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I .  Introduction 

The heaviest elements in every group of the Periodic Table have a 
spccial interest because of the marked change in propcrtics which occiirs in 
passing down a group; thus, in the heaviest member, the maximum group 
valency is achieved with difficulty, if a t  all. In the sulfur family (group 
6H), of which polonium is the heaviest member, there is the added interest 
of a gradation from nonmetallic to metallic properties. 

Unlike its lower honiologues, sulfur, selenium, and tellurium, polonium 
has no long-lived or stable isotopcs. It has, in fact,, one of the most unstable 
nuclei of naturally occurring elements, the only readily accessiblc isotope 
being that of mass 210; this dccays by alpha emission with ti half-life of 

decay series, the last threc stages being 
138.4 days and occurs in nature as the penultimate member of the r a d' 1um 

Thc rarity of polonium is evident from a calculation (1) which shows 
that the outermost mile of the earth's crust contains only 4000 tons of tlic 
element, whereas radium, usually classed as rare, is present to the extent 
of 1.8 x 10' tom The abundance of polonium in uranium ores i, oiily about 
1 0 0 ~ g  per ton and hence separation of the clement from such mineral 
sourccs cannot seriously bc considered. However, radium, a t  equilibrium 
with its daughtcrs, caritairis 0.02 wt % of polonium and, until recently, 
most of the element was obtained cither from radium itself or, more usually, 
from expended radon ampoules which, after the radon decay is complete, 
contain radium-D and its daughters. Fortunately, however, the parent of 
polonium in thcse murces, bismuth-210, can be synthesized by ncutron 
bombardment of natural bismuth [BP9 (n,-y) Bi210] and with the advent 
of the nuclear reactor it has become practicable to prepitrc rnilligram 
amounts of polonium. Almost all of the chemistry of the element recorded 
in thc recent literature has been the result of studies carricd out with 
polonium-210 prepared in this way. 

In the last decade, most of the contributions to the chemistry of polo- 
nium have, rather iiaturally, been made by workers employed in the Atomic 
Energy Establishments of the United Kingdom and the United States, 
where milligram amount,s of thc clement have been cxtrnctcd from irradi- 
ated bismuth. Reforc this, all the experimental work on the element had 
been 0x1 the trace scale, in which quantities from to g were used, 
apart from one large source, of about 100 pg of polonium mixed with 
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2-3 mg of impurity, which had been prepared by Mme. Curie and Debierne 
(34) for spectroscopic examination. 

The trace scalc work has been frequently described and discussed (4,  
45, 57). Here it is sufficient to say that many of the data obtained in this 
way have been confirmed by subsequent work on weighable amounts of 
the element. 

Since the last reviews appeared in 1956 (104) and 1957 (3,  4 ) ,  more 
information has become available and over fifty compounds of the element 
have now been identified. 

The discovery of the element by Mme. Curie (32) in 1898 resulted from 
her observation that the radioactivity of uranium minerals was always 
greater than could be accounted for from the uranium content. Suspecting 
the presence of a strongly radioactive substance, she undcrtook, with 
primitive equipment and laboratory facilities, the processing of a vast 
quantity of uranium ore residues, based on the conventional lines of group 
analysis, and finally succeeded in isolating an extremely radioactive frac- 
tion which was precipitated along with bismuth, A rough separation from 
bismuth was secured by a fractional precipitation of the hydroxides and by 
a vacuum sublimation of the sulfides. The new element, the first to be 
discovered solely on the evidence of its radioactivity, was named polonium 
in honor of Mme. Curie's native Poland (35).  The discovery and isolation 
of the element in almost invisible quantities under such adverse conditions 
was a remarkable feat of experimental chemistry by any standard. Mme. 
Curie's doctoral thesis (337, one of the most remarkable of this century, is 
worth reading evcn to this day. 

Ii. isotopes 

Twenty-seven isotopes of polonium. ranging in mass from 192 to 218, 
arc now known (Table I). Of these, the 138.4 day alpha emitter, polonium- 
210, is usually used in chcmical work; the longer lived isotopes of masses 
208 (half-life 2.9 yr) and 209 (half-life 103 yr), produced by alpha, proton, 
or deuteron bombardmerit of lead or bismuth [PbZo7 (u,3n) Pozo8; Bi209 
( ~ ~ 2 % )  Pozos; Bizog (d,3n) Pozo*; (66, 79, 128) and BiZ09 (d,2n) Pozo9], would 
be much more convcnient for handling because of their much lower specific 
activity, but, owing to the difficulty of producing them in sufficient quan- 
tity, only one instance of their use for purely chemical work has becn 
reported (132). 

Stable or long-lived isotopes of polonium in nature have been frequently 
sought. ?'on Hevesy (61,6.2) failed to find indications of a stable isotope, but 
Hulubei (67, 68, 116) claimed from X-ray studies evidence for the presence 
of such an isotope in petzite and in altaites, both of which are telluriferous 
minerals. Although Meitner (97) considered that there might be a stabIe 
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isotope in the region of mass 218, present views on nuclear stability render 
this rather unlikely. Since all the isotopes from mass 192 to 218 are known, 

TABLE I 
THE ISOTOPES OF POLONIUM 

Mass number Half-life Mode of decay 1~ energy (mev) 

192 
193 
194 
195 
196 
197 
198 
199 
200 
20 1 
202 
203 
204 
205 
206 
207 
208 
209 
210 (RaF) 
21 1" 
211 (AcC') 
212 (ThC') 
213 
214 (RaC') 
215 (AcA) 
216 (ThA) 
217 
218 (RsA) 

0 .5  Bec 
4 aec 

13 8ec 
30 Bec 

1.9 min 
-4 min 
-6 min 

-11 min 
11 min 
18 rnin 
51 min 
42 rnin 

3.8 hr 
1 .8  hr 
8.8 day8 
5.7 hr 

2.93 yr 
103 yr 

138.40 days 
25 sec 

0.52 Bec 
3.04 X 10-7 sec 
4.2 X 8ec 

1.64 X sec 
1.83 X 10-3 sec 

0.158 sec 
<10 8ec 
3.05 rnin 

6.58 
6.47 
6.38 
6.26 
6.14 
6.04 
5.935 
5.846 
5.770 
5.70 
5.57 

5.37 
5.2 
5.218 
5.10 
5.108 
4.877 
5.305 
7.14 
7.442 
8.780 
8.35 
7.680 
7.36 
6.775 
6.54 
5.998 

- 

Hulubei's reported stable or long-lived isotope, if actually polonium, might 
be a nuclear isomer of a species which is already known. 

Ill. Separation of Polonium 

The ext,raction of poloriium from uranium ores is now only of historical 
interest. The trace level amounts used in thc earlier work were usually 
obtained either from the lead residues of uranium ore processing, which 
contained lead-21 0, or, morc commonly, from aged radon ampoules which, 
after the complete decay of the radon, containrd Pb210, R P ,  Po2l0, and 
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PbZo6, but were often contaminated with mercury from the pumps used to 
convey the radon from its radium parent. 

Much of the early literature of polonium describes methods for separat- 
ing it from these mixtures; many of these have subsequently been adapted 
to the separation of milligram amounts of polonium from irradiated bismuth 
and to its purification. The methods range from a simple chemical separa- 
tion of the element with a tellurium carrier to its electrodeposition on to a 
more noble metal or its spontaneous electrochemical replacement on the 
surface of a less noble metal. 

For the chemical separation, the irradiated bismuth is dissolved in acid, 
tellurium carrier is added, and metallic polonium and bismuth are precipi- 
tated from solution with stannous chloride (96, 117). The metals are dis- 
solved in acid and the tellurium reprecipitated with sulfur dioxide (76),  
leaving polonium in solution in the bipositive state. 

It has long been known that the spontaneous deposition of trace polo- 
nium on to silver from hydrochloric acid is much more quantitative a t  high 
temperatures; undcr these conditions a good separation from massive 
amounts of bismuth (39) is attained. On the milligram scale, a further im- 
provement in the deposition is brought about by reducing agents, such as 
hydrazine or sulfur dioxide, the optimum temperature being about 50°C 
(1.2, 111). However, when polonium deposited on silver in this way is sub- 
limed from the collecting xurfare, i t  always contains some silver chloride, 
but the amount of silver chloride is much reduced when the deposition has 
been made in the presence of cyanide (16). For reasons not understood, the 
polonium deposit on silver becomes involatile when it has stood for a few 
hours in air or in the depositing solution. This may bc duc to oxidation, for 
a part of the polonium can be recovered from the plated foil, after it has 
been heated in hydrogen or hydrogen sulfide, by vacuum sublimation. 
Heating the deposit on silver in carbon monoxide a t  5OO0C leads to sublima- 
tion and condensation of some of the polonium as  metal, while about 10% 
of it remains in the gas stream, from which it can only be recovered by burn- 
ing the gas and condensing the polonium dioxide; about 50% of the polo- 
nium remains on the foil (12). These observations with carbon monoxide 
exactly parallel the trace level experience of Lecoin (86). Reaction between 
milligram amounts of polonium metal and carbon monoxide does not occur, 
so that the high volatility of polonium recorded above may be due to the 
formation of a polonium carbonyl in the presence of a silver catalyst (16). 

Polonium, however, can be readily recovered from aged silver foils by 
dissolving them in nitric acid and precipitating the silver with hydrochloric 
acid; little or no polonium is lost by adsorption on the precipitated chloride 
provided the acidity is high. An insoluble black residue, left after the bulk 
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of the silver has dissolved, is apparently silver chloride mixed with some 
finely divided silver (111). 

The deposition of Folonium on to copper does not give a good separation 
of the element from bismuth (83, 111) , but bismuth powder itself provides 
a quite successful process ($5).  In pract,ice, the irradiated bismuth is dis- 
solved in a mixture of hydrochloric and nitric acids, and after elimination 
of the latter, the solution is stirred with a few grams of powdered bismuth; 
the polonium is deposited completely on to the bismuth. The product is 
dissolved in acid and the whole process rcpeatcd with decreasing amounts 
of metallic bismuth, until the proportion of polonium to bismuth is high 
enough for t,hc former to be precipitated as the met,al with stannous 
chloride. 

In the final purificat,ion, polonium is either dissolved in nitric acid and 
electrodeposited onto platinum, or, bettcr, gold (6, 25);  the polonium is 
sublimed in a vacuum from the support metal or dissolved off t,he latter in 
dilute hydrochloric acid and precipitated as the monosulfide. Either 
hydrogen sulfide itself or the sulfide ion produced by the hydrolysis of 
thioacc tamide may hc used. The monosulfide is decomposed by heating 
under vacuum and the pure metal sublimed (14). 

An int'ercsting method (88) for the separation of trace amonnt>s of 
polonium makes iise of the volatility of some, as yet unidentified, organic 
compounds. Polonium complexes with diphenylcarbazonc, diphenylear- 
bnzidc and diphenylthiocarbazone sublime below 100°C under atmospheric 
pressure and those with thiourea, 8-hydroxyquinoline, s-diphenylthiourea, 
thiosemicarbazide and other related compounds sublime below 160°C 
under t,he same conditions. Thus trace polonium has been separated from 
dilute nitric acid in the presence of diphenyl carbazide by steam distillation. 

The electrochemical separation of polonium from irradiated bismuth has 
KlOt been investigated to any extent; it appears, however, that elect'rodeposi- 
tion from hydrofluoric acid solution offers a practical means of separation 

Solvent cxtraction by tributyl phosphate (TBP) (13, 96) , ditJhizone 
(20, 71, 7 2 ) ,  cupferron (89), thenoyl trifluoroacetone (TTA) (55) ,  diiso- 
propyl ketone (26) , meshy1 oxide (92), tri-n-benxylaInine and methyl 
di-n-octylamine (99), diisopropyl and diisobutyl carbinol (100) have all 
found some applicat.ion on the trace scale. Acetylacetone and methyl 
isobut,yl ketone extract milligram amounts of polonium almost quantita- 
tively from hydrochloric acid, but the stable polonium-organic compounds 
which arc formed make it difficult to recover the polonium in a useful form 
from solutions in these ketones (7) .  Ion exchange (22, 115, 119) and paper 
chromatography (44, 87) have also been used for trace scale separations of 
polonium, but, the effects of the intense alpha-radiation on organic com- 

(132). 
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pounds make the methods employing these materials unattractive when 
an appreciable amount of polonium is present. 

IV. Handling Problems and Preparative Techniques 

Reactions used for the preparation of polonium compounds are straight- 
forward, but the experimental techniques are strictly determined by the 
small amount of the commonly used polonium-210 which is available and 
by the exceptionally high specific activity of the isotope (4.5 curics/mg, 
i.e., l O I 3  disintegrations/min/mg). Apart from the major effects of the 
alpha bombardment to be described, the separation of polonium-210 from 
its lead daughter, which grows in atl a rat,e of 0.5%/day, constitutes a 
major chcniical problem. It calls for rapid and efficient methods of purify- 
ing the polonium stock before each experiment; the best of these is the 
sulfide process described in Section 111. 

The main and ever present problem with polonium is the health hazard. 
Alpha emitters such as polonium-210 do not emit penetrating radiation, 
but may be lethal when ingested owing to the complete absorption of the 
alpha particle energy by the organ, or organs, in which the radioact,ive 
material is retained. For polonium, the critical organs are the spleen arid 
kidneys. The maximum permissible body burden for ingested polonium is 
only 0.03 pcuries; this represents a particle weighing 6.8 X 10-l2 g, or about 
2 X 10lo atoms. Thus 200 pg of polonium-210, the amount normally used 
for a single preparation, represents no less than 3 X lo7 tolerances. The 
high toxicity of the isotope becomes even more manifest when the maxi- 
mum permissible concentrations in air of the better known poisons are com- 
pared with that for polonium. The safe limit for carbon monoxide is 
100 mg/meter3, for hydrocyanic acid, 10 mg/meter3 and for polonium-210, 
only 4 X 10-11mg/meter3 (I%?), which makes it, weight for weight, 
4 X 10l2 times as toxic as hydrocyanic acid. 

Obviously work with polonium must be done under very strictly coil- 
trolled conditions. Fortunately, shielding by lead is unnecessary, since the 
gamma activity associat'ed with the decay of polonium-210 is slight. It is, 
however, absoIutcly necessary to prevent any trace of the isotope being 
ingested by the worker and thus all work must be carried out in a glove-box. 
This is really a well-ventilated, miniature laboratory bench, tot,ally enclosed 
and suitably maintaincd under slightly reduced pressure relative to the air 
in the laboratory; this ensures that any movement of air is from the labora- 
tory into the glove-box and entirely prevents dangerous dust, or vapor from 
leaving the box. The air extracted from the box passes through a filter 
system to rcmove radioactive material before its discharge into the main 
laboratory extract system. 

The conventional glove-box used on polonium work a t  Harwcll is con- 
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structed of Perspex sheet mounted on a steel frame and enclosed in an 
outer shell of similar construction which, like the glove-box proper, is also 
maintained a t  a slightly reduced pressure as a safeguard against leakage 
of radioactive material through the gloves. Natural rubber is rapidly pene- 
trated by polonium and it is necessary to wear surgical gloves when working 
in the box-gloves in order to guard against skin contamination. As may be 
imagined, the successful handling of small, fragile pieces of cquipment, such 
as X-ray capillaries, through two thicknesses of rubber requires patience 
and a good deal of practice. Box-gloves made of neoprene are somewhat 
less permeable to polonium than those of natural rubber, but the precau- 
tions above still apply. 

Fro. 1. Suite of thrce rotating-table glove-boxes. 

A more recent rotating-table glove-box is shown in Figs. 1 and 2; this 
was designed for work with high levels of alpha activity (15). A suite of 
three of these boxes, connected togcther to permit the transfer of active 
material from one box to another by means of a trolley, is shown in Fig. 1. 
Figure 2 shows the interior of one of these boxes, the radius of which is 
27 in., the normal rcach of the average man. By rotating the turntable, 
the whole of the floor space becomes available arid gives a working area of 
about 14 ft2. 

A major problem in glove-box work is the corrosion within the box of 
metal parts and equipment, due to unavoidable concentrations of acid 
fumes which occur eveii when the box is swept by a high air-flow. This can 
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be largely avoided by the use of noncorrodible materials, such as fiberglass 
or plastic, in the construction of the box and its equipment. Thcre does 
not seem to be a lacquer or varnish which will effectively protect for very 
long a metal surface subjected to these severe conditions; a t  present, 
epoxy resin paints appear to be the most promising materials. 

The alpha radiation chemical effects a t  the curie level are severe, leading 
to the self-decomposition of most polonium compounds; thus solid polonium 
salts of organic acids char rapidly and polonium iodate evolves free iodine. 

FIG. 2.  Interior of glove-box. 

It has been shown (37) that the alpha radiation displaces every atom in the 
lattice of a simple crystalline compound, such as  polonium tetrabromide, 
a t  least once a day. It is therefore not surprising that X-ray powder photo- 
graphs of polonium compounds are generally poor. 

Self-heating, due to the stoppage of the alpha particles within the solid, 
is a well known phenomenon and calculation shows that the energy release 
from one gram of polonium metal would be about 140 watts. This high 
energy output affords a useful and absolute method for the rapid determina- 
tion of polonium in large sources by calorimetry. 

Glassware suffers from the alpha bombardment and crazing appears 
after a few days, particularly where solid polonium compounds are in 
contact with the glass. The change causes the glass to become markedly 
more fragile and this, coupled with pressure increases arising from gaseous 
decomposition products from the anion, hydration water or organic ligand, 
and even from helium from the alpha particles, oftjen leads to the bursting 
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of X-ray capillaries containing polonium compounds, the frcc internal 
volume bcing extremely small. 

The most spectacular radiation effect is the glow cmitted by polonium 
and its compounds arising from excitation of the surrounding gas (see ref. 3,  
pltltc 4; ref. 4, frontispiece); a marked fluorescence is also induced in the 
glass or quartz of t,he container. 

M polonium solution (-1 curie/ml) 
causes a visiblc cvolut,ion of gas (5,34). The radiolysis products are strongly 
oxidiziig, which adds difficulty to the study of the elemcnt in its lowcr, 
biposit,ive, statc. Peroxide fomiation appears to be the factor which pre- 
vents a study of solutions of the element in the sexapositive state (12), at 
any rate on the milligram scale. 

There have heen many reports of the “wandcring” of polonium from 
open sources, behavior a t  one t,ime attributed to an aggregate recoil rncch- 
ariism (84), but more recent obscrvations with curie quantities indicate that 
coi-kamination only spreads when volatile compounds, for instance polo- 
nium tetrachloridc, are involved. 

The t rwc level work with polonium was bedeviled by its radiocolloidal 
behavior in neutral or weakly acid sohition. This led to the deposition of 
polonium on the wall of containing vessels, a behavior which is much less 
evident with macroscopic amounts. The conflicting views as to t,he cause 
of this phenomerion are outsidc the scope of this article and further infor- 
mation may be obtained from recent. revicws and papers (4,  41, 57, 127).  

Most, of the published work dealing with weighable amounts of polonium 
has consisted of studies of its solid ~ornpounds, X-ray powder crystallog- 
raphy bcing used to extcnd and complement the chemical work. The pre- 
parative methods are rendered relatively simple by t8he ease with which the 
pure mctal can be prcpared and by its volatilit’y. In  a generally applicable 
procedure, the pure metal is sublimed under a vacuum into an X-ray 
capillary in which it is allowed to react with the selectcd reagcnt, usually 
in the gaseous form. A microfiltcr stick can be uscd in the preparation of 
insoluble compounds which require separation from the mother liquor 
(6). Centrifugation in a microcone is not usually very successful bccause of 
the rapid disruption of thc precipitate by the gases arising from the radi- 
olysis of the solvent trapped in it. The handling problems and preparative 
techniques are more fully described in the reviews (3, 4). 

Thc radiation decompofiition in 

V. Polonium Metal 

A. PREI’AR-4TION AND PROPEBTIES 

The usual methods of obtaining the metal are the electrodcposition 
from acid solution (usually nitric, sometimes hydrofluoric) on to platinum 
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(18, 19) or gold ( 6 ) ,  or the spontaneous deposition on to silver or nickel 
(e.g., 6 ) ,  followed by vacuum sublimation of the polonium from the support 
metal. The mctal is also readily produced by the thermal decomposition 
of the sulfide (14) or, less easily, of the dioxide (5 )  under a vacuum, and 
by the action of ammonia, either anhydrous liquid or coricentratcd aqueous 
solution, on polonium hydroxide and some other polonium compounds. It 
is also obtained by the action of hydrazine, hydroxylamine, or sodium 
dithionite on alkaline suspeiisions of the hydroxide, or of stannous chloride, 
titanous chloride or sodium dithionite on acid solutions of polonium tetra- 
chloride (17),  in agreement with the earlier trace scale observations of the 
action of hydrazine, titanous chloride (.'4), and stannous chloride (91). 
Reduction by ammonia appears to be ascribable to atomic hydrogen 
liberated by the alpha bombardment, since primary and secondary amines 
also reduce polonium hydroxide, although more slowly than ammonia, 
and little rcductiori occurs with triethylamine or tetraethyl ammonium 
hydroxide (1 7 ) .  

The precipitated metal is a grey-black powder, but when sublimed, 
polonium is silvery in thick layers [-0.2 mg (1 curie)/cm2] and a trans- 
parent smoked film in thin ones. When the thicker metal mirrors, obtained 
by vacuum sublimation onto a glass surface, are treated with a little 8 N 
nitric acid, a part of the metal can be detached from the glass as a thin foil. 

The mctal, which is soft (104, p. 18), has a t  least two allotropic modifica- 
tions, the low temperature form, a-polonium, which is simple cubic, and the 
high temperature form, b-polonium, which is simple rhombohedra1 ; the 
two forms were identified by X-ray powder photography (18, 19). It is 
difficult to locate the transition temperature with any accuracy owing to 
radioactive heating effects, and thc best figures, obtained from X-ray 
diffraction data, are 18°C for the 0 -+ 1~ and 54°C for the cy 3 fl  transitions. 
The two phases coexist between 18°C and 54°C (49). When freshly sub- 
limed, the metal is always in the form owing to the heating effect but as 
the polonium decays, the specimen cools and the a-form appcars. The 
finely divided mctal prepared by reduction from aqueous solution is largely 
(-70%) in the a-form (17).  Lead, the decay product, seems to form a solid 
solution with polonium up to about 50 atoms per cent (19). 

The physical properties of the metal (Table 11) resemble those of thal- 
lium, lead and bismuth, its neighbors in the Periodic Table, rathcr than 
those of tellurium, its lower homologue. The low melting and boiling points 
are particularly noteworthy; an attempted study of the Hall effect in polo- 
nium metal has also been reported (90). In  chemical properties the metal is 
very similar to tellurium, the most striking resemblance being in its reac- 
tions with concentrated sulfuric acid (or sulfur trioxide) and with con- 
centrated selenic acid. The products are the bright red solids, PoSOd arid 
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TABLE I1 
PHYSICAL PROPERTIES OF POLONIUM METAL 

Property 

Melting point 
Boiling point 
AH,,,, kcal/mole 
Vapor pressure (438"-745"C) 
Atomic radiu6, A 
Linear coefficien t expansion 

Calrulated density, a Po, gm/w 
Calculated density, p Po, gmjcc 
Ohsrrved density, j3 PoJ gm/cc 
Cell parameter, a Po, A 
Cell parameter, p PO, A 
Space group, a Po 
Space group, p Po 
ReBistivity, a Po, ohm 
Itcsistivity, p Po, 10-O ohm 

( -  196" - +WC)  

Specification Reference 

254°C 95 
962°C $3 
24.597 RY 

83 
19 1.644 

Log pmm = -5377.8/1' + 7.2345 

2 .3  X 10-6 cm/cm/deg 
9.196 (36°C) 
9.398 (39°C) 
9 . 4  
3.359 
3.366, a = 08"5' 
o:, 
DL 
42 f 10 ( O C )  
44 f 10 (0°C) 

22,45 
48 
48 
95 
48 
48 
19 
19 
95 
96 

PoSeOs, both of which decompose rapidly a t  room temperature to the 
unstable black monoxide (10). 

B. SPECTRA 

1. X-ray Spectru 

Earlier observatioris of some of the L lines of polonium (69, I,%$), 
obtained with trace amounts of the element, have been confirmed by more 
recent work on its K and L spectra, in which a copper target was coated 
with 2-3 mg of the element (112). 

2. Optical Spectra 

The earlier trace level work (34, 36, 7'7) has also been substantiated by 
the observations of Charles et at. (30, 31) and of Verriyi et al. (130). The 
ionization potcritial for the neutral polonium atom is 8.43 ev (SO), in good 
agreement with theory. Measurement of spectrograms of electrodeless 
discharges in pure polonium vapor has yielded over 450 red-shaded 
band heads for polonium-210 arid more than 500 heads for mixtures 
of polonium-208 arid 209. About 350 of these have been classified in the 
principal system of Po-Po; the dissociation energy of the lower state is 
calculated to be 1.895 volts ($0). Other spectroscopic data, including the 
vibrational energy levels of diatomic polonium-210, are givcri by Moyer 
(1 04). 
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C. DIFFUSION OF POLONIIJM IN METALS 
The rather variablc results of half-life determinations made by direct 

alpha-counting of samples mounted on metallic supports may be due to 

TABLE I11 
DIFFUSION OF POLONIUM IN METALS 

Metal Temperature ("C) Diffusion coefficient Reference 

Aluminium 
Aluminum 
Armco 18-8 steel 
Armco 18-8 steel 
Bismuth 
Bismuth 
Gold 
Lead 
Lead 
Lead 
Nickel 
Platinum 

Ambient 
500 
300 
750 
150 
200 
470 
150 
200 
310 

Ambient 
470 

3 X 10-13 cm2/sec 
5 x lo-" cm2/sec 
1 X 10-a2 cm2/sec 
5 x 10-n cma/sec 
5 X 10-11 cma/sec 
5 x 10-10 cm2/sec 

-10" cma/day 
cm2/day 

lo-? cm2/day 
1 . 3  X cm2/day 

cm2/day 
cm2/day 

43 
43 
43 
43 
43 
43 

15s 
113 
11s 
63 

11s 
153 

diffusion into the support (78); a good deal of work on the diffusion of 
polonium in metals, from this and other aspects, has been reported (Table 
111). 

D. POLONIUM HYDRIDE 
Paneth (108, 109, 110) has shown that a volatile species, probably a 

polonium hydride, can be prepared in poor yield on the trace scale by the 
action of dilute hydrochloric acid on magnesium foil plated with polonium 
and the diffusion of trace polonium in hydrogen saturated platinum or 
palladium may be due to migration of a hydride (85). More recent trace 
level experiments (135) indicate that a hydride may be formed by the 
action of nascent hydrogen on polonium. Work with milligram amounts 
of polonium has shown that a hydride is not formed from the elements on 
heating (25), or by treating polonium tetrachloride with ethereal lithium 
aluminium hydride, which gives polonium metal only, or by the action of 
dilute hydrochloric acid on magnesium polonide (12). These negative 
results may, however, be caused by decomposition of the hydride, as it is 
formed, by high levels of alpha radiation. 

E. POLONIDES 
A number of polonides have been prepared by heating the elements 

together at relatively low temperatures (300"-4OO0C) ; all are grey or grey- 
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black solids, mid have been identified by X-ray powder crystallography 
(Table IV).  Unlike the other polonides, magnesium and mercuric polonides 
are not isomorphous with their tellurium analogues. Mercuric polonide is 
very volatile and readily formed from the elements a t  200°C or below, so 
that care must be taken when polonium is handled 011 vacuum lines incor- 
porating mercury diffusion pumps (134). The deposition of trace polonium 
on mercury from wid or ketone solutions may also lead to the formation 

TABLE I V  
CRYSTALLOGRAPHY OF TIIB POI.ONIDES 

Com- Calculated 
p o ~ i ~ i d  Struct,iirc Cell parameters (A) dcnsity Referencc 

(gm/cc) 

Agl’o(?) orthorhombic n 7.384, b 5.565, 47 

ljd‘o fcc (NaCI) a 7.119 6 . 3  134 
RePo fcc (ZnS) a 5.838 7 .:5 1 34 
(M’o fcc (NaC1) a 6.514 6 . 0  134 
CdPo fcc (ZnK) a 6.665 7 .2  134 
IIgl’o fcc (NaCl) :t 6.250 11.1 134 
MgPo hcxngon:tl (NiAs) a 4.345, c 7.077 6.7 134 

1% Po fcc (NaC1) n 6.590 9 .6  134 

SrPo fcc (NnCl) :i B .796 6 . 3  I S 4  
ZnPo fcc (ZnS) a 6.309 7.2 134 

(monoclinic?) c 7.813 - 

NFI,?~’o fco  (CaFy) a 7.473 4.08 47, 104 p. 91 
Ni Po hcsagon a1 ( N i -4s) a3.973, c 5.661 11.53 47, 104 p. 91 

PtPo? hexagonal (Cd(OH)s) a 4.104, c 5.606 12.17 47, i04 p. 91 

a The nickel-polonium system rcscmbles the analogous tellurium systcm in that 
cornpounds of compoRition varying continuously between NiPo and NiPos are formed, 
with structures between the NiAs and Cd(OH)z types (134). 

of this compound (27,28,29,  42). Metallic gold dissolves polonium without 
reaction but aluminium, carbon, iron, molybdenum, tantalum, and tungsten 
do not react with the met8al (47). Polonium seems to alloy with bismuth 
arid the Imo metals are miscible in all proportions (47). Zinc polonidc sub- 
limes a t  400°C arid the silver, lead, and platinum compounds decompose 
at  about 600°C (47).  Copper polonide is unstable and sublimes near 400°C 
(134). 

F. ELECTHOCHC 4 MISTRY 

Work with trace amounts clearly indicates a value of +0.77 volts for 
the electrode potcntial of the metal, EoHPo/Po4+ (66). Subsequent work 
with milligram amounts (9) gave a value of +0.76 volts for this potential, 



THE: CHEMISTBY OF POLONIUM 21 1 

in good agreement considering experimental difficulties arising from alpha 
radiation. Thus polonium lies between tellurium and silver in the electro- 
chemical series, in conformity with its known behavior towards reducing 
agents (54). There are a iiumber of useful surveys of the electrochemistry 
of polonium, both on the trace and on the milligram scale work, which 
describe the experimentation in considerable detail (4 ,  68, lo.$). 

VI. Polonium Oxides and Sulfide 

A. POLONIUM TRIOXIUE 

This compound is said to be formed on the trace scale by the anodic 
deposition of polonium from an acid solution (64, 65) and, although there 
is no direct experimental evidence for the composition of the anodic deposit 
or the presence of a peroxide linkage, the dissolution of the deposit by 
hydrogen peroxide (59) is certainly suggestive of a higher charge number. 
On the milligram scale, the attempted oxidation of polonium(1V) hydroxide 
with aqueous chromium trioxide initially yields polonium(1V) chromates 
(Section VIII,Cj, but on long standing in an excess of chromium trioxide 
solution (12), all the polonium passes into solution as an alkuli-soluble 
form which may be a complex acid of polonium(V1) and chromium(V1) [cf. 
tellurichromic acid (98, page 97)] since precipitation of polonium (IV) 
hydroxide from the alkaline solution by hydrogen peroxide is indicative of 
the presence of a higher valency state (1.2). 

The treatment of polonium(1V) with nitric acidlpotassium permanga- 
riate under reflux yields a sludge of manganese dioxide which contains all 
the polonium originally present; the valency state is uncertain. Polo- 
nium(1Vj in weighable amounts is not oxidized by persulfate, ceric salts 
or chlorine in alkaline solution ( 1  2) )  although trace scale work indicates 
that both ceric salts and dichromate do oxidize polonium to polonium(V1) 

Fusion of polonium dioxide with a potassium chlorate/hydroxide mix- 
ture gives a bluish solid (colorless when hot) which is more soluble in water 
than the corresponding polonite (POO~~--)  ; this presumably contains some 
potassium polonate. The trioxide may possibly be formed by strongly heat- 
ing polonium dioxide and chromium tzioxide in air (12). 

The difficulty of obtaining polonium trioxide and the corresponding 
polonates by the direct oxidation of quadrivalent polonium may be largely 
due to the high levels of radiation associated with the polonium-210 used. 
Similar work with curium showed that the higher oxidation state is almost 
impossible to achieve with 163-day curium-242, although this is relatively 
easily achieved with 18-yr curium-244. It is suggested that work in this 
field with the longer-lived polonium isotopes would be more fruitful. 

(94). 
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R. POLONIUM DIOXIDE 

This oxide is formed from the elements a t  250"C, its composition being 
established by measuring the oxygen taken up by the metal (93, 103). It 
exists in two crystal modifications, a yellow low temperature form (face- 
centered cubic) and a red high temperature form (tetragonal) (5 ,  93). The 
former, density about I) gm/cc, is a UOz-type oxide with variable oxygen 
content, the cell edge varying from 5.626 to 5.687 kX (5). The tetragonal 
modification has cell parameters a = 5.44 kX and e = 8.34 kX. 

The radius of the Po4+ ion calculated from the X-ray data is 1.02 ,& (93) 
or 1.04 (5); the ratio of the ionic radii Po4f/Oz- is thus about 0.73, the 
lower limit of stability for cubic coordination, explaining the existence of 
the two modifications (93). 

Freshly prepared polonium dioxide is always in the tetragonal form, the 
face-centered cubic modification appearing on standing (5,9S) or on strong 
cooling ( 5 ) .  The dioxide darkens on heating, becoming chocolate a t  the 
sublimation temrerature (885OC in oxygen a t  1 atm) and decomposes into 
the elements at 500°C under vacuum (5) .  It is slowly reduced to the metal 
a t  200°C in hydrogen (103) or at 250°C in ammonia or hydrogen sulfide 
(12). It does not react with liquid sulfur dioxide, but a white compound 
is formed on heating the dioxide in sulfur dioxide at  250°C and this may be 
a polonium sulfite (12) .  In all its chemical reactioris with acids, polonium 
dioxide behaves very much like its tellurium analogue, giving the corrc- 
sponding polonium(1V) salts. 

The corresponding hydroxide is obtained as a pale yellow flocculent pre- 
cipitate on the addition of aqueous ammonia or dilute alkali to solutions 
of freshly prepared polonium salts (aged preparations, containing much 
decay lead, give a brownish precipitate). Like tellurous acid, polouium 
hydroxide is much less soluble in aqueous ammonia tban in aqueous alkali. 
The well known acidic character of the oxides of the sulfur group is much 
weakened with increasing atomic weight, and polonium dioxide and the 
corresponding hydroxide are much less acidic than their lower homologues. 
This is shown particularly by the ease with which poloriium salts are formed 
by reaction with weak acids such as acetic, hydrocyanic, arid oxalic (11) 
and by a study of the solubility of polonium hydroxide in aqueous potassium 
hydroxide, from which the equilibrium constant K,  = [POO,-]/[OH-]~ for 
the reaction 

PoO(0H)p + 20H- PO&-- + 2Ha0 

has been found to be 8.2 X lop6 a t  22°C. The solubility in alkali increased 
from 1.04 mg (of Po2I0)/liter in 0.26 N potassium hydroxide to 53.3 mg/liter 
in 1.73 N potassium hydroxide (11). Recent publications quote a figure of 
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about 7.8 mg (of Po*'O)/liter for the solubility of the hydroxide a t  pH 6 
(136, 137). However, the hydroxide was described as forming a white, 
voluminous precipitate, which suggests either the presence of impurities 
such as bismuth or that the product was a basic salt rather than the 
hydroxide. The latter is the more likely. 

Fusion of polonium dioxide with potassium hydroxide in air, or with 
potassium nitrate, gives a colorless melt; the solubility of the polonium 
after this treatment corresponds with the solubility data for potassium 
polonite (12). 

C. POLONIUM MONOXIDE 
The black monoxide appears to be formed by the spontaneous decom- 

position of polonium sulfotrioxide and selenotrioxide (10). The correspond- 
ing hydroxide (or hydrated oxide) is obtained as a dark brown precipitate 
when alkali is added to a freshly prepared solution of bipositive polonium 
(6). Both are rapidly oxidized to polonium(1V) in air or in contact with 
water. 

D. POLONIUM MONOSULFIDE 

It has long been known that trace polonium could be precipitated from 
acid solution by hydrogen sulfide, the precipitate being insoluble in yellow 
ammonium sulfide. It was also observed that the precipitated polonium 
was more volatile than bismuth sulfide, from which it could be separated 
by vacuum sublimation a t  700°C (35). However, recent work with weigh- 
able amounts has shown that the metal and sulfur do not react (25). The 
black precipitate produccd by hydrogen sulfide (either the gas itself or 
generated in situ by the hydrolysis of thioacetamide a t  80°C) on dilute 
acid solutions of quadripositive or bipositive polonium is the monosulfide 
(14). It is immediat,ely insoluble in dilute hydrochloric acid or yellow am- 
monium sulfide, but dissolves in the former on long standing, probably 
through oxidation by the chlorine liberated from the acid by alpha-bom- 
bardment. The solubility product is about 5.5 X The monosulfide 
can also be prepared by the action of yellow ammonium sulfide on polonium 
hydroxide. 

It is readily decomposed by aqueous bromine, aqua regia or by hypo- 
chlorite and is comparatively soluble in concentrated hydrochloric acid; 
it decomposes to the elements a t  275°C under vacuum, a property utilized 
for the preparation of pure polonium metal (14). 

VII. Polonium Halides 

The chemistry of the polonium halides is, as  would be expected, very 
similar to that of tellurium, but with the bipositive halides much more 
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stable, and the quadripositive halides rather less stable, than their tellurium 
analogues. All the identified polonium halides are covalent, volatile, readily 
hydrolyzed compounds; the quadripositive complex halides are of the type 
M2'PoX6 (X = C1, Rr, I) and are isomorphous with their tellurium ana- 
logues, cesium giving the least soluble alkali metal salt in every ease. There 
is little evidence for the formation of polonium(JI1) compounds, although 
a study of the auto-oxidation of polonium(I1) in acid solution indicates 
that polonium(II1) may have a transient existence in dilute hydrochloric 
acid (6) but not in dilute hydrobromic acid (7) .  

A. FLUORIDES 

A white solid, possibly polonium tetrafluoride, is obtained by treating 
polonium hydroxide or tetrachloride with dilute aqueous hydrofluoric 
acid; treatment of this solid, in suspension in dilute hydrofluoric acid, with 
sulfiir dioxide yields a hluish grey product (possibly PoF2) which rapidly 
rcvcrts to the original white solid on standing, presumably owing to radio- 
lytic oxidation (1.2). The solubility of polonium(1V) in aqueous hydro- 
fluoric acid increases rapidly with acid concentration, indicating complex 
ion formation (104, p. 48). 

There have been some unsuccessful attempts to prepare a volatile hexa- 
fluoride from fluorine and polonium-210 (25, 104), but recently such a 
fluoride has been prepared in this way from polonium-208 plated on plati- 
num (139). The product appears to be stable while in the vapor phase, but 
on cooling a nonvolatile compound is formed, probably polonium tetra- 
fluoride resulting from radiation decomposition of the hexafluoride. Anulyti- 
cal data are not recorded for any polonium fluoride, largely owing to  the 
difficulty of' determining fluoride ion accurately a t  the microgram level. 

B. CHLOIZIUES 

Polonium tetrachloride is a bright yellow solid; it melts in chlorine a t  
about 300°C (6, 74) to a straw-colored liquid which becomes scarlet a t  
350"C, possibly through decomposition to the dichloride. It boils at 390°C 
to give a purple-brown vapor which becomes blue-green above 500°C (6). 
The reason for this reversible color change is unknown. 

The compound is produced by evaporating hydrochloric acid solutions 
of polonium(1V) (6, 65, 74) ,  by heating the dioxide in carbon tetrachloride 
vapor (74), in hydrogen chloride, thionyl chloride or with phosphorus 
pentachloride (6) and by heating the metal in dry chlorine a t  200°C (6,25, 
74). It is hygroscopic and hydrolyzes in moist air to a white solid, possibly 
a basic chloride (74) .  The tetrachloride is soluble in thionyl chloride and in 
water with hydrolysis, and is moderately soluble in ethanol, acetone, and 
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some other ketones (6). It is slightly soluble in liquid sulfur dioxide, with 
which it does not reict (12). I ts  solutions in hydrochloric acid are bright 
yellow, the color being perceptible even in 5 X 114 solution. There is 
some evidence (6) for the formation of ammines with gaseous ammonia and 
the complex with nitrosyl chloride may have the composition PoC14.4NOC1 
(12). The tetrachloride is converted to polonium dioxide on heating in air 
or oxygen a t  300°C (6). 

Complexes with organic compounds have been reported. Solubility 
studies with tributyl phosphate (TBP) indicate the formation of a complcx 
PoC42TBP ( I S ) .  Weighable amounts of polonium tetrachloride in dilute 
hydrochloric acid can be titrated to a colorless end point with ethylene- 
diamine tetra-acetic acid (NDTA) ; the results suggest a complex with two 
molecules of EDTA, but solubility studies favor a 1 : 1 complex. The EDTA 
complex is soluble in alkali and is more stable in alkaline than in acid media, 
but the ligand is rapidly destroyed by the radiation and solvent radiolysis 
products (12). However, EDTA can apparently be used to complex trace 
polonium in the separation of radium D-E-F mixtures (129). 

Polonium dichloride is a dark ruby red solid which sublimes in nitrogen 
at  190°C with somc decomposition. It is obtained by thermal degradation 
of thc tetrachloride under vacuum at 200°C (6,25, 74) ,  by reduction of the 
tetrachloride in hydrogen at  200°C (25, 74), in hydrogen sulfide or carbon 
monoxide a t  150°C or in sulfur dioxide in the cold (6). Reduction to the 
metal orcurs on continued heating in hydrogen or hydrogen sulfide. A 
brown ammine (possibly PoC1,.2NH3) appears to  be formed in dry am- 
monia gas a t  200°C (6). 

Bipositive polonium in hydrochloric acid solution (pink) is oxidized to 
polonium(1V) by hydrogen peroxide, by hypochlorous acid or by the 
radiolysis products of the alpha bombardment of the solvent. Solutions of 
poloriium(I1) in acid are obtained by the reduction of polonium(1V) with 
sulfur dioxide or hydrazine in the cold, or with arsenious oxide on warming. 
Polonium(1V) is not reduced in hydrochloric acid by either hydroxylamine 
or oxalic acid, even on boiling (6). 

X-ray crystallographic data on the dichloride and some other polonium 
halides are presented in Table V. 

C. BROMIDES 
Polonium tetrabromidc is a bright red solid which melts, in bromine 

vapor, at about 330°C (7 ,  75) ,  and boils at 36O0C/2O0 mm (75). It is pre- 
pared by heating polonium metal in bromine vapor a t  200 mm pressure for 
1 hour at 250°C (7,  75) or, more rapidly, in a stream of nitrogen saturated 
with bromine vapor at 200"-25O"C, arid by heating polonium dioxide in 
hydrogen bromide or by evaporating a solution of polonium(IV3 in hydro- 



TABLE V 
X-RAY CRYSTALLOGRAPHIC DATA FOR THE HALIDES 

Compound Symmetry Space group 
Lattice 

constants 
(kX) 

iMolecules/ 
unit cell 

- - - POCl, monoclinic? 
POCl2 orthorhombica - a = 3.66, b = 4.34, c = 4.49 1 
PoBrr fcc O:-Fm3m a = 5.60 1 

(NHd2POCls fcc OL-Fm3m a = 10.33 4 
Cs2PoCL fcc Oi-Fm3m a = 10.59 4 

(xH4)2PoBr6 fcc OL-Fm3m a = 10.82 4 
C6zPOBr6 fcc Oi-Fm3m a = 10.99 4 
CS~POI~ fcc Ol-Fm3m a = 11.77 4 

Calculated 
density hference 
(gm/cc) 

p 
- 

6.50 3 74 
6 

m z 
0 z 

7 
2.76 6 
3.82 126 
3.78 7 r 
4.75  7 
5 . 0  8 

- 

k 

~~~ 

0 The observed cell may be a pseudocell and the symmetry might be monoclinic or trictinic with the cell angle or angles near 90" (6). 
The X-ray data have also been indexed as orthorhombic with a = 4.331, b = 8.944 and c = 7.292; the calculated density, assuming 
4 molecules per unit cell, is then 6.55 gm/cc (74). 
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bromic acid to dryness (7) .  Polonium metal does not react with liquid or 
gaseous bromine in the cold. 

Its solutions in dilute hydrobromic acid are a carmine-red (0.025M 
PoBr4) and in more dilute solution (lop3 M ) ,  orange red. The tetrabromide 
is soluble in ethanol, acetone and some other ketones, and is sparingly 
soluble in liquid bromine. It is hygroscopic and is easily hydrolyzed to a 
white, basic bromide of variable composition. It forms a yellow ammine in 
ammonia gas and this yields polonium dibromide and polonium metal on 
standing, presumably because of radiation decomposition of the ammonia 
and subsequent hydrogen reduction of the tetrabromide (7) .  

Polonium dibromide is a purple-brown solid which sublimes with slight 
decomposition at  1 1O0C/3O and appears to disproportionate on melting 
in nitrogen a t  270"-280°C (7). It is prepared by vacuum thcrrnal degrada- 
tion of the tetrabromide at  200°C and also by reduction of the tetrabromide 
in hydrogen sulfide in the cold. Sulfur dioxide does not reduce the tetra- 
bromide completely, even on heating. Its solutions in hydrobromic acid are 
purple and are obtained in the same way as solutions of the chloride. The 
dibromide is soluble in ketones to give purple solutions which are rapidly 
oxidized to polonium(1V). The solid dibromide is rapidly reduced to the 
metal on heating in ammonia (7) .  

D. IODIDES 
Polonium tetraiodide (8) is a black solid which sublimes in nitrogen a t  

200°C with partial decomposition to  the metal. It is formed from the ele- 
ments a t  4OoC/1 mm, by treating polonium dioxide or hydroxide with 0.1 N 
hydriodic acid, and is precipitated from solutions of polonium(1V) in dilute 
hydrochloric acid on the addition of 0.1 N hydriodic acid. It is also obtained 
as a black sublimate by heating polonium dioxide in hydrogen iodide at 
200°C; a black addition compound (PoOz-xHI) is formed in the cold. 
Polonium metal does not react with iodine dissolved in carbon tetrachloride, 
but with iodine dissolved in benzene it does react to some extent. 

The tetraiodide is slightly soluble in acetone and in ethanol (about 
1 gm Po14/liter) but is insoluble in dilute mineral acids and in ethers, 
aliphatic acids and hydrocarbons. It is slowly hydrolyzed by water and by 
concentrated alkali, the white product presumably being a basic iodide, 
and is decomposed by chlorine, hypochlorite, nitrite, and hot Concentrated 
nitric acid. It does not react with ammonia gas but is reduced to the metal 
on  heating in hydrogen sulfide. Suspensions of the tetraiodide in 0.1 N 
hydriodic acid are unaffected by hydraxilie or sulfur dioxide, even on boil- 
ing, and there is no evidence for a diiodide. 

A study (8) of the solubility of polonium tetraiodide in dilute hydriodic 
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acid shows that the Po16- ion ([HI] < 0.02 N )  arid PoIe- ion ([HI] > 0.02 
N )  are formed, the equilibrium constants for 

POI4 + I- = I’o15- 

and 
Pol4 + 21- ~ PoIe-- 

bcing 6.7 X respectively a t  22°C. The temperature/ 
solubility curve gocs through a minimum a t  30°C and solutions of the 
tetraiodide in dilute hydriodic acid are green a t  0°C and red-brown shove 
20°C; the changes are presumably dne to a change in the hydration of the 
anionic species. 

E. INTERHALOGEN COMPOUNDS 

Polonium dichloride reacts with bromine vapor at room temperature 
to give salmon pink PoC12Br2. Neither polonium dichloride nor the dibro- 
mide reacts with iodine vapor on heating, but both may form uristablc 
iriterhalogen compounds on treatment, with iodiric in carbon tetrachloride 

and 5.9 X 

(7,  a 
F. COMPLEX HALIDES 

Early trace level work (52) with polonium suggested the prcseiice of the 
hexachloropoloiiite (PoC16--) ion in hydrochloric acid solution ; more receirt 
work (9) with weighable amounts of polonium indicates that the equilibrium 
constant for Po4+ + 6C1- PoC16-- is about The molar absorbancy 
index (YO) of the complex ion present in 12.2 M hydrochloric acid is 
1.058 X (418mp). 

Addition of the appropriate cesium halide to solutions of polonium (IV) 
in halogen acid yields a precipitate of the cesium hexahalogenopolonite. 
The chloridc is greenish yellow (6, 126); the rubidium, potassium, ammo- 
nium, and tetramethylammonium salts are more soluble in acid, but can 
be prepared by evaporating solutions of the components (126) or, in the 
case of the ammonium salt, by heating the solid components together (6). 
All are face-centered cubic (Table V) arid are isomorphous with their 
tellurium analogues. The corresponding cesium brornopolonite is dark 
red (7) and the iodide derivative is black (2,  8). 

Solutions of poloriium(1V) in hydrohromic acid deposit a blackish 
brown solid on cooling to - 30°C; this is unstable a t  room temperature and 
appears to be the hydrated acid, I12PoBr6. The ammonium bromopolonite 
is obtained in small yield by heating polonium tetrabromidc in ammonia 
gas a t  100°C; on heating more strongly in a sealed tube, this salt blackens 
and detonates, possibly owing to the formation of an explosive nitride (?). 
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All the cesium complex halides are easily hydrolyzed and decompose 
on heating under vacuum. 

VIII. Polonium Salts of Oxy-acids 

A. POLONIUM RROMATE 
Metallic polonium is not affected by 15% bromic acid, even a t  70”C, 

and polonium dioxide or polonium(1V) hydroxide are only slightly soluble 
(2.5 mg PoOz/liter) in 10% bromic acid. Polonium tetrachloride is con- 
verted to a white solid of unknown composition by 15% bromic acid; this 
could be a basic chloride (12). 

B. POLONIUM CARBONATE 
Long treatment of polonium(1V) hydroxide with water saturated with 

carbon dioxide yields an unstable white solid, apparently a carbonate (12). 
The solubility of “oxidized” polonium-probably the dioxide-in 

aqueous sodium carbonate is about 0.3 mg (of Po210)/liter and does not 
change appreciably with the carbonate concentration. However, the solu- 
bility in aqueous ammonium carbonate increases from 0.089 mg (of Pozio)/ 
liter in 0.25 M solution to 5.2 mg/liter in 0.75 M solution (104, p. 53). 

C. POLONIUM CHROMATES 
Aqueous 1 M chromium trioxide (12)  does not react with metallic 

polonium, but with polonium (IV) hydroxide or tetrachloride yields an 
orange-yellow solid, thought to be Po(Cr0.J 2. This is insoluble in an excess 
of the reagent and is easily hydrolyzed by water or wet acetone to a dark 
brown basic chromate with a composition close to 2Po02-Cr03 (cf., thc 
basic sulfatc and selenate). On long standing in an excess of aqueous 
chromium trioxide, oxidation to polonium(V1) may occur (Section V1,A). 

D. POLONIUM IODATE 
Although polonium hydroxide does not react with 0.2 N iodic acid, the 

white quadripositive iodate, probably PO(IO~)~,  is readily precipitated 
from solutions of polonium(1V) in nitric acid by adding iodic acid in the 
same medium (cf. thorium iodate; the Po4+ and Th4+ ions have almost the 
same ionic radii. However, polonium, unlike thorium, is not precipitated 
from nitric acid solution by periodic acid). Polonium iodate decomposes 
slowly on standing, liberating iodine presumably because of the intense 
alpha bombardment, and decomposition is rapid above 350°C. The salt 
is soluble in 2 N hydrochloric acid; its solubility decreases markedly with 
increasing iodic acid concentration, falling from 9.55 mg (of Po210)/liter in 
0.045 N HIOs/2 N HNO, to 1.72 mg/liter in 0.167 N HI03/2 N HNOs (1%). 
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E. POLONIUM NITRATES 

Treatment of polonium(1V) hydroxide or chloride with dilute (0.1-2 N )  
nitric acid gives white, unstable addition compounds (P00z.x HNO,). 
However, a moderately stable, white crystalline basic nitrate, with the ratio 
NO,; Po = 3 :2, is obtained by allowing polonium(1V) hydroxide or chlo- 
ride to stand under 0.5 N nitric acid for 12 hr. and vacuum-drying the 
product a t  room temperature. This compound is also obtained by treating 
polonium metal with a mixture of oxygen and gaseous nitrogen dioxide or 
by keeping the metal in air for 3 days. I n  the latter instance the oxides of 
nitrogen are formed by the fixation of atmospheric nitrogen by alpha 
bombardment. This basic nitrate decomposes a t  about 100°C: to a yellowish 
white compound in which the ratio NOe-:Po = 1 :2  (cf., tellurium nitrate, 
thought to be 2TeOz.HN03 (98, p. 119). It is also obtained by evaporating 
nitric acid solutions of polonium(1V) to small volume and vacuum drying 
the product. The compound decomposes to polonium dioxide a t  130°C 
and both basic nitrates decompose to the metal by way of the dioxide on 
long standing under a vacuum or in dry nitrogen. These basic nitrates prob- 
ably have a dimeric oxygen-bridge structure (I and 11) 

/ 
NO, 0 0 
\ / \  / 

Po Po 

NO3 
/ \()/ \ 

NOa 
(1) (11) 

derived from the unknown basic nitrate, PoO(N03)Z (16). This would 
accord with the low solubility of polonium dioxide in nitric acid; the 
increased solubility a t  higher acid concentrations is presumably due to 
complex ion formation (lor), the cation exchange behavior of polonium in 
nitric acid media showing a marked increase in the anionic species at, high 
acid roncentrations (16). 

Polonium tetranitrate, with at least one molecule of dinitrogen tetroxide 
of crystallization, is formed as a white crystalline solid by the action of 
liquid dinitrogen tetroxide on polonium dioxide or tetrachloride; polonium 
metal does not react with this reagent or with its solution in ethyl acetate. 
The dinitrogen tetroxide is rapidly lost on standing and the resulting tetra- 
nitrate decomposes to the basic salt (I) in 134-2 hr. under vacuum (16). 

I?. POLONIUM PHOSPHATE 
This is a white, gelatinous solid of composition close to 2P002.H3P04, 

made by thc action of 1 M diammoriium phosphate on solid polonium 
tetrachloride or of 2 M phosphoric acid on polonium hydroxide. It appears 
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to be unaffected by washing with water or aqueous ammonia but is decom- 
posed by 0.1 N potassium hydroxide and by dilute mineral acid (12). I ts  
solubility in 0.5 M phosphoric acid is about 6.7 mg (of Po2l0))/liter, equiva- 
lent to about 3 x 10-6 M solution (104, p. 53). The solubility in ammonium, 
sodium, and potassium phosphate solutions is much lower. 

G. POLONIUM SELENATE 
The white basic selenate, 2PoOs-SeOs, is obtained by treating polo- 

nium(1V) hydroxide or chloride with selenic acid (0.015 N-5.0 N ) ;  the salt 
is yellow above 250°C and is stable to over 400°C. It is rather less soluble 
than the basic sulfate, but the solubility increases a hundredfold in passing 
from 0.05 N to 5 N selenic acid ( lo) ,  indicating complex ion formation. 

H. POLONIUM SULFATES 
The white basic sulfate, 2PoO2.SO3, results when polonium(1V) hydrox- 

ide or chloride is treated with 0.02 N-0.25 iV sulfuric acid. Like the selenate, 
it is yellow above 250°C and decomposes to the dioxide a t  550°C. Solubility 
studies indicate that it is metastable in contact with 0.1 N 4 . 5  N sulfuric 
acid (10). 

The ready formation of basic salts of the form 2PoO2.XO3 (X = S, Se, 
Cr),  and of a phosphate of rather similar composition, suggests that these 
compounds may have oxygen-bridge structures (111), the phosphate (IV) 
being analogous (12). 

0 0 

The white hydrated disulfate P o ( S O ~ ) ~  is obtained in the same way as 
the basic salt, but with more concentrated acid (>0.5 N ) .  The compound 
is less soluble than the basic salt and solubility studies indicate complex 
ion formation when the acid concentration is increased. The deep purple 
anhydrous salt is obtained by heating the hydrate above 100°C or by wash- 
ing it with anhydrous ether. It decomposes to the dioxide at  550°C. 

Suspensions of the disulfate in N-2 N sulfuric acid dissolve on boiling 
with hydroxylamine to give a pink solution, characteristic of polonium(I1) , 
but the disulfate hydrate is reprecipitated on cooling, even in the presence 
of an excess of hydroxylamine ( lo) ,  in accord with earlier trace level 
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observations (53, 60). It should thus be possible to determine the redox 
potential for the system Po4+/Po2+ in sulfuric acid by determining accu- 
rately the temperature a t  which reduction takes place and then obtaining 
the corresponding potential for the reducing agent in a similar, but non- 
radioactive system. 

IX. Other Polonium Compounds 

A. OI~GANIC SALTS 

1. Polonium Acetute 

This salt is a white crystalline solid made by treating poloiiium(1V) 
hydroxide or chloride with dilute acetic acid. Its solubility in thc lattcr 
increased from 0.2 mg (of Po210)/liter in 0.1 N acid to 82.5 mg/liter in 2 N 
acid, indicating complex ion formation. The acetato complex is colorless 
in solution and appears to be more stable than the hexachloro complex (11) .  

2. Polonium Camphorate 

Alcoholic camphorie acid reacts with alkalilie suspensions of tjrace 
polonium giving a product, soluble in benzene or chloroform (122). 

3. Polonium Citrate 

The solubility of polonium dioxide in 1 M citric acid is about 10.2 mg 
(of Po2lU)/liter (104, p. 53). 

4. Polonium Cyanide 

This is a white crystalline solid made by trcatirig poloiiium(1V) hydrox- 
ide or chloride with aqueous hydrocyanic acid. It blackens rapidly on stand- 
ing owing to radiation decomposition. Its solubility iri aqucous potassium 
cyanide is low, increasing from 0.089 mg (of Po"")/liter in 0.05 M solution 
to 1.19 mg/liter in 1.5 M solution, so that cyanidc complex ions may be 
formed (11). 

5. Poloniurn Dieth yldithiocarbama te 

Some tracc level studies (50, 61, 81) of the extraction of this compound 
from weakly alkaline solution have been reported. It a p p ~ a r s  to be soluble 
in chloroform (50, b l ) ,  amyl alcohol and carbon tetrachloride (81). 

Ion exchange and solvent extraction data indicate that the compound 
contains one diethyldithiocarbamate ion attached to each polonium atom. 
I t  sublimes a t  about llO°C (81). 
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6. Polonium Formate 

The treatment of polonium hydroxide with 2 N formic acid yields a 
black solid of uncertain composition and low solubility (11). 

7 .  Polonium Oxalate 

This is a white crystalline solid obtained by treating polonium(1V) 
hydroxide or chloride with aqueous oxalic acid ; solubility studies iridicatc 
complex ion formation (11). 

8. Polonium Tartrate 

Polonium tetrachloride is very soluble in 2 N tartaric acid, giving a 
colorless solution which slowly darkens owing to radiation decomposition. 
Electrolysis leads to deposition of about, 12% of the polonium on the 
cathode and 65% on the anode (11). 

B. ORGANIC COMPLEXES AND ORGANOMETALLIC COMPOUNDS 

1 .  Polonium Acetylacetonate 

Cocrystallizatioii studieb of the distribution of trace polonium in alu- 
minum, scandium and thorium acetylacetonates indicated that the action 
of acetylacetonc on polonium hydroxide might give a mixture of terpositive 
and qiindripositive acetylacetonates. The product sublimed a t  230°C/ 
10 mm and was slightly soluble in water and very soluble in warm chloro- 
form, benzene, ethanol, acetone, and acetylacetone (120, 121). More 
recently (12), work on the solvent extraction of milligram amounts of 
polonium(1V) from hydrochloric acid solution has shown that certain mono- 
and diketones (for instance methylisobutyl ketone, acetylacetone) extract 
the polonium completely from the aqueous phase over a wide range of acid 
concentration. Other ketones (diisopropyl ketone, diphenyl ketone/chloro- 
form), however, extracted little polonium. Evaporation of the acetylacetone 
or methylisobutyl ketone extracts yielded a yellow oil from which a pale 
yellow crystalline solid was obtaiiied 011 recrystallization from 6Oo/8O0 
petroleum ether. Both of these ketones react with solid polonium tetra- 
chloride or tetrabromide with the evolution of 2 moles of halogen acid to 
give yellow (chloro) or orange (bromo) compounds. From these the halogen 
is removed by shaking with aqueous potassium hydroxide, to yield in both 
cases a volatile, purple violet solid which is also obtained by treating 
polonium diehloride or dibromide with the appropriate ketone. At least one 
carbonyl group in these compounds is free to react, for the red 2:4 dinitro- 
phenyl hydrazine derivative is readily produced. This behavior is eom- 
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pletely analogous to that of the tellurium halides, which form cyclic deriva- 
tives with acctylacetone by condensation of the tellurium halide across 
the two terminal methyl groups of the dikctone (101); the halogenated 
product (V) gives (VI) on treatment with alkali 

c1 c1 
/ 

(P0,Te) 
\ 

CHz 
/ \ 

CHz 
I 

(Po,Te) 
/ \ 

CHz KOJI CHz 

(40 do -+ - 
Lo co 
\ /’ \ /  CH2 

CHz 
2,4 dioxo cyclo pentylene 
polonium (tellurium) dichloride 

(V) 

Both polonii m derivatives are chemically very stable, requiring hot 
fuming nitric acid for their decomposition. However, they char rapidly 
under the intcnsc alpha bombardment and attempted analyses with acctyl- 
acetone labeled with carbon-14 in thc 1 and 3 positions were unsuccessful. 
It is interesting that thc corresponding yellow oxide, prepared by trcatirig 
(VI) with aqueous hydrogen peroxide, reverts to (VI) on treatment with 
aqueous alkali (12). 

2. Poloriiurn Dithazonate 

Solvent extraction studies on both the trace (71)  and milligram (13) 
scale indicate the formation of a compound with two molecules of dithizone, 
probably PoODeS (‘71). The compound is red (13) and sublimes a t  about 
120°C in air (82). 

3. Other Complexes 

Trace polonium is extracted from aqueous acetate solution by 8-hy- 
droxyquinoline in chloroform, probably forming a 1 : 1 compound; this 
sublimes a t  14OOC (81). The thionalide complex appears to have 2 molecules 
of ligand to cach polonium atom ; volatile complexes with thiourea, thio- 
scmicarbazide, diphenylrarhazidc, and analogous reagents have also becn 
rcportcd (81). 
4. Organometallic Compounds 

These compounds have only been studied on the trace scale. An ether 
soluble polonium dibenzyl is reported (80, 118) to be formed by the action 
of dimethylphenylbenzyl-ammonium chloride on sodium polonide/telluride 
mixtures in water saturated with hydrogen. The dimethyl was prepared in 
the same way, but with dimethyl sulfate (118) and may also be formed in 
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the decay of lead-210 tetramethyl (10.2). A more recent study (105) of the 
products of the decay of bismuth-210 triphenyl and triphenyl dichloride 
indicates the formation of polonium diphenyl and diphenyl dichloride. 
These were separated by ascending paper chromatography and identified 
by comparison with the positions of the peaks of the corresponding tel- 
lurium compounds. 

X. The Uses of Polonium 

Polonium is used mainly for the production of neutron sources of low 
gamma-emission; for this purpose it is alloyed with elements which have 
isotopes of high a,% cross section, such as beryllium (e.g., 104). These 
sources can be used for neutron activation analysis and for indirect analysis 
such as  the determination of boron in glass; for this last, the neutron 
source is immersed in a water moderator and the absorption of thermal 
ricutroris by the glass is measured by neutron counting (114). Polonium 
sources have also been used for alpha activation analysis of elements which 
cannot easily be determined by neutron activation; for example, submilli- 
gram amounts of fluorine can be determined by counting the sodium-22 
formed by the reaction P1g(cr,n)Na22 (106). The main chemical application 
of polonium is in studies of the effects of alpha radiation on solids or liquids, 
and there is a considerable literature on this subject. 

Polonium has also found some use in industry; alpha particle transmis- 
sion gauges, in which the energy loss of the alpha particle is an index of the 
thickness of the absorbing material, have been used in paper rescarch and 
its use in static eliminators has also been reported. These, however, can be 
very dangerous if the sealing of the radioactive material is inadequate (24, 

One of the earliest reported uses was for the improvement of the cold 
starting properties of internal combustion engines, the polonium bcing 
incorporated into the sparking plug electrode alloy (58), but its effective- 
ness for this purpose has been disputed (40) and a health hazard would 
certainly arise from the burning off of the polonium from the electrode and 
its discharge into the air. 

126). 

XI. Summary 

By analogy with tellurium, polonium should show valencies of +2, +4, 
and +6; although the evidence for polonium(V1) is still rather slight, the 
other states are well established. The acidic character of the sulfur subgroup 
remains evident in a minor way in polonium, as is shown by the formation 
of polonides and the slightly acidic character of polonium(1V) hydroxide 
(polonous acid). This is, however, more basic than its tellurium analogue 
and compounds such as the disulfate and tetranitrate, for which there are 
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no tclluriuin analogues, dcmonstratc the increased metallic character of 
t,he element,. A further difference lies in the stability of the halides, the 
polonium dihalides beiiig far more stable than the corresponding tellurium 
rompounds, which disproportionate readily. 

The basic salts of qiiadrivaleiit polonium, such as the sulfate and sele- 
iiatc, show a marked resemblance to thosc of tellurium and further resem- 
blances appear in the quadrivalent halides, particularly in their complexiiig 
with halide ions in solution, whilc complcxing of poloiiium(1V) with weak 
acids, such as acetic, oxalic and tartaric, seems to he more marked than is 
the case with tellurium. 

In the past 15 years a large number of polonium compounds have beeii 
prepared in visible quantities for the first time and as a result of these 
investigations it has been shown that polonium behaves chemically very 
much as would be expected from it,s position in the Periodic Table, with the 
“inert-pair” effect, likely to be more marked in polonium than in tellurium, 
still little in evidence. 
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