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ELECTRONIC STRUCTURE OF THE HEAVIEST EI,E.l'i:CNTS 
I 

By Glenn T· Seaborg 

Abstract 

All of the avai lab1e evidence leads to the view that the 5f 

electron shell i.s beine'; filled in the heavj_est elements giving 

rise to a transition series which begins with actinium in the same 

sense that the rare earth or "lanthanide" series begins with 

lanthanum• such an ti actinide 11 series is suggested on the basis 

of evidence in the following lines: {1) chemicai properties, 

(2) absorption spectra in aqueous solution and. crystals, {3) cry­

stallographic structure data~ (4) magnetic susceptibility d~ta 

and (5) spectroscopic data. The salient point is that the charac­

teristic oxidation state (i.e., the oxidation 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 table on 

this basis. The data also make it possible to give a suggested 

table of electronic configurations of the ground state of the 

gaseous atom for each of the elements from actinium to curium 

inclusive. 
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ELECTRONIC STRUCTURE 0-:i' THE HEAVIEST ELE!1ENr S 

t• By Glenn T. Seabor•g 

I. Historical Background 

A· Before the Discovery of the Transuranium Ei~ments. The 

intensive study of the heavy elements during the iast few years 

has given information and data which now enab.le us to make some 

definite statements as to their electronic structure. The infor-

mation obtained about the recently discovered synthetic trans-

uranium elements has been particularly usefu 1 in this connect ion, 

and it is largely on the basis of these new elements that this 

question is now well und.erstood. 

The heaviest natural elements, thorium, protactinium and 

uranium, of atomic numbers 90, 91 and 92, respectively, lie in 

corresponding positions just below the 6th period "transition" 

elements, hafnium, tantalum and tunz;sten, in which the 5d elec­

tron shell is being filled. The elements, hafnium, tantalum and 

tungsten are similar in their chemical properties to the correspond-

ing transition elements in the 5th period, zirconium, columbium, 

and molybdenum, in which the 4d shell is being filled. 

It has long been 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 ls discussed 

have accepted the view that it is the 6d shell which is being 

filled. Thus the structure of the elements above 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 

~"lements, actinium, thorium, protactinium and uranium(l). 

Many of the early papers which appeared after N. Bohr's clas­

sical work{ 2 ) on the quantized nuclear atom discuss the electronic 

structure of the heaviest elements. ·There has been general agree-

ment that some type of transition group should begirJ. in the 

neighborhood of these elements, although there has been difference 

of opinion as to Where it begins and as to which electron shells 

are involved. A number of the earliest publications oven have 

sug3ested that this transition series involves the filiing of the 

5f shell, thus possibly giving rise to a "rare earth" group in 

a manner analogous to the f:i.lling of the 4.f shell. This filling 

of the 4f shell resuits in the well knoWn group of 14 rare earth 

elements of atomic numbers 58-71 inclusive, following lanthanum. 

It is of interest here to note a few of these early and also 

later suggestions in order to review the general previous status 

of.this question. Most of these early investigators were of the 

opinion that the filling of the 5f shell should begin at some 
• 

point beyond uranium, that is 1 beyond the then known elements. 

rn an early paper Bohr( 3 ) su;,:;gested that the addition of the 

5f electrons might begin in this region, and in a Bohr-Thomsen 

type of periodic table he pictured the first entry at the element 

with atomic number 94. y. Suguira arid H. c. Urey( 4 ) gave calcula-

tions indicating that the first entry of the electron into the 

5f shell should occur at element 95. J. c. McLennan, A· B. 

McLay and B. G. Smith{S) suggested as an alternative to the fill­

ing of the 6d shell the possibility that the Sf shell begins to 

be occupied in thorium. In a review article, S. Dushman( 6 ) stated 
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it is doubtful that the added electrons enter the 6d level (thus 

implying an analogy with cerium, etc.). V. Karapetoff( 7 ) and 

Ta•You-Wu and s. Goudsmit(B) suggested that the element with 

atomic number 93 might be the first in which the 5f shell begins 

to be filled, while A. von Grosse(g) suggested, as a possible al­

ternative to filling of the 6d shell, the entry of the first 

electron in the 5f shell with uranium. More recently 1. L. Quill(lO,) 

largely fbr the purpose of illustration, presented periodic table 

arrangements in which the first 5f electron appears in element 

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

later calculations of 1'1· Goeppert Mayer(ll) indicate that the 

filling of the 5f shell might begin at protactinium or uranium. 
· (12) and R. Rudy(l2a) 

J. Perrin /on general considerations, proposed as a possi-

bi li ty the theory that the first 5f electron a ppoars in thorium 

and G. B· Villar(l3 ) suggested that some of the chemical eVidence 

supports this viewpoint. 

On the basis of his or7ystallographic work, v. M. Goldscl"l111idt( 14 ) 

favors the view that the first 5£ electron enters at protactinium, 

the first element beyond thorium, although he points'out the pos-

sibi li ty that this may occur ei thor earlier, in thori urn, or later 1 

in uranium or in the ·(at the time unlmown) transuraniurn olEmen ts • 
....._ 

By analogy with the name "lanthanide 11 series which he had already 

proposed for the rare earth elements because these 14 elements 

followtng lanthanum have lanthanum as their prototype, he pro­

posed the name "thoridc 11 series for the 14 elements follovlfing 

thorium. on the basis of his much more complete crystallographic 

evidence, ·including especially observations on tho transuranium 

elanents, VIJ. H. zachariasen(l5) has come to the same conclusion. 
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B • After the Discovery of the 1.'rans~nium "Slernent s. The 

recent discovery of the •trans1.n•anium elements and the study of 

their properti cs, especially the chemical properties, have given 

us a tremendous amount of additional evidence of just the type 

needed to blarify this problem. As it turns out, it is in the 

transuranium elements that the really definitive chemical pro~ 

perties, from the standpoint of placing the heaviest clements in 

the periodic table, first appear. The f:trst best def).nite evidence 

that the 5f shell undergoes filling in this heavy region came from 

the trace±- chemical observations of E· 1'1· f1cMillan and P. Ho 

Abelson(lG) on element 93 (neptunium): upon their discovery of this, 

the first transurani urn e lemont, they were able to show def ini to ly 

that it resembles uranium "in its chemical properties and bears 

no resemblance to rhenium, the element immediately above it ih 

the periodic table. This excellent ·expArimental evidence was 

interpreted by them to irrlicate that this new "rare earth" group 

of similar elements starts with uranium. K· Starkc(l7) and 

C• G. Bedrcag(l8) also interpreted the tracer experiments with 

element 93 as indicating that the first 5f electron comes at 

element 93, while F. strassmann and o. Hahn(l9 ) felt on the basis 

of ·their tracer experiments with thi.s elcmnnt, that it was diffi-

cult to mnke any dod uc tion. As a result of their first tracer 

experiments with element 94 to~·;cther with their considerat::.on of 

the tracer investigations with element 93, G. T· Seaberg and 

Ao C ,1;rahl (20 ) in 1942 mn.de the suggestion that this transition group 

might begin as early as with thorium or actinium. 

Since this fil""st tracer work on tho transuranium elements, 

the oloments neptunium (atomic number 93) and plutonium (atomic 
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number 94) now have been extensively investigated with substantial, 

·weighable quantities. Americium (a.tom:i.c number 95) and curium 

(atomic number 96) also have been available for investigation, on 

a more limited scnle, in weighable quant1ties. The recent oxten• 

' siva investigations of thorium, protactinium and uranium also 

have contributed to thG evidence which is now usoful to interpret 

this question. 

II~ Actinide noncept 

A· Q~~· The evidence now available leads to tho definite 

view thnt it is tho 5f electron shell which is being filled in these 

heaviest elements. Tho evidence seems sufficient to go further 

·than this and to suggest( 2 l) thnt this rare-earth-like se~ios 

begins with actinium in tho samo sense that tho rare earth or 

"lanthanide'' series begins with lanthanum. on this basis it 

might be termed tho "o.ctinido" series (2 l) and the first 5f 

electron might a,ppcar, although not necessarily, in thorium. 

The salient point is thc,t the chm'acteristic oxidation state 

(i.e., tho oxidation state exhibited by tho member containing 

seven 5f and presumably also by tho member containin3 f ourtr.:cm 

5f electrons, curium and element 103) is the III state •. 

There is mucll. evidence, all pointing toward this view. We 
I 

will discuss this evidence which is in thn following lines: 

( l) chemical proporti es, (2) absorption spectra in aqueous solu­

ti\on anCl crystals, (3) crystallographic structure data, (4) mag­

netic susceptibility data and (5) srnctroscop~c data. 

It should be emphasized that the discussion so ·far has been 

carried on in a somewhat oversimplified manner, because the details 

concerning the possible physical or chem~cal forms in which these 
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elements might exist have a bearing on tho electronic structure, 

as is tho case for all tho other transition groups including the 

rare earth elemcmts. Thus tho number of 5f electrons in the atom 

in the gaseous state might differ from that in the metallic state 

(which in turn can differ from one pho.se to another), and in turn 

neither one of these structures might correspond directly to the 

chemical properties. It is the chemical properties (including 

absorption spectra, crystallographic data, etc. on tho compounds) 

which should be determinative in placing these elemonts in tho 

periodic table, just as was th(' case for tho rare earth elom('nts 

which would be pla.ced diffe:c•ontly considering their elo ctronic 

structures alone. 

B. Chemical Evidence. on the basis of an actinide series 

the characteristic oxido.tion number for tho series is III 1 and 

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 oxir.1 ation from the IU to tho VI state and, in fact, with ameri­

cium it is impossible in aqueous solution to effect 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 plutoni:um, and with americium the evidence incHcates that it· 

probably is not possible to effect this oxir.1ation in acid solutj.on 

at all. If this oxidation should be proved possible the indlca­

tions arc that the potential is so great that tho hi.ghor oxida-

tion state o:r amoricium is reduc eel rapidly by water· and cannot 

be maintained in aqueous solution for any great length of tL'11c. 

Those considerations are illustrated by the following to.ble (Table I) 



.. 

UCRL-102 

~age 11 

in which tho stnndard oxidation-reduction potentials, referred to 

the hydrogen-hydrogen ion couple as zero (see, for example 1 W. M. 

Latimer, "oxidation Potentials 11 <22 )) 1 arc listed for tho I!I-IiT 

and IV-VI oxidations for those olemnnts( 23 ). 

TABL'S I 

Some Oxidatiori Potentials of the ACtinides. 

(Aqueous Solution, l Molal) 

1_-e-m~e--n~t--------....------P-. o_t_o_, n-t-i-;--1 -i n-V-o=l:t=; __ 
III-IV ~IV.-\TI -------··-- ··--------

' 92-U +0.63 ..-0.60 

93-Np -0.14 -0.94 

94-Pu -0.95 -1.11 

95-Am __ j ______ <-2 ---··-----··-·-·-.· ---·--------'--·---
Much of the work done with curium has of no co ssi t y boon 

limited to tho tracer scale and therefore it has been impossible 

to make corresponding quantitative cleductions. Thj_s work, how-

ever, has lod to tho definite qualitative conclusion that it is 

impossible in aqueous-acid solution to oxidize curium to the VI 

state and .that it is also impossible to oxidize ~-t from the III 

to the IV state. In fact, the experiments of s. G. Thompson, 
. (24) 

Lo 0· !"[organ, R. A· James and I. Perlman I in which tracer 

amounts of curium and americium were subject·ed to strong oxida-

tion under alkaline fusion, indicate that it is more diffi .. cult 

to oxidize curium from the I II to an upp.;r state than is tho case 

for americium, and it may be impossible to effect this oxidation 

at all. These experiments indicate that americium may be oxidized 

in alkaline media, and can in this manner be separated from 

( 2 5) curium. In fact, L. B. Wel""'nor and I. Perlman """ were able to 
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oxidize americium( III) in 40% potassium carbonate solution by the 

usc of the strong oxidizing agent hypochlorite to an insoluble 

Jcompound, probably of americium( v), and hence effect an o ffic iont 

separation from curium(III) which apparently is not oxidized 
' 

under tho so severe conditions. Tho mict'ochomical oxpel"imonts 

of Werner and Perlman (26) with macroscopic concentrations of 

curium also point towa:;:'d the existence of curium solely in 

the III oxidation state • 

. This tendency toward increasing stabiliza'tion of tho lower 

oxidation states, especially tho III state, with increasing atomic 

number also manifests itself notably in the stability of tho solid 

compounds of tho various oxidation states of these elements. The 

best illustration arises from a consideration bf the solid non-

oxygenated halides of these clements. Tho first possibility of 

the production of a trifluoride appears with uranium trifluoride. 

which can be prepared only under drastic reducing conditions and 

tho s tabi li ty and case of roduc tion to tho trifluorid,o ·increases 

in going to neptunium and then to' plutonium. :Mor•eovor, while it 

is relatively easy to produce uranium hexafluoride, it is more 

difficult to produce neptunium hexafluoride and very difficult 

or impossible to produce 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 respo ct to the other halides, it has, in .fact, boon im-

possible to prepare any plut.onium or americium chloride, bromide 

or iodide of oxidation state higher than III, and it has boon 

possi blo to prepare only the chloride and bromide of neptunium 

of oxidation state IV (in addition to thG chloride, bromide and 
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iodide of oxidation state III). In tho case of uranium it has 

boon known for some' time that thoro LU'e chlorides of oxidation 

state higher than IV and c. chloride, bromide and iodide of oxi ... 

dation state IV. These considerations are well illustrated in 

the following table (Table II) which lists all of the halides of 

uranium, neptunium, plutonium; and americium v~~ich have been pro-

pared and maintained as stable in tho solid state. So far tho 

chemical evidence indicates thc.t it will be difficult, probably 

impossible 1 to prepare nny of tho non-oxygenated halides of Dlriori-

cium (and curium) of oxidation state higher than III. In fact, 

s. Fried and A. E· Florin( 2?) h,J.ve treated AmF
3 

vli,th fluorine 

at elevated temperatures and have obtained no evidence for tho 
• 

formation of a higher fluoride. 

rr.his chemical evidence indicates that tho Sf electrons arc 

loss tightly bound than tho 4f electrons and therefore can be 

more easily removed by oxido.tion, ns should bo expo ctocl on tho 

basis of tho predicted lower binding energy of Sf as compared to 

4f e lo ctrons. Thus the II! stat. o of thorium cannot cxi st in 

aqueous solution, and until tho present the IV and III states of 

protactinium have not boon observed in aqueous solution, q.l though 

it seems reasonable that with further study one or both of those 

states will be observed. In tho case of solid compounds it seems 

not impossible that tripositive thorium compounds with one or 

· more of tho henvicr halogens will be prepared under rather severo 

reducing conditions, and that tetra- and trlpositive compounds 

of protactinium will be prepared as soon c.s efforts in this direc­

tion arc made. (In fact, ZachRr:i..r.son(28) and J.D. McCullough(2 9 ) 

already have some crystallographic ovidonc0 for· c. dioxide of 



TABLE II 

Halides of Some of the Heaviest Elements-

Fluorides Chlorides 

92-U t"F (.. ' UF 5 1JF L , tlF .3 UC16 , 1JC15 , 1JC1
4

, UC1.3 
0 ~ . 

93-:Tp 1\TuF : ..... 6• NpF
5
(?), l'lpF 4' NpF ·' 3 I:Jr£1

4
, HpC13 

94-Pti PuF6(?), Pu.F1 , PuF PnClJ 
I· 3 

95-Am AmF3 AmC1
3 

./ 

Bromides 

UBr
4

, UBr 
3' 

NpBr4, NpBr3 

Pu.Br3 

AmBr
3 

Iodides 

UI~.' UI.3 

'Np!3 

Pur3 ,, 

Ami3 

\ 

~ 
I§ 
..... 
~ 

d 
(") 
::0 

't:"' 
i 

1-' 

2 
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protactinium with the fluori to str•uc turo although this m5_ght 

be a·cnsc of solid solution of two oxido.tion states similnr to 

tho solutions studied by J. K. J'Tr.rsh( 3o, 45 ) in the Pr02-Gd203 1 

Tb02-Nd20 3 and Pr2 o3 -:Pro2 systems and similar to the well known 

solid solutions in the iron oxide systems.) The charactol."istic 

IV oxic1a.t ion state demonstrated by thori:um is then nnalogous to 

tho IV oxic:1o.tion state of corium and tho V state of protactiniUm 

is analogous to the somewhat uncerb:d.rt V state of praseodymiurn(Z50, 3il 
From the boho.viol" of _uranium, neptunium c..nd plutonium,. it must 

be deduced that as m.'lny as throe of tho 5f ole ctrons nrc given up 

fo.irly readily. In this connection it is interesting to note tho.t 

in the case of tho 'lanthanide elements thoro aro in gone ro.l only 

two ole ctrons (beyond the xrnon structure) outside of tho 4f 

shell (soc .Table VI b o low) 1 o.lthough tho pcrsi stent oxidati·on 

state is certainly the III stat~. 

Americium should possess an oxido.tion state of II which 

it would attain through tho presence of seven electrons in tho 5f 

shell in a. manner quite tma.logous to tho II sto.tc of europium, 

the clement immodia toly pr•ocedint; gadolinium, with its seven 4f 

electrons. Because of the groa.ter co.se in the !'cmoval of the 5f 

electrons i.t should require c. considornbly strongol" reducing o.gent 

to reduce t:tm!"ricium from tho I:ti to the II sta.te tha.n is tho case 

for europium. It is not impossible, however, but in .fact probable, 

that it will be found that c. mer icium can be reduced o.nd maintained 

in tho II state in aqueous solution.· Thompson and co-workers< 24 ) 

have made po.rtial sopa.rntions of a.mericium (presumably as Am(II)) 

from curium in tracer amounts in aqueous solution by using sodium 

amalgam as the reducing agent and carrying 2mcricium selectivoly 
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with snmnrium(II) sulfo..to, c..nd in addition by using betl"'ium o.s 

reducing ::tgcnt and co.rrying o.mcriciu_rn selectively with barium 

chloride from concentrated hydrochloric acid solution. It is 

interesting to note as well that A.mO ho.s boon prepnrod(32) by 

treating nmcricium oxide with hydrogen at 800°C (although some 

'impui'ity mc..y ha.vo been responsible fOl'' tho reduction here). 

curium with its seven 5f electrons should exhibit the· III stc.te 

exclusively and a.ll of tho evidence, obtained both from.tro.cer 

and macroscopic qunntities 1 indicntcs that this is tho case. 

The following to.blo (To.blc III) summarizes tho known oxido.-

tion stc..tes of tho lo.ntho.nido and actinide elements in such o. 

vmy as to bring out tho c..no.logy between tho two groups and to shOJil 

tho groo.ter ease of oxicl.ation for tho members of tho lo.ttcr group. 

Tho uncertain states c.rc do signet ted with petrcntho sos. 

TABL"S III 

oxida.tion Sta.tes of La.nthanido nnd Actin :tdo Elements 

j At. No. 57 58 59 60 61 62 63 64 65 

~lemont 
~.......-.-

La Co Pr }Tel Pm Sm EU Gd Tb 

oxid. States 2 2 

3 3 3 3 3 3 3 3 3 

4 4 ( 4) 4 

5 
~-~-'-------·-------------------·-

At. No. 89 90 --
:Clement Ac Th 

Oxid. States 

3 

4 

91 92 93 94 95 96 

Pa U NP Pu Am Cm 

3 

(4) 4 

5 ' 5 

6 

3 

4 

5 

6 

3 

4 

2 

3 

5 (5) 

6 

3 
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The metals of tho elements thorium to americium inclusive 

have boon prepared and tho tr pro parties studio d and the so bear 

a striking ro semblance to tho metals 0 f tho rare 0 arth e lemont s. 

All of them are highly electropositive, and to nbout· tho same do ... 

groo, which is n similarity to tho rare earth metals and a difference 

from tho corresponding 5d elements, hnfnium (clement 72) to 
• 

iridium (clement 77) inclusive, in ·which the electropositive cho.rac-

tor of hafnium is lost as 5d electrons are added in going toward 

iridium. Another rom:1rkable resemblance to the rare earth clements 

lies in tho densities of tho metals. Both amcricium{ 33 ) and tho 

analogous 4f element, ouropium( 34 ), hc..vo donsi.tios much lownr them 

their nei.ghboring elornc nts. Thus tho so metals seem to have radium­

like or bnrium-like struc·turos, with abnormally high rndii and 

analogous electronic structures. This analogy in tho densities 

is shown in Table IV whore the densities (of tho forms of the 

metals which are stable 'at room temperatura) arc listcd(34,35) • 

. TABL~ IV 

Densities of ~oom Temperature Forms of Some 
Lanthanide and Actinide Metals 

. 

At. No. 60 61 62 63 64 

Element Nd Pm Sm Eu Gd 

Density 7.00 6.93 5.24 7.95 
• --· 

At. No • 92 93 94 95 96 
. . 

ElemQ!Lt u ]\Tp Pu. Am ·em 

Density 19 .o 19.7 19.8 1'·-'ll 

A compar].son with tungsten, rhenium, osmium and iridium. brings 
\ 

forth no such analogy. 
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C· Absorpt!on Spectra i~qu£2~Solution and Crystals. One 

of tho characteristic properties of tho clements of tho lanthanide 

series, a property which depends upon the 4f electrons, is their 

sharp nbsorption bands, to c:t lo.rge cxt0nt in tho vis iblo sp oct rum,. 

This o.bsorption is duo to tro.nsitions involvin~ the 4f electrons 

and the sharpness is o. consoquonco of the shielding of those, 

both in tho ground c.nd excited states, by electrons in tho outer• 

shells. Tho investigations of this typo with tho elements uranium, 

neptunium, plutonium1 americium nnd curium have shown a striking 

similo.rity in this property to the rare onrths, which is further 

evidence that wo c..re donling with 5f electrons. Tho c.nalogy be-

tween the rare o o.rths cc nd uranium( IV) in this property vms not i cod 

by Goldschmidt ( 36 ) nnd between tho rnro earths ·o.ncl uranium( III) 

and (IV) by Hl.Y]phraim c.nd !1. !1ozonrr< 37 ) many yci..~rs ago. This 

similarity between tho actinide o.nd tho lanthanide elements is 

more than qualitative in that the general complexity of tho nb-

s.orpt~on picture undergoes analo.;ous simplifico.tion as wo approach 

tho middle of tho two series, thc..t is, e.s wo approach tho clements 

gadolinium cmd curium, vdth their seven 4f or 5f electrons.. un-

fortunc..toly., up to tho present -the most extensive i;Vorl{ on tho ab-

sorption of urnnium and tho transuranium o lcmcnts has boon dono 

in solution, -vVhcro much of the sharpness is lost, and with instru-

monts of not very high resolving power. Tho aqueous solution n.b-

sorption spectra of the tripositivo actinides, tnkon from vn.rious 

sources on tho Plutonium Project ( 38 ) arc shovm in Fig. 1, whore 

the corresponding spectra of tho rare earth olom~nts n.lso are 

shovm for purposes of compn.rison. Altbough tho absorption curves 

of 1i11 •. Prandtl and K •. Schoinor(39 ) nrc ava.ilnblo for comparison, 



UCRL-102 .. 

Pnge 19 

this· work was not done under conditions compc.ro.blo to those under 

which tho work on tho actinides vms dono. Thoroforo., D. c. Stoviart(40) 

has measured the c.bsorption spectra of tho rnro earth clements 

under com~nrnblo conditions o.nd his I'osults <J.rc also given in 

Fig. 1. Tho prcliminery results of p. r-1. Lantz and G. W• Pnrker( 4 l) 

on the c..bsorption spectrum of promethium (element 61) nrc nlso 

included. It appears t.hat as we a.ppronch" the middle of tho two 

• ("t ( • sor1oo 1.o • 1 ns we npproc,ch tho clements gadolinium nnd curium) 

tho ground states involv~:ag tho seven f eloc,trons lio very do­

finitely below tho next higher states, loadin~ to sncrgy difforences 

of n sufficient mngnitudo to cause tho main absorption to fc,ll out-

side of the visible in tho ultrnviolct region. 

Tho best method for tho comparison of the absorption spectra 
\ 

of tho two groups of elements is to compnre tho· spectra obtained 

with ·crystals, where tho absorption linos nrc knovm t.o be v_ery 

sharp for tho rare earth elements on the bo.sis of o. lril"go number 

of monsuromonts with mo.ny of these dlomonts ~ Sudh moasur•oments 

are undo,rvmy for a number of transuro.nium elements and tho results 

so far indicate striking o.no.logies. S. Freed o.nd F: Leitz (42 ) 

have measured tho absOl"ption· spectrum of solid americium tri-

chloride and they find sho.rp lines, of tho order. of one to five 

Angstroms wide, which is c.. width comparable with tho sharpest rare 

earth spectra. In fact tho sharpno'ss in tho spoctra(42) of 

ameridiQm chloride and americium bromide is so extreme, at room 

0 temperature and o..t 77 K., that only tho tripositivc europium ion 

'is comparable; since tho absorptton spectrum of tho latter ori.-

ginatcs from a ground state involving six 4f c.lcctrons, it $corns 

very likely that tho basic state of tripositivo americium contains 
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six 5f electrons. They( 42 ) also measured tho absorption spectra 
0 . 

at room temperature and at 77 K of urc:.niurn tetrachloride., nep-

tunium tetrnchlorido c..nd plutonium trichloride and the sharpness 

of tho lines indicntos that tho least stable electrons of those 

ions nrc in tho inner 5f shell in tho o.ctivated as well as in tho 

basic electronic states. 

n. C~ystnllogra2Qi~ Data. As mentioned above, crysto.llo-
' 

graphic evidence in o.ddit:'Lon points to tho filling of tho 5f shell 

in this neighborhood of heavy clements. Some years ago 1 Gold­

schmidt<14' 43 ) had already noticed tho isomorphism of Tho2 and 

U02, r.md tho decrease in size in going to uo2 , a.nd hnd interpreted 

this to indicate tho presence of 5f electrons in urr:m~um. Tho 

obsorvc..tion of Zt:tdhariason( 28) ·or the) isomorphism of tho compounds 

h ' ( 44) T 02, Pc..02, U02, 'NP02, Puo2 and Amo2 , together vrith his ob-

servation of tho regular docrcaso in radius of the motallic ion in 

the so oxides, has boon intcrpl"'otod by him to be exec llcnt o vidence 

tl).at the electrons are going into tho 5f shell. (In this series., 

howovor 1 tho lGttico constants of tho Pa0
2

(28129 ) and .Amo2 (45) do 

not fit perfectly into tho regular po. ttorn for decrease in atomic 

radius. of the metallic ions; this might be duo to mixed oxidation 

states similar to tho situation found for tho higher praseodymium 

oxide by :Marsh( 46 ).) Both of those investigators have advanced 

tho hypothesis that it is a. "thol-:>idc"serios, i.e., that tho first 

5f electron c.ppco.rs in the first e lemont beyond thorium, na.mcly 

protc-.ct inium. 

Zachario.son has used tho x-ray diffraction method to determine 

tho molecular structures of a grec.t number of compounds of thorium, 

uranium and the transuranium elements. All of those measurements 
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point towo.rd tho fi llinc of tho 5f shell since o.no.logous compounds 

are found to be isomorphous, :Lnci. icn t ing tho. t the sue cos si ve aloe-

trons nrc added in such a way (i.e., to an inner shell) as to 

allovv tho cmalogous compounds of successive. elements to hnvo idon­

ticc..l molcculo.r stl"Ucturos. Thus, Znchm"ic..son {4 ?) f:l.nds the, t 

pro.ct).cc,lly c..ll of tho various ho)ido types shovm in Tc..blo II 

cbovo have isomorphous structures: for oxc..mplo~ all members of tho 

( 

each other, o.nd the same is true :for the group UC1 3 -NpC13 -FUcl3 -AmC13 

etc. To bo· sure, in some cases (for cxnmplo, UBr 3 -NpBr 3 -PuBr 3 --AmBr3), 

thoro is o. chcmgo in structure typo :in proceeding up the group, 

but this is to be oxpoctod on the basis of tho contraction ·which 

to.kos place, and is entirely consistent with tho o.cl.dition of tho 

successive electrons t6 tho 5f shell. Zo.chariasen( 4 ?) hns used 

those structure data to calculate ionic radii o.nd those radii 

show n. progressive docroaso :in size with. increasing c.tomJ.c number 

in a mrmnor qui to o.nc.logous to tho well known " lc.ntb.anido con-

traction" observed with tho rare oo.rth clements, tho compounds 

of wh:l_ch r..ro in turn isomorphous ·with tho corresponding compounds 

of the gtctinido olomonts. In ordol" to fuJ'thor illustrnto those 

considorc.tions tho followinG; tc.blc (Table V) gives the ionic radii 

Of a numbe-r of .... h t · · d '1 1 th · d' c.·lo.m. e· 1:ts ( 4 7 ) · •. u~ c o.c :t.n:t. o anc rm ;. .. nn:t. o .. _ 
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TABL"S V 

Ionic Radii of Actinide and Lc .. nthnnide Elements 
- -· ---.,------------r 
• of 4f or 
Electrons 

0 

1 

2 

3 

Actinide Series 
I I I Sf at o =4..,.---IV--,S=t-a-;-t a··--

Ac+-;-----1.~1~ ~- Th+4l 0.95 A 

(Th+
3

) (1.0$) II po.+4 (0.91) 

(pn+3 ). (1 .• 06) u+4 0.89 

Lantb.anide So rio s J 
_____________ j 

La+3 

co+ 3 

+3 
Pr 

lo04 A 

1.00 

0.99 

(0.98) 

0.9'7 

E. )1o.gnetic Suscoptibillty;_Dnta.. Magnetic susceptibility 

m·easurcments on compounds of thf' ho:.lviost clements idoo.lly should 

lead to the resultant mc..gnotic moments in fundamental units nnd 

in this way give informcc tion o.s to the quantum states of tho 

responsible oloctrons. Actually~ ns evidenced by the ro.ro eartlL 

clements, tho situation is r.:-,thor ·complex o.nd tho exact behavior 

expected for tho heaviest olomon.ts, on the basis of tho presence· 

of oith0r 5f or 6d electrons, cannot be, or at least hns not boon, 

predicted. Nevertheless~ such measurements should give, nnd indeed 

have given, informatlon on this point. 

The earliest magnetic susceptibility mco.suromonts thc,t were 

made on compounds of uro.nium( 4 B, 49 , 50, 51 ) o.nd plutonium(52) 

showed that those arc par•o.mngnotic 1 yot tho results are difficult 

to interpret qunntitativoly. A· simple quo.litatlvo explanation of 

tho magnetic· susceptibilities of Pu(III), Pu(IV) and Pu('VI) lies 

'in tho o.ssumption tho.t thoro o.rc five 5f electrons in Pu(II:T) 
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which are successively removed r,s one goes to tho higher oxido.tion 

states. Those measurements, hovrevor, do not load to this inter-

pretntion as the sole and unambiguous one, and r.s a. result must 

be rego.rded only as being consistent with o.nd ionding. weight to· 

this v-:iovr, but not giving proof of it. 

r..a.tor G. A· Hutchison nnd N. ~lliott mnde mngnctic. sus cop-

tibility monsuJ'emonts over n wide range of tempcrntures on a 

number of compounds of tho heaviest elements. In the case .of 
(53, 54) 

uranium(IV) compounds they found thnt a number beho.vc in 

a mD.nner similctr to pr'D.sooC.y·mium(III) compounds, indico.ting thc~t 

thCEw tVJo groups of com:;ounds hnvo isoolootronic structures with 
i 

respect to f electrons and thus h-:-,ve two such electrons. They 

disclosed in addition that the temperature dependence of tho 

mo.gno tic suscept ibi li ty of tho so uranium( IV) com pounds obeys tho 

Curio-\IVeiss law over o. ro.nge of tompcrnturcs, c,nd through extra.-

polntion with tho usc of this lnw they deduced a resultnnt mo.g­

nctic moment very close to tho.t expected for two f electrons. 

They also c oncludod that tho crystal fields produce moro pronounced 

porturbing o ffocts in this case thnn ii1 the co_rro spond:Lng case 

involving 4f electrons. Their moasuromcnts( 54 ) on ncptunium(v), 

which is isooloctronic with uranium(IV), c.lso indicated tho 

prosonco of two f o loctrons hero. 
. . 

J J H l d " d lVI " 1 . (!) 5 ) ' 'th t• • , •.. ow an '-'n 1. •• ,o. VJ.n 11avo moasurco_ o magno J.C 

susceptibilities of tho cc.tions of urG.nium, neptunium, plutonium, 

and o.moricium in most of their stDble oxidation states. In 

order to account consistently for tho obsor•vod values of tho mag-

nntic susceptibility, the; contrnl ntom must bo nssum.od to ho.vc 

electronic configurations (beyond tho radon structure) of the typ.e 
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(5f) 1.-6 : for cxo.mplo, Np(VI) corresponds to the structure 5f, 

U(IV), Np(V) and Pu(VI) to 5f2 , Np(IV) to 5f3 , Pu(Iit) to 5f4, 

Pu(III) to 5f 5 and Am(III) to 5f6 • The experimental effo,ctive 

magnetic moments o.ro in tho examples of t~:ro, throe, and four olec-

trons lower than would be expoctod for tho lowest olrctronic 
'. 

stc..tos predicted by nund 1 s rules for L-S coupling; because the 

spin-orbital intcrnction is very strong in heavy atoms, other 

states v.rhich belong to the lowest group in j -j coupling can lio 

deep enough to be significantly populated nt room temperature. 

For the configurntions 5f1 , 5f5, 5f6, o.nd 5f7 , hov7evor, no such 

eomplicc,tion exists; either c..tomic couplin.~ scheme loc..ds to onl~f · 

one, tho snmo, lov1 lying s tn tr a 

F. Spectroscopic Dn tn. Spectroscopic ovidenc o also lends 
' ,___ 

support to the actinide interpretation. C. •c. Kiess, C. J. 

Humphreys and D. D. Laun( 56 , 57 ) investigated tho spectrum of 

uranium o.toms and tho y gave tho intoi'protation that th.c electron 

configuration of the lowest state of neutrnl uranium is 5f36d7s2 . 

(beyond radon), a configuration which fits in voray well since 

uranium is tho third. clement in the scrioso other Yvork by 

· p·. schuurmans and ~o-workers(SB,S9 ) on the spectrum of gnsoous 

U(II) nnd TT(I) has given results nhich nrc consistent vJith this 

structure for the noutro.l uranium atom. Spectroscopic evidence 

thnt thorium possesses n ground state nnnlogous to that of corium 

o.lso indicntos thnt tho cho.ro.cteristic configuration for uro.nium 

. ( 60 61 62) could involve throe Sf electrons. othor obsorvatJ.ons ' 1 

mo.de on tho go.soous Th( II) spc ctrum indico.tc tho. t the 5f is very 

close to tho 6d electron in binding energy in this o.tom. 

(63) 
H. Russell has modo a complete analysis of tho x-raay dnto for 
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radium, thorium and uranium nnd hns concludod that tho 5f lies 

lower than tho 6d level cmd thc.t tho 5f shell bogtns to fill c.t 

thorium. 

' ( 64) F. s. Tompkins o.nd l"I· Fred hnve mo.do a quo.litntivo com-

po.rison of the emission spcctr•c. of the actinide o.nd the lan-

tho.nioo olomonts. They found such a strong ::mnlogy between tl1e 

~verngo intensity of tho lines in tho cnso Qf americium [:nd curo-

pium thnt it scorns safe to conclude tho. t the so have similnr olo c-

tronic structul"'GS in tho gr•ound stc..tos. Thls then :l.ndiccttos tho 

configuration 5f77s2 for the gaseous ato~ of americium. 

III. Corro lL: tions and Deductions -- . ---.~·--

gJ.ves what o.ppo8.rs to be tho c onfigurc..tion or tho best prediction 

for tho configui•ation (beyond the rndbn structure) of the ground 

sto.to of tho ncu tro.l gaseous atom for ench of tho elements c..c-

tinium to curium inclusive. The trend in tho chomicc..l properties, 

with its implico.t5.on that tho 5f becomes progressively o:f.' lovicl" 

energy compared to tho ed. level c.s thn atomic number incrso.scs, 

is used as em aic'. in mo.kinc-s tho predictions. 

mb · f · 0' "" t · ( 6 5 ' 66 ) { b '1 ) f " J_ o con l 0 UJ: '-' lons · oyonc. xenon o tl1.e corrosponning 

noutro..l rare co..rth olomcnts D.l"e given for comp'.rison. Tho ground 

states given fol" corimn and pr2-scodymium nrc those prodictod( 6 5, 66 ) 
. \ 

on tho bo.sis of thq rocentiy determined· ground s tc.tos of tho singly 

ionizo(1 o.toms (67), a.nd. tho.t of clement 61 is obtained by into:r-

polcttion, c.nd as c. consequence those nro sub.joct to some doubt. 

Tho ground states given for noodymium(SS) 1 S[\mnl":l.um, europium 

. ( 67) 
and go.dolinium nro those spcctroscopicc~lly dotorm1ncd o..nd 

sh~J.ldbo considered [Ccf~ woll ostctblishod.' 
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Suggested Blectron Configuro.tions (B~yorid B.c:don o.nd Xenon) 
for Gc.seous At orris of Actin ide and r..n nthcmido "Sleincnt s 

-- •" ; I • --
89-Ac 6d7s2 57i..Ltt 5d6s2·. 

- - ~ 

90-Th 5f6d7s2 or 6d27s2 58.-Cc 4f26s 
2' 

' . 
. ----.....;_ __ 

91-Po.. 2 2 5f 6d7s or 4f36s2 
I 

5f6d7s2 59-Pr 

- . ' 
~· 

', . 

92-U 5f
3

6d7s
2 

60-Nd 4f
4

6s
2 __j 

........__..__,......,__. ' ··-·----· 
93..;.Np 5f4 6o7s2 

OI' 5f57s2 61 4f56s2 

......__ -·- -
94-Pu 

5 2 hf67 2 

I 62-Sm 4f6 6s2 Sf 6d7s or ,J s 
I 

95-Am Sf77s2 I 63-Eu 4f76s2 

Sf 76d7s2 ' I · 4 r 7Sd6s2· · 96-Cm . 64-Gd 
j -

It should be pointed out that it would be entirely consis-

tent from the point of view tho.t we c~re dr.c. ling hero with -:L 

series of o.ctinido olomonts if it should ovontuo.lly be found tho.t· 

there o..ro no Sf electrons present in thorium (or proto..ct5.hium). 
/ 

It is qui to possible on tho basis of pro sent evidence that proto..c­

tinium, or oven urcmium, might be tho first to ho..vo 5f electrons. 

It so ems qui to 1 ike l;y-, however, tho. t o loctrons wi 11 be plc,cod in 

tho Sf shell oo.rliol" in the series thnn UJ."'anium nnd thnt protnc-

tinium will have o.t loo.st one. An cssentio.l point is tho.t curium 

definitely scorns to have sovon Sf electrons o.ncl olcmont 103 pro-

bnbly would hnvo fourteen Sf electrons. 

In tho case of some of tho clements in the series it mo.y bo 

difficult to o.ssign electrons to tho 5f or 6d shells since tho 
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cnox·gy nocossur~y for tho shift from one shell to tho other mo..y be 

within tho runge of chemical binding energies. Tho electron con-

fic;uration mo.y differ from compound to compound ol"' oven with tho 

physical stuto of n given compound. Moreover one certainly cannot 

be sure that the configuration of tho ~~c.soous o.tom~ for oxnmplo, 

will correspond to thc,t of the compounds or of the hydrutoc1 ions 

in solutiono In tho cc.so of tho lnnthc.nidos, in fnct, tho configure.-

tion of the gaseous atom hns in gcnorc,l only tvro electrons (beyond 

tho xenon structur·e) outs:J.dc of the 4f shell, although the pro­

dominccnt o.xi.dn tJ.on state is certnirhy tho III stnto e Since tho 

energy difference between such fur outlying levels ns tho 5f ::md 

6d shells is rnthor smc.ll nnd since x•esonnnco effects should be· 

rather l.::n~go, those mny pr edominc,to in determining thc.t :..1. composite 

energy lovol lies lOiiost. Thus some of these clements could 

possibly consti tuto wb.n t might more propcely be culled .. '1 5f-6d 

runge in this series, l"'Uthor them 0.. pnPt of n totally Sf transition 

group. 

The: evidence thnt hns nccumulr.ted so far seems ncvortholoss 

to point to lower energies for tho 5f compared to the 6d levels 

for the compounds of tho elom:~'nt, .::ts enrly o..s uranium in this 

series. rt· is in thr case of tho clements thorium cmd protactinium 

whore tho rolntive nnorgy positions of those levels is as yet 

most uncertnin. As :l.n tho other transitio,n sorio·s, the rolntivc 

energy lc vo 1 of the she 11 which is undergoing tho filling proc c ss 

becomes lower c,s the successive electrons nre o.ddod, nnd by tho 

t:J.me o.mericium o..nd curium, nnd prosumo.bly, the subsequent mombors 

of tho sorios 1 2rc rcnchod tho Sf sooms clearly to bo definitely 
I 

of lo·wer energy than tho Ed she 11. It :l.s not pos s iblo to plo.co 
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tho electrons in n-eptunium and plutonium with confidence and hence 

5 2 . 6 2 in Table V tho alternntive structures 5f 7s and 5f 7s ~ respec-

ti vcly, for gaseous neptunium c.nd plutonium [ll"e su_3gestcd in recog-

nition of the possibility that already with those elements the 6d 

shell is not occupied. 

B. Possible Deductions without Data on Tro.nsura_nium _ _J;l~~· 

Althouch it is tho inf'ormc, tion on the transuranium clements tfl.nt 

has boon decisive in enabling us to como to the present view con• 

corning tho electronic structure, or more properly sl_X)akj_ngp tho 

position in tho periodic table of the heaviest olbmonts, it is 

interesting to conjcctu±>o, in retrospect, about the possibility 

of ho.ving f.crl"iVod at a similnr conclusion without this information. 

Actuo.lly thoro has boo.n much information about c~ctinium, thorium, 

protactinium and uranium, o.spcciLclly about the latter, vvhich 

pointed in this direction. As mentioned CtbovoJl thoro is tho 

similnr•itJ o.mong tho metals of those elements vvith respect to 

electropositive character. In addition, tho molting point of 

uranium metal seems to rolette it more to tho immod:ln.toly precocUng 

clements than to tungste~ end molybdenum. The cnalogy of urcnium 

to neodymium with respect to light absorption by tho triposit ivo 

ions and tho spectroscopic evidence for a ground state of tho 

gaseous urcmium c.tom j_nvolving throe 5f c lectrons has 2lr cady 

be on me nt ioncd. 

Urnnium differs considor8.bly from tungsten (o.nd molybdenum) 

in tho crwm)_stry of the lower oxidation sto.tos cmd, in fo.ct 1 

uranium(III) has grant similarity to tho tripositive rnrc earth 

elomcnts o..nd actinium, wh:tlc uro.nium(IV) resembles thorium and 

corium( IV). Thus uranium( III) nnd urnnJ.um( IV) nro not nc idic in 
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character, do not tend to form str•ong complex J.ons in solution, 

ha vc fluorid os whicb. ['.1.:''0 insoluble o.nd isomorphous with tho· 

~luoridos of tho rare oD.l"th clements o.nd hnve other halic'l.es with 

crystal structures vvhich· o.rc in general isomorphous with tho 

corresponding r11rc earth halides. on tho other h2nd, tungston(III) 

and tungston(IV) ox5.st in nquoous solution predominantly as strong 

complex ions; for oxnmplo, tungsten(III) has n strong chloride 

complex ion and tungstcn(IV) forms strong fluoride o.nd cyn!'l.ide 

complex ions. In this connection Thompson ( 68 ) ho.s pain ts-;d out 
... 

that tungston(IV) forms tho very stable complex ion 1rJ(c-r-.r) 8 =, 
with tho stable configurr.tion of oightoon outer electrons, while 

uro.nium(IV) possesses no sig,:ificant tendency to form o.n analogous 

complex cynnido ion o.s vvould surely bo expected if uranium pos-

sossod tho same outrr ole ctronic structure· r.s tungsten. 

Although molybdenum dioxicr and tungsten dioxide h::l.Vo i so-
I 

morphous crystal stx•uctures, tungsten dioxide and uranium dioxide 

do not, while uro.nium dioxide, thorium dioxide o.nd corium dioxide 

c..ll do possess isomorphous structures. It is intornsting to note 

that c.lthqugh uro.nium is not_ nssocio. ted with tungsten in minerals, 

urani'l:un and thorium rnin,nrD.ls practi."co.lly o.J.ways have tho rare 

eo.rth clements c.ssoc:1.o.tcd vvith thorn and tho rm"o earth minerals 

practically alvro.ys contain ur:::miurn or thorium .. 

Arguments on tho basis of tho scanty ovidonco from tho chemi-

cal pro portio :;J of thorium o.nd 1:1.ranium o.lono. ha vc boon gi von by 

others, including Villar(l 3 ) o.nd mol"o recently D. F. Ste~mo.n< 69 ), 

f::,:;.• a 5f type transition sol"ies in tho hcavbst clements, beginning 

with thori urn. 

C "" 0 t . 0 p . • " . rl b 1 d l·J ) t J. £QS1~ J_ on J.n ~.21:.£....lQ_ c em •'- ol'!:snc .o. uro. A mothcd 
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of presenting tho c..ctinido clements in tho periodic tnblo is 

shovm in Fi~~. 2. Hero arc shown tho fourteen elements of atomic 

numbers 90 to 103 . ~ . 
lrlC .LUSl VO 1 with c.r:tinium (clement S9) as the 

prototype listed ns c.. series bolow, and :tn :::. mnnnor similo.r to, 

tho common l-isting of the: fourteen rare co.rth clements of atomic 
\ ' 

numbers 58 to 71 inclusive, for which lo..nthc..nilln (clement 57) ls 

tho prototype. It is not proposed that this particu~ar form of 

tho periodic table has any more merit than any of a number of 

others wh:i.ch place those elemnnts in positions homologou~J to tho 

rare enrth clements, since it is obvious that they co..n be ano..lo-

gously placed in a munbor of other _types of tc,blos or charts. 

Tho clements 90 to 96 inelusivc could bo listed sopo.ratoly below 

tho 5d clements in rocogni tion of the resemblance .Qf tho fil"• st 

few of those to 5d elements. This D.ppcnrs to be undostrnblo 

however since tho lo.st members of this group bcm• no such roscm-

blanco and it is probably impossible to draw a line as to just 

where tho resemblance ends. 

As mentioned nbove 1 the important point is the presence of 

seven 5f electrons in stable, tripositivo curium (clement 96), 

making this c lemont very act inium-liko. A s ori os of n thor ide" 

elan en ts, for exc..mplc, ·would imply stablo IV oxid~1tion states in 

elements 95 and 96, with the presence of seven Sf electrons nnd 

tho IV state exclusively in element 97. A series of this type 

seems to be ru.lod out by tho now known impossibility of having 

e.mcricinrn in solution in tho IV stnte end by tho npparcnt non- ' 

existence of any oxtdntion stnto othrr them III in curium. ·rloro-

ov,lr, tho III state of ux•nnium would bo surprising on this bnsis 

since this o lemont would be the second member of a " tho ride" or 
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" IV oxido.tion stato" series. 

Tho group probo..bly could h['~vo boon just as well described by 

some othcl"' toi>m such c.s " curidc series" , rc.thcr th2,n n actinide 11 , 

which is dori vod from analogy with tho term lo.nthnnido. Anoth0r 

possibility would be to use o. no.mo o.no.logous to "rc..ro oo.rths". 

A SU[;gostion hero would bo 11 synthc tic earths" in view of tho 

·synthetic source of nll except tho first throe member$. ("t;;ven 

o.mong those, the synthetic production of po.2 3 1 according to 

233 233 Pa ----1 U ? nccounts for the best sources of importnnt iso-

topes of protactinium ond uro.niumt tho best source of actinium 

1 f '1 't b· .th · '""'t' R 226 ( vi)n'""'227 a so comes rom pl. o no .. l rons, .'[ .. r: ro'"''c 10ns ,_ o. n,, d.'·' __ ...,) 

Ac227.) 

1rrospo ctivo of tho nc..mo which uso.go will finally nssign to 

this group of olGnx.Jnts, however, it seems that tho outstanding 

charac tor is tics of tho group, no.mo ly tho " c ka-gndo linium" chnrac .. 

tor of curium (o.nd tho presumed " oko.-lutocium" chnrnctor of 

element 103),. together with the regularly incrco.sing trend towo.rd 

o.cttnj.um-liko charn.cter in going :from thorium to curium, etro best 

roprosontod by listing these clements in c~rrcspond:i.r:g positions 

under tho rare earth clements. (Some spo.tial clnssific.:-:ttJ.ons(
70

'
71

) 

of 'the clements ho.vo o.ppoo.rod recently in whJ.ch those clements, 

start inc vvi th thorium n s tho homo loguo of cerium, o.ro lis ted c.s 

,, tho chemical homologuos of tho rc..ro cnrth clements, but tho rco.son 

in these cases nppr"-o.rs to be mninly connected with tho symmetry 

c f 1 o.nd tho, oo.so of mo.king, such o.n arrangement") 

tore sting to sp::: culo.to o.bout the chomicc'l properties of tho 
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undiscovered clements beyond curium (atomic number 96). The 

immediately following seven elements, that is, clements 97 to 103 

inclusive, should constitu~o tho second hc..lf of this rare ec..rth­

likc transition group. It appoo.rs likely tho. t tl').o o.ddod o lc ctrons' 
I 

in proceeding up this series will be placed in a 5f shell of de-

finitely lower energy th'o.n tho 6d shell. Element 97 will pr•obably 
) 

have ·O. IV ns well as a III oxidation state nnd in view of 'tho 

lower binding energy of the 5f o.s compared to the 4f ole ctrons 

it should be somewhat easier to oxidize clement 97 (eko.-torbium) 

to this IV state than is tho cnso .;for terbium. Corrcspor..dingly, 

it might be somewhat eo.sirr to oxidize clement 98 (elm-dysprosium) 
\ 

to the IV o.nd V oxidation s~ntos tho.n is tho cnse for .dysprosium, 
I 

for which, in fact, oxidation o.bovo tho III state is practico.lly 

impossible. Tov·mrd tho end of tho sr:::rios, olomc~nts 102 o.nd 101 

should bo capo.blo of being reduced to the II oxidation sto.te 1 

ano.logously to ytterbium and thulium, while clement 103 should 

be analogous to lutecium with respect to tho complete stability 

of tho III state • 

~lemont 104 should continuo with tho filling of the 6d shell 

and be a true oko.whafnium. After _tho filling of tho 6d shell 

in. the following clements there might bo ndc'l.i tion to tho 7p shol'l 
I 

with the ot tai.nmo nt o.f the r arc gas s true turo D. t 0 lome nt 118. 
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PERIODIC TABLE SHOWING HEAVY ELEMENTS AS MEMBERS OF AN ACTINIDE SERIES 
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