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CHEMICAL PROPERTIES OF CALIFORNIUM
K. Street, Jr.; S. G, Thompson, and G. T. Seaborg
Department of Chemistry and Radiation Laboratory

University of California, Berkeley, California

June 12, 1950

ABSTRACT

‘Some evidence as to the chemical nature of the new element californium
is presented. The chemical separation and identification of the new element
was accomplished through the use of ion exchange adsorption methods employing
the resih Dowex.—50° Californium appears in the eka-dysprosium position on
elution curves containing berkelium and curium as reference poipts—-that“is
it precedes berkelium and curium off the column as dysprosium precedes terbium
and gadolinium. The experiments so far have revealed only the tripositivé
oxidation state of eka-dysprosium character and suggest either that higheri

oxidation states are not stable in aqueous solution or that the rates of oxida-

tion are slow,
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CHEMICAL PROPERTIES OF CALIFORNIUM
K. Street9 dr.; 3, Gu Thompson, and G. T. Seaborg
Department of Chemistry and Radiation Laboratory
University of California, Berkeley, California

June 12, 1950

INTRODUCTION
In the course of thé production and identification of a radiocactive isoctope

of californium (atomic number 98)1 some evidence as to the chemical nature of

(1) s. G, Thompson, K. Street, Jr., A, Ghiorso, and G. T. Seaborg, Phys. Rev,
78, 298 {1950). ,

this transuranium element was obtained. This isctope was prepared by the bombard-
ment of ankz with 35-Mev helium ions in the 60-inch cyclotron of the Crocker
Radiation Laboratory and is believed to have the mass number 244. The crhh nas
a half-1iife of about 45 minutes and decays at least partially by the emission of
alpha=particles of 7.1=Mev energy. | |

It should be pointed out that the first successful identification of the new
'element.depended on the quite accurate prediction of some of its‘nucléar and
chemical properties. The anticipation of the nuclear properties (principally
half-life and radiation characteristics) was necessary in order to design ade-
quate chemical procedures of sufficiently short duration and to use suitable
instruments for the detection of its radiations. The prediction of the nuclear
properties of isotopes of element 98 will be discussed more completely in

another report;z however, it should be mentioned that the isotope expected to be

(2) S. G, Thompson, K. Street, Jr., A. Ghiorsc, and G. Tu Seaborg, Pys. Rev.,to be
published.
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most easily detected in the bombardments contemplated was C£244 with an antici-
pated half-life of from 30 minutes to several hours and emitting alpha-particles
with an energy in the range 7.0 to 7.3 Mev and, it was on this basis that the
chemical procedure was designed.

The necessity for predicting some of the chemical properties arises prinei-
pally because of the large amount of radiocactivity associated with the Cm242
target material. The few micrograms of Cm?42 available for the target emitted
approximately 1010 alpha~-particles per minute. With the yields expected for the
isotopes of element 98 that could be produced by helium-ion bombardment, one
could hope to make only a few hundred disintegrations per minute of the new
element. Thus it is obvious that after bombardment a very substantial chemical
sebaration from the target material had to be made before any attempt to detect
the new element could possibly be successful.

These probiemslare of the same type as those encountefed in the first pro-

duction and isolation of berkelium??h using Am?hLl ag the target material. The

(3) S. G. Thompson, A. Ghiorso, and G. T. Seaborgs; Phys. Rev. 77, 838 (1950);
ibid.;, in press,

(4) S. G, Thompson, B. B. Cunningham;, and G. T. Seaborg; J. Am. Chem. Soc.,
72 (June, 1950), ' :

smaller amount of Cm242 aﬁd its higher specific activity (about 1000 times that
of Amzhl) made the problem of isolation from the target material more difficult.
On the other hand, the additional data furnished by the chemical properties of
berkelium made ﬁhe prediction of the chemical properties of element 98 much more
certain, | |

Since berkelium had taken its place as the eighth member.of the actinide
transition series of elements; there was every reason to believe that element 98

should be an "eka-dysprosium," The fact that the Bk(III) - Bk(IV) couple had
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a potential of ca. =1.6 vqlts made it extremgly likely that element 98 would have
a stable plus three oxidation state in aqueous solution and that higher states
would be attained with difficulty if at allo Thus element 98 should follow the
rare earth elements in its precipitaﬁion chemistry,
The most satisfactory method up to the present of gseparating the heavy

actinide elements from each other consists of selectively eluting them from a

55k

column of cation exchange resin with ammonium citrate solution and hence it

{5) B. B. Cunningham, E. R. Tompkins, and L. B. Asprey, unpublished work
(19477,

was necessary to anticipate the position of elution of element 98. That element

98 should elute ahead of berkelium was cobvious from the behavior of the rare

6

earths” and the preceeding actinides, but it was necessary to make a more

(6) See W, C. Johnson, L, L, Quill; and F. Daniels, Chem. Eng. News 25,
2494 (1947) for references.

quantitative estimate of its position of elution relative %o the other actinides
in order tc devise the most efficient chemical procedure possible. A comparison
of relative rates of elution of therlanthanide triad europium-gadolinium=-terbium
with the actinide triad americium - curium-berkel ium’* had disclosed a remark-
able similarity in the change in ionic size (and consequently rate of elution)
on filling in the A4f and 5f electrons. The break in change of radius that is
encountered after the half=filling of the LT shell and which results in the
large separation of terbium from gadolinium on elution with ammonium citrate
solution occurs again at the half-filling of the 5f shell and results in the
large separation of berkelium from curium. The most obvious difference between
the lanthsnide and actinide elements is the more rapid change in ionic radius

and consequent greater differsnces in rate of elution of the actinides. Thus
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although the relative spacing in the triad americium-curium-berkelium is very
similar to that of europium-gadolinium-terbium, the separation between adjacent
actinides is about 1.2 times that of the analqgous rare earths, Using this
relationship between the actinides and the rare earths one felt quite confident
that the position of elution of element 98 could be predicted quite accurately
from the position of dysprosium in relation to terbium. The t&p half of Fig. 2
shows the relative rates of elution of the rare earth elements europium,
gadolinium,terbium, and dysprosium. This figure was constructed by combining

758

data from several different sources,h’ »9 Using this information it was pre-

(7) J. 0. Rasmussen, unpublished work (1949).
(8) B. H. Ketelle and G. E. Boyd, J.Am.Chem.Soc. 69, 2800 (1947).

(9) G. H. Higgins and X, Street, Jr., J.Am.Chem.Soc. (in press).

dicted that element 98 would be eluted at about 1.4 times the rate of elution of
berkelium, |
EXPERIMENTAL

With these nuclear aﬁd chemical predictions in mind, a bombardmeﬁt was made
in which the chemistry was designéd to allow the detection of long rangé alpha=
particles éf_halfnlifevas short as 20 minutes. The chémical procedure consisted
essentially of dissolving the curium oxide target in 6M HNO3, adding 200 micro-
grams of La*** carrier, énd precipipgting the lanthanum hydroxide with ammonium
hydroxide. Lanthénum hydroxide carries the heavy actinides and many fission
pro'ducts° The hydroxide precipitéﬁe was dissolved in O.5M perchloric acid;
adsorbed on a smﬁll amount éf ammonium form Dowex-50 cation exchange resin, and
placed on top of a column 2 mm. in diameter and 17 cm. long packed‘with the same
resin. The eluting agent was ammonium citrate buffered with citric acid to a pH
of 3.5 (total citrate concentration 0.25M). In order to decrease the time of

separation, the elution was carried out at an elevated temperature of 87°C.. The
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flow rate of the eluting agent wasvhe%d at one d?op (~0.030 cm3) about every two
minutes. In this elution experiment 7°l—Mev alpha-particles were foundvvery
close to the expected position (drop numbers éh ﬁo 28) of elution of element 98,
At this same elufién position there were.approximately 104 alpha-disintegrations
per minute of Cm242 which came from column break throygh of some of the large
amount of activity in the curium elution peak;lupdér £hese conditions a maximum
decontaminatibn factor from curium of about lO6 can be obtained. The high
energy alpha;particles were detected in the presence of the Cm242 alpha~-particles
by means of a hS-channel differential pulse analyzer and decéy ofrthesé alpha=
particles was followed by taking successive pulse ana_lyseso The 7.1-Mev alpha~
pafticleS'deéayed wiﬁh'a half-life of about 45 minutes. This single experiment
probably offers sufficient evidence for the discovery of eleﬁent‘98°- The
possible exception to this conclusion is that the activity could conceivably be
another isotope of berkelium if the position of elution had been miscalcﬁléted,
since the Cm?hz‘breakffhrough prevented the location of the known Bk243 activity
(formed by deuteron contamination in the alpha-particle beam) at its‘expected .
position, o

In order to elimihatemthis]htter possibility, in a later bombardment the

length Qf'thé”éolumn Was_éhorﬁéned to about 15 cm. and instead of attempting to
locate elements 97 ahd 98 imnediately all of the fractions up to and including
approxiﬁately 106 c/m of Cmh2 wérefcombinedu This combined fraction which
should ﬁave éonﬁained_élement 98 and berkélium, as well as part of the curium,
was acidified with_hydfochlorié écid,_readsorbed on a small VOiume of resin,
placed on another column, and eluted again under the same cond_itiohs° The
results of this elution are shown in Fig. 1. Three distinct peaks labeled
cglifornium, berkelium; and curium are evident., Pulse analysis of the activity

in the californium peak showed the 7.l1-Mev alpha-particles and these decayed
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with a 45~min°vhalf—lif'e° The berkelium peak was identified by the 4.6-hr.
half-life of the electron and electromagnetic radiation and the three characteristic
alpha-particle groups3 of Bk243, The first peak is due to beta-particle emitting
fission product yttrium which would not have beep separated up to this point.
This elution demonétrates conclusively that the new alpha-emitter is not an

isotope of berkelium,

ADDITIONAL CHEMICAL EXPERIMENTS
In subsequent bombardments small amounts (ca. 50 c¢/m) of the new élﬁha—
emitter were isolated and further tracer chemical experiments performed in order
to characterize somewhat more cloéely its chemical properties. It is interesting

to note that the amount of californium (gg, 50 c¢/m) which it has been pdésible

to produce for these‘experiments correspdnds to only a few thousand atoms of the
element., In these experiments the activity was first separated‘by.carryihgvonA
1anthéﬁum fluorideiaﬁd lanthanum hy&roxidé and by the use of ion exéhaﬁgé columns ‘
as deséribed abo&e;. Béc;ﬁsé of tﬁe small aﬁounﬁ of activity prodgéed‘and thé éhort
halfclife.only‘a few chemical experiments could be performed after.each_boﬁbardmento
The results‘éf thésé.tfacer experiments are given below. In all caseé ﬁhe course
of the'caiifofnium,in the,éxﬁerimehts was followed by perférming pﬁlée‘analyses
for the.7,i+Mev.alpha;p;rticle,‘ | | | o

A smallﬁambunt of ﬂﬁe californium tracer (with 104 alpha c¢/m Cm2h2) wasv
placéd bn'a cation exchange column packed with hydrogén form Dowex-50 reéin and
eluted'with lBM'hydfochlorié acid solution. The californium was eluted at

essentially the same position as the curium as are the other heavy actinidesiOs4

(10) K. Street, Jr. and G. T, Seaborg, J.Am.Chem.Soc. 72 (July, 1950),

americium and berkelium, and well ahead of the rare earth elements.

Several attempﬁs were made to oxidize Cf(III) to a higher oxidation state.
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Carrying with zirconium phosphate was used as a test for oxidation to the C£(IV).
state and lack of carrying on lanthanum fluoride as a test for Cf(VI) on the
basis éf analogy with the behavior of other actinide eléments in tracer experiments.

‘Experiments performed after oxidation with 0.2M ammonium persulfate for 10
min. at 70°C. in a solution lg in nitric acid and 0.2M in sulfate showed less than
.10% carrying on zircdnium phosphate and greater than 80% carr&ing on lanthanum
fiuoride precipitated by adding La*** and making the supernatant 1M in_hydrofluoric
acid, |

Similar'expériments after oxidation with sodium bismuthate forv5.min° at 60°
C. in 5M nitric acid also showed less than 10% carrying on 21rcon1um phosphate
and greater than 80% carrylng on lanthanum fluoride from the supernatant made 3M
- in hydrochloric ac1d .

Although the uncertainties in the tracer experlments are largely due to the
small amount of callfornlum avallable, it can be concluded that the ox1datlon of
CF(III) to the'(IV) or,(VI) states in aqueous solution even with these,strong ;
oxidizing agents is not p0551ble or that the ox1dat10n is slow°

o  DISGUSSION

The chemlcal propertles of callfornlum all indicate that it flts 1n well as
the.nlnth actlnlde elem.ent° Perhaps ‘the best evidence for this is a comparlson
of the relatlve rates of elutlon w1th ammonium citrate of the actinide elements
cal1forn1umrberkellum-curlummamerlclum and thelr rare -earth homologues
dyspro51umpterbiumegadol1n1umseurop1um - To facilitate thls comparison’ the
elution data for the rare earths and actlnldes are piotted together in Fig. 2.
Here the ordlnates are normalized to show equal amounts of activity. The relative
spacing forfcaliforniumg berkelium, curium; and americium were taken from Fig. 1
and from an elution experiment in whigh berkelium, curium, and americium were

resent., The curves for the rare earths were taken from the previously mentioned

sources,
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A remarkable analogy between these two groups of elements is apparent, indi-
cating that the same sequence of changes in ionic radius are encountered on
filling in the. 5f electrons-es oceur on filling the 4f shell. It seems quite
clear that curium.represents bhe midway point in the actinide transition series
of elements in”vien of its bositionvanalogons to gadolinium. The most obvious
difference.between the'two-groups is the larger magnibude-of bhe contraetion
found in the.actinides.j.Thab this should be bhe case iS~Quite*reasonable when
one con31ders that the more loosely bound Sf electrons of the actlnldes would
certainly be less effectlve as shleldlng electrons° . .“ki o “eiif‘%
The experiments with respeeb to oxidation of californium abdve‘bne:(IIIy
state are incompiete and further work is necessary in order to establish*whether
" such states ean:eXisb‘in.adueous solntion° The dlfflculty of ox1d1z1ng berkellum
to the (IV)*stateA 1ndlcates that such hlgher ox1dat10n states may not be exnected
However, as the second element beyond the mldp01nt of thls tran51tlon serles, the
pos51b111ty of ox1datlon to a (V) state (Cng ) must be borne in mlnd, partlcularly
in view. of the great stab111z1ng 1nfluence of the two oxygen atoms found in these
elements for the M02 (and M02 ) type of ions. R ‘1 |
It is a pleasure to acknowledge the help and advice of A Ghlorso, G H
ngglns, and E K Hulet ThlS work was performed under the auspices of the
U.S.. Atomlc Energy Comm1351on° o |
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Fig., 1
Elution of combined curium, berkelium, and californiﬁm fraction‘
with ammonium citrate, Solid curv§'indicates alpha-particle
~ counts per minute; dashed curve, Auger and conversion electrons _

end bete-particles (and alpha-particles),
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Fig. 2
Comparison of the rates of elution of californium, berkelium,
‘curium, -and meﬁcim with their homologues dysprosium, vterbiﬁm,
gadolinium, and europium, One free column volume has been

subtracted,
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