

benzene and CC1i-,  its absbption of the x-rays could be compared direct-

ly with that of water. The difference was found to be negligible, as 

was the difference in absorption between aqueous solutions of various 

compositions. However, in cases in which appreciable amounts of CClIi- - 

were added to the carbitol with the astatine, a correction of a few 

percent was necessary to account for the greater absorption of x-rays 

by the CC14 . 

Precipitates were slurried into the vials with n-propanol for 

counting. Since the precipitate settled to the bottom of the vial, it 

counted with a higher efficiency than did solutions, and a suitable 

correction had to be made. This amounted to li-% 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 li-t-geometry setup. A small correction was also necessary for 
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x-ray absorption by the precip1tates themselves. For the precipitates 

used in this study, this correction amounted to about 4%  per 10 mg of 

precipitate. 

Unless otherwise specified, alpha counting was used fox all 

assays in Section III except the assay of precipitates. X-ray counting 

was used exclusively for the assays of Sections IV and V. 

Decay corrections were,, of course, always necessary ii.this work. 

Since there was some disagreement in the literature 
10 over the half life 

of At211, a reaonab1y accurate determination of its value seemed worth- 

while. Samples were prepared for alpha counting by evaporation onto 

platinum 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/mm. 

Larger aliquots of the same stock solutions were plated to deter-

mine the residual alpha activity after the decay of the astatine. This 

residue was identified by pulse-height analysis as P0 210  and corresponded 

to an initialAt /At 	ratio of -'2500. 

• 	 Half-life values were determined by a visually fitted best 

straight line on a semi-logarithmic plot to give the results shown in 

Table II. 
• 	

In accordance with these results, a half life of 7.22 hr was used 

in correcting for decay. In general, related samples were counted at 

nearly the same time to minimize this correction. When it was necessary 

to compare samples counted at considerably different times, a decay curve 

was usually obtained for a standard made from the same stock solution.as 

the samples. 

Samples of precipitates and aqueous solutions which were x-ray 

counted 3 days or more after the end of a bombardment were allowed to 
decay for several more days and were then recounted for residual B1 207  

activity, which had to be subtracted from the original count. The amount 

of radiobismuth found varied erratically, .much of it tending to deposit 

on the walls of reaction vessels,frbi which it could be dislodged by 
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Table II 

Initial activity 	 Half life 
(counts/mm) 	 Days followed 	 (br) 

18,000 	 2,3 	 7.28 

8700 	 2.1 7.0 

18 19 000 	 21 	 72 

8300 	 20 	 718 

75,000 	 2.7 	 :7. 19 

73,000 	 3.1 	 7.23 

Mean (excluding *) 	 7.22 ± 	03 

• 	• 	Literature Values: 1° 	 • 	 • 	7.20 

7.5 
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concentrated HC1, The results seemed to indicate that in solutions of 

Io. acidity the bismuth was not.in  solution but waspresent as a 

t'radiocolloid," probably depositéd.on dust particles in the solution. 

The ratio of At
211 

 activity at the end of the bombardment to 
207 	 5 residual Bi 	activity appeared to be within a factor of two of 1 x 10 

If the half life of Bi207  is really 8 yr, this ratio should be only 

7 x 103 . The most plausible explanation of the enormously greater ob-

served ratio is that the true half life of Bi 207  is of the order of 100 

yr. Values as high as 50 yr have been reported'°  

All assays in the rest of this study were counted to a total of 

at least 40,0 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 coub.ted to at least 1600 counts, 

C. Reagents 

All reagents were commercial products of. reagent grade unless 

otherwise specified. Mallincrodt low-sulfur CC1 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 their use is 

specifically indicated. Otherwise, singly distilled water and Baker and 

Adanison reagent grade CCl were used. 

Sodium and barium pérchlorate solutions were prepared by di&s1v-

ing the respective hydroxides in a stoichiometric quantity of perchloric 

acid, A lead perchlorate solution was prepared from lead carbonate and 

an excess of perchioric acid, resulting ina.lM (Pb(C10
4 ) 2 

 solution 

0,1 N in HC10 1 , When a smaller excess of acid was desired, it was neces-

sary to filter the solution to free it from basic lead salts. In this 

way a 1 N Pb(Clo 11) 2  solution0,01 N in HC10 1  was obtaIned. 

Thallous perchlorate was prepared in two ways. Chemically pure 

grade (cp) thallous chloride (Fisher:: Scientific Co,) was fumed with 

HC101  to remove chloride. The solution was diluted and boiled to reduce 

any thallic ion which might have been formed,. Theresulting 0.25 N 

TlClO -- 0.5 N HC101  solution was tested for thallic ion by precipita-

tion of TlI. If thallic ion was present, T11 3  would be precipitated, 11 
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and 12 could be removed from the precipitate by washing with acetone, 

giving the wash a yellow color. A positive test was obtained in the 

freshlyprepared solution,but after the solutionhad stood for a few 
weeks a negative test resuited. At this latertime also, the.e-lectro-. 

motive force (emf) of a platinum electrode immersed in the solution was 

within 10 millivolts of its value in a T1NO3  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 Tl2 (CO3 ) ( Fisher) was obtained, from which 

a TlC10)  solution was prepared by addition of a stoichiometric quantity 

: of HClO. It was necessary to filter the solution to free it from an 

insoluble residue. Thallium perchiorate solutions prepared in these two 

ways gave indistinguishable results in astatine experiments, nor were 

different results obtained with T1NO 3  solutions. 

Ferrous perchiorate solutions were prepared by dissolving iron 

wire in excess hot 0.5 M HC101 . The solution was cooled and filtered 

before the iron was quite completely dissolved. An 0.2 M Fe(ClO) 2  --

0.2 .M HC101  solution made in this way could be kept several months with-

out more than a few percent of the ferrous ion being oxidized. Ferric 

perchlorate solutions were made by fuming ferrous perchiorate solutions 

with perchloric acid and diluting; they were found by potentiometric 

titration to contain less than 0,05% of the iron as Fe, 

Solutions of VO2ClO were prepared by dissolving cp NHV0 3  (City 

Chemical Corporation .of New York) in dilute NaOH and rapidly adding an 

excess of perchloric acid. City Chemical Corporations cp vanadyl sulfate 

was used as a source of vanadium (iv). 
Because certain experiments in Section V involved high .C171 or 

Br/I ratios (see Tables XXV and xxvii), NaCl and NaBr stock solutions 
were tested for iodide by oxidation to iodate, followed, after boiling 

to remove excess oxidant by reduction with iodide to I and detection 

with starch. 	Bromine was the oxidant used for analysis of the 

chloride solutions, while the bromide solutions were oxidized with excess 

chlorine in 6,2 M acid. Lower limits of 2 x 106  and 1 x 106 were found 

respectively for. Cl71 in theNaC1 solutions and Br/I in the NaBr 

solutions. 



In general the concentrations of solutions weredeterminéd simply 

on the basis of the weight of air-dried reagent, or the volume of concen-

trated acid used, leaving the concentration known to ± 10% in the worst 

cases 0  Exceptions are the sodium perchiorate, sodium halide, and halogen 

solutions used in Section V. The NaClO solutions were analysed gravi- 
13. 

metrically by conversion to Na SO . 	The halide solutions were analysed 

either gravimetrically or volumetrically by the Fajans method. 	Deter- 

mination of the concentrations of the halogen solutions will be discussed 

in the foliowing paragraphs 0  

Saturated iodine solutions were prepared in low-sulfur CCl and 

in 0.001 M IIClO, and were stored in tef1onstoppered bottles (g.v) at 

21 ± 0.50
C. A small volume of 0901 M HClO was kept in equilibrium with 

the CCl solution to wash out any iodide that might form, although the 

saturated aqueous iodine solution did not develop a detectable halide 

concentration over several month, From solubility data the 12  concen- 

trations of the saturated aqueous and CCl solutioxis should be respectively 

0.00117 and 0.099  M. 15  The concentration of the CCl solution was measured 

by titration with thiosulfate 12  and was found to be 0100, This value was 

used in calculations, along with the literature value for the concentration 

of the aqueous iodine solution0 

Bromine solutions in low-sulfur CCl were generally made up direct-

ly from a measured volume of liquid bromine equilibrated with and stored 

under 0.01 M HC10 at 21 to 23 0C. The molarity of the bromine was taken 
16 

to be 19.5. , For.some experiments a freshly prepared saturat6dsoIut1on.:. 

of bromine in 0 01 M kIClO1t°2l.5±O 5°Cwascused. its concentration i 
being takn as 0.215 L 15  

Fisher Scientific Co. "Purified" IBr was dissolved in low-sulfur 

CCl1  to make a 005 M solution, which was tested for an excess of either 

parent halogen by extracting away the IBr with several portions of 1 M 

NaBr and examining the residual CC1.. In this way, the solution was found 

to be about 002 M. in excess bromine 0, ' It was then titrated with a 

saturated iodine solution in CCl to give ainal solution with a.l x l0 

M excess of iodine 0  The 'solution was analysed iodometrically, 12  and it 

was stored in a .Teflonstoppered bottle in equilibrium with a small volume 

of 2 M HClO. 
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Solutions of these halogens, particularly bromine solutions and 

aqueous iodine solutions, were generally made up from these stocks within 

a few days of their use. All halogens were kept in black-taped, Teflon-

stoppered vessels, 

A 0.0015 M 12 solution in CCl 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 2  in 

CCl decreased slowly in concentration, the decrease amounting to 0.5 to 

per day. A 0.001 M IBr solution in CCl, stored under a small q,uantity 

of 1 M HC101 , 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 within a few days of their 

use and were stored in the dark at 1 to 2
0C in Teflon-lined screw-capped 

bottles. Some of the solutions were analysed by adding an aliquot to 

excess iodide and determining the resulting triiodide spectrophotometri 

cally. 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 lio% per day. Chlorine solutions used in individual 

experiments were not usually analysed, the loss of chlorine being only 

roughly estimated. Therefore the chlorine concentrations quoted for 

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

D. Apparatus 

Solutions used in this work were allowed to contact only glass 

and Teflon. Teflon stoppers machined to fit standard taper sockets were 

found very convenient, particularly in solvent-extraction experiments, 

since liquid did not leak around them. 

Volumetric ware, consisting of 1..4 to 1-mi micrdpipets, l-ml and 

larger conventional volumetric flasks and pipets, and, in less critical 

work, 5-mi and larger graduated cylinders, was generally used without 

further calibration. Micropipets of 100 4 and smaller capacity were used 
'to contain," and were rinsed. Larger micropipets were used either "to 
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contain" or"to deliver," the difference amounting to no more than 0.5%. 

In quantitative studies, micropipets smaller than 54  were rarely used. 

Glassware was routinely cleaned, with 5% aqueOus ItF and/or hot 
fuming nitric acid. Teflonware was cleaned by treatment successively 

with boiling aqua regia, methanol, boiling benzene, and CC1 It was 

then baked overnight at 230
0
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 either phase were visible in the other. 

Unless otherwise specified, extraction mixtures were agitated 1 to 2 mm 

in the experiments 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 aqueous phase of 

much greater activity. Even in this case, with suitable care it was pos-

sible to keep crOss contamination below 0,02%. When the CCl),  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. In the case of all 

precipitates except Ba(10 3 ) 2  and possibly KI0 1  precipitation was complete 

within a few minutes, The precipitate was centrifuged, the supernate was 

withdrawn and assayed, and the precipitate was washed one or more times 

with a suitable aqueous wash solution. When the precipitate 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 either assayed independently or were combined with 

the supernates. Acetone washes were always assayed independently. 

The precipitates were slurried into counting vials .with .n-propanol 

(Eastman Kodak Co., White Label), which was effective .  in.dislodging them 

from the walls 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 type of sodium 

iodide crystal. 

Table III gives the procedures generally used for specific precip-

itations.. Exceptions will be noted as they arise. 

G. •Teperature Control 

Experiments were carried out at room temperature; usually 21 to 

230C, unless otherwise specified. The controlled-temperature experiments 

in Section V were carried out in a room thermostated at 21 ± 0.5 C. 
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III, PEELIMflTARY EXPERIMENTS 

In view of the irreproducible behavior generally attributed to 

astatine, it seemed worthwhile to initiate this study with efforts to 

duplicate some of the earlier work. In general these efforts resulted 

in confirmation of the eariiei' results. In this section I shall .report 

the few discrepancies which were observed,, as well as such of my results 

which auent the previous studies,. 

A. Adsorption of Astatine on Glass 

The 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 beprimrily a property of At (a) In aqueous solutions. 

Organic solutions and solutions of. oxidized or reduced astatine are re- 

ported to be much more stable to loss of activity to the walls, . On the 

other hand, it has appeared that this property of astatine might provide 

a method for separating it from other elements. 

Two types of experiment were conducted. In the first type about 

0,3 g. portions of washed Pyrex wool were added to .1 ml volumes of various 

solutions containing At (0). The solutions were allowed to stand un-

disturbed except for periodic withdrawal of aliquots forssay, A com-

parison experiment, covering a more limited range of solution compositions, 

was conducted with carrier-free solutions of RaDEF (Pb , Bi , and 
210 

Po 	).. 

In the experiment of the second type, 0.1 g, of glass wool was add-

ed to 1 ml of a 0,05  N 111W3  solution containing At (o) and RaDEF. Four ml 
of a,0,l M NH1 NO3  -- 0.2 N Nil3  solution were added. The mixture was agi 

tated briefly and then allowed to stand for 30 mm )  after which It was 

filtered with suction through a .sintered-glass frit, The glass wool was 

leached first with water, then with concentrated Rd. 

In all of the experiments, the astatine and polonium were deter-

mined by alpha counting dried aliquots at once and again after the astatine 

had decayed away. The bismuth was determined by imediate beta counting 



through 12.mg/i2  of alumini withan endwindow •methanef1ow p±'oportional 

counter., and the lead was determined by repeating the beta count several 

years later, after secular equilibrium had been reestablishecd. The re 

suits of these experiments appear in Tables IV and V. 

It appears that undisturbed alkaline At (0) solutions, or those 

in strong HC1 are stable to loss of activity to glass, while others show 

a partial loss which variea 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 the behavior of 

bismuth and polonium, which under at least some conditions can be almost 

quantitatively rethoved from solution. It appears that the deposited 

activity can be largely, but not completely, brought back into solution 

by leaching the glass with HC1. 

Efforts have been made to explain the adsorption of tracer metal 

ions on glass in terms of replacement of the hydrogen in Si'OH groups.l8 

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 is adsorbed as, a neutral molecule. It may also be that the 

adsorption behavior 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 solventextraction experiments, astatine has shown a 

characteristic behavior pattern. If an aqueous At (0) solution is extract 

ed with benzene or CQl, the distribution coefficient, 

D = (total At in organic phase)/(total At in aqueous phase), 

is found to have a variable value between one and ten, If the organic 

phase is washed with successive portions of fresh aqueous solution, the 

amount of At back-extracted decreases gradually from wash to wasi until 

the activity left in the organic phase is almost completely unextractable 

into water. Likewise, if the initial aqueous phase is washed with. suc 

cessive portions of the organic solvent, one is ultimately 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 

Time Fraction of At 
Solution (hr) left in solution 

0.5 M HNO 
3 

21 .0.7 

0.5 M HNOb 	 . 0.25 

0.15 M HNO3  6 0.93 

20 0.69 

1,8 0.52 

12 0.62 0.01,MHNO3  

39 o.)4i. 

0.001 M HNO 5 0.88 
3 

 

20 

40 0.80 

3MHC1 	. 22 1.0 

49 0.91 

0.5 M HC1 16 0.59 

0.1 M HC1 	 . .2 0.62 

0.1 M NH NO .. 	 . 	 27 0.89 

0.1 M NHUNO 19 0.79 

0.1 M NH4NO3 
 

46 0.69 

Water in equilibrium with air 5 0.70 

19 0.70 

0.1 M NHN0 --0.2 M NH 27 1.0 
3 	 3 

. 	 .9 .0.95 

0.1 M NaOH (carbonate-free) 49 1.0 

0.1 M NaOH(carbonate_free)b 6 0.95 

. 

Initial At concentrations were -'-5 x 10
-13  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 HNO3* A1l.of these solution,s were stable 

over one day to loss of bismuth or lead. All but the 0.2 M HNO 3  

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

HNO
3 
 solution retained 79% of its polonium over one day and 73% 
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Notes tO Table ]V (concluded) 

over 12. days. Initial concentrations were: Pb 210 • 	x 10 -10 

B± 0  '4 x10, andPo21P -10
11. M. The total Pb and 

concentrations may have been much greater, however, due to 

contamination with impurity le.d and bisiuth., 

Dupiicate experiments. 

CThis solution .was now agitated and filtered. The filtrate 

contained only 33% of the initial astatine. 
See Table •V for the behavior of an agitated solution of this 

composition. 
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Table V 

Adsorption onto glass of 	t(0) and of tracer lead, bismuth, and 
polonium from an agitatedand filtei'ed solution of.pH 9•7a 

Fractiori of iritiaI activity 
Solution Pb Bi Po At 

Filtrate 0.54 0,06 0.06 	. 0.31 

H20 leach 0.07 0.01 0.01 0.02 

First conc. HC1 leach . 	 0.16 0.63 0.66 	.. 0.20 

Second conc. HC1 leach 0.01 0.02 0.01 0.01 

Total•recovered 0 .78  0 .72  0 .74  0.57 

ai.tii At concentration 2 x 12  M. Concentrations 

were approximately half those in the experiments of Table IV (note a). 
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This behavior would seem to indicate the presence of at least 

three astatine species of varying degrees of extractability, Filand ob-

served similar behavior with iodine at low concentrations, and was able 

to isolate, but not identify, the species involved.5d 

A series of experiments was carried out to determine to what 

extent this behavior was affected by variations in the nature and purity 

of the phases, by control .of the oxidation potential of the aq.ueous 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 et al.Ba 

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 diluting solvent than to any true 

concentration dependence of the extraction, 

Table VII shows the results of some experiments on •the effects 

of halideiions on the extractability. The extractibility is depressed 

at halide concentrations considerably below the >lM concentration range 

investigated by earlier workers, bromide ion having a greater effect than 

chloride. However, the rather marked and erratic time dependences 

displayed in some of these experiments suggest that something other than 

a simple complexing 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 certain of my coprecipitation results are compared 

with the results of simila' experiments reported by Johnson et al. It 

is seen thàtinsome cases At (0) is partially coprecipitated. with AgI 

and TlI, while in other cases it does not appreciably coprecipitate with 

either. In the former cases redistilléd water was used, and the astatine 

was stocked in perchioric acid solutions In the latter cases, only 

single-distilled water was, used, and the astatine was stocked in .nitric 

acid. The fact that addition of nitric acid to systems of the fIrst type 
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Table VII 

Effectof haLie ions on the extractability of .At(0) into CCl 

Halide 	 Time 	 D 

Series I 

0.1 .M NaCl 

0.1 M NaCl 

0.01 M NaCl 

0 OO1MNaC1 

Series I1C 

.1 hr 	 0.95 

3.5 hr 	 oossd 

l.hr 	 12 

lhr 	 12 

0.09 M NaC1 	 5 mm 

	

30mm 	 1.2 

0.011 M NaBr 	 5 mm 	 0.5 1i- 
30 min 	 2.6 

aEqual volumes of the two phases were usOd. 

bThe astatine was introduced as a portion of an organic.phase. which 

gave a D of .30 when extractedwith 0.01 M HC10 ) . Mixtures were agitated 

approximately 1 min out of every fifteen for the total time indicated. 

The •aqueous phase was 0.01 M in HC10 4 
 plus the indicated concentration 

of NaCl. The astatine stock had been 0.01 M in HC10 ) . 

.cThe astatine was introduced as a portion of an.aqueous phase, 0.001 M. 

• in HCl0, another portion of which had given aD of 2.2 when extracted 

with low-sulfur CCl ) . Mixtures were agitated continuously for the time 

indicated in black-taped tubes. The aqueous phases were .0.001 M in 

HC10 1 plus the halide concentration indicated. Redistilled.water and 

low-sulfur CCl )  were used in this series, and assays were made by x-ray 

counting of solutions. The original astatine stock was 0.001 M in 

HC10 and was made with redistilled.water. 

his was a duplicate of the first experiment, using another preparation 

of astatine. When the aqueous phase was re-extrOcted for 1:min with 

fresh CC1
4
, a D of 0.1 was obtained. 
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does not entirely elinate coprecipitation is not a conclusive argument 

against the nitric acid being the significant factor, since .a stock 

stored in nitric acid might slowly develop astatine species different 

from those present in the perchioric acid solution., Furthermore, dif 

ferent nitric acid solutions may contain various amounts, of lower 

nitrogen oxides. 

The partial coprecipitation could conceivably result from ex-

tensive hydrolysis of the astatine due to the' removal of astatide, by 

coprecipitation. Such hydrolysis shouldbe 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 with Til is hardly af-

fected. Nor is the partial removal of the activity from the TlI by 

acetone easily explained in terms of a hydrolytic process. I have 

found that a single acetone wash removps .ne.afly.pmpletely moderate 

amounts of iodine that have been taken up by a Til precipitate'. 

It seems more likely that the coprecipitation 'of At (0).with 

Til' and AgI is actually, a process of ads'orption, rather than of true 

isomorphous replacement of similar' ions in the crystal lattice. 19  We 

shall' see in Section IV that drastically different behavior is en 

countered if the solution contains an appreciable 12  concentration. 

It would appear that reduction of At (0)to; At by SO 2  is slow 

and incomplete when the SO2  concentration is 0.01 M but is completed 

fairly rapidly in 0.1 M SO2 , However, it is also possible that'ast,atine 

species formed in nitric acid solutions are less readily reduced than 

those formed in perchloric acid solutions. The decrease in D when an 

'SO2  solution is used to backextract an organic astatine 'solution ap-

parently need not be indicative of 'reduction to,At, since sucha 

decrease may occur even when the astatine does not coprecipitate with 

Til.' It is pOssible that the SO forms a'nonextractable complex' with 

the astatine befOre reducing it. 	' 

The incomplete precipitation with TlI reported by Johnson et al. 

may then be due to incOmplete reductiOñ,"while the complete precipitation 

they observed with' 'AgImay, as they suggest, result from deposition of 

At (0) on thetallic 'silver"formed by'the'reduction of Ag+  by SO.' 
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On the other hand, Johnson et al, observed a geat deal more 

coprecipitation of At (0) with insoluble iodates than I dO.3a 	They 

suggested that the iodate itself was oxidizing the astatine to astatate. 

HOwever, my results indicate that no appreciable oxidation of astatine 

toastatate takes place within a few minutes in 0.02 to O.04M lodate 

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 At0 3 . Thus 

the cause of the extensive coprecipitation of At (o) with Ag103  found 

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 that 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 solutions used have not been adequately controlled. In most 

of the studies characterizing At (o), 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 concentratiofls 

of both members of a redox couple, and to the use of more or less ir-

reversible couples. 

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 try.it .and obtain reproduci- 	- 

ble and intelligible results. Still, even the use of aredoxcouple that 

only does the job 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 (o)' Without know-

ing the nature of this state - - or states - - the explanations advanced 
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for mich of the observed behavior of astatine must be classed as the 

sheerest speculation. 

It is usually tacitly assumed that At (0) is either At 2  or 

because of the very low concentration, At.. While At. might be formed 

in nonpolar solvents, in aqueous solution disproportioriatlon,. ecg.1.:to 

At and:.HOAt . seems .much möé: likely. 

However, there is precious little reason to believe that At (0) 

consists merely of astatine-hydrogen-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 raction which acts to split the At 2  molecule tends to 

become theniioynamically favored. In the light of these considerations 

it does not seem improbabl 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 At0 3 . 

It is unlikely that different workers would have the good fortune 

to deal with the same impurity compJiernerit, and widely discrepant results 

are to be expected. Thus the fact that Johnson et al. found "At (a)" to 

be much more extractable than I did merely indicates that wewere prob.. 

ably. w.orng, :ith',entirely d'ifferen't :imuritrc.ompQunas of astatine. 

The only hope of remedying this unhappy situation, would seem to 

lie in converting the astatine into a known compound before getting 

started, and the most likely candidate is an interhalogen. All of the 

interhalo'gens are stable with respect to their elemeits, and the reactions 

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

ties in a system might be expected to react first with most of the im-

parities that could otherwise react with the astatine. However, although 

the possible advantages of iodine as a nonisotopic carrier for astatine 
20 were pointed out by Aten et al., no one has heretofore acted on his 

suggestions. . 	 . 	. 
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In the work reported in the following sections, I have attempted 

to design most of the experiments in such a way that the oxidation 

potentials of the solutions are more or less adequately controlled, and 

so that, whenever possible, the At (0) is encouraged to form such re-

spectable interhalogen compounds as AtI and AtBr. 
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IV. A SYSTEMATIC SURVEY OF T-[E REDOX BEHAVIOR OP ASTATINE 

A. Introductory Considerations 

If the oxidation potential of an astatine solution can be con-

trailed through the use of redox couples with which the astatine reacts 

more rapidly then it reacts with impurities in the system, it is pos-

sible to bracket the oxidation potential between astatine states A and 

B, by determining the potential at which A is ôonverted to B, and the 

• 	least different potential at which B is converted to A. 

• 	 in principal it is possible to find, a couple which has a poten- 

tial very close to the potential of the astatine couple and then, if 

eq,uilibrium can be obtained, to determine the dependence of the reaction 

on various constituents of the reaction mixture. In this way, if one 

of the two astatine states involved is known, the other may be identified. 

For example, if At0 3  were reduced to an intermediate state by 

the Cf -- Cl2  couple in sucha way that the ratio (Ato )/(At inter-

mediate) was proportional to the quotient (C12 )/(Cf) (a'') 3 , we could 

be pretty certain that the intermediate state was HAtO 2  and.the, reaction 

was 

HOH + HAtO2  + Cl2  = At03  + 2Cf + 3H. 

The qualitative method of bracketing potentials has become a 

standard technique of tracer chemistry) 9  However, only in a few cases 

has it been possible to obtain even lirnitedquantitative information 

about a redox reaction involving speciespresent at tracer concentra-

tions 21 , 

Application of these methods requires some means of distingu1sh' 

ing among the astatine states. In this work such distinctions have been 

made in accordance with the following assumptions: 

Only elemental halogens, interhalogens, and organohalogen 

compounds containing astatine extract appreciably into CC110  

Only At, At03 , and At01  will coprecipitate extensively 

with irtholubie lodides, lodates, and métapériodates; respectively, and 

not be removed' from the p±ecipitates by washing. 
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The second assumption is far less secure than the first. Iso-

morphous replacement of similar ions is but': 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 

crystals, "internal adsorption" at active lattice sitë and "anomalous 

mixed-crystal formation" by dissimilar ions are all processes which must 

not be ignored. 19  

The only way to be certain that isom.orhous replacement 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 involving precipitates have notbeen conducted 

in the work reported in this section. Therefore we must utilize as-

sumption (b) with considerablp reservation, particularly in those cases 

in which the coprecipitation is incomplete. 

B. Experimental Method 

The following general procedure was used in these eperiinents: 

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 slownessof the reaction. All reactions were tested for 

photosensitivity by repeating the experiments either in black-taped, 

opaque-stoppere.d tubes, or under a Wratten series-i safelite with a 

40-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 nathxies of the stock solutions from which astatine was taken 

to react with each couple are indicated in the tables by capital letters, 

I 



plus the principal 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 Tabl IX.) 

Solution A. Hydrolysed At (0) stock -- no iodine. A target was dissolved 

in nitric acid and fumed down with HCl0 1 . The astatine was extracted into 

CCl from 2 M hydroxylamine sulfate, and was backextracted into 0.05 N 

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 stock 

solution the astatine was backextracted from the isopropyl ether with 

aqueous NaOH. The aqueous solution was then acidified, saturated with 

C12 , and heated to oxidize impurities that might have been introduced 

during the separation. 

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

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

0.01 N NaOH to give this stock solution. 

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

u-tube with 0.01 N HIO. Thirty hours later the solution was made 0.1 N 

in SO2  (0.06 N excess after reaction with the periodate) to give this 

stock, which was allowed to stand for 3 hr before use. From a portion 

of the stock diluted 1000-fold with 0,01 MHCl0 1 , 90% of the At was co-

precipitated with Pb1 2 . Another portion, diluted 1000-fold with 0 0 1 N 

HC101  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 N in 

HC10, 10 to 5 x 10 N in stoichiometric I2 and 10 to 10 2  M in 

Solution E' AtI stock The double-distilled astatine was washed from 

the u-tube with 0.001 N HC1041 
 and within 10 min the solution was made 



5 x 10 N in 12 and in Nal. It was allowed to stand one hour before 

use. 

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

the u-tube with 0,01 N HIO) .. Nine hours later an aliquot of this solu-

tion was diluted 33-fold with a solution 0.1 N in HC10, 0,009 M in Nal, 

and 0.001 N in Na13  to make this stock, which was allowed to stand 13 hr 

before use. (Final concentrations were Nal = 0,005 M and Na13  = 0.002 N.) 

Solution E"t . AtI stock. The organic phase from an extraction of an 

E-type stock with CCl1 . 

[When a1iquds of E, E', and E" stocks were extracted with CClb they 

yielded D values in agreement with Eq. (V-l)(q.v.).i 

Solution;F. AtO 	 -- stock 	no iodine 
3 	 , The double-distilled astatine was 

washed from the u-tube with 0.01 N NaOH. It was oxidized at 100
0C with 

0.01 N Ce in concentrated HC10 to provide this stock solution. From 

an aliquot of the solution diluted 1000-fold the astatine was 83%pre-

cipitated with Pb(10 3 ) 2 . 

Solution F'. AtO - stock -- only trace iodine. 
3 	 This solution is similar 

to F, except that I2 NaBr, and Br2  were added during the oxidation pro-

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

by fuming with HClO. The final stock solution was 1 N 1nHC10 and 0.01  4. 
M in (::JH0 2ce(wo3 ) 6  with traces of bromine and iodine species. From an 

aliquot of thi's solution diluted 300fold with 0,01 N HC101 , 77% of the 

astatine coprecipitated with Pb(10 3 ) 2 . An aliquot diluted 150-fold with 

1 N HC101  gave a D of 0.003 when extracted for 1 Ln with an equal volume 

of CCl, 

- 	 , stock Solution F". AtO 	' A portion of the E' stock was made 0.02 N in 

(NH1) 2Ce(NO3 ) 6  and 1,2M in HC104  and was heated at 100
0C for an hour. 

From an aliquot diluted 1000-fold in 0.01 N HC104
, the astatine was 99% 

coprecipitated with Pb(10 3 ) 2 . An aliquot diluted 10-fold with 1 N HClO) 
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gave a D of 0,025 when extracted for one minute with an equal volume of 

Ccli'.  

Solution G. AtO - stocks. 
3 	Portions of E-type stocks were oxidized at 

1000C with .0l to 0.4 M H104 to give solutions from which 98 to 100%of 

the astatine could be coprecipitated with Pb(10 3 ) 2  (see Expt. 95). The 

astatine was essentially u.nextractable into Cd1'.  (D < 0.005),, 

Solution H. Bromine-oxidized AtI stock, An .E" stock .0,005 M in 12 was 

backextracted with an equal volume of a solution 0.1 M in HC104, 2 M in 

.NaC1O4, 0.01 M in Br 2 , and 0.01 N in NaBr. The value of D was 0.005. 

The aqueous phase comprised stock H. 

Solution Ht. Bromine-oxidized AtI stock. A portion of a.t,ype-E stock 

was made 0.01 N in Br , .0,01 N in NaBr, and 0.1 M in HC1O , with a 

final stoichiometric IBr concentration of 2 x 10 N to make stock Ht, 

When an aliquot of this solution was diluted 200-fold with .0.1 M HC10 4  

and extracted for 1 min with an equal volume of Cdli.'.  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 IIC10 4q  The solution gave a D 

of 4,8 when extracted for 1 min with an .eq.al volume of Cd 4 . 

Soluton V. At (o) stock -- no iodine. This solution is the organic 

phase from the extractftn of stock I. 

The compositions of the reaction mixtures include species-intro-

duced with the 'stod. Concentrations are generally stoichlometric, and 

do not indicate the actual species present. However, the pH is indicated 

in parentheses for buffered systems, and the free Cl, Br, and H+  con-

centrations are indicated in parentheses in those of the Cl -- C12 , and 

Br -- Br2  experiments in which they receive an appreciable contribution 

from hydrolysis of the halogen. 
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Equilibrium has been assumed to have established itself beteen 

all oxidizing and reducing agents present in macro concentrations in 

the solution, with the following two exceptions: On the basis of experi-

mental observations the reduction of iodate by VO.. and the. oxidation 

of iodine by Cr207  are assumed not to proceed appreciably in the course 

of the experiments, 

Electromotive forces of the solutions have been calculated from 

the data of Latimer. 22  Rough activity corrections have been applied on 

the basis, of his., table of activity coefficients and the additional data 

of ilarned and Owen, 23  The emfts of the ferro-ferricyanide experiments 

are based on thedata of Koithoff and Tomsicek424 The emf's may easily 

be in error by ±0,01 volt. I±':.Thhlés XI and XIII the emf"s calculated 

from the 12 -- 103  couple are given in parentheses beneath those calcu-

lated from the Cr (iii) - ( vi) or V0 -- VO2  couples.. All emfs are 

given with .respect to the standard hydrogen electrode. 

"Time" generally refers to the interval between the time of 

preparation of the mixture and the time at which aliquots were with-

drawn for precipitation or extraction. 

Unless otherwise specified, solvent extractions were carried 

out with equal volumes of aqueous solution and low-sulfur CCl agitated 

for about 1 mm. volume ratios apreciablydifferentfrom unity are 

indicated as R = organic volume/aqueous volume. Again .D is total organic 

At/total aqueous At. 

UnleSs otherwise noted, .prcipitations were cried out in ac-

cordance with the procedure's described in Table III. The percentage of 

the initial 'activity remaining in the precipitate after all washes is 

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 .acetone,at least two consecutive acetone 

washes were used, and the activity indicated to be in the acetone is 

their sum. The activity of an aqueous wash is not usually indicated 

unless it amounted to more than 5% of the total setivity, ' 
'T$Dilution" entries should be interpreted in accordance with the 

following example:'Tt(02 /}3O)" means that' one volume of the reaction 
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mixture was diluted with an equal volume of 0 2 M HClO 	No entry in 

the "dilution" column means either that no dilution was employed or that 

the diluent was a solution of the same composition as the reaction mix-

ture exclusive of new species introduced into the latter with the stock. 

The results of duplicate precipitations or extractions are mdi-

catedin parentheses below the original values. If a %..erip" or D 

value is given as an upper limit, it means that the activity of the 

prècpitate or organic phase, respectively, was below the limitof de-

tection.in  the particular experiment. Sim.iia±ly,a lower limit is given 

for .fl%  Precip." if the activity of the supernate was below thelimit of 

detection. 	. 

Unless otherwise specified, all reactions and operations were 

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

daylight and fluorescent illumination. No effect of variation in 

astatine concentration per sewasever 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 Tables IX to XIX: 

(a) 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. 	 - 

() flese experiments differed from those described in note (a) pnly in 

that all operations which required removal of solutions from the black 

taped tubes were carried out in the light of a series-1 safelite 

(y) In these experiments -thereaction mixtures themselves were 2-phase 

.solventextraction mixtures, nd the "time" refers to the duration of 

continuous agitation of the mxtu±es before aliqu.ots were withdrawn. 
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() In these precipitations the .lowacid TiClo and Pb(clo) 2. solutions 

described in Section Il-C were used instead of the high-acid solutions 

used in the other experiments 

D. Discussion 

1. The Hiest Attainable Oxidation State of Astatine (Table Ix) 

The experiments of Table IX were designed to identify the high-

est oxidation state of astatine. Barium iodate precipitaed from. a 

mixture of a large amount of iodate with a moderate amount . of peri.odate 

has been found to carry very little of the periodate,. Similarly, KI0 

precipitated from a solution containing a large quantity of periodate 

in the presence of a .somehat smaller quantity of iodate contains very 

little of the ±od.ate 25 . 

If we assume that AtO3  and AtO behave like their iodine 

counterparts, we ..lthen have a,,method for distinguishing the two astatine 

states. But how good is this assumption? The principal species in a 

perchioric acid solution are 	and ClO, while a. periodic acid 

solution contains primarily H5106 ., This tend.ency. toward expanded co-

ordination should be even more pronounced with the larger astatine atom, 

and an octahedral H5AtO6  would have little tendency to coprecipitate 

with KIO 41,But neither would such an ion be likely to .coprecipitate 

with Ba(103 ) 2 .. The nearly quantitative coprecipitation .of the astatine 

wIth .Ba(103 ) 2  would' therefore sugget that the principal astatine 

species present is At03  rather than a perastatate.  

T1iroughoi.t the remainder of this thesis, then, we shall assume 

that the astatine species. 	oprecipitates with insoluble i.odates 

is At03 . As a matter of experimental convenience, Pb will be most 

often used for such.precipitations, since Pb(10 3 ) 2  is precipitated 

rapidly and very nearly completely, even from .0.1 M acid. 

Although the most .powerf oxidant. used. has an oxidation poten-

tial of less than -2 v, it is possible for perastatte formed at such 

.a potential to be reduced by the iodate present dii±.ing 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 astatate-perastatate ' evi-

librium during the precipitation itself. 

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 toobtaina.material 

completely coprecipitable withlead lodate. One E-type stock could not' 

be oxIdized completely by even the most vigorous peri.odate 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. 

15 

	 2. The:Cl_ -- Cl2  Couple 

The Table X experiments seem to indicate that at low chloride 

concentrations this couple partially oxidizes astatine to At0 3 , while 

at high 'chloride concentrations the astatate is reduced. In all cases 

the astatine is essentially unextraA&ble into .CC1, even when diluted 

to chloride concentrations so low as to make polyhalide-ion formation 

highly improbable. Apparently, then, the reduced astatine species is 

not At (0) but some intermediate positive oxidation state. 

In those cases In which appreciable coprecipitation with lead 

iodate takes place, the precipitation. appears to be independent of the' 

total salt content and acidity of the 'sálution from which it is carried 

out (Expts. 10-7 and 10-8). From Expt,. 10-9 we see that the coprecipi-

tation is also independent of the excess of Pb used and of the iodate. 

concentration .up to .0.02 M 10 3
' Further incre.se in the lodate concen-

tration, however, causes a larger fraction of the astatine to coprecipi-

tate. Both barium and lead iodate precipitations show this ,effect, 

The experiments of Table Xa show that at 0.005 M 103  a second 

lead iodate precipitation gleans relatively little astatine, but when 

the •iodate .concentration.Is between 0.01 and.002M, the astatine can 

be almoatcompletely removed from the solution by several successive 

preci.pitations. This unexpected behavior at high iodate concentration 

may be due to adsorption of astatine when a,large quantity of precipitate 

Is formed. 
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Table X  

Rection of astatine with the Cl 	'- Cl'.coile 

Coprecipition 
~ Emf 
	....... Time Eraction .. ..................... -  Special- 	...... lodate 

Expt. Stock Reaction mixture (volta) (1w) Dilution D Dilution conditions precipitate % precip. 

10-1 0 0.05 14 C12 1 0.1'M EC10, -1.46 25 Lead 68 

MO 0.002 M Sal03  

(Cl 	= 0015 	fi+011) 

10-2 0 0.0414 Cl,0.2MNaC1,' -1.40 25 Lead: 0.5 

At0 0.1 M HCl, 0.002 14 Na10 3  

10-3 F' 0.01 14 Cl , 0.1 14 Sad, _1.4O II 1/100 0.02 1/10 Lead 0.5 

At0 0.5M'HC1, 
0.001 M Ce(NO3)3 1  

( 0 5 14 ECl0) (0.05 14 SO104) 

0.002,14 5144503  

10-5 0 0.03 14 Cl , 0.5 14 NaCl, -1.38 25 1/5 Lead 1 

At0 0.5 14 uçi, 
2 x 10'l4 NaTO3 	 ' 

10-5 F 0.003 M Cl2, 8 14 SC1 -1.24 1.5 1/1000 0.03 1/200 Lead 0.6 

At0 3  0.004 14 Ce(C10 5 ) 3  

10-6 5 0.06 14 Cl2, 0.4 M SC10 _1.48 24 , . 1/5 Lead •36 

AtI 2 x 10 5  14 NaTO 
(Cl 	= 0.013) 

10-7 ' 	 5 0.0614 0121 0.114 5d15, -1.47 14 1/10 5xlo 4  Lead 

AtI 6 x105 14 NaIO (0.1 14 5C10 4 ) 
0.2 14 6 (Cl 	= 0.019; H' = 0.12)' , , NaC1O4  

10-e 5' 0.03 14 U12, 0.08 11 EC10 -1.46 55 1/20 
(0.1 14 lIClO ) 

Lead 70 
(10% in waah AtI 3 x l0 	M NaIO 

Cl 	= 0.012; 11' 	0.09) 
' 

' r/'2o 
, 	 , , 

lead 74 
(2% in wash) 

Lead 12 
(5% in wash) 

66 . 	 ' 1/20 	' 	 ' ' . 	 ' Lead 45 
(0.1 14 HC1O4) (23% in 

eoua wash, Tin ace- 
tone yeah) 

	

10-9 , 5 	0.05 	C12 

	

'MI 	2x10 14 NaTO 
(El = Cl =2C1 = 0.024) 

78 	 <0.002 

-1.45 	11+ 

38  

0.02 14 NaTO 	, Lead 
0.01 14 excea Pb 	

17(25)b 

0.02 M NaT03 
0.04 M,exceaa Pb 	Lead 	18 

0.04 14 NaT03 	Lead 	60 
0.03 M excess Pb 	 (20% in wash) 

0.02 14 Na103' 
001 14 excess Pb 	Lead 	19 

0.002 M NaTO3 	Lead 	15 
0.02 14 excess Pb 

0.005 14 NaTO3 	Lead 	
17b 

0.02 M excess Pb 

0.02 14 NaTO3 	Barium 17 

0.04 14 NeIO3 	Barium 31 

	

10-10 E 	0.05 M Cl , 0.2 14 Ned 	-1.41 14 	1/10 	6xl0 4 	 Lead 	0.4 

	

MI 	0.1 14 açl 	 (o.l'M sc104 ) 
6 x iO' 14 NaTO3  

	

10-11 B 	0.02 14 Cl , 0.5 14 NaC1 , 	-1.38 20 	1/50 	<0.002 	1/10 	 Lead 	3 

	

At 	0.6 14 	0.005 M 112504 	 (0.5 14 Cl0) 

5 x 10 14 Na103 

5The same result was obtained when the precipitation was repeated under fluorescent light. 
b Reprecipitatlons were carried out from the aupernatea obtained from these initial precipitatiozia. The results appear in 

Table XA. 

'I 



-52- 

Table XA 

Successive..preáipitatipns of lêad.iOdate 	a 
from.aliquott of the Expt 10-9 reaction mixture 

4 	 0rigina 
Precipitate 	lodate added 	Pb added 	activity on 

Expt 	No 	Mmoles Excess(M) Mmoles Excess(M) precipitate(%) 

10-9a 	1 	0.02 	0.02 	. 	0.02 	0.01 	 25 

	

2 	o.o4 	0.016 	0.02 	0.008 	 57 

	

3 	m4 	o.O11 	0.02 	0.007 	 13 

0.0 	.0.012. 	.0.03 	0.012 

10-9 	1 	0.02 	0.02 	0.02 	0,.01 	 17 

	

2 	0.03 	0.008 	0.02 	0.008 	 28 

10-9c 	1 	0.005 	0.005 	0.005 	0.0025 	 17 

	

2 	0.01 	.0.005 	.0.005 	0.0025 	 6 

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 separated supernate was added an excess of iodate. The solution 

was well mixedand an excess of Pb was added. The total precipitate thus 

formed wasprecipitate No. 2. The process was repeated to give further pre-

.cipitations as indicated. 
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Experiment 10-8 indicates that thecoprecipitatlon of the astatine 

is markedly inhibited by the presence of chlorine and its hydrolysis prod-

ucts in the precipitation mixture. This observation is difficult to ex-

plain, and again suggests that the astatine is being held by some mechanism 

other than isornorphous replacement of ions in the crystal lattice. 

Considerably lower Ds are obtained in Expts. 10-7, -8, and -10 

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

were protected from light, and the higher D's of the unprotected mixtures 

may result from a .photochemical reduction of astatine to At (0). Other 

hotochemica1 reactions of this nature will be mentioned later in con-

nection with the bromine systems. 

The irregularities we have just discussed cast considerable doubt 

on the interpretation of the coprecipitation of 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 •formatio,n of At0 3 , and if we 

represent the Intermediate state asAt (x), we may set the At (x) -- At03  

potential between ..1. 146 and -1.5 v in 0.1 M HC10 1 . 

There are numerous possibilities for At (x). The most likely 

candidates would seem to be flOAt, HAtO 2 , and interhalogens such as AtCl. 

and AtC13 , although we would expect the latter two to be hydrolysed in at 

least some of the experiments. Nor can we really rule out organoastatine 

compounds like ROAt. 

3. The Cr(III) -- Cr(YI) Couple (Table XI) 

This Is a notoriously sluggish couple 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 At0 3  to 

lower states. Since under at least some conditions the astatine is 

largely imextractable into CCl 1 ,anintermediate positive state is again 

indicated. However, the extractability of the astatine shows a marked 

but erratic dependence on dilution which is quite puzzling. 

Experiments 11-6, -8, and -lli- show the coprecipitation with lead 

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



Table XI 

- . 	. 	 demotion of astatine with the Cr (III) -- Cr (VI) couple 
. I 	 I Copreolpitation 	- 

Ee.f Time Extraction Specisi 

Edt. Stock Beection mixture 	(volts) (ho) Dilution 0 	Dilution 	. 	conditions Precipitate % precip. 
11-1 

0 0.1. 14 fr(NO3)0 	-1.06 15 1/16 Ph(I0 .15. 

At0 
- 

0.05 M Na fr29 
0.3 14 Sf161 	. 	7 	.,.. .. . 	.- 	 . 

(0.006 14 Sf101 ) 

3010 1  11 Na103  - 

11-2 0 0.008 14 fr(NO3 ) 3 	-1.22 25 . 	. 1/20 p0(20 	2 
85 

AtO 0 01 14 	2 7 	( 1 09) (0 1 14 Sf101 ) 
0.09 14 Sf101, 
0.002 14 Null 
8010 	14 12. . 	 . . 	- . 

11-3 0 
.At0 

0.08 14 fr(503) 	-1.20 
0.01 14 so 2Cr204. 	(-1.09) 

25 
. 

1/20 
(0.1 14 Sf101 ) 	. 	. 	. 

P0(10 	2 . 
52(56) 

• 0.1 14 Sf101, . 	. 
0.00214 140103  
8x105 MI 	.. .. . . 	. 	 . 

11-I F 
At0 

114 fr(N0 (3 	- -1.1 
0.01 14 NndCrO 

1.5 1/10 P0(10) 2  3 
26 	- 

0.00 (45f101 1 .1/10 	. 
(0.005 14 Sf101 ) 

0.020 	1/10 	 . P0(10 20 
11 fe(C101 ( 3  

11-5 14 	. 
AtI 

0.1 M Cr(N0 ) 	-, 	-1.26 
0.0514 Ne2f287 

17 1/16- 	. 
(0.0061450101) 

P0(10 	2 3 
57 

0.3 14 Sf10 , 
ioS M i 	,- 2 

1/16 
. 	(0.006 14 Sf101 ) 	No Pb°  

SadIe xiromio 
iodute 	30 

. . 1/16 
(0.006 14 HC10 0 ) 	No iodate Pbfr01  5 

11-6 S 8010_I 14 Cr(N0 ) 	-1.21 20 - 	1/100 	 - p0(10 ) 40 

.&tI 0.01 14 02fr2073  (0.1 M Sf101) (7% in vsnh) 
0.09 (4  HC101, 
9oi0 	14 12 

10 
- 	. 

1/20 
. 	(0.1 14 HC101( 

P0(10 ) 3 2 
38 

(8% in vsnh( 

11_f E 0.08 14 Cr(N0 (3 	-1.20 	. TI 1/100 	0.05 M NolO P0(10 19 
MI 0.00 1450 fr0 	. 

0.2 14 Sf11, 
(0.1 14 HC100( 	. 

1/100 	 0.01 M SolO P0(103 ) 2  
0 

17 (60) 
10 	14 12 (0.1 1450101) 

11-8 E 0.08 M fr(NO3) 	-1.20 20 0.0016 	1/120 pb(io) 2  
70 

MI 0.0014 Ne Cr20 10 (0.1 M Sf10 ) 
1/20 P0(103) 2  

(5% in wosh) 
07 0.1 14 5C10 . 

9o10 	11 10 . 	. 	. (0.1 14 Sf101) (12% in wosh( 

E' 
AiX 

0.1 14 Cr(503 ) 	-1.20 
0.05 24 Nx2Cr2 7 	 . 

1 	. 
20 1/25 	. 1/10 Sf10 2.0 	 1 	. 	-- 

P0(103 ) 2  03 

0.1 14 HC101 	. 
2010_4 14 I 

(0.1 M 0f101 ) 
1/13 0.5(0.17) 

2 	. (0.1 14 Sf101 ) . . 

ll-lO 5' 0.08 14 Cr(N0 )3 	-1.19 55 1/10 1.7 	1/20 P0(10 ) 0(5) 
-dii 0.0.114 N. Cr0 

0.8 14 Sf10 
. 	. (0.114 Sf101 ) 1/20 

(0.114 scio) 	. P010 	14 3 2 
30 

1.30101 14 1/20 Bx(103)2 

- 
2 . (0.005 24 Sf100) 

- 	-- 18 1/10 	. 	-- 2.1  
(0.1 14 Sf101) 0.000 

11-11 E' 0.001 14 fr(NO3)3 	-1.19- 0.1 
- no dilution 

No dilution or further P0(10 ) 5 
AtI io3 M NuSfr01 	(_i.io) addition of carrIer 

0.01 14140103, 
0.1 1480101, il_S Mb •- - . .- 

11-12 S Same as 11-11 but 	(_i.io) 0.1 No dilution or further P0(10 ) 2 
0.5 

Atl no aichroaxte addition of corner 3 

1l-13 14' 0.1 M fr(NO3( , 7 1/25 5 	1/50 P0(10 	2 0.5 
dii 0.1 14 Sf101 

2x10 1  M lo 
(0.1 14 Sf101 ) (0.1 14 Sf10 1 ) 

. 20 1/8 0.1 
(0.11 SC1Ot) 

• . above aixtore 
-. 	. mode 0.00714 

in S2fr207  
..- 	 . 	.- 

1.8 	(1 oil agitdtion) 

. 	. 	. 	. 	. 	. . •- 2.0 	(30 lin standing plus • 
1 em 	sgitation( 

1111 - D 
At. 

- 0.1 24 fr(503) 	, 	-1.29 
0.0514 NsCr24 	- 	.- 

20 1/5 
(0.514 Sf10) 

	

0.00 	1/10 

	

- 	- 	- 	. 	. 
P0(20 ) 

. 	3 	2 	• 48 
 

0.5 14 Sf101 1  10 	14 I, (1in1.2) 
0.003 14 H2SO4 ., 	- i/so 	. 	. - 	P0(10 ) 

3 2 
. 	53 

(0.1 M Sf10 ) 
1/10 P0(10 55 

-. 	: •- 
(0.05 14 HObo) 	- 

- 

5P0 	Cr0 1  Bafr011  and bssio chrueic iodate also precipitate under appropriote conditions. 

0The nupernote from this precipitation was onde 0.03 M eacess in NeIl 3 ! theo, after sbalog ;  it was .rmde 0.0114 excess in P0 44 . 

The resulting second precipitate contained 1% of the initisi activity. A third precipitate Obtained in the same easoer 

contained only .2% of the initial activity- . . 	. 	. 	. 	. 	, .. . 	. 

eThe 

 

lover I voice rose to 0.3 after 10 ruin of agitation under floorecceot ligist. 
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solution from Vhich the precipitation is made. Experiment 11-7 shows it 

to be independent of the iodate concentration, and also shows that rela-

tively little astatine is brought down by suácessive lead ,iodate precipi-

tations from the same solution (note b). 

From Expt. 11-5 we see that not much astatine coprecipitates with 

lead chromate in the absence of iodate carrier, but a considerable amount 

comes down with the basic chromic •iodate precipitated by the addition of 

iodate to the diluted reaction mixture. 

Experiment 11-10 shows the coprecipitation to be greatly diminished 
+ when 11 is reduced to 0.004 M and also shows that very little astatine co- 

precipitates with barium iodate at p11 2. On the other hand, 20 to 26% of 

the astatine precipitates with lead lodate from 0004 M acid in . Expt. 11-4. 

and 57% coprecipitates from 0.02 M acid in.Expt. 11-5. This behavior is 

cluite disconcerting, and is hardly what .one would expect for a case of 

straightforward isomorphous replacement. 

Experiments 11-11, -12, and -13 serve as ."blanks" They indicate 

that ch.romic ion alone neither reduces the extractability of At (0) nor 

renders it coprecipitable with lead iodate. Further,when the astatine 

has been exposed to low concentrations of dlch±omate for only a few minutes, 

its extractability is only slightly reducednd only a 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 all, 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 redoxequilibrium. This 

might have been anticipated in view of the irreversibility of the chromium 

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

4. The Br -- Br2  Couple. (Table XII) 

This couple reduces astaiate and oxidizes extractable astatine to 

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

Reaction of astatine with the Br -- Br 2  couple 

Emf Tune 	Extraction 
Coprecipitation with Pb(I0 

3 2 
Ext. 	Stock 	Reaction mixture 	 (volts) (hr) 	Dilution 	D Dilution % precip. 
12_1G 	

F' 	0.2 N Br2 , lO 4M NaBr, 0.1 M BOb 4 	-1.28 12 	. 1/2 . 45(47) 	. 
At0 	7xt0 	M NalO , 8xb0 	N Ce(N0 ) (0.05 M HC104 ) 37% (38%) in 4 aqueous 

2xl0 	M NH4
NO

2  (Br 	= 3.4xb0) 
 washes, i% in acetone 
wash 

40 	 .02 1/2 17 

(0.05 M (55 in 3 aqueous 
- . Hc104 ) washes) 

F 	0.2 N Br2 , 10 3  N NaBr, 0.1 M HC1O 4 	-1.24 27 	 <0.006 1/2 12 

At0 	2xl0 4M Na103 , 2xl0 4  N Ce(NO3 ) 3  . 	. (0.05 N HC10 4 ) (17% in 3. washes) 

4xb0N N11003 , (Br 	0.0011) 

12-3 	F 	0.02 N Br 2 , 0.6 N NaBr, 3 N HC10 4 	-1.04 12 	1/100 	0.05 1/70 5 

At0 	0.005 N Ce(Cl04 ) 	. 	. 	. . 	. . 
•M E' 	0.2 	Br2 , 5xl0 	N NsBr, 0.1 N HC10 4 	-1.26 48 	 0.003 1/2 11 

AtI 	.3xb0 	N I0 	(5r 	6xbo) 	. (0.05 N 11C10 4 ) (40% in 2 washes) 
3 	 . (nothing in third) 

1/10 	. 22 
(0.1 N HCbOj) (49% in 3.aqueous washes) 

(nothing in acetone wash) 

12_5 	E 	0.05 M Br 2, 0.005 N NaBr, 0.05 N RC10 	-1.19 	. 0.25 	 0.005 

AtI 	7x10 4  N IBrb,  1 N NsClO4 	. 	 . 0.7 	 0.005 

12-6 	E 	Aqueous phase: 
01c 	

0.002 

AtI 	0.009 N RaBr, 0.06 N ad00.36 N NaClO4  4 , 

Organic phase: 0.01 N Br 2 , 0.03 N IBrb  0.1 
	

0.002 
01e 	

0.003 - 
0.010 

12-7 	D 	0.2 N Br2 , 0.1 N NaBr, 0.6 M11C10 5 	1.13 22 	1/50 	0.005 1/10 0.6 

At 	3x10 4  N IBr,. 0.003 N H2SO4 	 . (0.5 N Hc00 

a20.4 H Na10 3  was added to .  the reaction mixture; the rest of the iodate cane from oxidation of 12. 

bA considerable fraction of the IBr enters the aqueous phase, both as (r) 5q  and as IBr 	(see Section v-c). 	Thus the free 
Br 	concentration is around 0.003 N in Expt. 12-6. .. The oxidation of iOdine to idate in EptO. 12-5 has not been 

considered, due to the brevity of the experiment. 

cNixtures agitated and assays taken in the dark. 	. 
dMixtures agitated and assays taken under series-1 safelite with 40-watt bulb. - 
e fixtures agitated and assays taken under series-00 safelite with 100-watt bulb. 

lxturea agitated and assays taken under fluorescent light.  
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although the data do suggest that under the most oxidizing conditions the 

couple may.oxidize a small fraction of the astatine to astatate. Presum-

ably we are again dealing with an intermediate oxidation state. 

• 	In the most oxidizing systems, a large fraction of the astatine 

coprecipitates initially with lead lodate but is washed off in the first 

one or two aq,ueous washes of the precipitate. Little more is.removed by 

exhaustive washing, eit1er with. aqueous wash solution or with acetone. 

The effect does not appear to be greatly altered by the extent to which 

the reaction mixture is diluted prior to the precipitation. The explàna-

tion of this phenomenon is by no means apparent 

If At03  is 1ideëd formed under the most oxidizing conditions, the 

intermediate state must be different from that formed in the chloride-

chlorine system, since he latteris.only oxidiéd to astatate ata much 

more negative potential. However, the unexplaIned irregularities in the 

coprecipitation behavior of both systems make such conclusions rath 

shaky, to say the least. . 

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 photochemical reaction. The Wratten series-i filter is a red 

filter cutting off between 6100 and 6200 A.26  The series-00 is a yellow 

filter with a short-wavelength cutoff betwèn 5200 and 5300A. However, 

the effects observed with filtered light may be partly the 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 performed under fluorescent light, 

it is likely that the observed Ds are higher than they would have been in 

the dark. 

The bromine system will be discussed further in Section V. 

, The Vanadium Cole. (Table XIII) 

It appears that in the dark this couple 

product of bromine oxidation at least partially 

does no(t greatly affect At (0) itself. 

tinder the action of light, however )  the 

unextracteb].e, and the extractabilIty is reston 

reduces both At03  and the 

to extractable At (0) and 

astatine is slowly rendered 

d when the mixture is again 
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protected from the light.: The -unextractable specIes dOes nOt côprecipitate 

with lead lodate, and pesumably represents an . intermediate positive oxi - 

datlon state. The photochemical effect -appears largely dëendent On the 

presence of iodine in -the.system. 	. 

In this case, then, the photochemical reaction does •not.meely 

produce a small shift in an equilibrium, but actually converts the bulk of 

the astatine to a.thermodynamically unstable state. -While-such an effect 

would be remarkable on a macro scale,. it Is perfectly reasonable with 

tracer amounts of astatine. Consider the possible photoóhethicalreact,ion: 

sequence: 	 . 

I +..light.. 
	> 2 I 	 . 	. 	(IVri) 

2 	< k1 

k2 ; 	. 	. 	. 

I• + At.I <_> 1 + At . 	. 	 (Iv-2) 

+ Ato + VO 	
k3 	

VO + HOAt 
	

(Iv-3) 

This competes with the thermal reaction, whIch..wë need not consider mecha-:. 

nistically: 

VO+ HOA +1/2 12 	> VO2  + AtI +H 	(iv-) 

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 concentratior 	In that case, reaction .(IV2) will not apprecIably 

alter the (I.) concentration s  A steady. state with respect to astatine 

species will be reached at which the HOAt will be formed by reactions (Iv-2) 

and (Iv-3) just as fast as it is consumed by the thermal.back-reaction 

(IVti.). There is no reason why this steady state cannot have most of the 

asatine in the form of- flOAt. ...... ....
. 	 . 	 . 	 . 	 . 

In general, a gross shIft of an equilibrium Is a reasonable possi-

bility in a tracer system if the primary photochemical process does not 

involve the tracer species, . It therefore becomes apparent that gross 
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qualitative as well as quantitative rnisinterpretationcazi.-.reult 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 vanadimi -couple appear to affect astatine 

rather. similarly... However, in the..iron system the photochemical reaction 

comesinto play..only. 	when the Fe(III)/Fe(II) . ratiois quite high. 

seems to be more rapid than the ..vnadium photochemical reaction, although 

the latter renders the astatine less extractable. 

The absence of iodIne seems to slow 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 . .. t. astatine to an unstable.state, Fe 	seems like the most 

probable participant in the primary photochemical step in the iodine-free 

systems. However, it, is not unlikely that the addition of iodine alters 

the entire mechanism of the reactidn 

It is of interest to note that the .equilibrium In the reaction 

Fe++ 4.1/2 12 = Fe 	+ 1 is shifted to the right by light, :the light- 
27 

absorbing species being either 12  or 13  
Johnson .et aL. reported that while ferrous ion reduced higher 

oxidation states of astatine to At (0.), nearly pure ferric ion seemed 

to oxidize At 
(0)3a  Since they made no effort to exclude light, it seems 

almost.certain that the oxidation the,y, observed was a photochemical re-

act.ion 

It is worth noting that Expts. 14-2 and 116, in.which no macro 

amounts of iodine species are present, do not in the dark give, grossly 

different resultsfrom 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 .moreso.'. This, .in:turn, tends to 

exclude Atand. At2, both of which'would be much less stable than AtI 

unde -these . conditions.  
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7. The Iodide-Iodine Couple (Tables XV and xvi) 
This couple is seen to be capable of reducing higher ,  astatine 

states and oxidizing lower ones to extractable At (0). The extraction 

behavior will be examined in detail in Section V, where evidence will 

be presented that the At (0) species are AtI, with a distribution con-

stant of 5.5, and unextractable At1 2  

In the presence of this couple the astatine does not usually 

coprecipitate with AgI, even on repeat precipitations. The astatine 

in the supernate is uriextractable, and precipitates nearly completely 

with lead iodate • The following reaction seems plausible: 

31120  + 212 +AtI + 5Ag 	5AgI + At03  + 6u, 

since under these conditions the I2 AgI couple has a potential of about 

v The iodine in the solution is of course consumed by the re* 

actions: 

H 
2  0 +Ag+.I2 = HCI + AgI +11* 

and 

3A9 + 31101 = 2PgI -i- Ag103  + 3H 

However, the precipitation of the silver iodate may be slàw and incomplete 

under the experimental conditions employed, explaining the failure of the 

AtO3  to be carie& On the other hand, the cause of the extensive co 

precipitation of the astatine inExpt. 16-6 is not known 
To undersband the coprecipitation results with TlI and FbI 2  we 

must note that both of these precipitates take up iodine from solution - 

the latter to a small extent from solutions containing a great deal of 

13 , the former much.more extens.ively 11  The iodine may be removed nearly 

completely from either precipitate by one or two washes with acetone 

It appears that the astatine shows behavior similar to that .pf the 

iodine, carrying essentially completely on the •TI even at quite low 

iodine concentrations; carrying partially on the FbI2, particularly at 

high iodine concentrations3 and being nearly completely wshed off either 

by acetone, This is the behavior one might expect for AtI, and we may 
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Ta1Le :X\TI 

Goprecipitation of astatine from solutions containing 12 and I 

(astatine taken from E-ty,pe stocks) 
% in acetone 

' 	I  % in precipitate wash(T1I and 
Expt. 

- 
13  1 	: 1iC10 Precipitate 	aftr all washes Pb12  only) 

16-1 -- 0.02 0.001 .AgI 0(90) 

16-2 -- 0.02 0.01 AgI 16 

16-3 -- 0.02 0.1 AgI 10 

16- 2xl0 0.01 0.001 AgI . 	:1 . 6b  

16-5 10 3  0.01 0,01 AgI 

16-6 0.0035 0.01 0.01 AgI 

16-7 -- 0.02 0.001 T118  55(53) 23(38) 

16-8 -- 0.02 0.01 T1I 51 41 

16-9 6x10 7  0.02 0.001 .T115  42 52 

16-10 2x10 5  0.02 0.001 . 	Til 16 81 

16-11 .3x10 5  0.02 0.01 Til . 	9 	. 	. 73 

16-12 10 0.02 .0.001 T1I 8 90 

0.007 0.02 o.016 Til 13 82 

16-14 2x10 5  0.04  0.001 Pb12  0.2 0.3 

16-15 0.001 0.04 0.01 Pb12  3 5 

16-16 0.007 o.o4 0.016 PI2  6 75 

16-17 6x10 7  5x10 7  0.001 P1(IO3 )'5  0.5 

aSolut±on made .0.02 .M in NalO immediately prior to precipitation. 

An excess of Nal, followe.d after stirring by an excess of AgNO3 , was added 

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

precipitate. 

cen an excess of NaI0 3  followed after stirring by an excess of Pb, was 

added.to  the supernate under the series-i .safeitte, 91% of the activity of 

the supernate came dOwn with the mixed AglO -- Pb(iO 	precipitate. 
d 	 3 	3 2  

. 	aiiquot of the supernate was extracte.d with CCl 11  under the safelite. 

The D value äs < 0.01, 
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relate it to the observation that as;atine is gradually incorporated into 

solid 'iodine in equilibrium with an aqueous. solut1on.
0 

 

The coprecipitation of astatine from these mixtures with all three 

iodides appears independent of acidity between pH 1 and pH 3. 
In Table XVI some of the results in iOdine-free solutions which 

were discussed in Section III are compared with the results in the presence 

of macro quantities of 12• When.no iodine is present, both AgI and Til 

precipitate appreciable quantities of astatine, and only a portion of the 

astatine can be removed from the TlI by acetone washes. In these cases the 

coprecipitation with AgI is greatly reduced when the acidity is increased. 

The "macro iodine behavior" sets in when the 1 3  concentration exceeds 

about lO M. 

All .of this suggests that at vanishingly small iodine concentra-

tions the astatine, is strongly adsorbed at active sites on or in the 

crystal lattices. These sites might then be preferentially occupied by 

iodine molecules when .these are present at a sufficiently high concentra-

tion. Increasing.the acidity may result in formation of appreciable 12 

by air oxidation of iodide -- perhaps enough to reduce the coprecipitation 

with AgI, while not enough to affect the coprécipitation with the more 

strongly adsorbing TlI. 

8. The I -- 12 -- Br -- IBr -- Br2  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 displays varying degrees of extractability, and the species 

AtBr, AtBr2 , and AtIBr are postulated In addition to AtI and At1 2 . 

9 ' The As(iiI) - As(V) Couple (Table XVII) 

This couple Is known to react quite rapidly and reversibly with the 

iodine-iodide couple, 2  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. ExperIment 17-3 shows that the extractability is restored quickly 
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Table XVII 

-. 	Reactionof astatine with the As (iii) -- As - (V) cou,le 	-- 
- 

Ernf Time Extraction 	 Coprecipitation 

Exj,t. 	Stock Reaction NixtOre 	-.. 	 -(volts) -(hr). Dilution 	D 	-Dilution -Precipitate %precip. 

17-1 	F 0.02 M As(III) = As(V), 0.2 M 5C10 4  -0.51 5 14.2 

Ato 4x10 	M Ce(N0 ) 	10 	H NH4NO , 

tracer 

17-2 	E 0.01 MAs(III) = As(V), 6xl0.H Sal -0.06 0.2 . 	 0.67 

AtI 0.1 H NaH24  = Na 2HPO 4  (p11 6.8) 6 0.55 

- - -12 TlI 	: 94 

17-3 	E 0.01 H As(XII) = As(V), 0.1 H HOAc = -0.25 0.2 0.16 	 . 	acetone wash3 

Af NaOAc, 6x10M Hal (pH 4.6) 12 0.14 	 Til 86 

An aliquot of this mixture made 0.5 H in . 	
(% in acetone wash) 

HC104 and agitated 3'min with an equal  
• vOlume of CC1 4 : -0.53 3.2 

174 	E 0.01 M As(III) = As(V), -0.38 0.2 3.5 	 . 	 . 	 . 

AtI 6x10 4  M Sal (pH 3)a 6 1.5 
12 ..... . 9] 

17-5 	E • 0.01 MA5(III) = Aa(V), .-- -0.49 0.2 . 	 6 	 (3%in act9neaah) 

AtI 6x10 4  H Sal, 0.1 H HC10 6 3.4 
12 . 	 Pb12 	• .57 

(% in acetone wash) 
111 	. 96 
(3% in acetonewasb) 

17-6 	E 0.01 M As(III) 	Aa(V), -0.48 48 1/20 	FbI2  28 

AtI 0.06 H RC104 , 0.024 M Sal 	- . 	 :Mu
b0 acetone wash) 

1/20 	Pb1 2 	 . . 36 
(o.i H HC10 )(no acetone wash) 
(0.05 H NaI 

17-7 	D 0.1 11 As(III) =As(V), pH -0.38 	- 2 1/5 	2.2 	 - 	 -. 

At 5x10 	H Hal, 5x10 4  H H so (000l M}Il04) - 

2 

17 
-. 

1/5 	2.4 	1/10 	FbI 	 95 
(o.00l H HciO4)(0.001 H aciO4 ) 	2% in acetone wash) 

(5=1.2) 

. 	 .• .. 1/20 	2.0 	1/5 	T1I 	. . 93 
- 

(o.00i M HC104 )(0.001 H HC104 ) (5% in acetone wash) 

.17-8 	0 0.08 H As(III), 0.04 11 As(V), 	. -0.52 7 1/50 	FbI2  16 

- 
(0.2 N HC1O4 )(6% in acetone wash) 

At 0.5 H4HC1O4, 0.003 H Sal 
- 

5x10 	H 112SO4 
• 1/10 	Til 	 97 

(2.5% in acetone wash) 

17 1/9 	4.3 	1/20 	AgI 94 
(0.6 H Hc104) 	(0.3 H 11C104 ) 

- (5=1.3) 
-. - 	 - 

• 	 1/3 	Til 95 
•- . 	 - 	 (0.3 MHC1O4 )(2% in acetone-wash) 

5Buffered by the H3AsO 4 	H2AsO4  system 
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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 is extractable at pH < 3, it .coprecipitates 

nearly completely with TlI and AgI at all acidities. With FbI 2  it pre 

cipitates completely at p11 3, but only incompletely from 001 Mc'acid. 

These results suggest that the precipitation is somehow shifting the equi 

iibrium to favor reduction of the astatine. 

Considering the effect of the precipitation on the arsenic species, 

we find that none of the precipitating cations precipitate As(III) under 

the conditions employed. The Tl+  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 precIpitates As(V) even at the highest acidities 

used. Thus 'it does not seem that changes in the concentrations of the 

arsenic species can explain the experinental results. 

The results do make a little sense if we postulate that the equi 

1Ibrii. 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 f from the solution during the precipi-

tation, in accordance with the reaction: 

AtI + 2M = MAt + MI , 

• 	
. where M+ is a precipitating cation 0  The relatively soluble FbI 2  would 

then cause the least shift and thus might only partially coprecipitate the 

astatine at the highest acidities when the normal equilibrium most strongly 

favors At (o) Of course the Pb is also rendering the solution more re 

ducing by precipitating the.As  
We must observe that the free-Iodine concentrations in these solu-

tions are extremely low. Thus. Expts 17-2, -3, -4,and  -5 have respective 
- 49 concentrations of th order of 1o 25  M, i07M, lO 	M, and lO 
	

M. 

In the former two cases, the Iodine concentration.s are actually consider. 

ably lower than the astatine concentrations (10 	to 10 5  M), and under 
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• such conditions AtIisprobab1y compiete]y.4isociate&: ,Evn though the 

iodine is in- excess of the astatine at th. highest acidities, it is still 

probably lower than typical impurity levels, and while the •io4ine itself 

will be maintained in concentration by the relatively large iodide reser-

voir, we cannot feel particularly confident of the ability, of such a low 

iodine concentration to -protect the astatine from reaction with impuri- 

ties. 

Thus we again find ourselves in a situation..in which we are un 

crtain 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 thani.is  astatine. Despite these ambiguities, we 

will use these results to estimate the At 	At (0) potential to be abbut 

-0,3 volt. 

10. The Ferro-Ferricyanide Couple (Table XVI)i 

	

-. 	 This couple.also reacts fairly rapidly with lod,ine and iodide, 

but much mystery still surrounds the reaction. 29  The equilibrium is 

photosensitive in much the same way as the I 	12 	Fe 	- Fe 

	

• 	ecjuilibrium. 30  The situation is complicated by the fact that the ion 

HFe(CN) 3  is a.weak acid, and its salts are also somewhat weai.2 There- 

	

-, 	fore the reducing power of the couple decreases both with increasing 

acidity and with increasing 'salt concentration, 

These factors are evident in the solvent-extraction behavior of 

astatine in the experiments of Table XVIII. Even the photochemical ef-  

ft is seen in Expt. 18 (note g). We shall interpret the":idedredge in 

extractability as indication of reduction to At 	It appears that equi- 

libriuzn is attained fairly rapidly, making it necessary to consider equi-

librium shifts accompanying dilution of the reaction mixture for éxtrac-

tiori or Coprecipitation. Therefore the emfs of the extraction and co 

precipitation mixtures are indicated in the table, 

- 	Once more we are confronted with adifficulty in Identifying the 

At (0) species, In the most reducing of the solvent-extraction mixtures 

(Ept. 18-3), the. aqueous 12 concentration is of the order of 1017  M. 

If the At (0) species is still AtI, the reaction is 

AtI + 2Fe(CN)6 1  = At + 	+ 2Fe(CN,)6, 
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The variation in D between Expt. 18-3 and Expt. 184 is compatible with 

this interpretation, but comparison of Expt, 18-Z with Expt. 18-4 does 

not reflect the expected f dependence. However, the conditions of. 

Expt. 18-2 are considerably different from those of Expts. 18-3 and 

18-4, 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-ferrocyanide system might be in order, however. 

The limited results.presented here would indicate an At' - 'At (0) 

potential of about -0.4 v, which is 0,1 v more negative than the poten-

tial obtained.:f±oinitl' study of the arsenic system, The discrepancy may 

be due to an inaccurate estimate of the ferro-ferricyanide potential. 

The difference is of considerable importance, since if the reduction 

occurs at -0.3 v, it is virtually certain that the At (0) species is 

not AtI, while at 0.4 .v there remains some ambiguity. 

It is a little surprising that the astatine in these solutions 

can be completely coprecipitated with TlI, but only partially with AgI 

and hardly at all with FbI 2 . This may relate to the extent to which 

the various precipitants:..; disturb the ferro- and ferricyanide ions in 

the solution. The Tl+  ion does not precipitate ferricyanide under any 

of the conditions used. It does not precipitate ferrocyanide if the 

pH is 2 or less, and only incompletely precipitates it at lower acidity. 

The Pb ion does not precipitate ferricyanide, but precipitates ferro-

cyanide under all conditions employed, The Ag+  ion precipitates both 

ferro- and ferricyanide.under all conditions. 

Thus Tl+  causes the least disturbance of the em.f of the solution. 

The fact that AgI coprecipitates considerably more astatine than Pb1 2  

may be due to the fact that Ag + precipitates ferricyanide while Pb ++  

does not, or it may be the consequence of a shift in the astatine equi-

librium resulting from removal of At and f by the highly insoluble 
AgI. Or it may simply result from part of the astatine being gobbled 

up by the rapidly precipitated AgI before it can be affected by the 

equilibrium shifts, 



11. The Reaction of Astatine with SO 2  (Table XIX) 

While nobody in his right mind would consider the sulfite-sulfate 

couple to be reversible, so2 does rapidly reduce iodine species, and it 
was one of the first reducing agents used in astatine studies. The re-

suits obtained by Johnson etal have already been discussed in Section 

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

mixture contains macro amounts of iodine, the astatine is converted by 

602 to a nonextractable state whicli,ä coprecipitates nearly completely 

withAgI, FbI2, anT1I (thoih only the last was.precipitated from 

iodine-free systems). It seems reasonable to identify this state as 

At 

12, Concluion.s 

The results of the work reported in this section are summarized 

• 	 in Table )OL, The identity,.: and even the multiplicity of the intermediate 

positive oxidation states of astatine remain indeterminat, ascdo the 

precise potentials relating such states at At0 3  and At (0) However, 
• 	 it is clear that at.least one intermediate positive state does exist, 

and we shall continue to.designate 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 these uncertainties, we may construct the follow-

ing rough potential diagram for astatine at pH 1 (assuming no:::pH de 

pendence for.  theAt (o) - At couples): 

unknown At (o) 
At 	-0,3 	AtI 	 -1,0 	At(X) 

AtBr 

----1,5 .--- At03  - <-1,6 	115kW6  

• 	This potential scheme probably represents a modest improvement .over that 

estimated by Latimer on the basis of the work of Johnson at al 22 

It appears, then, that astatine differs markedly from the other 

halogens, since none of them have poitive a1ence states between 0 and 

+5 that are stable to disproportionation Such a stabilization of lower 

• 

	

	positive, states in.  astatine might be expected from analogy with the 

nitrogen_group elements 
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V. QUMTTITATIVE STUDIES OF THE SOLVENT 

EXTRACTION OF ASTATINE INTO CCl 

A. Introduction 

In the course of the work described in the previous section, a 

number of solvent-extraction systems involving astatine seemed to. warrant 

detailed study in order to obtain more positive identification 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 CCl, and 

that it was not coprecipitated with insoluble iodides, but did carry with 

12 absorbed by a Til precipitate. This was the behavior expected, from an 

interhalogen such as AtI If the species is AtI, it shouldingeneral 

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 At ('0)  with other halogens and interhalogens. The last part 

of the section concerns an unsuccessful attempt to study quantitatively 

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

B. The I- 12 System 

Eaerimental 

Astatine was added to' the two-phase systems as an aliquot of 

either an iodine solution in CC1 1  or an aqueous iodine'iodide solution. 

The "early" group of experiments was performed at room temperature (21 

to 230C) in daylight or fluorescent light. The "later" experiments were 

carried out at .21 ± 0,5 0C inbiack-taped, opaque-stoppered tubes., 

Results and Discussion 

The principal results appear in Tables XXI and XXIA. The systems 

i:miñute::of, ,átátionalthQughc;sme 	. 

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 ]0(I 

Carbon tetrachloride extraction of astatine from iodide-iodine systems 5  

(M) Time Notes and 
Exyt. (i) (I- D... 1  Df1 	(hr) special conditions 

Early experiments (21 to 23 C) 

1 10 0.0010 6.3 6.3 0.5 c 5.4 

2 1.0xl0 0.0010 9.4 6 0.1 4.6 

3 1.0xl0 0.0010 6.5 4.6 

4 9x10 0.010 5.7 4.7 
(i.0x10 	) 

5 9x10 0.010 
8•7b c 4.7 

(1.OxlO 

6 0.00107 1.0xlO 4  3.1 2.5 
24 1.8 

7 0.00115 1.0x10 . 	 26b c 1.7 

8 0.00103 10x10 4  3.8 3.5 0.3 1.1MNaC1O4  1.8 

9 0.00120 6x10 4  3.3 0.1 1111G1 4  1.6 

10 0.00120 6x10 4  3.3 3.3 
30d 

0.001 11 HC10 4  1.6 

11 0.00120 6x1O 3.1 2.5 0.03 N HOAc = NaOAc 1.6 
pH 4.6 

12 0.00120 6x10 4  2.2 1.7 30d 0.035 11 N8d2PO4, 1.6 
0.015 11 N5H2PO 
p11 7.2 

13 0.00114 . 	 0.0010 28b 2.2 4 standi6g + 
.7 0.5 agitting 

14 0.00103 0.004 2.6 2.6 1d 0.00075 M HC10 1.8 
(0.00107) . 

. 

15 0.00104 0.004 3.3 3.2 1 111 NeC1O4)  1.8 
(0.00107) 0.00075 MIIC10 4  

16 0.00105 0.010 2.8 e 1.8 
(0.00115) 

17 
(o.00iis) 

0.010 31b c 1.8 

18 0.00112 0.097 2.0 Aqueous phase: 1.7 
(0.00213) 1 count/min/I.t1 

19 0.00117 0.098 2.1 . Aqueous phase: 1.65 
(0.00223) . . 300 counts/min/t1 

20 0.00120 0.098 3.1 2.2 8 standing + 1.6 
• (0.0023) 0.5 agitating 

21 0.00111 0.10 1.9 R = 4 1.7 
(0.00214) 

22 0.00108 0.097 30b 2.6 1 1.1 N NaC1O4  1.74 
• (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 N HC10 4 	• 0.25 
(0.0107) (0.0040) 

25 0.0104 0.0036 0.44 0.43 1 	• 1.0 N NaC1O,, 0.25 
(0.0107) (0.0040) 0.00075 ,M Hl04  

26 0.101 1.1xbo 0.034 0.027 
(2.2x10 	) 

27 0.74 	. 7x10 6  0.0046 . • N = 1.1 0.0037 
(5x]-o 5 ) 

28 • 0.75 1.6xlO 0.0041 • 0.0037 
(l.2x10 



31 	8.Lao 5  

32 8.1xlO 5  0.0010 

33 8.1x1O 5  0.0010 

34 	. 9.6xl0 5  0.0010 

35 1.26x10 4  0.0010 

36 1.23x10 4  0.0010 

37 1.26x10 4  0.0010 

38 1.24x10 4  0.0010 

39 1.24x10 4  0.0010 

40 3.05x10 4  0.0010 

41 9.7x10 4  0.0010 

42 0.00105 .. 	0.0009 
(o.00io) 
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Table )O(I  (cont'd. 

(M) Time Notes and 
Expt. (1) (I2)cc1i D 	ital 	

Df11  (hr) special conditions Dcaic 

Later exi,erixnents (21. ± .5 0  C) f 
29 

5.9x10_ 6  
(l.08x10 5 ) 

0.088 12.1 0.5 5.4 

29a 5.3x10 0.088 9.0 0.5 0.9 M NaC1O , 5.4 
(8.8x10 	) 0.0008 M 11C0 4  

29b 5.Ox1Q 0.083 3.6 0.5 0.9 M NaC10 4  5.4 
(8.4x10 	) 1.0 M 11010 4  

30 
6.6xlO_ 6  

(1.08x10 5 ) 
0.087 5.7 0.5 0.9 M NaCl0 4  

0.010 M Nall.,PO4 = 
5.4 

Na 2BPO4  

.pH6.3. 

3.8 c 4.7 

4.4 . 	. 4.7 

6.0 1.0 M 118010 4  4.7 

4.4 . 4.6 

4.3 	.5 4.4 
50b 

0.9 M NaC10 4  4.4 
4•8b 

0.10 11 HC104  4.4 
47b 

0.009 M NaOAc 4.4 
0.010 M HOAc, pH 4.6 

35b 
0.010 11 NaR2PO 4.4 
Na 2HPO4, pH 6. 

3.3 3.4 
137b 

1.87 
179b 

1.51 	5 1.77 
1.55 	540.5 

under fluorescent light 

43 	0.0046 0.66 	. 0.59 	0•1e 0.54 

44 	0.0089 3x105 
030b 

0.29 

45 	0.0107 0.0009 0.255 0.245 
(o.00io) 

46 	0.0088 0.0009 
0•28b 

0.30 
(0.0010) 

47 	0.0088 0.0009 
0•28b 

Ordinary Baker and 0.30 
(0.0010) . .Adaison reagent Cd 4  

used. 

48 	.0.0086 0.0009 
0•35b 

0.8 M NaC1O4  0.30 
(0.0010) 

49 	0.0096 0.084 
030b 

0.27 
(0.017) (0.093) 

50 	0.0195 0.0008 0.138 0.138 
(o.00io) 

51 	0.097 0.0005 0.031 11 
= 0.9h. 

0.028 
(0.0010) 

52 	0.093 0.0006 
0•033b N = 088c,i 

0.029 
(0.0011) 

53 	0.98 1.8x10 5  0.0034 0.0032 	0.1 in R 
= 2•6c,1 

0.0028 
(8x105) fluorescent 

li&at 

54 	0.97 8x1o 5  0.0046 h 0.0028 
(o.00io) 

55 	0.68 0.036 0.0033 R = 5 . 01  0.00140 
(0.98) (0.096) 
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Notes to Tables XXI and XXIA 

R = organic volume/aqueous volume is specified, the two phases were approximOtely 

equal in volume, and the aqueous solutions were 0.0009 to 0.0010 N in HC10
4 
 with no 

inert salt. Acid buffer and inert salt concentrations are given to ± 5%. Iodide was 

added as Nal,. and the iodide concentrations are indicated to ± 5% for the "early" 

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 Mand 

less are given to ± 10%. The corrections for the distribution of the iodine and for the for-

mation of 13  and(in Expt. 55)°fi were made using the data of Table XXII. These data are 

strictly applicable only at 21 C, and the corrected concentrations may be in error by a 

few percent in the room-temprature experiments. When the,I correction resulted in 

appreciable changes, the uncorrected E I = I + i + 2I and E 1 2 (CC1 1) I2(ccl)+ 

[12 (aq) + 	+ 2I]/R  are indicated in parentheses beneath the corrected (I) end 

(I2)cC1 values. Values of Dinitial  were obtained after 1 to 5 min of agitation unless 

otherwise specified. Values of Dfinal  were observed after the aystem had been agitated 

for the time indicated in the "time" column, except when it is specified that for some oij 

all of the "time" the mixture bad been allowed to stand. 

bValue of D obtained after 10 to 15 min of agitation. 
initial 

cme phases of these experiments were saparated. To the aqueous phase was added a fresh 

iodine solution in CCl 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 

aqueous phase. The results of these secondary ectractions appear in Table XXIA. When 

entries in Table XXIA are inarkedwith (a), as in Expt. 1, another similar ext±action was 

carried out, the results being entered as Expt. 1'. Thus the originalaqueous phase of 

Expt. 1 was contacted with a second fresh organic phase to give a D of 1.6, while its 

original organic phase was extracted with a second fresh aqueous solution to give aD of 8.3. 

he mixtures stood undisturbed for the indicated time, after which they were agitated for 

1 to5 mm.- 

em value of D oscillated with time between 2.6 and 3.2. 

29 and 30 were carried out at room temperature. Experiments 29a and .29b resulted 

from modification of the solutions of Exp. 29. 	 . 

gAfter organic phase had bean made 0.0010 M in 12• 

hThe astatine was added in the aqueous phase (indicated only for selected experiments). 

The astatine was added in the organic phase (indicated only for selected experiments). 



-78- 

t ci) +bO to 

r1 0 w rd 	•r-1 r1 
bDP rO 0 tcO+ 1D+) 
rl a) CU•H 0 CO 
rl+ H+ H+' 
rd 	r1 CU a) H 'd •H 

1bU a)D 
CUCU H 0(0 (0(0 
+ a) bU -P + 

ci) coLr\ C0 WLr\ CciLr\ 
CO COG r4 CO 
H cO 	cci E-i -c—' C<1 0 10 .-z1 C') 0 N .  0 

giw CU 
HcQ. 0. a) 
ra C N- cn cn  cn 
o0 

'SD H 'SO C') C') 
H 

(001  
0 a):H 

H CO 
WCO r 
+)1CU +) 
rl Hd) f CO r r0 CO 
U) 0 C H (Y) Lr\ C') LC\ 0 

ç N- aj '.0 '.0 C'.] cfl LC\  

a) 

O 
r1 

CUtCU 
-PCO 

(I) •CI) 
L!\ 

• CUCUaiE-1---- H 	•. 
0 

4H 
••p1 a) 

nd 
•a)CJ •r-1 C'-] 

CO 

(1) 
tOH 

0 CO 
r-1 CO 

(0 CO 

aco C') Ci 
r- CO r° ,o C') C') 00 

o r4 	(0 Lf' 'SO 1f •(') 0\ 0 0 0 0 0 
bO- H 
•H: - H '-0 C') C') C') 0 0 0 0 

0 p -  

4-' - co 
Ci C.) o' 
C H C'-] 0 

N- CC) N- 0 0 
-P C.) . •• 

0 0 
U) 

N-N- 

ci) H 
LID :zt •  

cn (Y) 
0 

N- 'SD H co 0 0 

0 '.0 C)) C') (Y) Cfl 0 0 

4-' 

H H N- N- H H C') C'.] cfl •(fl 
,- C'—, cn U\ Lf\ LC\ Lf\ 

wl 

U) 
H 

CU 

1 



-79-. 

Notes to Table XXIA 
a The phases of these experiments were separated. To the aqueous phase 

was added a fresh iodine solution in dCi of the same concentration as 

the original to the ornic phase was added a fi'esh iodide-triiodidé. 

solution of the same composition .as the driginal aqueous phase. The 

results of these seconda-y extractions appear inTabie.•)0C1A When 

entries in Table XXIA are markled with (a), as in .Expt. 1, another similar 

extraction was carried out, the results being entered as Expt l 	Thus 

the.original aqueous phase of Exp. 1 was contacted with a second fresh 

organic phase to give a D of 1.6, while its original organic phase was 

extracted with a second fresh aqueous solution to give a .D of 8.3. 

bValue of D.obtained after 10 to 15 min of agitation. initial 	
5 CWhen the organic phase was made 9x10 M in 12 and the system wasagitated 

for 5 mm, D did not change. When the organic phase was made 0.010 M in 

• 12 and, the system was again .agitated for 5 mm, .D rose to 2.3. 

After organic phase had been made 0.0010 M in 12• 

I 
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to stand undisturbed The distribution ratio appears independent of the 

relative volumes of the two phases (Expts. 21, 53, and  55) and usually 

remains nearly unchanged when the piases are separated and either is 

contacted with a fresh portion of the ?tr.  The distribution shows no 

systematic dependence on 12  concentration or on H concentration between 

pill 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 1 M NaCl0 increases D 

some 20 to 30%. Comparison of Expts. 18 and 19 indicates the distribution 

to be independent of total astatine concentration, ruling out the possi 

bility of radiation-induced reactions. The same D may be obtained re-

gardless of whether the astatine is added in the aqueous or the organic 

phase (Expts. 51 to 55). Experiments 35, 42, and 53 indicate the ab-

sence of photochemical effects. The substitution of ordinary reagent-

grade CCl for our low-sulfur reagent does not alter the distribution 

(Expt. 'r). 
If::thoastatine species present were AtI distributed between the 

two phases and At1 2  in the aueous hase, then 

ti 

D- 
 total organic astatine - 	 ( v-i) 

- total aqueous astatine - 1+ K  
AtI 

(AtI)CC1 	 (At1) 
where  

KD 	
= 	(AtI)q' and KAtIE 	

/'(AtI)aq(I) 

In Table )OCI values of D 1  have been computed for 
ti 

 = 55 
and KAtI = 2000. The fit appears reasonably good between 10and 

I M 1, particularly for the "later" experiments. The "early" experi- 

ments giYe. D's which are almost uniformly some 50% higher than the calcu-

lated values and those of the "later" experiments, Itis 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 tilaterti experiments. 

The ttearlytl  experiments were carried out over a three-month 

period, using various batches of astatine 	The ttlaterlt  experimeits 
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ere conducted a year Iter, again over a threemonth period. During. 

the Interval between the two sets of exérimentsjvrious reagent solu-

tions were replacd and new stocks of double-distilled water were made 

up. It is possible that a systematic impurity account., for the &is-

crepancy. 

Because of their greater internal consistency, and the greater 

care with which they were conducted I have fitted 3D caic to the "later" 

experiments. 

Systems with low D sometimes show a decrease in D the first time 

the aqueous phase is extracted with fresh CCl. Another extraction with 

fresh CCl does not alter D, and the final value agrees we1l.withD calc 

(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 Dts higher than the calculated values (see Expt. 

5). 	. 	 . 
For the IBr 	IBr2  system at 21

0C, the corresponding constants 

are Br = 31 and KIBr_ = 4I4 (see part C of this section),..The 

similarity of the Ks supports our identification of the astatine 

• 	species as AtI. The difference between K 1B - and KAt  . - is not sur r2 	. 	12 
prising if we consider that the polyhalide ions tend to become increas- 

• 	ingly stable as the central halogen becomes heavier, Thus the formation 
31  constant of 1 3  is 800, while that of Br 3  is only 17,,32 

• 	

. 

 

if we consider the effect of inert salt to be due primarily to 

the salting of AtI out of the aqueous phase, we obtain a salting co-

efficient of approximately 0,1, i,e 

• 	 • • • log1  D =-1og10  3D + 0,1(NaClO1 ), 	• •• 

The analogous coefficient for ±Br is 0,12 (Table )CCIi). The experiments 

at high I are also subject to a salt effect. However, data on other 

systems suggest that Nal has a considerablysmailer salting coefficient 

thanhasNaC1O1  -- probablyléss...than :0,05,23  No salt córrëction has 

been included in the D 
calc 

 values. 
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Table XXII 

Summary of interhalogen equilitrium constants used in astatine computations 

(21
0
C unless. otherwise 	ecified) 

Q,uotient 	 .K 	. 	. Salt. effecta 	. 	. 	References 

(12)CC1/(12) 	86 	log K = log K + 0.13 (NaC10) + 15,23,32 

0 . 13(NaCl)C + 0 . 1.(NaBr )C 

0.05(NaI)C + 0.03(HC10) 

(Br2)1/(Br2) 	27.1 	Assumed the same as for 12 	., 15 

log K = log K0  +0.12(NaC10) Section V-C 

+ 0.096(NaBr) + 0.03 (HC10). 

log K 	log K0 +O.O2(NaX)d . 32 

+ 0.05 (Rclo) 
Assumed the same as for 13  33 

log K = log K0  + 0 . 02(NaX)d Section V-C 

+ 0 . 0 53(llC 10 ) 

Assumed the same as for 13  33 

Assumed the same as for 1 3  31 

"1 	Neglected 	 . 	. . 3)4 

Assumed independent of salt 	22,35 

1.1Ox10 7  Asumed independent of salt . 	15,22,35 

2 ) aq 
(Br)/(Br2 )(Br) 

If 1T
6

\ 	2 
' 	

'T 

r. 	(IBr) 
L I2 )u/2 2 2  

(f)(IBr)1 

(Br)(I2)1 

(IBr)cc1/(IBr)q 	.31 

32aq 	
800 

(I2Br)/( 12) aq(Br) 14.3 

(IBr.)/(1:Br)(Br) 4J4 

17 

All logarithms are to the base 10. Stoichiometric salt concentrations are 

used. Thus IBr 2  is assumed to have the same effect as Br. 
bTk 	asthe.ratio of the solubilities (see Section .11-C). 

CEstimated from the general salting behavior of these ions. 23  

dHere NaX is any sodium halide or sodium perchlorate. 

elUld from the value at 25 °C35  with the -heat of dissociation of Thr 

22  in CCl assumed equal to the vapor phese value of 1.36 kcal.  
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The lack of iodine dependence means that no:rédox reaction is 

coming into play, even at the thost reducing potential of . 0.42 v in Expt. 

27 It also indicates that the reactidnAtI +12 =AtI is not 

important..  

From the lack of p11 dependence, we may set an upper limit of 

10 	to the constant for the reaction: 

	

HOH , + AtI ( aq) . = bAt + 	+ I 
	

(v2) 

The corresponding constant for IBr is 1.5 x 10 -7  . 36  We might expect 

the heavier interhalogeñ to be more stable to hydrolysis. 

It is not clear to what ,  reaction we should actually attribute 

the slight decrease in D aroundpH 7. Its independence of (f) (compare 

Expts. 9 to 12.withExpts. 37 to  39) precludes its representing the 

onset of reaction (v-2). 

The experiments carried out at ver:y low iodide concentrations 

(Expts. 1, 29, and 30), and in the absence of iodine (Expts, 31 and 13) 

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 species,both more.arid 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 - IBr2  System 

Introduc,t ion 	 . . . 	. 	. 

The reaction 	 . 	. 

1/2I 	.+ 1/2 Br2  = IBr 	 ., 	 (v-s) 
2.

in CCl has an equilibrium cpnstant. of 19.1 at 25C. 35  Faull determined 

rough values of 3,9 and 380 fo 	Br and KIBr_9 respectively, at this 

temperature, 3  (The more recent paper by Pungor et al, claiming that 

IBr 3  is the princ±ipal complex ion suffers from fundamental thermodynamic 



errors ininterpretation. 37  . ; Whenthese: are,:corrected,,approximate agree-

ment with Faull 1 s work isobtained,). For the calculations needed to 

interpret the results, of experiments with astatine in:.thls system, it was 

desirous to know these two constants to well within ± 10% at 21 
0C. The 

following experiments were designed to:obtain this information, 

ExDerimental 

The two-phase reaction mixtures .were 
1. prepred in Teflon-stoppered 

glass vessels .which .were agitated in the dark for 30 min at 21 to 21.50C, 

Aliquots of each phase' were added to solutions containing excess iodide, 

and the ljieratéd. I - was titrated with standardized 0,01 M sodium thio-

sulfate, using starch indicator. All volumtric ware used was calibrated. 

Excess 12 was added to systems in which Br was 0,01 M or less, and 

they were made 1 N in HC10 to suppress the reaction 

5IBr +3 HOH= 103 + 212a 5Br + 6 H 	 (V-1 )
aq  

for which K 	
-20 22 

250 . 	10 	, 

Results. and Calculations  

The results are shom in Table XXIII. The constants of Table XXII 

were used to calculate the quantities .of iodine and bromine in the two 

phases. 

From the data of Table XXIII it is possible to calculate directly 
IBr KL and Kfor a .1 N HC10 1 medium. However to obtain values for the 

IBr2 	. 

other media .we must evaluate six correction parameters -- the effect of 

each of the reagents HC10, NaC101 , and NaBr on lCD  and. on KIBr2_ Since 

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

assumptions 'must be made. I have assumed that .the ..effect of HC10 on 

is equal to its salting out effect on iodine (salting coefficient = 
0,03),32 

and I have further assumed 'that NaCJiO and NaBr affect K 	- to the same 
IBr2  

extent that NaCl0 affects 'the formation cdnstantof 1 3  (see Table XXII), 
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Table )QCIII - 

Distribution of IBr between Cd4 and aoueous bromide solutions 5  

(21-21.5 0c) 
A. 	Experimental Results 

b 
Stoichiometric amount added (N) Titer (as IBr) (N) 

CCl Expt. HC104  NaC1O4  R NaBr (IBr)ci 	(12)cC14 Aqueous 

1 1.0 -- 1.136 0.001438 0.00694 	0.01058 0.01591 0.001822 

2 0.99 -- 2.028 0.01218 0.002140 	0.001953 0.00335 0.001930 

3 0.06 -- 4.48 0.1094 0.001488 	1xl0 0.001622 0.01449 

4 0.06 0.28 4.52 0.1103 0.00488 	1x10 6  0.0016914- 0.01439 

5 0.06 0.78 4.48 0.1094 o.00188 	1xl0 6  0.001829 0.01374 

6 0.89 -- 4.50 0.1100 0.00488 	lxl0 6 	- 0.001579 0.01484 

7 0.065 -- 47.3 0.960 0.00488 	1x10 6  0.002051 0.1344 

B. 	Calculated Values 
CC1 	(N) 

4 Aqueous (N) 
ExDt. . 	12 Br2  r 112" "Br2 ' 

	
Or 	Br Dti Dcaic  

1 0.01049 706 0.00543 1.150 2xl0 7 	0.001707 	9.05xl0 4 	3.18 3.18 

2 0.001944 3x10 6  0.001404 2.5x10 5  lxIO T 	0.001905 	0.01058 	0.737 0.734 

3 7.6x10 5  7.5xl0 5  0.001471 2xl0 6  7xl0 6 	0.01448 	0.0952 0.1016 0.1014 

14 7.9x10 7.8xl0 5  0.001538 2x10 6  7)a0 6 	0.01438 	0.0962 0.1070 0.1071 

5 .8.6xl0 5  8.5xl0 0.001658 2xl0 6  7xl0 6 	0.01373 	0.0960 0.1208 0.1205 

6 7.4xl0 7.3xl0 5  0.001432 2xl0 6  7)çj0 6 	0.01483 	0.0955 0.0966 0.0968 

7 9.6xl0 9.5x10 5  0.001860 1x10 5c10 	0.1343 	0.826 0.01385 0.01384 

5The quantities. Br2T, and "]3r" include the cocentrations of I 2Br, Br3 , and IBr2 , 

respectively, addD = (IBr)cc1,/"IBr"aq.. Concentrations of HC10 4 and NaCl04  are only 

accurate to ± i%. 	The other "raw data" concentrations in parts A of the table are accurate 

to ± 0.5%. 

= organic volume/aqueous volume. 
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With these assumptions we can evaluate the other parameters and 

conclude (see note (a) to Table )OCIi): 

log IBrD 	
= log (4,31) +0,12 (NaClO) + 0,03 (HC101) + 0,096 (NaBr) 

log KBr = log (1#) + 0.02 (NaC.i0) + 0.02 (NaBr) + 0,053 (ncio), 
2 

The NaC1O correction to K,and the HC10 correction to K 	turnout 1. 	, 	 Ii. 	 IBr2  

to be nearly the same as the analogous values in the .12 	I3  system. 

The, distribution ratios calculated from these .expressions are 

tabulated as D . 	in Table )0CIII, and can be seen to yield an adequate .calc 
fit to the data. Since the data have obviously been .overinterpreted., 

this serves only as a check of internal consistency. However:, the 

results should easily provide the accuracy needed for interpretation of 

the astatine experiments. 

D. Astatine in the f - 12 	Br 	IBr -- Br2  System 

Since IBr is an oxidant intermediate between 12 and Br 2, It 

represents a possiblemeans of investigating•the region of transition 

from AtI to the unknown, unextractable, intermediate positive astatine 

state or states. This possibility has been pursued in the following 

experiments, 

Ex2erimental 

The IBr was usually introduced into these systems as an aliquot 

of either an IBr solution or a Br2  solution in CCl, In a few experi-

ments an aqueous bromine solution was used.' Astatine was added from 

either an aqueous 12  —f solution or from a CCl solution containing 

I2 The mixtures were generally agitated. for 5 mm, 

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, 



Thereafter, experiments, were carried out in a darkióom illinated by a 

Wratten series-i red safelite using a .O-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, 

taking 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 

exerjments executed in total darkness. 

When it was desired to re-extract an aqueous phase with a fresh 

oranic phase of the 'same composition as the first, the latter was 

usually obtained from a suitably agitated duplicate experimental system 

to which no astatine had been added, 

Results 

The results are compiled in Tables XXIV through XXVI. 

Calculations 

The data of Table XXII were used in the calculations, Reaction 

(V-3) had to be considered for systems which did not contain a consider-

able excess of 12  over IBr. The reaction 

12 + Br = IBr + f 	. 	' 	 ( V-5) 

had to be invoked for systems containing a fairly high bromide concen-

tration but little or no IBr (see Table XXII). 3 	 ' 

Discussion  

The experiments of Tables XXIV and XXV appear to reach equilibrium 

within 5 mm. The astatine distrIbution appears to be largely independent 

of the concentration of the astatine, the phase into which it is intro-

duced, the type of CCl used (Expt., 5, note b), and of the acidity be -

tween pH 0.and3, The salt effect appears generally to be no greater than 

than. found in the 12 	I system 

The lack of acidity dependence is particularly significant in 

the case of Expts. 6 -7 aid 1-16, since it indicates that although 
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- 	
Carbon tetracblOri6e extraction of a±tatine In Br -- 10 --Thr oystee °  

- 	 - 	- 	 (21± .5°C) 

	

- 	 - 	 CC12 - 	- 	 -- 
Ext. 	R 	Br 	Br 	 12 	Zr 	lB 	uql2 	expt1 	Dcaic 

Br' -. .0089 M 	 - 	 - 	 - 

1 	1.89 	0.00094 	0.00093 	0.095 	0.0000372 	0.000032 	0.00032 	2.36 	2.2 - 

- 	2 	1.89 - - 0.00092 - 	0.00091 	0.095 	- 	0.000372 	0.00032 - 0.0032 	- 0.33 	0.37 - 

3 	2.07 	0.00092 	0.00092 	0.0087 	0.000171 	0.000150 - 0.0173 	0.097 	0.101 

2 	- 1.96 	0.00108 	0.00093 	0.092 	0:00182 	-- 0.00158 	0.0171 	0.110 	0.101, - 

5 	189 	0.00092 	p.00093 	0.00092 	0.0000372 	0.000032 	0.032 	0.052 b  0.066 
- 	 - 	(0.060) 

6 	1.66 	0.00162 	0.00091 	0.098 	0.0096 	0.0083 	0.085 	0.029 	0.025 

	

- - 
	7° 	- 1.86 	0.00161 	0.00086 	0.098 - 	0.0096 	0.0082 	0.082 	0.029 	0.025 

	

0.92 	0.00116 	0.00113 	0.00079 	0.000382 	0.00028 	0.36 	0.0215 	0.033 

	

0.91 	0.00092 	0.00091 	0.00080 	0.000390 	0.00030 - 0.37 - 	0.020 	0.032 

106 	1.89 	0.00094 	0.00091 	0.00078 	0.000372 	0.00032 	0.21 	0.032 	0.032 

	

0.92 	000092 	0.00093 	0.000072 	0.000150 - 0.000113 	1.6 	0.036 	0.032 

12e 	1.93 	0.00108 	0.00093 	0.00092 	0.00185 	0.00160 	1.7 	0.035 	0.032 
136 - 
	0.92 	0.00092 	0.00092 	0.0000252 	0.000152 	0.000112 	2.5 	0.029 	0.031 -- 

(0.0000223) 
14e 	1.88 	0.00163 - 0.00093 	0.00111 	0.0092- 	- 0.0079 	7.1 - 	0.030 	0.031 

	

- 	
- 	(0.00097) 	 - 	 - 

- 	2.02 	0.00163 	0.00097 	0.00022 	.0.0088 	0.0071 	17 	0.0265 	0.031 
- 	(0.000109)  

16c,d 	2.02 	0.00163 	0.00092 	0.00042 	0.0088 	0.0071 	17 	0.025 	0.031 
(0.000109) - 

17 	0.91 	0.0091 	0.00232 	0.076 	0.0262 	0.031 	0.41 	0.022 	0.025 

	

18 - - -0.98 	0.0116 	0.0060 - 0.00117 	6.0185 	0.0101 	8.6 - 	0.0102 	0.0138 

	

(0.00096) 	 - 

19 	0.98 	o.o116 	0.0060 	0.00055 	0.0185 	0.0098 	18 	0.0076 	0.0137 

(0.000102) 

	

Br-0.009M 	 - 

201 	0.91 	0.0091 	0,0090 	0.099 	0.0000364 	0.000021 	0.00021 	1.09 	- 1.16 	- - 

211 	
0.90 	0.0090 	0.0088 	0.099 - 	0.000138 	0.000062 	o.00065 	0.60 -- 0.53 

22 	0.91 	0.0091 	0.0091 	0.0099 	0.0000226 	0.000020 	0.0020 	0.182 	0.20 

23 	0.87 	0.0087 	0.0082 	0.099 	0.000252 	0.00021 	0.0021 	0.172 	0.20 

22 	0.91 	.0.0091 	0.0088 	0.099 	0.000230 	0.00020 	0.0020 	0.167 	0.20 

	

251 0.93 	0.0093 	0.0090 - 0.097 	0.600370 	0.000165 	0.00171 	0,163 	0.21 

26° 	0.94 	0.0091 	-0.0087 	0.095 	0.000468 	0.00001 	0.0020 	0.127 	0.173 

27° 	0.97 	0.0092 	0.0089 	0.092 - 	0.000256 	0.00022 	0.0022 	0.162 	0.172 

28 	0.91 	0.0092 	0.0089 	0.0092 	.0.000252 	0.00021 	0.0071 	0.080 	0.067 

29 	0.88 	0.0089 	0.0083 	0.098 	0.00127 	0.00060 	0.0061 	0.073 	0.080 

30 	0.86 	0.0086 	0.0079 	0.098 	0.00127 	0.00069 	0.0071 	o.p85 	0.072 

	

• 	.31 	0.93 	0.0092 	0.0091 	0.00096 	0.0000260 	0.000021 	0.020 	0.029 	0.028 

32' 	0.91 	0.0092 - 	0.0089 	0.0097 	0.000252 	0.00021 	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 

	

0.93 	0.0108 	0.0091 	0.095 	0.00380 	0.00177 	0.0186 	0.028 	0.032 

	

0.93 	0.0108 	0.0091 	0.085 	0.00382 	0,00178 	0.001 	0.031 	0.030 

36 ç,r 
	0.93 	0.0092 - 	0.0077 	0.095 	0.00386 	0.00192 	0.020 	0.033 	0.032 

	

37d,j,n 0.90 - 0.0090 	0.0073 	0.097 	0.00461 	0.0023 	0.024 	0.032 	- 0.032 

38 	0.90 	0.0097 	0.0090 	0.0092 	0.00136 	0.00060 - 	0.068 	0.0165 	0.0161 

39 	0.90 	0.0097 	0.0092 	0.0092 	0.00136 	o.o0o62 	- o.o68 	0.0188 	0.0161 

40 	- 0.90 	0.0167 	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 	0.0000214 0.27 	0.0095 	0.0117 

43 	0.93 	0.0092 	0.0090 	0.000755 	0.000474 	000022 	0.29 	-0.0116 	0.0117 

44 	- 0.93 	0.0094 	0.0093 	0.000088 	0.000167 	0.000077 	0.87 	0.0164 	0.0105 

	

- 0.91 	0.0092 • 0.0093 	0.000053 	o.000l26 	0.000054 	1.0 	0.0106 	0.0104 

26 	0.92 	0.0094 	0.0094 	0.0000300 o.000i46 	0.000066 	2.2 	0.0079 	0.0102 

47 	0.99 - 0.0100 	-00095 	0.000305 	0.00127 	0.00060. 	2.0 	- 0.0095 	0.0101 - 

48 	0.91 	0.0147 	0.0093 	0.00320 	0.0136 	0.0062 	1.9 	0.0115 	0.0103 
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Table )Q(IV (cont'd.) 

a 
- cc+4 

Expt. B 1r Br I 2 2IBr IBr r/I 2 D exptl D caic 

49 0.91 0.0234 0.0086 0.0105 0.0390 .0.0183 1.75 0.0118 0.0109 

50 0.91 0.0093 0.0092 0.0000245 0.000154 0.000070 2.9 0.0098 0.0103 

51
0 

 1.36 0.0185 0,0092 0.00213 0.0195 0.0107 5.0 0.0114 0.0102 
(0.00201) 

52 0.93 0.0101 0.0093 0.000067 0.00190 0.00085 13 0.0097 0.0101 
(0.0000402) 

53 0.91 0.0235 0.0087 0.00114 0.0393 0.0178 16 0.0039 0.0106. 
(0.000429) 

54 0.91 0.0276 0.0275 0.000088 0.000167 0.000041 0.47 0.0045 0.0044 

55 0.92 0.0281 0.0280 0.0000240 0.000154 0.000038 1.6 0.0043 0.0041 

Br 	0.09 M 

56 1.86 0.094 0.093 0.097 0.0000356 0.0000163 0.000168 0.157 0.189 

57 1.86 0.094 0.092 0.097 0.000372 0.000066 0,00069 0.055 0.066 

58 1.86 0.094 0.094 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 0.0024 0.00195 

2,00 0.160 0.089 0.090 0.0446 0.0084 0.094 0.0031 0.00193 

62P  0.96 0.119 0.118 0.000308 0.00127 0.000101 0.33 0.00129 0.00116 
(0.000316) 

0.92 0.121 	, 0.121 0.0000236 0.000154 0.0000115 0.49 0.00113 0.00109 
(0.0000243) 

641,p 0.89 0.101 0.101 . 	 0.0000693 0.000479 0.000051 0.59 . 0.00177 0.00128 
(0.0000713) 

65p 0.90 0.102 0.102 0.000057 0.000486 0.000042 0.73 00022 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 

0.91 0.101 0.093 0.000134 0.0096 0.00089 6.7 0.00195 0.00131 
(0,000121) 

2.00 0.184 0.110 0.00104 0.0546 0.0071  6.8 0.00143 0.00111 
Lo .00093 

70 0.91 0.283 0.283 

71 1.86 0.94 0.93 

72 1.86 0.94  0.93 

73 1.86 0.94 0.92 

74 1.87 0.94 	. 0.94 

75 1.87 0.94 0.94 

76 1.90 1.02 0.94 

77 1.95 1.00 0.90 

78 1.82 0.93 0.92 

791 
. 	 1.94 0.90 0.87 

80 2.04 0.96 0.92 

81r 2.04 0.96 0.92 

0.000055 	0.000486 	o.0000i6i 0.29 	0.00141 0.00050 

(0.0000585) 

Br 	0.9 M (no BaCl0 4 ) 

0.091 	0.0000368 	0.0000142 	0.000157 0.021' 	0.023 

(0.098)  

.0.091 	0,000380 	0.0000186 0,000206 0.0176 	0.020 

(0.098) 

0,089 	0.00382 	0.000088 	0.00099 	0.0057 	0.0057, 

(0.096) 

0.00087 	0.0000356 	0.00000150 0.00173 	0.00335 	0.0034 

(0.00097) 

0.00073 	0.600380 	0.0000085 0.0117 	0,00161 0.00064 

(0.00079) 

0.072 	0.0374 	0.00085 	0.0119 ' 0.00158 o.00O6S 

(0.077) 

0.085 	o.o446 	0.00109 	0.0128 	0.00107 0.00063 

(0 , 091 ) 

0.00093 	0.00485 ' 	0.000107 	0,115 	0.00131 0.000188 

(0.00100) 

0.000123 	0.0172 	0.00042 	3.4 	0,00026 0.000146 

(0.000127) 	 . 	 . 

0.000093 	0.0172 	0.00043 	4.6 	000115 	0.000137 

(0.000099) 

0.000093 	0.0172 	0.00043 	4.6 	0.00105 0.000137 

(0.000099) 



Notes to Table XXJv 

eAJJ. concentrations are moles/liter (N). Bromide ion was added as NaBr. Unless otherwise specified, 

(Hc10) = 0.063 ± .003 N, and (NaCl0) = 0.40 - (E Br) ± .02 M. Again, R = organic volume/aqueous 

volume. The quantities E Br,E tSr (CC1 4), and E i2 (cci) are the concentrations that would be 
present if reaction (v-3) went to completion, if no I 2Br or tSr 2  were formed, if reaction (V-) did 

not take place, and if all the 12  and IBr remained in the organic phase. In most cases 1 12 1.01 

(I2)cc14 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-) or by the formation of 
I2Br to such an extent that I 12 and  (12)cc1  differ by more than 2%, 1 1 is indicated in parentheses 

beneath the tabulated (12)  value. The :tabulated  volume ratios and "raw data' concentrations are 

accurate to ±1%. The derived concentration, e.g. (IBr)CCl),  may be in error by ± 2%. Small apparent 

discrepancies in calculated quantities result from rounding off after computation. 

bThe value in parentheses was obtained from a duplicate experiineüt using ordinary Baker and Adarnson 

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

CHO1O = 1.02± 0.05 N. No NaCl0 was added. 

Aststine was added in the aqueous phase (indicated only for selected experiments.) 

5Astatine was added in the organic phase (indicated only for selected experiments.) 

1'Aqueous phase acbivitv: 100 to 200 counts/min/.tl. 

5Aqueous phase activity: 10 to 20 counte/niin/J.l. 
h No change when agitated under fluorescent light. 

When black-taped tubewas uncovered and agitated for 5 min under Series 1 safelite, Dross to 0.012. 

After 5 min agitation under fluorescent light D rose to 0.037. 

Unchanged after another 30 miiutea agitation. 

kNo NaCl0 added. 

1The aqueous phases of these systems were re-extracted with fresh CCl of the same composition as the 

original organic phases. The results appear in Table )0(VA. 	 - 

0
.
03 N HC10, 0.03 N HOAc, 0.3 N NaC10. 

mAqueous phase activity: 	50 counts/mmn/l. 

°No change when black-taped tube was uncovered and agitated under Series 1 safelite. 

NaCl0 = 0.185 - (t Br) ± .035 N. 

qWhen black-taped tube was uncovered and agitated for 5 minutes under Series. 1 saf elite, D rose to 0.0023. 

r00063 N HC10. 
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Table XXV 

Carbon tetrach1orideêxträcion of astatine in1 
(21± 	.5°C) 

- - 	 Br 	-I sstemsa  

CC1. 

Expt H Ixl0 Br I IBrx107.iBr/I x10 5  
2. 

D C 
caic 2 exptl 

82b 
0.91 1.90 0.00089 o.00l94 0.0100 0.051 4..l 4.1 

Br7 .0.01 M 

83 0.99 11.2.0 0.0101 0.00095 0.0025 0.026 o.48 0.52 

(o.00ioo) 

811. 0.99 105 0.0101 0.00098 0.010 11. 0.106 1.31 1.27 

85 0.95 3.64 0.0097 0.00099 0.029 0.29 2.01 1.88 

86b 
0.92 1.92 0.0089 0.0019 11. 0.099 0.51 2.5 2.4 

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 

0.90 0.11 11. 0.0088 0.099 811. 8.5 1.81 1.83 

(o.o1o) 

90 1.01 .0.130 0.0103 0.00099 0.86 8.7 1.13 1.50 

91 0.95 3.01 0.0188 6.00096 0.066 0.69 1.63 1.37 

B'.0.1M 

92 .0.98 102 0.098 0.00089 0.0094 0.106 0.192 0.169 

(o.00ioo) 
93b,c 

0.92 19.11. 0.102 0.0009 11. 0.0511. 0.58 0.16 0.35 

(0.00098) 
9C 0.911. 9.5 0.090 0.00092 0.095 1.011. 0.11.5 0.38 

95 1.01 10.5 0.101 0.00097 0.102 1.05 .0.37 0.31. 

96 0.85 5.4 0.086 0.00095 o.168 1.6 0.141. 0.39 

97b 
0.89 2.80 0.099 0.00095 0.37 3.9 0.32 0.3 

98d 
.0.9 2  2.32 0.093 0.00095 0.2 4.4 0.27 0.32 

99c,e 
oc89 2.23 0.090 0.00095 0.11.2 4.4. 	. . 	 0.3 0.36 

100b 
0.93 1.9 0.091 . 0.0011 0.98 5.1 0.255 0.34 

101 1.01 1.27 0.101 0.00097 0.85 8.7 o.16 0.23 

102 1.03 0.19 11. 0.103 0.00097 5.7 58 	... o.o41 0.0611. 

(0.130) 	. ,.. .. 	 . .. 	 .. .. 	 ., 

1036 
0.98 0.138 0.103 0.000079 0.65 82 	. .. 	0.028 o.o48 

(0.130) . . 
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- 	
Tab1e m( conttd.) 	 - 

ccl ii- - 

Expt. R 	fxl0 	Br 	12 	IBrxlO7  IBr/12a05 Dexpti Ccalc  

104 
	

1.80 0.116 	0.093 	0.00098 	8.6 	88 	0.031 	0.05 
(0.02 1i-3) 

105
f 	

1.80 0.116 	0.093 	0.00098 	8.6 	88 	0.031 	0.054 
(0.0243) 

Br 	1 M 

106C 0.98 109 0.87 o.00074 0.065 0.88 0.075 0.049 
(0.00091 ) 

10
7 

0.98 9.6 0.90 0.00081 0.83 10.3 0.043 0.030 
(0,00094) (0.044)9 

108d 1.82 6.7 0.92 0.092 lli-O 15.2 0.022 0.024 
(.0245) (oioo) 

109d 
0.93 2.80 O91 0.00166 5.9 36 0.0133 00128 

(2.36) (0.00196) 
110c,d 

1.80 0.91 0.93 0.00089 9.9 111 00042 0.0051 
(.00ioi) 

1.80 0.91 0.93 0.00089 9.9 111 0.0041 0.0051 
(o.00ioi) 

aAll concentrations are le/liter (M). Unless otherwise specified, 

solutions are 0.0009 to 0.001 M in HC10 4 
 with no added NaCl0 i- . I and Br 

were added as the sodium salts, Usually (I) is just the concentration 

resulting from the added iodide, less 1 to 2% which goes to form 1 3  when 

(12)cc14 '. 0.001 to 0.002 M. Sometimes, however, (I) is apprecia11 

greater because of reaction (v-s). In such cases the concentration that 

would have resulted solely from the added Nal appers in parentheses 

beneath the corrected value. The (I ) 2 CC14 values have been corrected for 

formation.of (I2)aq I, and I 2Br, and for reaction (v-5). When this 

correction exceeds 4%, 	12  is indicated in parentheses in the 
column. The greatest deviations of Br from Br are of the order of 1 

to 2%, because of I 2Br formation in systems nearly saturated with iodine, 

and E Br is not indicated. Accuracies are comparable to those of Table XXIV. 

M NaC1O, 0.063 M HCI0 4
. 	 - 

CSee note 1 to Table XXIV. 

d0063 M HC10. 



-93- 

Notes to Table )Q1 (concluded) 

e00 M NaClO, 0.0009 to .0.001M.HC10. 

0.29 M NaCl0In Expt 101 	0.063 M HClO In Expt.105 0 009 M 

}ClO 11 . 

The values ±i parentheses are the results of a duplicate eperiment 

carried out immediately after the firt 

h00063 M HC10. 
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Table-)OCVA 

Re-ectraction of aueous :pbases.of .eperimeit.s from .Tailes )CCIV and )OCV 

D 
:Pjrt Second 

Expt. Original re-extraction re-extraction -Calculated 

25 Q63 0.180 '. 0.1. 

45 .0.0106 0.0102 . 0,0101k 

,61 0.00177 O.00112 	'' 0.00173 0.00128 
79a 000026 .0.00018 .0.000135 o.000146 

93 o.16 .0. 1 5 0.35 

91 0.15 .0.13 . 0.38 

99 0.32' ' 	 .0.30 0.36 

103 .0.028 0,025 	. . 0.08 

106 0.075 0.069 m67 0.049 

107 0.O3 , 	 0.022 0022h 0.030 

	

(0601 4) 	(0.022) 	 (0.024) 

110 	O.QO42 	0.0033 	 0,0033 	, 	0.0051 

111 	.0.001 	. '0.0039 	. 	, 	. 	. 	0.0051 

In this case the aqueous phase was re-extracted with 'pure CC1 4 
 to which 

no halogen had been added. Thus in the two re-extractions the ratio 

(IBr/I2)CCl), approachd the limiting value of 19.6 resulting from the 

dissociation of IBr'. 
bThe values in parentheses are the results of a duplicate experiment 

carried out inirnediatel' after the first. 
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reaction (V-Ii) is thermodynamically possible in the 0.06 M HC10 experi-

ment of each pair, it does not proceed to an appreciable extent during 

the experiment. This agrees with the reported sluggishness of there-

action under most conditions. 6  

With the exception of Expts, 79 and 107, re-extraction of an 

aqueous phase with a fresh organic phase does not greatly alter D. 

The systems with moderately great 12  and IBr cOncentrations show 

a sensitivity to fluorescent light, while some of those with quite high 

IBr and relatively low 12  concentrations appear sensitive even to il-

lumination with a series-1 safelite. 

Looking first 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/12 . At roughly constant Br, D decreases as the ratio of IBr to 12 

increases, finally leveling off when the iatio exceeds about 0.2. In-

creasing Br decreases..D regardless of the value of IBr/1 2 . 

Such behavior indicates the formation of a second species from 

a first by introduction of IBr and elimination ofthe second species 

having a KDwhich  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 equilibria: 

AtI + IBr. = AtBr + I 
	

(v-6) 

AtI + Br = AtIBr 
	

(V-7) 

AtBr• + Br = AtBr 2 	 (V-8) 

and the corresponding equilibrium quotients: 

(At8r•)aq( 2 )cttI )( IBr) CCl4 = Br 	 (v-6) 

(AtiBr)/(AtI)(Br) = KAtIB 	 (v-7') 
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(AtBr2)/(AtBr)(Br) = KAB_.;  

where the phases of the neutral interhalogens have been chosen for compu-

tational convenience. We also have the new distribution constant 

4tBr = (AtBr) 1 /(AtBr) q, as well as the ôonstants 	K 1 - 

determined in Part B of this section. Then the distribution coefficient 

is given by: 

D = (ZAt)cci /(F-At)aq  
:(V9) 

tI 	tBr 	
Br/I2)Cdl 

1 + KAtI ; ( 1 ) + KAtIBr_(Br) +r(IBr/2)cci l + KAB(Bri] 

Using the values of 5,5 and 2200 obtained in Part B, .1 have fitted the 

present data to Eq, (V-9) with IttBr 
	 = 3800, KAtIBr_ = 120, 

and K 	- = 320 to obtain the TTD 	" values in Tables XXIV and. XXV. AtBr2 	 caic 

Because most of the experiments were carried out with rather high salt 
A concentrations, 

'DtI 
 was corrected by the relation 

log 	= log (5.5) + 0,1 (Nat ), 	 (V-b) 

This salting coefficient was estimated from the results of Part B. The 

effect of inert salt on the other astatine equilibria should be consider-
ably smaller, and no other corrections were applied 0  

Most of the results of Table XXIV show satisfactory agreement 

with the calculated Dvalues, The principal discrepancies appear in 

systems of high Br and Thr/1 2  for which Dy5  of 0,001 or less are pre-

dicted. In these systems the experimental 	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 (see Expts, 60 to 70 and 75 to 81) Re-extraction 

of the aqueous 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 unlikely that small amounts of more-or-less extractable impurity 

cOmpounds of astatine are responsible for these deviations. 

On the other hand, certain experiments Of high .IBr/1 2  and high 

total (IBr) show D's considerably below the limiting value for their 

bromide concentraions (see Expts, 18, 19, and 53). This may represent 

the onset ofa further oxidation of the astatine under these relatively 

highly oxidizing conditions, e.g. to AtBr 3  or to KAtO2 , This idea will 

be considered again when we discuss systems containing an excess of Br 2 , 

The experiments detailed in Table )O(V, which contain I2  ]:, and 

Br but no added IBr, give rather remarkable results. At constant Br, 

D goes through a maximum as I is Increased. It is difficult to envisage 

any explanation for this phenomenon other than the series of reactions 

we have just been considering. The initial addition of iodide suppresses
1.  

the formation of IBr by reaction (v-5),  increasing D, 8  After the IBr 

concentration has been rendered negligible, further addition of iodide 

forms At12 ,causing.D to decrease again. The calculated and experimental 

D t s for the most part show satisfactory agreement, but the observed drop-

off at low iodide is appreciably greater than that calculated. 

It is of interest to compare the parameters of the astatine ex-

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

bution constant of IC1 is 0.34, compared with 0.04 for AtBr, 3  The dif-

ference is greater than one might expect. - The formation constant of 

IBrC1is 43, and that of ICl - is 170, analogous to 120 and 320 for 

AtIBr and AtBr2 , respectively. 36  As we observed when comparing At1 2  

with IBr 2 , this is the trend we would expect as the central atom of the 

complex gets larger. 

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

(v-6) into the form  

AtI + 1/2 Br2  = AtBr + 1/2 I2 

which may be comparedwith 

IBr + .1/2 Cl2  =. IC1 + 1/2-Br2 .. 	 (V-12) 
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Considering all concentrations in terms of 1 M aqueous solutions, we find 

the equilibrium constant of Eq. (V-ll) to be 1 .2 x 10 at 21° . The cor 

responding constant for Eq. (v-12) is 270 at 250.36  Although we might 

have anticipated that the astatine constant would be the greater, the 150-

fold difference seems surprisingly large. 

From the lack  of hydrogen-ion dependence (see, for example, Expt. 

27) we may set an upper limit of ' 10 for hydrolysis reaction 11011 + 

AtBr = HOAt + Br + 11+. The analogous constant for IC1 is about 10 aq 
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 photochemicaireactions that have been observed. 

Table XXITI summarizes the results of experiments in. which bromine 

was present in excess over the stoichiometric iodine. These experiments 

are characterized by relatively low Ds which show quite severe scatter. 

Within the limits of this scatter can be detected no clearcut dependence 

on concentrations of Br 2 , IBr, H+, Br. or astatine. It does not matter 

into which phase the astatine is 1introduced. The reactions do not show 

appreciable time dependence over half an hour. The value of D is in-

creased by exposure to fluorescent light, but it is not appreciably af-

fected by the series-i safelite. Re-extraction of an aqueous phase with 

fresh organic phases causes D to drop sharply. 

We should bear In mind that some of these systems are unstable to 

the reaction 

IBr (aq) + 2Br 2  (aq) = 103  + 5 Br + 6 H, 	 (V-13) 

• • for which 1(250  is about 7 x 101. 22 However it is un1ikëI thätthië 

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 IIAtO2 . The oxidation product may be virtually unextractable, 

with the observed D's being entirely due to accidental impurities. We 

should 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 .)QCVI 

Carbon tetrachloride extraction of astatine in Br 	-- IBr -- Br 	systemsa 

(29±'.5°c) 	
. 	.2 

CC1(M)  

IBrxl03 	Br2x103  D ' 	Notes . 

0.02 0.02 0.007-0.011 

0.02 0.2 o.00-o.006 ; 

0.2 0.2 ,o.00i6-o.006 Independent of astatine concentration, 
and of phase in,which.astatine is added. 

0.2 0.2 	' 0.0008-0.006 0.9 M HC10, no NaC10 	' 	S 

1 0.3 .0 OOI--O 006 The lowest value was obtained..after 20 
mm. agitation 

1 0.3 0.006 .0,9 .M HC10 ) , no NaCl0 1  

.0.02 ' 	. 	2 0.001-0.003 'A duplicate experiment in total darkness 
also gave a D of 0.001 

0.2 	•2 0.0005-0.002 

2 	2 0.0006-0.002 

30 	10 0.002 	. 	ZBr 	= 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 

2 	20 0.001-0.0013 	Indepen't of phase in which astatine is 
added; D increased to .0,00-i- under 'fluores- 
cent light) 

2 	20 0.0008 	, 	ZBr 	= 0.126 

20 	20 	' 0.0013 	EBr 	= 0.017 
a Except when otherwise .. 	

i 	
, ndicated, mixtures were agitated for 5 min in 

uncovered tubes under a series 1 safelite 	ZEr 	and ZJBr mean the same as 
Ii 'Tab1ésXXIV'nd"XXV. ' Uñ1es 	öthë.rwie 'èpeci'fied, ZBr 	(added as NaBr) 
was such that the free Br 	was between 0.008 and 0.009 M, NaC10 	was 0.40 
M and HC104  was 0.063 M. 	R = org'anic 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 0.003.) 

b  One of these experiments was re-extracted with three successive portions 
of CC11 of the same halogen content as the original organic phase and 
gave successive D's of 0.00031, 0.00021, and 0.00022. 
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the conditions under which Johnson at al, reported astatine to form an 

unextractable species that did not coprecipitate with insoluble iodates. 

We can recognize indirectly 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 11.  M or greater in the CC1 phase because 

of dissociation of IBr. Yet only Expt, 53 deviates from Eq. (V -9), 
although systems in Table XXVI which have similar Br 2  and Br concen-

trations have considerably lower Ds. Since the emf of the solution 

is determined by the bromine and bromide concentrations, we have systems 

of the same emf which behave differently. The only apparent difference 

is that the free ibdine concentration is very much lower in the Table 

XXVI experiments than in those of Table XXIV, 

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 AtBr2 . Since these contain no iodine, there is 

no way in which iodine can inhibit the equilibrium of any further re-

action with bromine. It is 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 At1 3 , rather than AtI. Then the first reaction 

with bromine would give AtI 2Br,. leaving us still two iodine atoms to 

play with,' However, we would not expect At1 3  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 bromine isin excess. The use 
- 	

'- 

able tool, 

/ 	 E,' The 12 	- C1System 

The experiments carried out in this system are shown in Table 

XXVII. Equilibrium appears to have been reached within 2mm. The 

mixtures seem insensitive to light, andD was not' changed by re-

extraction of an aqueous phase with fresh CC1 )1-  of the some Iodine 
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Table XXVII 

Carbon tetrachloride extraction of astatine in .1 	-- I -- Cl 	systemsa 

(21 ± 0.5 0C) 

(f)xl0 (c1) Dexpti Dcaic Notes 

0.0019 1,90 0 .0095 3.9 ii- 	1 0 1l0 M NaCl0 

0.00022 o.o84 0.106 1.52 1.61 0.97M NaCl0 

0.0019 1.92 0.096 2.4 26 0.10MNaC10 

0.00021 .2.24 0.106 2.6 2.8, 0.97 NiNaCl0 

0.00022 0.54 1.02 0.162 0.154  1.5 counts/min/ 

0.00095 0.58 0.95 0.180 0.182 0.001 M HCLO b 
9 counts/minil 

	

0.0019 	2.30 	0.96 	0.37 	0.40 

	

0.00095 	9.5 	0.94 	0.53 , 	0.52 	0.001 M HClO 

	

0.00021 	53 	 1.00 	0.35 	0.33 

alodide and chloride were added as the sodium salts. Unless otherwise 

specified, the organic volume/the aqueous volume is about unity,, the 

EC10 concentration is 0.063 ± .003 ', and mixtures were agitated 5 to 

10 min in black-taped tube:s. The.(I2)Cc14  has been corrected by 1 to 

.2% for distribution and for the formation of . I 2Cl. A slight correction 

for' 1 (2% or less) has been ap1ied to (i). The iodide formed by the 

reaction I 2 (q) + 2 Cl .= 1012 + f (K250 	10 ) 	is negligible. 

Concentrations of NaCl0, Cl, and I are accurate to'. ± 1%, while 12 

concentrations are •accurate to ± 2%; 	' .. 

bThese experiments were agitated' only 2 mm. •Their D.ts  were unchanged 

when the tubes were uncovered and agitated another three min under 

fluorescent light. . when each of the aqueous phases was agiiated for '2 

mm with fresh CCl )  O.00.M.in. 2 , res.pctive D.values of 0.171 and 0.57 

were obtained. 	. 	... 	, 	. 
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content as the original organic phase. In addition, D is independent 

of acidity, 12  concentration, and total astatine concentration. 

At constant C1, increasing f.causes D to pass through a maxi-

mum, reminiscent of thesituation iri:the 12  --I 	Br. system. Ac- 

cordingly, I have postulated the new. species AtIC1 and AtC1 2 , and the 

equilibria: 

AtI + Cl = AtIC1 	 . 	 .(v14) 

AtIC1 + C1 = AtC12  + I 	 (v-15) 

with the corresponding equilibrium constants: 

(AtIC1 )/(AtI) aq(C1 ) = KAtICl 	 (v-iA') 

(Atc12)(1)/(AtIc1)(c1) 	 .. (v15) 

Then we can write 

. ,.tI. 

D 	
+KAtI () +.KAtIcl_(Cl) [l+p(c1)/(1)] 

In Table )DcVII,D 	has been obtained by setting K 	: - 9 and
calc 

P = 2 x 10 . The values of KAtI_  and 4 ti , and the salt correction 
to the latter, are the same as were used In Pa±'t D. 

The resulting agreement is embarrassingly good. Further analysis 

of this system will require direct introduction of IC1 into the solution, 

so that IC1ànd C1 concentrations can be varied independently, as was 

done in the IBr experiments. For purposes of comparison we maywrite 

the AtBr and. IBr analogs to (v-15 )... 	... 	. 	. 

AtIBr + Br = AtBr2  + I 	 . 	(v-16) 

and 

IBrC1 + Cl-  = 1C12  + Br 	 (v-ri') 
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which have eguilibrium constants of 0.0011 and 0.005, respectively, the 

latter at 250 C. 22 ,36 	 ... 	 . 	 . 	 .. ... .: 	 . ; 	 ., 

The various interhalogen equilibria involving astatine are 

tabulated in Table )CCVIII. 	 .., . .. 

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 (o) -- At (-1) couple. The pH 

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

very wide range, making it especially useful for such a study. 

Experimental 

Reaction mixtures were agitated in black-taped tubes at room 

temperature (21 to 230C), Iodine was usually added to the two-phase 

systems frm either aqueous or CCl 1  solutions of 21  and the mixtures 

were agitated for a few minutes before the astatine was introduced. 
Reduction of the iodine appeared to be complete within a minute. How-

ever no differences were observed in the astatinedistribution if the 

iodine was added directly as NaI.or If the systems were not agitated 

prior to the addition of the astatine. The astatine itself was intro 

duced either from an aqueous 12 	I solution or from an 12 solution 

in CCl1 . Occasionally the manner in .which the astatine was added did 

alter the results; the effect, however, was erratic and unpredictable. 

Solutions were buffered with 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 Ds are usually within a factor of two 
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Tab1eXXVIII 

Interhalogen equi1ibria..i.nvblvingastatine 

Reaction . 	. 	. K 	(210c) .± 10% 

AtI (aq) = AtI (cci) 55a 

AtI (aq) + = At12  2000 

AtI (aq) + Br = AtIBr 	. 	. 120 

AtI (aq) + Cl -  = AtIC1 	. . 9 

AtBr (aci) = AtBr (cci) . 0.04  

AtBr (aq) + Br = AtBr 2  320 

AtI (aq) + IBr (cci) = AtBr (aq) +12  (Ccl) 3800 

AtI (aq) + 1/2 Br2  (as) = AtBr (ag) + 1/2 .12 	(a) .2 x 10 

AtIBr 	+ Br 	= AtBr2 	+ I 	 . 0.0011 

- AtIC1 	+ Cl 	= .. AtC1 	+ I 	. 2 
. 2 x 10 

. . 

aThe observed salt effect is given by log 	= log (5 5) + 0 1 (NaC10) 

The same salting coefficient has been assumed. to apply to NaCl and NaBr. 
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of the values calculated from'Eq, (v-i). Howeverthe results tend. to 

be somewhat .efratic, and irregular time variations were, sometimes noted 

(See Table. xvii). The results at higher p11 are summarized in Tables 

)OCIXto)O0Ci. 	. 	 . 	. 

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, or variation of the astatine concentration. 

The data in general show disheartening scatter and perplexing 

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 is good 

evidence that the distributionis extremely sensitive to impurities. 

Thus experiments using one particular astatine stock solution gave 

initial DT  s very much higher than those obtained previously. The devi-

ation depended on what volume of the stock solution was used and nearly 

disappeared after many hours of agitation. 

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 that 

needed for any reasbnable reaction. 

The lack of a.clear-cut iodide dependence indicates that the 

extractable spec.ies 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 considerable excess over the 

12• Thus the astatine is susceptibleto reaction with any impurity 

that happens to be around to grab it, and we are probably studying the 

reduction to At of ástátlne-impu±'ity compounds whose exact ' nature 

varies from one solution to the 'next. ' 	 . 
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Table )CCIX. 

• Carbon tetrachioride extraction of astatine from As.(III) -- As(V) solutionsa 

Dependence on pH:(I). 0.001.M 

As(III) As(V) pH D Notes 

0.09 5xl0 4.8 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 

1.9 0.8 After 30 minb 

5.2 1.7 Constant after 20 mm 

5.4 0. 	•. 

5.7 0.3 

• 6.1 0.1 

6.3 
00501c After 1 to 2 

6.4 0.025-0.1 After 1 to 2 

6.8 0.04 

7.25 0.0.24 

7.6 0.023 

.0-09. 4.8 
2e e 

5.6 0.5 f 

5.7 0.5 

6.2 0.3 to 0.4 

0.02 0.02 4.5 0.3 + 1 (5 mm 	31 hr) 

5.3 1.4 

5.9 2 g 

6.7 •1.4 g 

aThe two phases were of approximately equal volume. The aqueous phases 

contained sufficient NaC10 1  to make the ionic strength approximately 

unity. Iodide was introduced either as 12 or as Nal. Arsenic (iii) 

and arsenic (v) were introduced either as the free acids or as their 
sodium salts. All concentrations are moles/liter, and .are'.accurate 

to ± 10%. 
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Notes to Table )OCIX concluded 

Most of the entries represent several experiments, and the 

experimental spread is indicated by a range of D e s, e.g. "0.05-0.1." 

AD entry suchas "03>1 (5mm --> 60 mm)' t  means that a.D of0.3 

was observed after 5 mm of agitation, whileafter 60rnin of agitation 
a D of unity was measured. If no further remark is made, D did not 

change thereafter. If no time dependence at all is indicated, a 

constant value of D was reached with:Ln 60 mm. 

ben the last measurement was made D was still rising. 

c,e,f 
The aqueous phase of each of these experiments was re-extracted 

with fresh CCl, 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 CClj fresh aqueous phase 

c 0.1 0.13 —> 0.06 Not carried out 
(1 mm 	—> 60 mm) 

e 2 . 1.1 1.8 

f 0.5 0.7 O. 

dong duplicate experiments were some in which D decreased with time 

• 	and others in which it increased with time. 

ithin 5 min D reached a steady value 
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Table XXX 

Carbon tetrachioride extraction of astatine from, 

As(III) -- As(V) soluti.ons' 

Dependence, on As(III)jAs(V). (f) =0.001M.. 

pH 	As(I1I) 	As(V) 	 ,D 	Notes 
AsTVT 

18 	002 	02 	01 	 15 	b 

0.09 	'1 	 2 	c 

0 08 	0 008 	10 	 0.7 - 1.6 	highly variable 

0,08 5 x lO 160 2 

5.2 	0.002 0.02 0.1 1 	i.8 	(1 hr 	5 hr)d 

0.02' 0,02 1 1.4 

0.09 0,009 10 1.7 

0.09 5 x 10 .18O 0.6 

5.7 	0.09 0.09 '1 0.5 

0.1 0.009 11 

0:09 5 x 10 180 0.22 

6.4 	0.09 0.025 3.6 0.07 - 0.13 

0.09 0.009 10 0.03 - 0.1 	e 

0.09 0.003 30 0.05 

0.08 0.002 )iO 0.03 

0.08 9 x 10 90 0.05 - 0.11 

0,08 5 x 10 160 0.15 

aSee note a, Table XXIX. 

1) C.The aqueous phase of éch. experiment: was re-extracted with fresh 
CC14, 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 CC14 	fresh aqueous phase 

b 	1.5 	 0.7 	 1.6 
c 	2 	 1.1 	 1.8 

dSee note b, Table XXIX. 

eSee note d,. Table XXIX. 
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Table XXXI 

Carbon tetrachioride extraction of astatine from 

As(III) 	As(V). solutions a  

Iodide dependence.. 

pH As(III) As(V) 	 D 	 Notes 

	

4.5 	0.02 0.02 	1 - 3 x 10 	0.33 	(5 min 	hr)b 

	

0.001 	0.3 -1 	(5 m±n-i hr) 

	

5.2 	0.09 	0.009 5 x 10 	0.09.0.3 	(20mm 	3 hr)b 

	

0.001 	 1.7 

	

.6 	0.09 	0.0005 	0.001 	 0.2 

- 	 0.18 

	

0.09 	0.0001 	1 - 2 	c 

	

0.001 	 0.5 	d 

	

5.7 	0.1 	0.008 	0.00012 	0.09 _,0,2 	( 15 mm -8o m±n)b 

	

0.001 	 0.3 

	

6.2 	.0.1 	:0.08 	0.00022 	o,4 

0.001 

	

6.3 	.0.09 0.008 5 x 10 	0,06 -o,i1 	(30 min-4 3 hr)b 
fb 

	

0.001 : 	.0,05 	O.le 	After 1-2 hr 

	

0.0044 	0.09 -o.o6 	(20 mm -,ioo mm) 
• 	 0.008 	 0.06 

	

0.02 	Q,o6 .-0.09 	(20 min 	io min)b 

	

•.0.085 	0,0' -0.13 	(20 min 	hrs)b 

0.06 -0,09 	(20 mm -150 mm) 

aSee note a, Table XXIX, 

bgee note b, Table XXIX. 

COver: severa1 hours of .gitatioñ .D alternately rose and fell. 

d,eThe aqueous phase of each of these experiments was re-extracted with 
fresh CC14, and the organic phase was re-extracted with a fresh aqueouz 
phase of the same composition as the original. The results follow: 

D 
Aqueous phase 	Organic phase + 

Note 	Original • 	+.fresh.CC111 • 	fresh aqueous phase 
d 	0.5 	 0.7 	 0,7 

	

0,1 	0.13 -0,O6 	not carried out 
(i mm -6o mm) 

1'See note d, Table XXIX. 
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