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THE TRANSURANIUM ELEMENTS; PRESENT STATUS
Nobel Lecture, December 12, 1951.
By Glenn T. Seaborg.

Mina Damer och Herrar:

Jag Yr inte van vid kemiska ord p8 Svenska, och det &r f8r att mina

frildrar aldrig talade kemi i hemmet, Jag skulle girna 4nd2 velat hilla

hela denna f8reldsning p8 Svenska. ' Men--om jag talade Svenska s8 skulle
mina vinner McMillan och Lawrence inte £8rst8 mer &n h¥lften av vad jag
sfger. Jag ska dirf8r tala engelska, och jag vet att ni alla f8rstfr det
spriket mycket bra. .

- As I continue, speaking in English, I want to assure my Briiish_and
American cblleagues here, Sir John Cbckeroft and Professors Waltony
Lawrence, énd McMillan? thatfthey'haven°t missed anything yet. i;ﬁant
tq begin by saying that I am fortunate in being a member of a Chemistry
Department which has a long standing tradition of great breadth of re~
search interests, leading to an early program in nuclear chemistry under
the active leadership of men like G. N. Lewis and W. M. Latimer. The
work.on the transuranium elements thch I am about to describe was made
possible by this circumstance and because of the unusual and excellent
spirit of cooperation which exists at the Radiation Labofatory, under
the direction of Prqfesspr E. 0. Lawrence, where the cyclotron bombard-
ments so crucial to the final results were made, I shall try in the course
of my lecture tq point out»the contributions to this work of my many col-
leagues but unfortunately it will not be possible to do this adequately
in the time available.

Beginning at essentially the point where Professor McMillag left
off in hié'lecture,‘I shall first deseribe our work on pluﬁoniumo The
beginning:of;this can,be consideted to havg_taken place in the fall of

1940 when I asked a graduate studeht, Arthur C. Wahl; to consider‘the

D
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possibility of studying the tracer chemical properties of element 93 as
a thesis problem, a suggestion which he was happy-%b accept. This, and
related work on element 94, was carried on in collaboration with Dr.
Joseph W. Kennedy who, like myself, was at that time an instructor in
the Department of Chemistry at the University of California. After
Dr, McMillan's departure from Berkeley in November, 1940, and his gra-
cious assent to our continuation of the search for, and possible identi-
figation of element 944 our group turned its major efforts to this pro-
blem, |

& bombardment of uranium oxide with the 16 Mev deuterons from the
60~inch- cyclotron was performed ih December, 1940. Alpha radioactivity
was found to grow into the chemically separated element 93 fraction, and
this alpha activity was chemically separated from the neighboring ele-
ments, especially elements 90 to 93 inclusive, in experiments performed
during the following months. These experiments, which constituted the
positive identification (192) of element 94, showed that this element
has at least two oxidation states, distinguishable by their precipita-
tion chemistry, and that it requires stronger oxidizing agents to oxi=
dize element 94 to the upper state than is the case for element 93. The
particular isotope identified has been shown to be of mass number 238
and the reactions for its preparation are shown in the first slide
(Figure 1).

92U238 + 1H2———-————> 93Np238 + 2n

93Np238 2 lﬁ;ays > 94PuR38(90 years;.a)

Figure 1
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The chemical properties of elements 93 and 94 were studied by the
tracer method at the University of California for the next year and a
half. These first two transuranium elements were £eferred to by our
group simply as "element 93" and "element 94" until the spring of 1942,
at which time the first detailed reports concerning these elements were
written (3, 4, 5). In order to write the report (4) on the chemical
properties, it became necessafy to have chemical symbols for the two
elements, It was remembered that McMillan had suggested the name "nep-
tunium® (symbol Np) for element 93 after Neptune, the planet immediately
beybnd Uranus, which gives its ﬁame to uranium, and, therefore, it was
thought proper that element 94‘should assume the name "plutonium¥
(symbol Pu) after tﬁe next planet Pluto, These names and symbols have
been adopted officially by the International Union of Chemistry and
will be used here;v

vThe isotope of plutonium which is of major importance is the_one
with mass number 239. The search for this isotope, as a decay,produqf
of Np239, was going on almost simultaneously, and these experiments were
being carried on by the same group with the added collaboration of Dr, E.
Ségré; Tﬁe;isotope Pu?39 was identified and ité possibilities. as a
nuclear energy source were established during the spring of 1941 (6)
using a'sample prepared by ﬁhe decay of cyclotron produced NpR39 and
later purified by taking advantage of the then knowq chenigtry of pluton-
iom, ‘

Once the value of the isotope PuR3? was thus established, the para-
mount problem ﬁas that of producing it on a large scale and isolating it

after production. The production problem was solved through the
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develgpment of the chain reacting units, or piles, utilizing the neutron
induced fission reaction on ﬁ235 in natﬁral uranium, iﬁ which the extra
neutrons beyond those needed to perpetuate the chain reaction are ab-
gorbed by 1238 to f§rm the desired isotope Pue39, These wellmknowﬁ reac-

tions are summarized in the following slide (Figufe 2).

v232 + n > fission products + energy + neutrons
238 39 £ 239 239
U + n > 92U2 3.5 minutes > 93Np 755 days > 94P‘Ul

Figure 2

The isolation of the plutonium was to be done by chemical means,
and in the spring of 1942, I and a number of my colleagues moved to the
Metallufgical Laboratory at the University of Chicago to work on this
problem., Among the people who made outstanding contriﬁutions to this
separation program, both at Chicago and at other sites, was Dr. I. Perl-
man, who, it is interésting to note, before this time had made an ouﬁ~
standing reputatioﬁ in another field, the application of radioactive
tracers to physiology and biochemistry, Investigations continuéd at the
University of California under the direction of W, M, Latimer and A, C,
ﬁahl, leading to further discoveries of importance to the program.

During the first months at the Metallurgical Laboratory intensive
effort was directed toward defining the process which was to be used in
the production plants which were then being planned. A4lthough it was
felt that the separation process would depend on the use of the two oxi-
dation states of plutonium which had been discovered during the early

work at the University of California, the actual details, such as the
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best carrier compounds and best oxidizing and reducing agents, had not

yet been discovered. Dr. S. G. Thompson is largely respbnsiblé‘for the

* conception and»early development. of the process which was finally chb—

sen, I cannot, of course, give recognition individuaily to the large
group of scientists who participated so successfully in.the diverse
phaées of this over;all problem, Iﬁ addition, although this lecture

is concerned primarily with the basic chemistry and physics of the tréns-

uranium elements, mention should be made of the outstanding contribution .

~of the chemists and engineers of the du Pont Company in the adaptation

of the plutonium process for industrial operation and in'thevplant de-
sign, construction and operation.

The laboratory investigations were conducted on the tracer scale,

and it soon became apparent that tests would be necessary under condi-

tions where the plutonium concentration would be the same as that anti-
cipated in the production plant. This proVéd'a great difficulty since
no one had actually seen any plutonium up to this timé, and the deéign
of the sepa:ation plants had to begin immediately so that the construc-
tion of these plants could take place at the samé time as the construc-
tion of the chain reacting units, This problem was solved by prddﬁcihg‘
an actuél weighable amount of plutonium by bombarding large amounts of
uranium with neutrons from the cyclotron, the first.time a weighable
amount of any transmutation product had been produced with a paftiéle
acceleration machine, and by working with this material in sucﬁ extremely
sﬁall volumes that ordinary concentrations would prevail. The field
which embraces the study of chemical material on this,‘the microgram

scale of operation, has been given the name of "™ultramicrochemistry"
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by P. L. Kirk, a‘pioneer investigator in the field of quantitative chem~
istry on. the microgram scale.

This work was carried on chiefly by Dr. B. B. Cunninghamﬂanﬁ L, B.
Werner, who had previously been working in the biochemical field, and the
next slide (Figufe.B) shows a photograph of the room at the Metallurgical -
Laboratory where they worked. The small amount of space in which they
worked, apparent from the photograph, is all the more remarkable when one

 ¢onsiders that Wérner is a man yho is ﬁore than two meters tall. The
first pure chemical compound (7) of plutonium free from carrier material
and all other foreign matter was prepared by Cunningham and Werner on
Auggst.l8, 1942, and the first weighing of such a compound occurred on
Septembér 10, 1942 when 2,77 micrograms of the oxide was weighed, A pic-
ture of this oxide is shown on the following slide (Figure 4). -Not only
was 1t possible to test the separation processes at the actual concentra-
tions which were going to be used in. the plant, tests which were of ines-
.timable importance, but a great number of pure chemical compéunds of plu=
tonium were produqed and its chemical properties were well studied by a
‘number of investigators working on the ultramicrochemical scale. Théﬁ
next slide shows an eérly photograph of a compound of plutonium'(Figufé 5)e
Since. plutonium has becqme_gvailable on a production scale from thelchaih
reacting units_the chemical properties have been thoroughly investigated |
until ﬁhey are as well-known as those of numerous elements that have‘ﬁeen
studied for a great many years. A contribution of importance was made by
W. H. Zachariasen of thé University of Chicago, who was able to use his
ékray techniéue to identify or helb identify a number of the compoundé

which were synthesized, and in many cases, thus to identify their structure.
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Fig, 3

First laboratory for the study of pure
plutonium, Metallurgical Iaboratory,
Chicago, 1942,



Fig. 1&

This highly magnified plutonium compound is
the first to be weighed by man and is here
shown on a platinum shovel held by forceps.

Magnified 20-fold. (Photograph courtesy of
Life Magazine.)

(CRI~1724
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Fig. 5

Twenty micrograms of pure plutonium hydroxide in
capillary tube (magnified about 15-fold) isolated
in September, 1942, The plutonium is the cloud-
like mass at the bottom of the capillary "test
tube" o
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Before proceeding with a discussion of the other transuranium ele-
ments, I should like to say a few more words about neptunium, Anoﬁher
isotope, Np237, was discovered early in 1942 in collaboration with
Wahl (8). This isotope is the decay product of the previously (9,,1Q)l
known approximately 7-day beta particle eﬁitting 0?37 which is formed as
the result of an n,2n reaction on 1?38, The reactions for its production

are shown in the next slide (Figure 6).

1238 o w37 4o

92U237 m?:—-> 93Np237(2.20 X méyearﬁh ‘I)
o ays e i

Figure 6

This isotope is of particular importance because it has a very long
half-life and because it is available in weighable amounts, The first
pure neptunium in the form of compounds of the isotope Np237 was isola-
ted by L. B. Magnusson and T, J. LaChapelle (11) at the wartime Metallur-
gical Laboratory in October, 1944, and a picture is shown in the follow=
ing slide (Figure 7). It is fortunately produced as a by-product in the
chain reacting piles which has led to the isolation of gram amounts for
research purposes. The chemical properties of neptunium in the macro-
scopic state have been studied with such material, and this has . led to
a thorough knowledge of the chemistry of this element.

After the completion of the most essential part of the investiga—
tions concerned with the chemical processes involved in the produétion
of plutonium at the wartime Metallurgical Laboratory, our attention
turned to the problem of synthesizing and identifying the next trans-

uranium elements. As collaborators in this endeavor, I turned to
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Figo 7

Ten micrograms of pure neptunium oxide at bottom
of capillary tube (magnification about 20-fold)
isolated in 1944. Above the sample is a U.S. ten—
cent piece (dime) and below is a millimeter scale,
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Albert Ghiorso, trained in electrical engineering,.who played a dominant
role in the development of the electronic instruments which were used in
our radioactivity investigations, and to two young chemists, R. A. James
and L, O, Morgan, who had been especially proficient in the investiga-
tions. involving the chemistry of the transuranium eleﬁénts. These in-
vestigations, supplemented by later work at the University of California,
served as the thesis material for James and Morgan in connection with
the graduate work which they urd ertook at the University a couple of
years later,

There followed quite a period during which the attempts to synthe-
size and identify elements 95 and 96 bore no fruit. These unsuccessful
experiments were based on the premise that these elements should be
much like plutonium in that it should be possible to oxidize them to the
(VI) oxidation state and utilize this in the chemical isolation proce-
dures. It was not until the middle of the summer of 1944, upon the
first recognition that these elements were part of an actinide transition
gseries, about which I will say more later, that any advance was made, and
then progress came dquickly.

As soon as it was recognized that these elements should be oxidized
above the (III) state only with extreme difficulty, if at all, the iden-
tification of an isotope of element 96 followed immediately. Thus the
isotope CmR42 was identified (12) in the summer of 1944 as a resu1t<ofA
the bombardment of Pu239 with 32 Mev helium ions in the Berkedey 60-in¢h,
cyclotron. The reaction involved was Pu239(a,n)0m242, and the bombardment
took place in the Berkeley 60-inch cyclotron after which the material

was shipped to the Metallurgical Laboratory for chemical identification.
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I should like to digress for a moment here to point out that our research
program owes much to the efforts of Dr, J. G. Hamilton, T, M, Putnam, Jr.,
G. B. Rossi, and their collaborators who have operated the 60-inch cyclo-
tron and made the bombardments which led to the discoveries of elements
96, and elements 97 and 98 to be mentioned later. In fact, I should
like to pause further and recall at this time that five of the six pre-
sently known transuranium elements were first identified as a result of
their initial production through the use of the Berkeley 60-inch cyclo-
tron.

The identification (13, 14) of element 95 followed soon thereafter.
This came in the very late fall of 1944 as a result of the bombardment
of Pu?39 with pile neutrons, the production reactions being as shown in

the following slide (Figure 8).

PR3% + n s Pu?AO + Y

Pu240 < O (p— Pu241 + Y

94Pu241(14 years) Fos 95Am241(475 years, a)

Figure 8

242

At the same time the isotope Cm is formed as shown in-the following

slide (Figure 9), and this is presently the best method for its production.
Al 4 n J

16 hours upper state) §~ 5
95Am242 ElOO years lower state) — 960m24 (16% days, a)

Figure 9



] B UCRL~1724

There are a couple of comments which should be made here concerning
the rare earthlike properties of these two elements. Our hypothesis that
they should have a stable (III) oxidation state and greatly resemble the
rare earth elements in their chemical properties proved to be so true
that for a time it appeared to be most unfortinate. The better part of
a year was spent in trying to separate chemically the two elements from
each other and from the rare earth elements but without success, and al-
though we felt entirely confident, on the basis of their radiocactive
properties and the methods of production, that isotopes of elements 95
and 96 had been produced, the chemical proof remained to be demonstrated.
The elements remained unnamed during this period of futile attempts at
separation, although one of our group insisted on referring to them by
the names "pandemonium" and "delirium"™ in recognition of our difficul-
ties. However, they were finally separated and completely identified
chemically, and, in fact, their present names were eventually proposed
on the basis of their chemical properties but with a more serious basis.
The name "americium" (symbol Am) was suggested for eleﬁent 95, thus
naming it after the Americas by analogy with the naming of its rare earth
homologue europium after Europe, and the name "curium" (symbol Cm) was
suggested for element 96 after Pierre and Marie Curie by analogy with the
naming of its homologue gadolinium after Gadolin, These names and symbols
will be used here and were used in the preceding slides.

Americium was first isolated by Cunningham (15) in the form of a pure
compound in the fall of 1945 at the wartime Metallurgical Laboratory, and
a photograph is shown on the next slide (Figure 10). It can be prepared

in milligram amounts by the neutron bombardment of plutonium according to
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First americium compound in bottom of tube (center).

Isolated in the fall of 1945. Eye of sewing needle
below indicates magnification of 15-fold.
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reactions shown on a foregoing slide (Figure 8), and thus it has been
possible to investigate its chemical properties extensively through the
use of macroscopic quantities,

Curium was first isolated in the form of a pure compound of Cm242.
by L. B. Werner and I. Perlman (16) at the University of California
during the fall of 1947. A photograph is shown in the following slide
(Figure 11). The isotope Cm?42 is so highly radioactive, due to its
short half-life, that chemical investigations with it in macroscopic
concentrations are very difficult., Nevertheless a large number of such
investigations have been carried on and mﬁch has been learned about its
chemical properties.,

More recent work has led to the identification of a number of heav-
ler isotopes of americium, curium, and plutonium which present interest—
ing possibilities for the further nuclear and chemical investigation of
these elements. The nuclide An?420 formed by the neutron bombardment
(12, 13, 17) oF A4l decays partially by electron capture (18) to the iso-
tope of plutonium, Pu242o The latter nuclide (19) is an alpha emitter with
the comparatively long half-life of 5 x 105 years and, therefore, may be
important in future investigations of the chemical properties of plutogium
since it has a specific activity some twenty times lower than that of PuR39,
This material can be transmuted by neutron bombardment (20, 21) to the com-
paratively long lived Am.243 (about 104 years) and, therefore, following
chemical, separation this latter isotope can be made available comparatively
free of other isotopes of americium. Similarly, such AnR43 can be
transmuted by neutron bombardment (22, 23) to the comparatively long

lived Cmib4h (about 10 years) wvhich can thus be made available in a
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Fig. 11

Photograph of curium hydroxide in bottom of micro-
centrifuge cone, Magnified 5-fold,
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- comparatively pure. state following chemical separation, These reactions

. are.summarized on the following slide (Figure 12),

| 95Am?42m EC 4PU242(~5 x 105 years, a)
PuR4? + n —— Pu243 + Y
4PU243 __Bif;;_ 95Am243(~104 years, a)

5 hours

Am243+n-__>Am2‘44+‘Y

95Am244_ 5 i o 960m244(~10 years, a)
~25 minutes

Thus the isotope‘Am243, with a spegific activity some twenty times lower
than that of Am241, may supplant Am?él foy use iq the chemical studies
_;qf the future; it is got,yet known wheﬁher Am.z43 is beta stable, but if
it.is‘not, its partial half-life_forvbeta emission appears to be longer
than 104 years so that thesé considerations would not be altered,  Due
to the difficuities in studying the chemical properties of curium throﬁgh
the use of thé isétope Cm242' the iéétope.Cm244 with twenty times lower
speclflc activity produced as just 1ndlcated offers great hope for the
81mp11flcatlon of future chemical studles of curiunm,
After the return at the conclus1on of the war of a number of us to

. the University of California late in 192,’5 and early 1946, a part of the
effort waé puf‘into the,problem-of'the'stsible production and idgntifi—
. .cation of further transuranium elements. S, G. Thompson, who’had done

-+ so much in connection with the development of -the separdtion proéésseS‘

"for plutonium during the war, undertook t6 collaborate on the search for
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- element 97 as the basis for his thesis research problem, and the further
collaboration of Albert Ghiorso was also sought. Many problems had to
be solved, mostly in connection with the small amounts of material avail-
able for irradiatioﬁ and the_intense radioactivify_of this material. To
help counterbalance the many diffiéulties were the advances which had
been made in the possibility éf pfedicting the radicactive properties of
the expected isotopes and especially the exact predictions of the chemi~
cal properties made possible on the basis 6f the actinide concept.
According to this view, the elution positions of the transcurium elemeﬁts
should be analogous to those of the transgadolinium elements in the jon
exchange column separation method. This knowledge proved of inestima=-
ble benefit'in'planning the ultimately successful experiments. Two
approachés to the problem were undertakeh: namely; that of neutron irradi~
ation in the chain reacting piles and that of charged particle bombardment
in the 60-inch cyclotron. The difficulties attendiﬁg the neutron irradia-

tion are illustrated in thé following slide (Figure 13).

Cm?44(n?Y)Cm245(n,Y).,....Gm249
960?47 > oBIAT
Bk249 (n, Y)BKR50

o7BIR50 F 908250

Figure 13

The prediction that curium must have a mass number as high as 249 before
a negative beta particle emitter is reached is based on considerations

. imvolving the nuclear energy surface and the systematics of radioactivity
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. which cannot be described here because of the lack of time. Théég_consim
derations are, of course, not exact and it is quite possible that negative
beta particle emission will be reached as early as."Cm.247° The conside;a«
tions are negated if there should exist a pronounced closed subshell at
148 neutrons in which casé the isotopes of curium above CmR44 might:be
quite short lived. |

Whatever the reason for it‘may be, the neutron irradiations did not
yield pQSitive results, and,‘therefore, I ﬁill go on to describe the
cyclotron irradiations by which it was finally possiblebin December, 1949
to identify (24) an isotope of the element with stomic number 97 as a
result of the irradiation of Am?4l with 35 Mev helium ions., This was
followed within a month by the identification (25) of an isotope of
element 98 through the irradiation of Cm?4® with 35 Mev helium ions, in
a research carried on by the same investigators with the addition of a
young colleague, K. Street, Jr. who had already éontributed very much to
our knowledge of the chemical properties of the transuranium elements,
The first identification experiment in the case of element 98 involved
the production and separation of only a few thousand atoms, The reactions

involved are summarized in the following slide (Figure 1),

95Am241 + 2He4 ——> 97Bk243 + 2n
(4.6 hours, K/a ¥ 103)

> %Cf?ﬂ» ’ + 2n

960m*42 + oHeh

(45 minutes, a)

Figure 14
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It should be mentioned that the successful handling in a safe manner of
the huge amounts of radiocactivity in the targét material was made possi-
ble tprough'the use of thevexcellent protective equipment provided by
Nelson Garden and the members of his Health Chemistry Group at our Labora-
tory.

‘The name "berkelium" (symbol Bk) was suggested for element 97 after
t@e city where the work was done, in analogy with the naming of its -
chemical homologue terbium, which was named after the town of Ytterby
here -in Sweden where the rare earth minerals were found. The name
"californium® (symbol Cf) was suggested for element 98 in honor of the
University and State where the wrk was done; thus the name does not
reflect its strong homology to dysprosium. These names are used in the
- present talk including the various slides.

Soqn following this work, it became possible on the basis of the
interesting pioneer carbon ion bombardment experiments of Miller, Hamilton,
Putnam, Hajmond, and Rossi (26) in the 60-inch cyclotron to produce iso=
topes of californium in better yield by this method., These experiments,
in which uranium is bombarded with carbon ions, led to the production (27)
of californium isotopes according to the reactions given in the following

slide (Figure 15),

(45 minutes, a)
92U238 + 6012 > 980f2‘4'6 . 4 4n
(36 hours, a

Figure 15
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There are, of course, many more transuranium nuclides knowvn that I
have not been able to describe in the time available., For the sake of
completeness these are summarized in the following slide (Figure 16).

It should be emphasized that these nuclides are the product of the
investigations of a number of iaboratory groups besides our own, I
should like to mention especially the work of W. M. Manning, M. H. Studier
and co-workers of the Argonne National Laboratory in Chicago, Illinois,
as‘weil as the work of the United States'Atomic Energy Commission's Los
Alamos Laberatpry, and the Chalk River Laboratory of the Canadian
National Research Council. I feel that I should especially single out
the contributions of my colleague Albert Ghiorso whose name, as you may
heve noticed, has come up tinme aftef time as I have gone through my des-
¢ription here of the work on the transuranium elements. Ghiorso has been
a key man throughout and is one of those individuals without whom a
laboretory such as ours simply'could not run.

I suppose that I should say a few words with respect to the possibil-
ity for future production and identification of .additional transuranium
elements, especially in view of the possibility of their production by.
heavy ion bombardment of transuranium elements., 4s an aid to such a pro-
gram the radioactive properties can be estimated, as I have already'indi-
cated, on the assumption of a smooth nuclear energy surface and the eys—
‘tematics of radioactivity. Again, I must emphasize that such considera-
tions are negated in the event that a stable subshell of 148 neutrons
should be found to exist, and this must be regarded as a definite possi-
bility. It is interesting to note that our considerations on the systema-

tics. .of spontaneous fission (28) indicate that this method of decay will



-2 4—

UCRL~1724
231 232 233 234 235 236 237 238 239 240 24 242 243 244 M5 246
' a5m ®7h

9% EC, o o fo

- 46h |~46h |a95d ok
g7tk ECa | EC |EC,a 7

~2.5h 268d |35d [16250 | ~i00y | ~OY
9d™ a a EGC, a [-] a a ogCm
~i2h |~i2h [~50h [l475y hen ooy ~10% [~25m
952" Ec leca |EC | o fif L 8 coad
o 36 m 90h |[26m le7y [a0d |90y jpaucty[econy|iay Jsxicy| son
EC,a EC,a |[EC,a a EC a a a Bia a B 94Pu

~50m | 13m |3sm [440d |410¢ [22n [e2oudi] 210 d |2334
@"(ec,a | e |eca |EC |ma [Ec,p-| @« [ 8- | 8- b3

42d | oy [heexicty||26730% [rommidh || 2x1dy | 6.634d [ asxicy}225m v
ooV |EC, a a a a a, a B- a B- JQZ

ozix 9.28%
231 232 233 234 235 236 237 238 239 240 24l 242 243 244 245 246
MASS  NUMBER
TRANSURANIUM  NUGLIDES
Fig. 16

Summary of transuranium nuclides.,



=25~ UCRL~172/

pot compete seriously with radioactive decay until the region just be-
yond element 100. The following slide (Figure 17) shows a number of

predicted half-lives for radioactive decay.

Predicted Half-Lives

Bk?49' a years
CfFR52 Sa years
99249 ' EC,a minutes
99253 a months
100250 EC,a minutes
100752 a hours
100R54 a days
101257 EC,a minutes
102258 a - minutes
Figure 17

These considerations illustrate cleafly that one of the problems is

that of concelving means for producing nuclides of sufficiently high
mass numbers with half-lives long enough for chemical identification.
Thus, the serious problem is again the paucity éf starting materials.

A hopeful aspect to the problem of the production and the identifi-
‘“cation of transcalifornium elements is the feeling that the chemical pro-
- perties can be predicted with confidence, Thus it is.expecfed that the
.(III) oxidation state will predominate for the next few elements., Of
especial importance in plénning experiments ig the confidenc;:that_the

elution sequence will continue to follow that of the analogous rare earths
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as will be described in a few minutes. -

Unfortunately, therevis_not~sufficient time to say as much as I
-wpuld like about the interesting chemical properties of the transuranium
group of elements., 4s I have already mentioned, the chemical evidence
indicates that it is thé'tripoéifive~oiidation state which is importént
here and points'to a beginning with actiﬁium of an Mactinide™ transition
series in the same sense that the rare'éarth "lanthanide" series begins
with lanthanun (29, 30). There is, ho&évef9 the important difference
that the first elements in the heavy series exhibit the property of
oxidation to higher states with much éreater ease than is the case for
the corresponding elements in the rare earth series. The ﬁost important
criterion for this classification is the pfobable presence of seven 5f
electrons (analogous to the stable gadolinium structure) in tripositive
curium (element 96) rather than the presence of the first 5f electron in
thqriﬁmo In fact, there might not be any such electrons in thorium with,
for example, their first appearance in protactinium (two 5f electrons)
or in uranium (three 5f el_ectrons)_° An important aspect of,these congis~
dgrationé is the fact that the 5f and 6d shells of the elements in this
hgaviest regiﬁn lie so'ciose together that the energy necessary for the
shift from one shell to the other is in some cases within the range of
chémical binding energies.

The earliest element in this series which clearly exhibits the char-
acteristic oxidation state of (III) is uranium, the ‘third element in the
series, In going up fhe series from uranium, each of the successive ele-
ments exhibits a_mére stable (III) oxidation state than the preceding

element., When the elements americium (atomic number 95) and curium
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(atomic number 96) are reached, the (III) state is the predominant one,
and, in fact, seems to be the only state of these latter elements which
is thepmodynamically stable in acidic aqueous solution. In the cases of
berkelium (atomic number 97) and californium (atomic number 98) only
tr;cer experiments ‘have been done and, therefore, the information is
less certain. These experiments show that berkeliﬁm exhibits stable
(III) and (IV) oxidation states (31) and indicate that californium exists
solely in the (III) state (32), which behavior is in entire conformity
with their expected analogy with their rare earth homologues, terbium
ana dysprosium, respectively,

Perhaps the most striking chemical evidence as to the course taken
in the filling of the 5f electron shell in this region is that offered
by the work on the separation of the tripositi&e actinides and lanthan-
ides by the ion exchange column method, The use of a cation exchange
resin with an eluting agent such as ammonium citrate solution, as devel=
oped on the Plutonium Project (33), has led to a satisfactory solution
of the difficult problem of separating in pure form the rare earth ele-
ments from each other. The tripositive actinide elements are equally
difficult to separate from each other and from the rare earths because
of their great similarity to the latter. However, the analogy in behaviof
of the actinide and lanthanide elements here is much greater than re-
sults from a similarity in the difficulty of separation, as can be seen
from the following slide (Figure 18). The simplicity of the apparatus
used is illustrated in the next slide (Figure 19).

4 remarkable analogy in the spacing caﬁ be seen betwéen the group

californium-berkelium~curium~americium and their rare earth homologues



-28- UCRL-1724

—
B Er Ho Dy Tb Gd Eu
L_
- L
4 l—
2
e} -
-3
Z L
| : | | [ i
— 10 20 30 40 50
- TIME  (HRS)
— 100 99 cf Bk ' Gm Am
| A -
I ;g
= T I
I Ll
— o
% - l| 1| B
o [ ll ':
S
= | l |
I
N

] J | | l l l I
10 20 30 40 50, 60 70 80
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Relative elution of homologous actinides and lanthanides., The data

for the actinides shown here are those of K. Street, Jr., S. G. Thompson,
and G. T. Seaborg (32) in which the cation exchange resin Dowex-50 was
used and the elution performed at 87° C with ammonium eitrate buffered
with citric acid to a pH of 3.5 (total citrate concentration 0.2 M).

The data on the lanthanide elements are those of B. He Ketelle and G. E.
Boyd (34) in which the same resin was used in a ‘somewhat longer column
and the elution performed at 100° C using a similar citrate buffer
solution (pk 3,28). (The dotted lines show the predicted elution posi-
tions for elements 99 and 100,)
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Fig. 19

Ion exchange column with elution apparatus and
automatic sample collection mechanism for sepa-
ration of actinide and lanthanide elements,
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dysprosium-terbium-gadolinium~europium, The spacingé here reflect the
relative changes in ionic radii which determine the‘relative separations
in the ion exchange adsorption method. It can be seen that the same
sequence of changes in the ionic radius is encquntered on filling in the'
5f electrons as océurs on filling the 4f shell, and, therefore, it seems
quite clear that curium represents the midway point in the actinide trans-
ition series of elements in view of its position analogous to gadolinium.

| Magnetic susceptibility measurements on compounds of the heaviest:
elements idea11y should lead to the resultant magnetic moments in fun-
damental units and in this way give information on the duantum states of
the responsible electrons. Actually, as encountered with the rare earth
elements, thg situation is rather complex and fhe exact behavior expected
for the heaviest elements, on the basis of the presence of either 5f or
éd électrons, cannot be, or at least has not been, predicted. Neverthe-
~ less, such measﬁrements shouid give, and have given, some.information on
this point. .

The following slide (Figure 20) shows a plot comparing thé room
temperature expérimental magnetic susceptibilities of the lanthanide and
actinide cations in such a way as to show their remarkable analogy in |
this property; This plot is acmittedly rough because data are used from
both aqueous solutions and solid compounds; these afe not strictly com-
parable and even data from different solid coupounds of the same oxidation
state of-an.qlément differ somevhat due to the effects of the crystgl
fields. Nevertheless, the comparison is sufficiently reliable to show
that the magnetic measurements point toward the filling of the 5f shell

in the manner expected.
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Fig. 20

Plot of molar magnetic susceptibilities of some
aqueous actinide and lanthanide ions.
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The next slide (Figure 21) shows in an extremely rough and quaiita=
tive way a pictorial representation of the binding energy of the nmost
easily removable 5f and 6d electron (of those present) for each of the
heaviest élehents.A

The best method of presenting the actinide elements in the periodie
table seemsvto be in a manner similar to that illustrated in the follow=
ing slide (Figu:e 22)., Here are shown the fourteen eléfients of atomic
numbers 90 to 103 inclusive, with actinium (element 89) as the prototype,
l;stéd as a series below,'and in a manner similar to, the common iisting
of the fourteen rare earth elements of atomic numbers 58 to 71 inclusive,
for which lanthanum (element 57) iséthe prototype., It is not proposed
thatvthis particular form of the periodic table‘lids any‘more merit than
any of a numbgr of others which place these elements in positions homo-
logous to the rare earth elements, since it is obvious that they can be
analogously placed ip a number of other types of tables or charts.

The elements 90 to 96 iﬁclusive or the first few of them could; in
addition, be listed separately below the 54 transition elements in\recogm
nition of the resemblance of the first few of these to 5d elements, This
appears to be undesirable, however, since the last members of this group
bear no such.resemblance and\it is probably impossible to draw a line as
to just where the resemblance ends., It should be noted that cerium, terwi
bium, europium, etc, could be put in two places in the periodic table in
recognition of their two oxidation states; but this practice is not usually '
followed. . o | - “ o

Thévgréup pfobably could have been' just as well described by some

other term father than_"actinide," which is derived from_straight analogy
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Qualitative representation of electronic binding
energies in the heaviest elements,
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1

: Periodic table showing heavy elements as members

of an actinide series,
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with the term "lanthanide," Irrespective of the name which usage will

. finally assign to this group of elements, however, it seems that the out-
~ standing characteristics of the group, namely the "eka-gadolinium" char-

”écter:bf curium (and the presumed "eka-lutetium" character of element 103),

together with the regularly increasing trend toward actinium-like char-

'dcter in going from thorium to curium, are best represented by lieting
these elements in ¢orre$ponding positions under the rare earth elements

_if it is desirable to give each element only one place in the periodic

table.v. 
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