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ELECTRONIC STRUCTURE OF THE HEAVIEST ELEMENTS

By Glenn T. Seaborg

Abstract

All of the available evidence leads to the view that the 5f
electron shell is beins filled in the heaviest elements giving
rise to a transition series which begins with actinium in the same
sense that the rare earth or "1anthanide" series begins with
1anthanum; Such an i actinide” series is SUggested on the basis
of evidence in the foilowing lines? (1) chemical properties,
(2) absorption spectra in aquebus-solutionvand grystals; (3) cry-
stallographic structure data, (4) magnetic susceptibility date
and (5) spectroscopic daté. The éalient point is that the charac-
teristic 6xidation state (i.e., the xidation state exhibited
by the member containing seven 5f and-presumably also by the mem-
ber containing fourteen 5f electrons, curium and element-103) is
the III state, and the group is placed in the periodic téble on
this basis; The data also make it pqssible'to give a suggested
table of electronic configurationé of the ground state of the

gaseous atom for each of the elements from actinium to curium

inclusive.
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ELECTRONIC STRUCTURE OF THE FEAVIEST ELEMENTS
| By Glenn T. Seaborg

I. Historlcal Background

A. Before the Discovery of the Transuranlum “1ements. The

intensive study of the heavy elements during the 1ast few years
has given information and data which now enable us to make soﬁe
definite statements as to their electronic structure. The infor-
mation obtained about the recently dlSGOVPred synthetic trans-
uranium elements has been particularly useful in this connection,
and it is largely on the basis of these new elements that this
question is now well understood;/

The heaviest natural elements, thorium, protactinium and
uranium, of atomic numbers 9C, 91 and 92, respectively, 1io in
corresponding positions.just below the 6th period ! transition"
elements, hafnium, tantalum and tunzsten, in which the 54 elec-
tron shell is being filled. The elemenﬁs, hafnium, tantalum and
tungsten are similar in their chemical properties to fho cor respond -
ihg transition elements in the 5th périod, zirconium, columbium,
and molybdenum, in which the 4d shell is being filled. |

It has long béen known that the chemical properties of thorium,
protactinium and.uranium resemble those of these 4d and 5d elements
and for this reason most of the textbooks and standard works on
chemistry and physics in which the electron structure is disoussed
have accepted the view thot it is the 64 shell which is being
filled. Thus the structure of the elements aboﬁe radon (element
86) through uranium is written to show the addition of the next

two electrons in the 7s shell for element 87 (francium) and element
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88 (radium) and addition in the 6d shell for the following four
(1)

clements, actinium; thorium, protactinium and uranium .
Many of the early papers which appeared after N. Bohr's clas-
sical work(z) on the quantized nuclear atom discuss the electronic
gtructure of the heaviest elements. - There has been general»agree;_
ment that some type of transition group should begin in the
neighborhood of these elements, although there has been difference
of opinion as to vhere it begins and as to which electron Shélis
are involved. A number of the earliest publications even have
sugzested that this transition series involves the filling of the
5f shell, thus possibly giving rise'to a " rare earth' group in
a manner anaiogous to the filling of thev4f shéll. This filling
of the 4f shell results in the wéll knoWn group of 14 rare earth
elements of atomic numbers 58-71 inclusiVe,vfolloWing lanthanum.
It is of interest here to note a few of these early and also
later suggestions in order to review the general previous étatus
of this question; Most of these early investigators were of the
opinion that thq £filling of the 5f shell should begin at some
point beyond uranium, that is, beyond the then known elements.

(3)

In an early paper Bohr suzggested that the addition of the
5f electrons might begin in this region, ahd in a BohrfThomsen
type of periodic table he pictured the first entry at the element
with atomic number'94; Y. Suguira and He. C. Urey(4) gave calcula-
tions indicating that the first entry of the electron into the

5f shelllshould occur at element 95. J. C; McLennan, A. B;

McLay and H; e Smith(S) suggested'as an alternative to the fill-
ing of the 6d shell the possibility that the 5f shell begins to

be occﬁpiéd in thoriume. In a review article, S. Dushman(6) stated
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it is doubtful that the added olectrons enter the 64 level (thus
implying an analogy with cerium, etce)s. Ve Karapetbff(v)‘and
Ta-You-tu and S. Goudsmit(®) sugpested that the element with
atomic numbér 93 might be the first in which the 5f shell begins

(9)

to be filled, while A, vOn Grosse suggested, as a possible al-
ternative to filling of.thé 6d shell, the entry of the first

electron ih the 5f shell with uranium. More réecently L. L; Quill(IQ)
largely for the purpose of illustration, presented periodic table
arrangements in which the first 5f electrén appears in element

number 95 in one case and in element number 99 in another. The

later calculations of M. Goeppert Mayer(ll) in@icate that the

filling of the 5f shell might begin at protactinium or uranium.

(12) And R, Rudy(i2a)

Jde Perrin /on general considerations, proposed as a possi-

bility the theory that the first 5f electron avpears in thorium

(13)

end G. Ho Villar suggested that some of the chemical evidence

supports this viewpoint.

on the basis of his crystallographic work, Ve M. Goldsohmidt(14)
favors thevview that the first 5f electron enters at protactinium,
the first element beyond thorium, although he points out the pos-
sibility that this may occur either earlier, in thorium, or later,
iﬁ uranium or in the (at the time unknown) transuranium elaments.
By analogy with Ehe namc ! lanthanide!'' series which he had alrcady
proposed for the rare earth elements because these 14 elements
following lanthanum have lanthanum as their prototype, he pro-
posed the name " thoride" series for the 14 elements following
thorium. On the basis of his much more complete crystailographic

evidence, -including especlally observations on the transuranium

elaments, We. H, Zachariasen(l5) has come to the same conclusion.
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Re After t&eDiSCOQéry of _the Transﬁranium_?lements. The
recent discovery of the‘transuranium elements andlthe study of
their properties, especially the chemical propertiés, have given
us a tremehdoué amount of additional evidence of jﬁSt the type
needed to e¢larify this problem. As it turns out, it is in the
transuranium elements that the really definitive chemical pro- |
perties, from the sﬁandpoint of placing the heaviest olements in
the periodic table, first appear. The first best definite evidence
that the 5f shell Undergoes filling in this heavy fegion c¢ame from
the tracet chemical observations of jgk. M. McMillan and P. H. “
Abelson(l6) on element 93 (neptunium); upon their discovery of.this,
the first transuranium element, they were able to show definiﬁely
that it resembles uranium in its chemical properties and bears
no resemblance to rhenium, the clement immediately above it ih
the periodic tablees This excellent experimental evidence was
interpreted by them to indicate that this new " rare earth!' group
of similar elements starts with uranium. X. Starke(l7)4and
Cs Co Bedfeag(lB) also interpreted the tracer experiments with
element 93 as indicating that the first 5f electron comes at
element 923, whilé Fo Strassménn and 0. Hahn(lg) felt on the basis
of their tracer experiments with this element, that it was diffi-
bult to make any deduction. As a result of their first tracer
experiments with element 94 tozcther with their consideratioﬁ of
the tracer investigations with element 93, G« T. Scaborg and
Ao d.Wahl(zo) in 1942 mode the suggestion that this transition group
might begin as early as with thorium or actinium. ‘

Since this first tracer work on the transuranium clements,

the clements neptunium (atomic number 93) and nlutonium (atomic

i
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number 94) now have been extensively investigated with substantial,
'weighable quantities. Americium (atomid nurber 95) and curium
(atomic numberﬁQG) also have been available for investigation, on
d more limited scale, in weighable quantitiés. The fecent cxten~
sive investiéations of thorium, motactinium and uranium also
have contribﬁted to the eﬁidénoe which is now uscful to interpret
this questioﬁ. | \

TTs Actinide Concept

A. General. The evidence now available leads to the definite
view that it is the 5f electron shell which is being filled in these
heavicst‘elements. The evidence scems sufficient to go furthor

(1) tnat this rare-earth-like series

" than this and to suggest
begins with actinium in the same sense that the rare carth or
"lahthanide" scries begins with lanthanum. On this basis it
might be termed the "&ctinido"sorics(21) and the first 5f
electron might appecar, although not necessarily, in thorium.
The salient point is that the characteristic oxidation étatc
(i.ce, the oxidation staté exhibited by the member containing
soven 5f and presumably also by the membér containiny fourteen
5f clectrons, curium and clement 103) is the III statc;

There is much evidence, all pointing toward yhis view. We
will discuss this ovidence which is in the follﬁwing.lines;
(1) chemical propertieé, (2) absorption spectra in aqueous soiﬁ-
tion and crystals, (3) crystallographic sﬁructure data, (4) mag-
netic susceptibility.data and kS) spectroséépic data.

It should be emphasized that the discussion so far has becn

carried on in a somewhat oversimplified manner, because the details

concerning the possible physical or chemical forms in vwhich these
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elements might cxist have a bearing on the electronic strugturé,
as>is the case for all the other transition groups including the
rare earth elementss Thus the number of 5f clectrons in the atom
in the gaseous state might differ from that in the metallic state
(which in turn can differ from one phase to another), and in turn
neither one of those structures might correspond diredﬁlyrto the
chemical properties. It is fhe chemical properties {including
absorption spectra, crystallographic data, ctc. on the compounds)
which should be determinative in placing these elements in the
periodic table, just as was the case fof the rare carth elements
which would be placed differently considering their electronic
‘structures alone. ©

Pe. Chemical Evidence. On the basis of an actinide scries

ﬁhe characteristic oxidotion numbér for the series is IT17, ard

this shows up strikingly in the’stabilization of the lower oxi-
dation states with increasing atomic number. In going from
uranium to plutonium it becomes increasingly difficult to effect
the oxidation from the IV to the VT state and, in fact, with ameri-
cium it is impossible in aqueous solution to éffect an oxidation

to the VI state. Similarly, it becomes increasingly difficult to
effect oxidation from the III to the IV state in going from uranium
to plutonium, and with émericium.the evidence indicates that it
probably is nof possible to cffect this oxidation in.acid solution
at all. If this oxidation should be proved possible the irdica-
tions arc that the potential is so great that'the higher oxida;
tion state of americium is reduced rapidly by water and cannot

be maintained in aqueous solution for any great length of timo;

These considerations are illustrated by the following table (Table T)
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in which the standard oxidation-reduction potentials, refcrred to
the hydrogen-hydrogen fon couple as zero (éee, for example, W; Me
Latimer, " oxidation Potentials"(gz)), arc listed for the III-IV
and IV-VI oxidations for these elemants(25).
TABLE I
Some oxidation Potentials of the Actinides.

(Aqueous Soiution, 1 Molzal)

mlement - Potential in Volts

ITI-1V N AN

92 -U +0.63 ~0.60

93-1\7}‘3 . "0014: "0094

. 94 -Pu ©-0.95 | -l.11
95-Am ~2 <¥2

Much of the work done with curium has of necossityAboon
limited o0 the traéer scale and therefore it has beoh impossible
to make corresppnding gquantitative deductions., This work, how-
'ever, has ied to the definite qualitativé conclusionrthat it is
impossible in aqueous-acid solution to oxidize curium to the VI
statc and that it is als? impossible to oxidize it from the IIT
to the IV state. In fact, the cxperiments of S« G. Thompson,

Ls O« Morgan, R. A. James and I. Perlmén(gé)

, in which tracer
amounts of curium and americium were subjected to strong oxida-
tion under alkaline fusion, indicate that it is more difficult

- to oxidize curium from the IIT to an upper étate than is the case
for americium, and it may be impossible to effect this oxidation
at all. Thesc experiments indicate that americium may be oxidized
in alkaline media, and can in this manncr be»sopdréted from

' (25)

curiume In fact, Le. Be Wernecr and I. Perlman were able to

{
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o#idizo americium(III) in 40% potassium carbonate solution by the
use of the strong oxidizing azent hypochlqrité to an insoluble
chmpound; probably of americium(Vv), and hence effect an effidicnt
separation from curium(IiI) which anparently is pot oxidized
under these severe conditiéns. The microchemical experiments
of Werner and Perlman(26) with macroscopic concentrations of
eurium also point toward the existence of curium solely in
the ITI oxidation state.,

- This tendency toward increasing stabilization.of‘tho lower
oxidation states, especially the IIT statc, with increasing atomic
number also manifcsts itsclf notably in the stability of the solid
compounds of the various oxidation states of these elcmonts, The
- best illustration arisés from a consideration of the solid non-
6xygenated halides of these clementse. The first possibility of
the productioh of a trifluoride appears with uranium trifluoride.
which can be prepared only under drastic reducing bonditions and
the stability and case of reduction to the trifluoride‘increases
in going to ﬁoptunium and then to plutonium. Morcecover, while it
is relatively casy to moduce uranium hexafluoride, it is more
difficult to produce neptunium hezafluoride and very difficult
or impossible to préduce and to keep the plutonium hexafluoride.
In the case of americium it has not been possible to produce any
higher fluoride than the trifluoride.

With respect to tho other halides, it has, in fact, been im-
possiblc to prepare any plutonium or americium chloride, bromide
“or iodide of oxidation state higher than III, and it has becen
possible to prepare only the chloride and bromide of‘neptunium

of oxidation state IV (in addition to the chloride, bromide and



UCRL~102

Page 13
iodide of oxidation state ITI)s In the case of uranium it has
been known for some:time that there are chiofides of oxidation
state highor than IV end o chloride, bromide and iodide of oxi~-
dation state IV; These considerations are well illustrated in
the following table (Table TI) which lists all of the halides of
uranium, néptﬁnium, plutonium; and amecricium which have been prc-
pared and maintained as stable in the solid state. So far the
chemical evidence indicates that it will Be difficult, probably
impossible, to preparc any of the nén—oxygenated halides of armiceri-
cium (and curium) of oxidation state higher than III. 1In fact,
(27)

Se Friecd and Ae E. Fiorin have trcated AmFP_ with fluorine

3

at clevated tempoeraturcs and have obtained no ovidence for the
 formation of a higher‘fluorideo

This chemical evidence indicates that the 5f electrons arec
less tightly bound than tho 4f clectrons and thercforc can be
more easiiy removod by oxldation, as should bec cxpected on the
"basis of the prcdicted lower binding encrgy of 5f as compared to
4f electrons.‘ Thﬁs the ITI statc of thorium cannot cxist in
aqueous solution, and until the pfesent the IV and IITI states of
protactinium have not been observed in aqucous solution, although
it scems recasonable that with further study one or both of these
states will be obschod; In the case of solid 6ompounds it scems
not impossible thot tripositive thorium éompound3~with one or
more of tho hea#ier halogens will be prepared under rather severe
reducing conditions, and that tetra- and tripositive compounds
of protactinium will be.pfepared as soon as efforts in this direc-

tion are made. (In fact, Zachariasen(?a) énd Je De Mccullough(zg)

already have some crystallographic evicdconce for o dioxide of



Halides of Some of the Heaviest Elenments

TABLE II

Fluorides Chlorides Bromidés Todicdes
S2-U  UF, oF ‘U, W, WL, Wl W1, Ul By, UBry, UL, UL
93<Ip  NpFg, HpF(?), HpF,, P HpCl,, Hpl, NpBry, NpbBry Iy
9%4-Pu  PuFy(?), PuF,, Tul, PrCly PUBI:B Pul
95-km AmF3 AmCl3 AmBr3 AmI'3

YT o3vg

20T=TH0N.
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protactinium with thorfluorite structure although this might

Gon

be a-case of solid solution of two oxidotion states similar to

the solutions studiod by J. K. Mapsh(90s 45)

in the PrOg=-Gdg03,
| ToOz-Wd05 and Pry0z-Pro, systems and similar to the well known
solid solutions in the iron oxide systcms.) The charactepristic
IV oxlidation statc demonstrated by thorium is thcn analogous to
the IV oxidation state of cérium and the V state of protactinium
is analogous to the somecwhat uncerkain V state of praseodymium(go’Sil
From the behavior of uranium, ncptunium 2nd plﬁtonium, it must
be deduced that as many as three of the 5f clocctrons arc given up
fairly readily. In this connection it is intereéting.to notc that
iﬁ the case_qf the lanthanide elements therc are in general only
two clecctrons (heyond the xrnon structurc) outside of the 4f
shcll (sec Table VI bolow), although the persistont oxidation
statec is certainly the ITI state. L |

Americium should posscss an oxidation state of II which
it would attain through the prcescnce of seven clectrons in the 5F
shell in d manner guite analogous to the II state of curopium,
the olement immediately proceding gadolinium, with its sevon 4f
electrons. Bccause of the greater case in the removal of the 5f
electrons it should require 2 considerably stronger rcducing agent
“to reduce amecricium from the IIT to the II state than is the case
for europium. It is not impossible, however, but in fact probable,
thatvit will be found that americium can be reduced and\maintdined
iﬁ the IT state in aqucous solution.lehompson and co-workers(24)
hQVe‘mado\bartial separations of amoriciuﬁ (presumably és Am(IT))

from curium in tracer amounts in agucous solution by using sodium

amalgam as the reducing agent and carrying americium selectively
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with samarium(TI) sulfatec, and in addition by using barium as
recducing agent and carrying cmecricium sclectively with barium
chloride from concentrated hydrochloric acid solution. It is
intercsting to note as well that AmO has bdon prepared(52) by
treating amoricium oxide with hydrogen at 800°C (although some

impurity may have been responsiblc for the reduction herc).

Curium with its seven 5f clectrons should exhibit the IIT state

exclusively and all of the cvidence, obtainecd both from .tracer
and macroscopic quontities, indicates that this is the case.
Thc'following_tablo (Pable ITI) summarizés_the known oxida-

tion staotes of the lanthanide and actinide eloments 1in such 2

way as to bring out the analogy betwoen tho two groups and to show

the grcater ease of oxidation for the members of the latter group.

‘The uncertain states are designated with parcnthcses.

TABLY IIT

Oxidation States of Tanthanide and Actinide Elements

Ate No. 67 53 59 60 61 62 63 64 65
Tlement La Ce Pr Nd Pm Sm Tu Gd Tb
Ooxid. States 2 2

S 3 5] 3 S 3 3 5] 3

4 4 (4) 4
B 7 o
Ats No, 89 90 91 92 93 94 985 96
Clement Ac Th Pa U Np Pu Am Cm
oxid. States 2
3 3 3

[N

1SN

~
(02 IO I S R O
e g oW

o o ™ W
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‘The metals of the elements thorium to americium inclusive

have been prcpared and their propcrtics studied and these bear
a striking-resemblanée to the metals of the rarec earth elements.
All of them are highly electropositive, and to about  the same de—.
grce, vwhich is a similarity to the rare carth metals and a difference
from the corresponding 5d clemonts, hafnium (olemcnﬁ 72) to
iridium (olement 77) inclusive, in which the elcctropositive charac-
ter of hafnium is lost as 5d electrons are addedvin going toward
iridium. Andther remarkable reosemblance to the rare carth cloments
lies in the densitiesvof the motals; Both aﬁcricium(55) and the

analogous 4f element, ouropium(54)

> hove densities much lower than
their neighboring elemcnts. Thus these metals scom to have radium-
like or barium-like structurcs, with abnormally high radii and
analogous clectronic structurecs. This analogy in the dcnsities

is shown in Table IV where the densitics (of the forms of the
metals  which are stable ‘at room tcmperaturc) arc 1isted(54’55).

TABL™ IV

Densities of Room Temperaturc Forms of Some
Lanthanide and Actinide Metals

Abe No. 60 61 62 63 64
Zlement Nd Pm  Sm Fu  Gd
Density 7.00 6,93  5.24  7.95
{at. 1. 92 93 94 95 96
g;éﬁggﬁ U Np - Pu.  Am “om
|Density 19.0 19.7 19.8 ~11 |

&

. A comparison with tungsten, rhenium, osmium and iridium brings

forth no such analogy.
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C. Absorption Spectra in Agucous Solution and Crystalss One

of thc.characteristic propertics of the eclecments of the lanthanide
soeriecs, a property which depends upon the 4f clcctrons, is their
sharp absorption bands, to 2 large cxtent in the visibie spoctruhu,'
This absorption is duo to transitions involving the 4f cloctrons
and the sharpncss is a consoquénco of the shiclding of thesc,

both in the ground cnd excited states, by clecctrons in the outer
shells. The investigations of this typc with the elements ufanium,
neptunium, plutonium;, americium and curium have shown a striking |
similarigy in this propcrty to thc rarc carths, which is further
evidence that we are dealing with bHf olcctrons; The analogy be-
tween the rarc carths ond uraniuwm(IvV) in this property was noticed

(36) and between the rarc carths and uranium(III)

(37)

by Goldschmidt
and (IV) by ?.9phraim and M. Mezener many ycars agoe This
similarity between the acﬁinide and the lanthanide elements is
more than qualitative in that.tho genoral-comploxity of the ab-
sbrption picture undergocs analbgous simplification as we approach
the middle of the two scries, that is, as we approach the elements
gadolinium and curidm, with their secven 4f or 5f clectrons. Une-
fortunately, up to the present thé most extensive work on thce ab-
sorption of uranium and the transuranium clements has been done

in solutibn, where much of the sharpness is lost, and with instru-
ments of not very high resolving powcr. .Tho aqueéus solution ab-
sorption spectra of the tfipositiVO actinides, taken from various

sources on the Plutonium Prdjoct(58)

arc shown in Fig. 1, where .
. the corrcsponding specctra of the rarc carth clements olso are
shown for purposcs of comparison, Although the absorption curves

of W, Prandtl and K. Scheinor(sg) are available for comparison,
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this work was not done under conditions comparable to thosoeunder
which the work on the actinidecs was donc. Thereforc, De Co SteWart@O)
has measured the absorption spoétra of the rarc edrth clements |
under commarable conditions and his results ore also given in
Fige 1. The prcliminory results of Pe. Me Lontz and G. e Parker(4l)
on thc absorption spectrum of promethium (elemont 81) arc also
included. It appears that as we approach’ the middlc of the two
series (i.c., o8 we approcch the clements gadolinium and cﬁrium)
the ground states invelving the seven f electrons 1io very de-
finitely below the next highor states, leading to snergy diffcerences
of a sufficicnt magnitude to cause the main absorption to fall éut-
side of the visible in the ultraviolet region. |
The ?est method for the comparison of the absorptioh spc ctra
'of the two groups of elements 1is to compare the spcetra obtained
with ¢rystals, whe re the absorption lines are known td be very
sharp for the rarc carth clements on the bagis of o large number
of measurements with many of these clements: Sudh méasurements
are undgrway for a number of transuranium eclements anﬂ the results
~so far indicate striking analogics; S« Frecd and'F.,Leitz(42)'
have measured the absorption‘spoctfum of solid americium tri-
chloride and they find sharp lines, of the order of one to five
Angstroms wide, which is 2 width comparable with the sharpest rarec
carth spcctra; In fact the sharpnoés in the spcétra(42) of
americium chloride and americium bromide is so extreme, at room
temperaturc and at 77°K.,‘that only the tfipositi?e europium ion
is comparable; since the absorption spectrum of the latter ori-
-ginates from a ground state involviﬁg six 4f cleoctrons, it scoms

\

very likely that the basic state of tripositive americium contains
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six 5f electrons; They(42) also measured the absorption spectra
at room temperature and at 77°K of uranium tetrachloride, nep-
tunium tetrachloride and plutonium trichloride and the sharpness
of the lines indicates that the least stable electrons of these
ions are in the inner 5f shell in the activated as well as in the
basic eloctronic statos.

De Crystallographic Daté. As mentioned above, crystallo-

graphic cvidence in addition points to the filling bf the 5fF sﬁoll
in this neighborhood of hcavy olements; Some years ago; Gold-
schmidt{1%s 43) nag already noticed the isomorphism of Tho, and
U0g, and the decrease in size in going to 70, and had inﬁerpreted
this to indicate the presence of 5f electrons in uranium. Tho

observation of ZadhafiaSen(ga) of the isotorphism of the compounds
(44)

Thbg,'PaOQ, U0z, NpOo, Pul, and Am02 » bogethecr with his ob-

servatibn of the regular decrcase invradius of the metallic ion in
thesc oxides, has becn interpreted by him to be excellent cvidence
“that the clectrons are going into the 5f shell. (In this écries,

28,29) and Am02(45) do

howover, the lattice constants of the PaOZ(
not £it perfectly into‘the regular pottern for decrease in atomic
radius of the metallic ionsy this might boe due to mixcd oxidation
states similar to the situation found for the higher praseodymium
oxide by Marsh(46).) Both of thcse investigators have advanced
the hypothesis ﬁhat it 1s a " thoride!series, i;e., that the first
5f e¢lectron appears in the fifst ¢ lemont beyogd thorium, namecly
protactinium; 7 | | ?

Zacharidsen has uséd the x-ray diffraction mcthod to determine

the molecular structurcs of 2 great number of compounds of thorium,

uranium and the transuranium elementse. All of these mcasurements
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point/toward the filliﬁg of the 5f shell sincec analogous compounds
are found to be isomorphous,'indicating.that the successive clec~-
trons arc added in such a way (i.e., to 2n inncr shcll) as to
allow ﬁho cnalogous compounds of successive elements to have iden-
tical moleccular structurese. Thus, Zachariasen(év)'fihds that
proctically all of the various holide types showm in Table IT
cbove have isomorphous structufos: for exomple, all members of the
group Thiy -UT, -Np7,-PuF, are of identical stkuCtﬁro types, 2ll
members of the group UFS-Nst—PUFS-AﬁF5 are also isomorphous with
Rcacp other, and the samec is true for'thé grodb UC‘].5--1\319015-},7?11015-'-AmCl:5
etecs To be surc, in some'cases (for example, UBrB-NpBrs—PuBrB—AmBrBL
therc is a change in structurc type in procecding up the group,
but this is to bc cxpocted on the basis of the contraction which
takes place, and is entircly consistent with the additicen of.thc

7)

successive clectrons tao the 5f shell. Zachariason(4 hazs usacd

these structurce data to calculate ionic radii and these radiil
show a progressive decrease 'in sizc with increasing ctomic numbéf
in a monner gquite anclogous to the well known "lénthanido con~
~traction™ observed with the rareioarth clements, the compounds

of wﬁich are in turn isomorphous with the corrcsponding compounds

of the actinide clemonts. 1In order to further illustratc these

considcrations the following tablec (Table V) gives the ionic radii
(47)

)
N

of a number of the actinlde and lanthanide clements
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TABLE V

Ionic Radii of Actinide and Lanthanide Elament s

No. of 4f or Actinide Series | Lanthanide Sories
5f mlectrons IIT State ' IV State _ ~

0 pctd 1.114| htt | 0.95 4| 1a*®  1.04 &

1 (Th*3) | (1.08) ] Pa** | (0.91) -| ge*3 .02

2 (pa+3) | (1.08) | 4 | 0.89 ™ 1.00

3 | u+d 104 wpt 0.88 Mg td 0.99

4 I optd 1.02 | putt 0.86 817°  (0.98)

5 put® 1,01 | am*é (0}85) | sm™ 0.97

6 At 1.01 - TS 0,97

Ee Magnetic Susceptibility Data. agnetic susceptibility

measurements on compounds of thc héaviest clements ideally should
lcad to the resultant magnetic momontg in fundamental units and
in this way give information as to the Quuntum states of the
responsible olectrons.. Actually, as ecvidenced by thc rarc earth.
elements, the situation is rather complex and the exaét bchavior
expcceted for the heaviest clemecnts, on the basis of the presence
of oither 5f éf 6d electrons, cannot be, or at least hes not been,
predictod; .NGVGTthOlGSS, such mcasurements should give, and indcecd
. . |

have given, information on this pointe.

The earlicst magnctic susceptibility measurcments that Wero
(48, 49, 50, 51)

)

made on compounds of uranium ~and plutonium(sz)
showed that thesc arec paramognetic, vet the results are difficult
to interpret quantitdtively. A simple qualitative oxplanation of
the magnetic susceptibilities of Pu(TTI), Pu(IV) and Pu(VI) lics

"in the assumption that there are five 5f clectrons in Pu(ITT)
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which are successively removed as one goes to the higher oxidation
states. These mecasurcments, however, do not 1ead to this inter-
pretation as the solec and unambiguous 6ne, and as a result must
be regorded only as being consistent with and lending weight to
this vioew, but not giving prqof of it. R

Tater C; A Hutchison.and M. Mmlliott made magnectic suscep~

tibility measurcments oﬁer a wide range of temperatures on a
number of compounds of thc heavicst elements. In thé dase,of

53, 54 '
(53,54) they found that a number behave in

uranium(IV) compounds
2 manner similar to prasoodymium(III) compounds, indicating thit
these two groups of comﬁoqnds have isoelcetronic étructures with

, .
respecct to f elcctronsland‘thus have two such clectronse They
disclosod in addition that the tompefature depchdence of the
magne tic susceptibility ofvthése uranium(Iv) compounds obeys the
Curie-Weilss law over 2’ range of temperaturcs, and_through cxtra-
polation with the use of this law they deduccd a'rosultant mag-
netic momcnt very close to that expoeted for two f clectrons.
They also concluded that the crystal ficlds produco morc pronounced
perturbing e flfects in this casec than in the cqrrosponding case

(54)

involving 4f clectronss Thelir mcasurcments on ncptunium(v),
which is isoclcctronic with uranium(Iv), also indicated the
presence of two £ electrons herc.

55) .
5) have measurced the magnetic

Je J. Howland and M. Galvin(
susceptibilitics of the cations of uranium, neptunium, plutonium,
and‘émericium-in most of their stable oxidation states. 1In
order to account cohsistently for the dbscrved values of the mag -

netic susceptibility, the central atom must be assumed to have

clectronic configurations (beyond the radon structhre) of the type
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(5£)1-6s fon cxample, Np(VI) corrcsponds to the structure 5f,

U(1v), Np(V) and Pu(VI) to 5£2, wp(1v) to 55, pu(Iv) to 5%,

Pu{I11) to 5f5 and Am(ITI) to 5£C. The experiﬁontal effeoctive
magnetic moments arc in the examples of two, three, and four clec-
trons lower than would be expected for the lowest elcctronic
stateé predicted by und'!s rules for L-S coupling; because the
spin-orbital interaction is very strong in hecavy atoms, other
states which belong tb the lowest group in j-j coupling can lic
deep cnough to be significantlj populated at room temperaturc.

For the configurations Sfl, 5f5, 5f6, and 5f7, howevecr, no such -

complication exists; cither atomic coupling scheme leads to only

one, the same, low lying stater.

Fo Spectroscopic Data. Spectroscopic cvidence also lends

- support to the actinide interpretation. C.'C. Kiecss, C. Jo

56, 57)

Humphreys and D« D. Laun( investigated the spectrum of

uranium atoms and they gave the interpretation that the clcctron
configuration of thc lowest state of ncutral uranium is 5f56d732r
(beyond rédon), a configuration which fits in very well since

uranium is the third clemont in the scries. Other work by
‘ (53,59)

“

‘P, gchuurmans and co-workers on the spectrum of gascous
U(T1I) and {T) has givén results which arec consistent with this
structure for the neutral uranium atom. Spectroscopic evidence
that thorium possesses o ground state analogous to that of cerium

also indicatcs that the characteristic configuration for uronium
could involve three 5f e¢lectrons. Othor observations(60’61’62)
made on the gascous Th{IT) spectrum indicate that the 5f is very

close to the 6d clectron in binding cncrgy in this atom.

(

' 63 .
He Russell ) has made a complete analysis of the x-ray data for
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radium, thorium and uranium and has concluded that the 5f lics
lower than the 64 lcvel and that the 5f shell begins to fill
thorium.

4)

e S. Tompkins and M. Frdd(6 have made 2 qualitative com-
parison of the emission spcctra of the actinidé'and the lan-
thanide elements. They found such a strong nnalogy{bctwoon the
average intensity of the lines in the casc of americium and curo-
pium that it scems safe to conclude thot thesc have similar clec-
tronic structures in the ground states. This then indicates the

2 r=3 1, A 2
configura tion 5f77s° for the gascous atom of amcricium.

ITT. Corrclctions and Deductions

Ao ﬁlectronic‘Configurations. The following table (Tablc VI)

gives what appecars to be tho configuration or +hc becst prediction
for tho configu*atlon (beyond the radon structure) of the ground
state of the noutral gascous atom for cach of the elements ac-
tinium to curium inclusive. The trend in the chemical propertics,
with its implication that the 5f becomeos progressively o lowor
cnergy comorrcd to tho 63 level as the atomic numbor increoases,
is used as an 2aid in making the predictions.

- . . (65,66) . . _

The configurations (boyond xcnon) of the corresponding
neutral rare carth eleoments are given for compirison. The ground

oS . £+ - - ] L] b . 1 -« (65’66)
statecs given for cerium and prascodymium arc those predicted
i \

on the basis of the rccently determincd ground states of the singly
ifonizcd tomo(67) and that of clement €1 is obtained by intor-

polation, ond as o consequence these are subj@ct to some doubt.

The ground states given for noodymium(d8), samarivm, curopium
' 67
and ga dollnium are thosc spectroscopically dotormlncd( ) and

A

sheuld'be considercd o woll cstablished.
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for Gascous Atoms of Actinidec and T.onthanide Tlements

s iod

t 89-sc 6a7s° s7-La - | Bass®
| 90-Th sr6a7s? or 63275° 58-Co 45%65°
o1pa | srPears® o sr6a7s2 | ég-Pr 4;36éé|
o2y 5f56d§s2 T 60-1d artes®
95;Np : ;f466732 o§'5f5732 61 2£%65°
A§4-pu st%arsor 56%75% §2—§m 4r%65®
[96mam 5f '75% | Csema | arTes?
| 96-Cm .| 5f7667s2" : | es-ca - 4£76d65%

It should be pointed out that it would be entircly consis-
tent from the point of view that we cre decaling herc with o
series of actinidé elements if it should cventually be found theat-
there are no 5f clectrons precsent in thorium {(or protactinium).

, ;

Tt is cuite possible on the basis of prescnt evidence that protac-
tinium, or even uranium, might be the first to have 5f clecﬁrons.
It sccms quite likely, however, that eclectrons will be placed in
the 5f shell carlier in the series than uranium and that protac- |
tinium will have at 1east.one. An cssential point is that curium
definitely scoms to have seven 5f clectrons and elemont 103 pro-
bably would have fourteen 5f oioctrons.

In the case of some of the elomonts in the scrics 1t may be

difficult to assign clectrons to the 5f or 6d shells since the
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cnergy nccessary for the shift from one shell to the other may be
within the range of chemical binding energiese The clectron con-
figuration may differ from compound to compound or cven with the
physical state of a given compound. MGPOOVCr one certainly cannot
bo sure that the configuration of the ~“aseous atom, for cxample,
will corrcspond to that of the compounds or_of the hydrated ions
in solution. 1In the case of the lanthanides, in fact, the configura-
tion of the gaseous atom has in general on;y two elocctrons (beyond
the xzcnon structure) outside of the 4F shell, althoughlthc jsideRy
dominont oxidation statc is certaiﬂly the III state. Since tho
cnorgy difference between such far outlying levels as the 5f and
6d shclls is rother smell and since resonance cffects should be’
rather large, these may vrcedominate in determining that a composite.
onergﬁ lovel lics lowest. Thus some of these clemcnts could
possibly constitute what might more propecrly bo called o 5£-64
rangc in this serics, rather than a part of a totally 5f transition
group. | .b |

The cvidcnee that has accumuleted so far scems ne vertheless
to point té‘loWer encrgies for the 5f compared to the 64 lcvels
for the compounds of the clemrnt, as carly as uranium in this
scries. It 1is in\thc casc of the clements thorium and.protactinium
wherc the relabive eniergy positions of these 1ovclé is a3 yct
most uncertaine. As in the other transition seriés, the relative
energy lcvel of the shell which is undorgoihg the filling proccss
bocomés 1owcr s the successive clectrons are added, and by the
time amcricium and curium, and presumobly tho subscguent members
of the seriecs, arc reached phc 5f scems clearly to be definitely

of lower energy than the €34 shell. It is not possible to placé
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the.electrons in neptunium and plutonium with confidence and hecnce
in Table V the alternative structurcs 5f5732 and 5f6732, respec-
tively, for gaseous neptunium and plutonium are suzgested in recog-
nition of the possibility that glroady with these clements the 6d
shell is not occupicd.

PBe Possible Deductions without Data on Transuranium Flements.

Althouzh it is the information on the transuranium clemcnts that
has becn decisive in ecnabling us to come to the present view con=
cerning the elcctronic structure, or niore properly speaking, the

periodic table of the heavicst cléments, it is

\

position in the
interesting to conjeccture, in retrospect; cbout the possibility
of having arrived 2t 2 similar concl&sion without this information.,
Actually there has been much information about accetinium, thorium,
protactinium and ufanium, especeially about the latter, which
pointéd in this direction. As mentioned above, theore is the
similarity among the metals of these elements with resbeot to
clectropositive character. in addition, the melting point of
uranium metal scoms to relate it more to the immodiatoly preceding
clements than to tungsten and molybdenume. The analogy of uranium
fb ncodymium with respect to light absorption by the tripositive
ions and the spcctroscopic evidence for a ground state of the
g&seousvur&nium atom involving three 5f clectrons has already
‘been mentioned.

Uranium differs considerably from tungston (and molybdenum)
‘in the chomistry of the lower oiidatidn states and, in fact,
uranium(IIT) has great similarity to the tripositive rare barth‘
clemonts and actinium, while uranium(IVv) resembles thorium and

cerium(IV). Thus uranium({IIT) and uraniuwm{IV) are not acidic in
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character, do not tend to form strong complex ions in solution,
have fluorides which arc insoluble and isomorphous with the
fluorides of the rare carth cloments ond hove other halides with
crystal structurcs which arc in gencral isomorphous with the
corresponding rarc carth halides. On the other hand, tungston(III)
and tungsten(IV) exist in agqucous solution predominantly as strbng'
comploxvions; for example, tﬁngsten(III) has a strong chloride
complex ion and tungston(IV) forms strong fluoride and cyanide
complex ions. vin_this connoctidn Thompson(gg) has pointcd out
that tungsten{IV) forms tho very stable complex ion W(CN)BE,
with the stable configuration of cightecn outer cleoctrons, while
uranium(IV) posscsses no sigrificant tendency to form an analogous
complex eyanide ion as would surcly be expccted if uranium pos-
sessed the same outrr electronic structﬁrc’&s tungsten.

/ Although molybdenum dioxicdr~ and tungsten dioxide have iso~-
morpﬁous crystal structures, tungsten dioxide and uranium dloxide
do not, while uranium .dioxide, thorium diqxidc and cerium dioxide
2ll do posgsess isomorphous strucfuros, It is iﬁternsting to note
that although uranium is not associated with tungsten in minerals,
hraniumrand thorium mincrals practically always have the faro
earth clements cssociated with them and the rare earth minerals
practically alwoys contain uranium or thorium.

| Argumonts‘on the basis of the scanty evidence frbm the chemi -
cal properties of thorium and uranium alone have been given by

ez . .
(13) ona more rocently D. F. Stodman(69),

others, including villar
for a 5f type transition scrics in the hecaviest clements, beginning
“with thorium.

a0

Ce Position in Periodic Tablec and Nomenclaturec. A mothod
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of prescenting the actinide clements in the veriocdic tdble'is
shovn in FigZ. 2. UWerc arc shown the fourteen elements of atomic
numbers 20 to 103 inclusive, with 2-tinium (element 39) as the
prototype listed as o series below, and in 2 manner similer %o,
the common listing of the fourtecn rare ecorth elemcents of atomic
numbers 58 to 71 inclusive,\for which 1anthaﬁum‘(olomont 57) is
the prototype. It is.not proposcd that this particuler form of
the poriodic table has any more merit than any of o number of
othcrslwhioh place these elemonts in positions homologous to the
rare carth clements, since it 1s obvious that they can be analo-
gously placed in a numbor of other types of‘tablos or charts.

The olémonts 90 to 9€ inclusive could be listed scparatcly bolow
the 5d clements in recognition of the rescmblance of theo first
few of these to Bd slemcntse This appoars to be undesirable
however since the last members of this group bear no such rescm-
blance and it is prcbably impossible to draw a linc as to just
wherec the resemblance ends.

As mentioned above, the important. point is tho prescrcc of
seven 5f elecctrons in stable, tripositive curium (clement 96),
making this clement very actinium-like. A scrics of " thorideW
elenmts, for exomple, would imply stable IV oxidation states in
elemonts 95 and 96, with the preéonco of scven 5f clectrons and.
the IV state ochusively in element 97. A4 scries of this type
secms to be muled out by the novr known impossibllity of having
americium in solution in tho IV gtate and‘by the apparent non-
existence of any oxidation state other than IIT in curium. Morc-
ovor, the TIT state of uranium would be surprising on this basis

since this clement would be the sccond member of a ' thoride" or
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" IV oxidation state! serices.
The group probably could have beon just as well described by

some other term such aé " curide scries”" , rather than " actinide ,
which is dorived from analogy with the term lanthanides Another
possibility would be to_use 2 name analogous to " rare carthst ,
A suggestion here would be " synthotic oafths" in vicw of th@
"synthetic source of all except the first threc members. (®ven

among thosé, the synthetie production of paedl according to

‘200 - ' : : |
Pagoo ~m-9t@55, accounts for the best sources of important'iso-

topes of protactinium and uraniumg the best source of actinium

alsd comes from pile neutrons, by the rcactions Ra226(n,f)3a227n___9

AC227')

Irrcdpective of the name which usage will finally assign to
this group of elemonts, however, it secms  that the outstanding
characteristics of the group, nomely the " cka-gadolinium® éharac~
tor of curium (and the presumed " cka-lutecium® character of
eicmcnt 103), . together with the regularly incrcasing trend toward
actinium-like character in going from thorium to curium, arc bost
represented by listing these ¢ lements in correspondirg positions
under the fare eﬁrth clements. (Somec spotial classificntions(7o’71).
of the elemeonts have appearcd rccontly in which thesec clements,
starting with thorium as the homologuc of cerium, arec listed s
the chemical homologues of the raré carth clements, but the rcason
in thesc cascs apperars to be mainly comnectod with the symmetry
~f, and thaloase of making, such an arrangemont «)

De Predicted Propertics of Transcurium Tlemcntse. It is in-

tercsting to speculato about the chemlcal proportics of the



UCRL-102 _
Page 32
\ un@isbbvorod clements beyond curium (atomic number 96); The

immediately following scven elémonts, thdt_is; clements 97 to 103
incluéive, should constitute the sccond half of this rare carth-
like transition groupe. It appcars likely that the added electrons
in proceecding up this series will ée placed in a 5f shcil of dgo=-
finitely lower energy than the €4 spcll. Elemont_97vwill probably
have .2 IV as well as o IIT oxidation state and in view of the
lower binding cnergy of the 5f és'comparod to the 4f clectrons
it should be somecwhat ecasier td oxidize clemcnt 97kkeka—torbiumy
to this IV state than i1s the case for ﬁerbium; Corrcspordingly,
it might be somewhat easirr to oxidize clement 98 (cka-dysprosium)
to the IV and V oxidation states than is the case fo%‘dysprosium,
for which,‘invfact, oxidation above)tho IIT étato is practicaily
impbssible; Towafd fhe end of the sérios; clements 102 gnd 101

should be capable of being recduced to the II‘oxidation state,

~

analogously to ytterbium and thulium, while élcmcntrlos should
be analogous to lutéoium with rcépoét to the cbmplete stabi lity
of the III statc. “
Tlement 104 should conbinue with tho £illing of the 6d sholl
and be a trué eka<hafnium. After the filling of the 6d shell
in the following clements therc might b addifion to the 7p sholl

with the attainment of thé rare gas structure at element 118,
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PERIODIC TABLE SHOWING HEAVY ELEMENTS AS MEMBERS OF AN ACTINIDE SERIES

[ ’ : | 2

H H He
1.008 ) 1.008 4.003

3 4 5 6 7 8 9 10

Li Be N B [ N (o] F Ne
6.940 9.02 10.82 12.010 | 14.008 16.000 19.00 20. 183

1 12 13 13 14 15 16 17 18

Na Mg Al Al - Si P S Ci A
22997 | 24.32 | 26.97 . 26.97 28.06 30.98 32.06 35.457 |39.944

19 - 20 2) 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As Se 8r Kr
39.096 | 40.08 4%.10 47.90 50.98 | 52.01 84.93 55.858 88.94 58.69 63.57 65.38 69.72 72.60 74.91 78.96 |79.916 83 .7

37 38 39 40 4] 42 43 44 45 46 47 48 49 50 51 52 53 5S4

Rb Sr Y Zr Cb Mo Tc Ru Rh Pd ‘Ag Cd in Sn Sb Te I . Xe
. 85.48 87.63 88.92 91.22 "92.91 98.9% i 101.7 102 .91 1067 107.880 | 112.41 114.76 ne.70 | 121.76 [127.61 126.92 | 131.3
55 56 S7 e T2 73 74 75 76 77 78 79 .80 8t 82 83 84 85 86
Cs Ba Lo | °Cq Hf Ta w Re Os Ir - Pt Au Hg TI Pb 8i Po At - Rn
13291 137.36 |13892/sgRrigs| 178.6 180.88 183.92 | 186.31 190.2 193 .1 195.23 197.2 200.61 204.39 | 207.21 209.00

85 | SEE '

?_7 BRB A-c Ac

' ° SERES] .

. 87 58 59 y 60 61 62 63 64 6% 66 67 68 69 70 71
LANTHAMOE | La Ce Pr . Nd Pm sm Eu cd To Dy Ho Er Tm Yo Lu
138.92 140.13 140,92 | 144.27 150 .43 | 152.0 156.9 159.2 162.46 | 163.5 167.2 1694 173.04 | 174.99
AC.TINIDE : ~
SEhIES 89 90 91 92 93 94 95 96
Ac Th - Pa U Np ~ Pu Am cm
232.02 23) 238.07 237
4
&

FIG.






