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coMPARATIVE caEMIS.TRY or iHE LANTHANIDE AND AcTmm'· mM:ENTs . ·: · ·· 

B. B. Cunningham 

, ·:··Department· of :Chemistry .. and LawencevRadiat1on Laborato:ty, ·_-_, 
University of California, Berkeley, California 

·:. ;. ;· ·-. ~ ')~··.;,:;::;;.( , .. l ,;'"''\~,::~'·.~~:r .. :<.:-<'. ;~,.::...;;_;;t .. .Jj.l:.~·~. ~;);,~·)·~'"~J4:.~~: tdLf" .__. 

·In the d1·seuss1on: which f'ollo'\-ts, the· elements·u;,f'.,atoinic•.rnumber~5:r-.:7l, -~ ·._.J.; 

inclusi-ve are called "lanthanide' elements'.' J ·Similarly ii~.thbse ot:,atomic ·nUlnbe:r.·. 

89-103 are c·aUed· "actinide elements." ··,:Although,~th:1s,_term.~ology~ h13s :been:.the 

subject of criticism· on-~both chemical .. Cii\ncLetymolog1~al.~t·.;:groundsj,~it• is, ,1:·<'' 

adopted here for reasons of convenience. 'l'he question of 1ts,:appr.opdatene.a:s1.i 

a a compared ·with Other terminolOgies Which ·~ha:VEl! ·been '/SUggested.·: ·~i:S ...• not -;,(i.e/31 t 

with in this paper, ::Ui'which i~ is}~tended·~~~lY ,.tf;l p~~-s~n,t ~ra8pll'a~i .. s .. on of 
""..... . •. ' ... ... '~ .j • -~ ........ ,,..,; - "' • ~ • 

properties of the elements. Since it is in oxidation-reduction behavior that the 
- ~-. . '.} '' 

two series are leas~ alike, this aspect ot their comparative chemistries '\-rill 
. ... 1 • •. -~t" ..... •·••• _.t ·• ," ;w· ~-~,--- :r.·;··) ;";.;;~;~ ~-;,· : ~-,_:./'-,.~\ ~-~l .... ·~ ~ .... :· (..,j ···--:..:·· • •. i .. ;'. :.!. 

receive most attention. The properties of the elements may be correiated with 
~~ .. ;:. -i-.:t.>~ \.i,·;r~ .. hr c~:i~.(--:~.:;:;<:~· rJ.(~:.:;.·· 1o ;r~~~t .. ~ .. (:t 5}·t:f~t· .r.t.;r· t .. _,t ~Y.,t ~i.H~.:-~t~·tJ\r.-,v~j.,;~~-::;~~~·~ 

the electronic configurations of their atoms, and it is therefore appropriate 

" . to begin a dis·ausaion of the lanthanides and actinides by .a consideration of 
~.-.~; tt.;:.:<J·;_,._ ~'f-,_~, t: ~~, .. £~~.r~~lJ' h?,-·;·:~ · 1t:~-l~t~··t,;_,{;. ;2Jr:-f .. } tr.~. ,;J·r:li:.:r ~ 1-G·~~--~-(..-~~(:.~J.~ J1~·~.:r.J~~~~ :t: . .J.:i ~r:t: 

. the_ir electronic configurations. 
\.,,:;f'tj.J'O !~f·.J\:=:r,-.i. :~_d,J t';:};: .._·t··~~:~.:\:~/'l(,.f. trv'i.~"'.• t! /':;.0-tx.::.~~.:$: '>:> •••• ..-•• ·t·~'-H'r:r;·'.u. ( ...... , :(.if, lj···:i',"t-1~1!.~- f.~~"·r(·.~.,.. ...... ~.~.-. oi;~~-:-¥· .• .,r '·~""1'""·.~.J:.. "'- ..,.. ··- ~·-r " ·:"c·.~~.,..r•~' •J..t,"""'' ~.,.,, . .../ii;..'h h~,.~-.,.,.;,,_,.,q ,.(, ... / -fl~.:.o~"J,I .. ./.,.~ .. J-·~t'f 

The ground state electronic configurations of the neutral gaseous atoms· of 
':~ ~(J;·:~-J·. -~:.}- .. '~--~,.~ li.L !l.:t;::,;_:>"'·,.~:: .. ~) ,~,J."lli1X.j'·:::'i~ t .. c~_;· '~) f_J~t!J ~;::._..-~i ~-\o;1 :).~~~ ~·(J; .,::·~~>t·J.~.~-~-:.. .. -t~:·h:~c;~; 

the lanthanide elements have been known tor some years. They may be represented 

by the t'ollowing.generalized configurations 
•f ~·~ .f~·:·. j ,:; ·:f.. 

~);) . ;KJ:'Y.?.'~P?;_ cg~i~,~~;i,?~ :t,.4e~~,/~!?7;~, 5~~;.t~P~-~-~~~ot)o~.c!;;~~~'\ ,,,. ,·~·~:!:•;:~(!) 

in the.J,,d,.eubsbe1l •. 

It wUl be recalled that ,;the: 4f~ electrons,,moyer-.1n non-penetr,ating\,or:.b.i,t.~ ,1 

and ;are thus shielded, from the :full charge of .the, .nuc+eus.. The 6s 1· 5B·,a.n,d 5P 

,electr.ons provide consider:ab;Le, sh-ielding· of, tbe1 ~f!'. electrpns f'rom' tn~ in;f'l:'\l§;tce 

of the :externa~, environm~n,t.J The· electrons .in. this;; shiel,ded''.4r i':_subsh~ll;' a-~12..o.~nt 



tor the magnetic and spectroscopic propertie.s exhibited bJ the lanthanide 

element.a. 

~ recent atomic beam resonance atudioa ot Bierenbers and h1a associates, 

at the Lawrence Radiation Laboratoey in l3erkelcey has substantially increased 

our knowledge ot ~the electronic contisurati~a ot the Doutral atoms ot tho 

actinide elements. These :tnveat1gat1ous1 supplemented by the earlier wrk ot 

lC.inkenbere, Mclfttlly1 Baeah, Megsera, and Fred. and 'lompldns permit the assign• 

' ment ot electronic coxU"iaurationa to all actinide elements through the tirst 

halt ot the aeries. 

The cont'igurations ·may be represented bJ the senerali~:ecl tormula: 

Xe contiau~ration + 5410 ;r0·7 6s2 6p6 64°11 or 2 6a2• (l:I) 

Neither the tirat nor the second member ot the actinide se~ies contains an 

t electron in the gromd state configuration of. the neutral gaseous atom. In 

the lauthan14es, it ia only the tirat member ot the aeries which baa no t
1f 11 

eleetrou. 

It bae 'been show, however 1 that in the 4oubl7 end trebly ionized atom of 

·. thorium, the second act1n14e element 1 t electrons ere present 1n the ground state 

coDt1auro.tion. In tact, tor all ot the ectiDide elements in their ordinat7 

etates of oxidation, "t'1 electron contigurations are more stable than "ct'' con• 

t1gurat1oua. 

There now enata a ver1 substantial bocl)' ot masnetic end spectroscopic 

clata on actinide conq,owds vhicll eupporta tbia view, 'rhia evidence will be 

examined later, 1D coDnect1on vitb tho compar1aon ot the masuetic end spectre~ 

· acopic properties ot the lanthanide a an<l actinides. 

Current k.nowled[&e ot the electronic gt'Ollll4 state contigu.rationa ot the 

neutral auaeoua atou ot t..l:lo lanthanide and aet1D1de elements ill .autm~Brized iD 

Sl.14e Ko, 1. A few excited atate coDtie,-··urationa are given also, 1D order to 

' 

·.' 
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UluGtl"'Ste the rolut1ve energies ot alternative "4" and "t" conf1gura·t1ons. For 

comparison, the data have been extencle4 to 1nclu4e some antecedent element~. 

The :rapid. atab1liutioa ot "ttt relat:l:ve to "d" contiguratione1 which occurs 

. between lanthanum and ao:r1um ill resd1l.J apparent. There are no "4'' electrons 1n 

the neutral cerium atom. 

In protoactinium, on the ot.he~ bancit both ''4" an4 *f" orb1tllla are occupied. 

tfe wish now to cc·nsider the correlation. betveen eJ.•etJ-onie configuration 

and oxidat1on-~e4uct~on beba:dor. 
. . . 

Un.Q.uestionabl.,-1 :the ~ teature. ot .tho: cheulietey of the lantht.mide 
. ~ . . 

: ' . ' 

· state in aqueous sol.ution aDd 1u compo~.. Altho'U(ih 1t is true tbst. _nea.rl.y lwl~ 

c~ _tlle· el.emeu:ta exhibit a bishQr or lower atate, these· aa~tea are relatively 

l.U:Urtable •. i'b.e persistence ot tervul.eno)' in the series !a indeed remarkable. 

It is· thia tact, ot course, 1n oaabinat1on vtth :thct ~Uomlt;r of ionic radii; 

lfb1¢h 1a responsible fOl' the astonishin& a1milar1t)' in the cb.cmie&l prope:rtie$ 

.' ot _ ·tb,e elements. or th1G tl"'awition series. 

fl.in. adequate quan.t1tat1,~e explanation ot tho 4ominanc·e ot a aine:te oxidation 

· at.ate :J.n this 15 element ra<:lries does not exist~ The problem ie a very inter• .. 

·esttng one, hovever, and an explanation w1U ~e otfw$ed he.r•• It 1s admitted, 

~ver, tbat the attempt 'rill. ot necess1t.7 be base4 on !,nc:CRI;plete -and indeed 
' . . 
blautt1c1ent - tun&:mlental data .• i . . 

' . 

. eoz-l1er ''expJJmatlonl'J ot tb$. trivaleneJ Qt tbf.t -·~- 'carlhs; based on the 

j~Simlptieli ot a co=mOa el~.t:'onic eoilt~ti<m ot ~4 6s2 .tor the. valence · 
•/ .... " .. . . 

. ' . 

el.•etrOWJ ot all of th$ e.lelmlte. As1do t.rom tbo· tact that an. ~explanation" . 
·· ... ·' 

~t.oel:t 1 the aaaumed conf1SUJ,"at1on ia nov know to be exceptional rather tbJm 
' 



·.coB.~; •• ehewn s.n the prev1.ouo .t1gure. Nevortheleoe, the idea that. the 

· · · !)4 6a2 cont1g\U'1lt1oi:L l!nlat pla7 au ilDportan~ .l'Ql• ~ dtatend.n1ns the tri~ol.enc:v 
~ . . 

· ot the lantb4ni4es. ae~mf atUl to persist. i'hero 1a no need to invoke this· 

~on:tJ.sur~tion in the expl.anatiO!l ot tr1.V$leno;y. '.t'he obvious tact is tb.3t moet 

' l:Q!l'lillantdt!' tllioments 1 iu ordei• · ~ e.W.b1 t tervaleJlC¥ i · muat .lo~ en electron. trom 

the 4t owoheU. It tollowa1 ot courett, that no ~eptioul amollilt of ene1·e;y · · 
!, . '. • . . ' : • ' 

'. 
· '14 involved 1n tb1J··J?:t0¢ess •. 

. 1., ' . . ' • 

. . :cturl.)' 1 what la ·~taut 14 not .the •l.eotronioi c~nf1Fat.ton, but thf 
. ' 

' . . 

· lll'UOunt · ot enet-Q :te<f,uire4 to ro.ech «1 Qee1t1e4. eta'te Of· o:d.4at11.:1n1 ~t1 ve to 
' '; . . . ' ' 

tM .. tmorQ ot atab:W.zattor.C ot tlwt ltat• in. is pn1cul.11·:r euvironmcmt. · · It 'the · · 
·' ,· 

l.Yttet Ollel'Q' 1s S"ater, OXidation ia eneraerticallf possible; it it .. itf smoller1 . 

·. ~:1da.t1all. .is entar~etiedly impoesible~ 

, the enerQ rQquirec1 to acbieve a s1ven atato ot ontlat.tou ·Sa tl'W. ef.tt.ion 1.4 · · · 

·.the eue:Q necesoaq to convert the etandar4 state ot the eltlll1ent to the iQS$0US 
•',. . ,· 

.~ ;lc.Q. in the eppropr!Bte etag: ot ionization •.. 

~ enerQ ot stabUization ot the ga&oou$ 1o-u l$ !t.a ~&' ot·bydx'ation · 
··,.,i 

··~ aQluti<m.; or, 1n ·a solid cor.apoun4 tho eJlerg ot illteract10it ~the eation 

vt·t.b the am1on l.att..1qe. 

SinCe the oxidation ot t.b.e ea~ion .nn~at be t.teCOft'I.PStl1t4 'b7 a cqncomtt~t · · 

... :ttdueti~ the enorlif3 Cit tbb latter proceae unuJt be ;,dd$4 in . to ~btain an ov~l:1tU 
· en~:tQ 1l:lel.anet. 

'.l!he )X"1nc11)les. ctUtlinet abo'"lll wUl be appl.1ed first to t1le problem ot tbe 

· •t.Jabillt;t of' the tripos.1t1ve 1ona .Qf tho lsnthani® el.em(mt$ 1Q acidic aqueoua 

&Olution• 

1'be· t:t'ipO$it1V$ State WUl be the Onl.J $tabl~ Gtate, 1t 'the tollow1U$ two 

·ooncU. t1on$~~ol4 simW. taneousl;y 1 
. ' . \ 



.. ,. 

A'{J. <O. -
U&:ldli)l."i tboee conc11 tiona the hiehex· ox14at1on ata·te w1ll be epontaneousl.;y. 

re4uee4 by ret~ctiQ:l w_i th water 1 ~ the l.~l" •tate sponta~al;y ox1di!ti!t4 by 

;.~<l'roe;tm 104'* 
. . 

· 3:1.\ pract1¢e1 the conditiOl'UJ 3U&t specitiec1 ~ &~bat too ~atrictive1 

a~e tbe. reac.tims .4U'e autt1c.1m'Uy &l<>v to ~t tho 'Wl$table icns to pera1st 

. 1n eol.Ution fOJ: $ppreeiabl.e 1~ c>t tt.mo, ~U:S the free f.merfiiOIJ ~Wet . 

negative b)' about a;Koal. 
I . , . 

·In :t~oticn (1) the ratfi 4~ermtn1U$ ate' BPJG4rs to~. f~ticn ot 

atoia.tc oxtaen1 the poten:tial ot ·t:Jle couple i 

··be~ 6lb¢ut •2.~ volta • 

. In :-e:llct:lou ( 2). tlw rate 4ete:rm1nins Gtep appeua. to be. th~ ~ti® ot 

atomic ~droGen 1 the potential ot the couple' 

l!'. ·a+· .... -

being Z.l volts. 

·!Ibe tree en~~ttie• oC the · ~lltct.ions J~m)~. ~· sppr\\tqiablJ $1. tered by ~drolye.1s 

or compl~ax ian tormat1®1 b\lt tl'IAlee ccmtpl.tcatlons vf.U. not be conai®:red he:re. 

Ref3.ct1ozt (l) maybe lw'c,keu !11to the tollov.t.ns t\teps which ill :sum are 

1denttoa1 with itt 



,.- .:· 

Reaat.ion 

(. ) .+4 . :tl~ 
la M (a,) • N(s) : 

~ . +3 
(lb) M(g) + ~Cs) • M(s) 

(lc > Me!> .. M(;q> 
(14) l/8 BaO(.a) • l./2 H20(e) 

(le) l/2 u2o(e;) • l/3 ~(a:) + l/4 Oa(a) 

(lt) l/2 a~(s) • n(a) 

(16) It( g) • at a) + •(e:). • 
(lh) nt_d • Ii{~q) 

Ene.l:'Q 
. 4 

•Ent!#rt£1 of hydration ot M'tt.d 
•Enerca ot iouization of )1~> 

.· EnerQ of eydration, or I>t{~) 

~wQ of vaport~tion ot l/2 tlOJ.e nzo(J) 

•Ji:Aorey of torma1ticn of l/2 moie n:2o(.t) 

lli~Q ot fo:::lrlation of l moltJ B(g) 

Eoe:rg ot i<>lU.~t.~on.ot U(s) 

Jnex·Q' of hyd:ration o.t Hf~> 

1'hc flll#ir~Q or rtliBetiOn (lh) baa been c;tvaluat$d 'bJ LatJ..mel:' a:11d ~ energ:te~ 

of reG~t1CllS (14) through. (lg) .are Wll }tnQ'Wll, ~ $1WJ. of thf.t .. tmer(i&ie~ O;f. all 

but the tirat th.reo reactions is 140 Itcol. Th~· tetralwsiUve &taw ''ill be 

Uil$t~iblo 1t tho &\'im ot tho fi.x'at three · r~ctio~s is snore ne~t1ve ·~n 125 l(Q.Gtl. 

b ~l .. gies :ref'err~d to 1n e~.mt1®s (J.t.t) t.hrougb. (lh) at·e 1'.-®ta. 1'hQir 
,. 

$UIXI$; fd.nws. 15 Kcal1 g:Lveo the tree energy of tblil rf;laction at ~x,om :tM!JJ?W>ature .. 

1'he enerE;i1es of reactions (a) and (lc) 111a1 be e~val.uat~d b;y application of 

the &i.l."n. ~qwt1on .. 

A V'uue of 10 :1a empl.Qye<l here tcr.r tlle eftE!otiv~ dieleotr.1c const::mt of the 

wter' Qf ~arat.1on, an4 t.ba ditst~'u'lee trom. tha enter ot the ion to th~ center ot 

tlll! water clipole ia taken to 'be ~ ionic 'radius plus 0 .. 7 A. Tnea$ values are 

reaGQitablo app.t~:d.raation.G; ~ut ttv.tY be eolMliWhe.t in ,error. 'rhey a:r·e, howevat·, 

emplo;yed <:onsie'tentl.Jin the elll.Q\llat1on ot all ~4ration en~:osies considered , 

. 1'he 1oa1c reCl11 \lsed in the ualeul.ations tn•e tho$e g1vcn by Zachariaeon. 

The otlla'IA1ate4 hydration ene:tQ ot Cclr+4 1$ ·1400 ldlooalorioa, and that. or 

c~+3 14l -780 kU®al¢:t.•iea., Uain~ the value of 36.'7 e.V'. 1 given b;y Lati.me1· tor 

the tourtl1 ionization potenti<ll ot oeril.mJ, the enerSY ot ret.~trtion (lb) .. -841~ Kcal. 



-7-

. ,:·. . . . ' . ' ·. 

· kUoee.l.· oriea pe3: Jli<>le. ~etrapou1tive cerium u thWi eale\J.ate4 to be unstable 
. ' 

with nl'spect to reduc.ticu bJ vatei". 

~1& .ie in s-c;.ro~nt wi.th ob.ae:rvatioJ&. -cerl.C' ~ts in j;)erchlor1a acid 

sol.u·tion {111 vhich the .e.~r1Uill ioa is unc~l.exeii) exhibit a alw. spontGnecus 
• I ' ' 

·. r~ductioo. to ·~· cetCU$ $W~~· 

Iil this ~se ot ¢el~1:um ~· t\lxiclation ;potential ot toll(!· ceroU$~Cel.'"io couple is · 
. .· . " . . . 

·. kDow. · ~ .1:'1-ee ene:r~ ot X"¢aciion (1) can be ~~aU)' eval.ti!lte4 ~s ... lz Kcal • 

. ~· ~uue.e~Ul.attS~ trom ~dl~tion <me:r$14\$ t.ltld Lonl'l$t1on po~®ti~la is 

th'U$ .in tea~onmbl1 .g~ sjp•eement vitb ·<lirect . .-su~t~. 

In :the .Llnthanide and .actinide. Gl.ementa tl-1 sn4 t~raPQs1t1ve ~¢D.~ of the.· 

a~ $'1~1:- d:.t.tter in :~;·adiut& by a nC)a:·l;y can&tGt ~'Ullt.~ ·1tu1epend&nt. ot' t.he 

,Prtic:ular E!l~ent. J);J.t:fel·.ertees in hYdration onex\g1e' tc11 ~ trt an4 ·te~w- · 
. . - . . . 

·. pos:lt1v~ ions :\V'a:ey:·.,..clw\re-.;t:et$ .'i)nd must be calculate\\ in· ea~h ea.&~.;., ,:tn general 

· · thA) cf'fect of tM lanth!tnide and e~t1n~de contr:nct:tons :b~ to ~tlilbUit4 tbe 

· te'tl"&posit1ve aqwoua zt~~a r~la:tive to tb~ tl'ipOe1ttv•~' 
. . 

· Since 1't 1• a ma·tter · ot obaerv.ation that. ~~~tly ~he opp(.)site: ette\lt 

(inCreau.tng stab:Uiz~ti~n. of the ·tripoaitivtt Gtate) -1• not~, it 1$ n~ceasa:r.7 ·~ 
.·. SOCO\mt tor tne· 4etrft$ft ·~ liltubiJ.it)t Of tho bJ.~t etat.e, .. tt. 'iD Nl£\$02lilbla 't9.; . 

. ; .. . . . ·, . ' . . : ..... ; 

.. t1cm potential tdtlt i~·t~ias~ &·t®11a ~~er; ... 

::: · · 'J!heue ioui~e\t1® po~tW.a h$V:Il(~ot been .asuri/Jid b~OU<J. e~.rJ:um and ·their ··. 

v.~aluat10A Jtr\l:St ot.neocs.sit' be ba&ed ou estimates;. Utilleina tha available ·tlnta 

· .. ·on iOW.zetiou potentlal.• ct el~ts .1n other :restoilB ot the pe~1odic·. syste~ ... · 

~e dat.a on the 34 Gl~4. 44 t:ra~1tion el.emanto appear- to be most auit-able and 

: tbft;e 4ata arG presented 1n srepb1cal torm in the next· uide (Bllda lio. lt) 1 olo;na . 
' ~ . 
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.. e .. 

v1tb. the ~vaUable 1ntormr:lt1on on the 1~1zat1on potentials of .the lonthan1de 

·. · ,e~d ~ct.inide elc:tmeAto. 

'l'he footu .. ·es Qf in wrest hen) ore tbe toll0\r1ns$ :f'iret 1 the ene::tgy 

nquir(.-d to re®v~ en el.Qctrcn trom a given "Au Gubshollinc:r-eoses wonotonicGll;y 

vith 1ncren,:d.n6 atomic nv.ro'be~, exqept tor th~ 4rop produced by the ·b:llr filled 

sub&hell. ('tb::ls behav·:to.r iS noted tlu'ot~out tht) pe:ricd1:c ay$tem ana hol.d~ 

ror "Ar tu'bBhells a., wl.l as "'4't). Seeo:u11 ia; the two 11d'' t;ro.ansition aerie$, 

. . tne encrgi(\a Cf.t .. the tlrl.r4 and. to~rth tonizst:tons .$):'0 of! Slmilller magr.~.i tude in 
. ~- '· 

~th~ 1mavi¢tr elements, thlb'd1tter®¢e be~ sreate~ .to~· the b.ighar $ta~~ ot 

ionizat.tQn. 

On the bard .. s ot these t«tt effect.& it ita possi'b-ie tO p.luce·l.:lJ:J!tta on the ra-1;~ 

ot increas~ vith Bltomic tl\~er ot the fourth :.t.oni~ti(»l ·pote:rt.ials ot tho li~7xt 

Tbe· r~t.e pex• 'Wli t inc:reaa-e in atolllic n~er.. w1lJ. be greate1• th!ilu th~ one 
I 

electron volt 1nt:re6:1:&-e in th.e value ot tb., thix·<t :lOl:.l,iza.tion btltween La .o;nd ce, 

and ,l~$1 than the 8 electron VOlts tkVt'i:n1g$ 1n~rC(l$U in tJ:il.o l;'f;h i®isc:t,;ton 

· . F,Jt.extt 161 observe~ in the l!IG<.JJA~nc~ t Zl•1 lilb 1 No. 

F~ the ~~ l~~than1~~~ an average inc~ease in the ~th ion1~stiv1l 

potential ot. Z ::electron vqlta per \mi~ 1nqrea$e in, $tontl,;¢ a\wber u ta1£tm ~s 

a con$el'Yati:v-e est.imatta. , 

. Ion1t.at1on cnt;trs1es end e•lculatef. ~ttrat1CG ,onera:te• tor the thttt hcuf 

rtf the lo.nthan:t® .HriEIOI ttret presente4 1n ~Q})le .% .($lid.G.Io .. '); along w·ith. 

'caloulnte4 val~ti tor t~ f'r$e enrgy of reaction (1). ~ free tm.~JN!J! v~\tetl 

are cou-$1e.tcmt with $xp$rime.nt¥A obeerv~tto'Q~ · AU t.etrapo~d.tive ions ot the 

·11e,bt lnnthtln1de~~S are tbftZ11K>4yn!!1m:tcnll.1 unstable ltitb .respoct to red.uc-ti•:m by 

llt\ter in a.cidic aquecu."J uoltttion. The ealeul..atod tree enerSY of' the re(llction 

' ot eerie ion with wter ~orreupolide w a 8l.ow rate ot reduction; that of the 

. 



reaction or r,r+4 ion is ec~sietent with the observed instantaneous reduction 

. +3 +4 ... 3 . by water. The calculated value ot the P.ll' • Pr + e couple ot .. • ; v is in 

reasonable agreement with a calorimetrically determined value ·of- -2.8 v. 

Ta'ble I 
M+3 ttnd M+4 !l3Fation and, loni~ation ,Epe,rSies .tot' t~~ ~ieat Lantlwnid~s' 

.· UyQ.:J:'ation eyd:i.·ation 4tn ionization ii·ee enel:gy . · Stability 
··· · ener en~r potential fJf reaction (l) in solution 

Elenront. Mf-3 M"-4 Kcal Koal 

ce ·. 780·. 1480 846 ...2l. Metastable 

P.r 190 1500 892* r.(5 *1 Unstable 

:Nd '799 1520 939* -92 Unstable 

;pm 809 1540 985* -lz& Unstable 

Sm 814 1549 1031 * ... l.70 Unstable 

Eu 8J.8 1558 * lO.r(( 0!1'211. Unstable 

Gd. 8ZJ 1;268 . * 
-222' Unstable llZJ 

1o1 oi¥1 * . Estimated value. 

The question ot the sta'bUity of the d.ipO$itive aquequs ions o:f' the l1&Jlt 

lanthanides can 'be treated in the ea.me way as t~t used for the :tetrapoaitive 

, iQns .. ~ 

Using the knOW value of the thir4 1on~tat1o~ powntial tor oex-ium,. the 

known radiu$ ot ·,Ce +3. flnd an elC1;l"•pol.&t~4. value tot.· the ra\U~s ot Ce +a a 

. calc'Ulated value o:t •99 !(cal is oota:Lned tor' ttl.$ tr~e energy ot ·reaction. (2) 

· on application o~ the llOl'tl equation tr»t tho· e,n1luat1on of hy<!ration enel:g:tea. 

· ce +Z :ts thus .confPl.&~ly unsta'bl• 1n aq~ou · solutiOn; 

In order to e.$t1mate the $tabilit1e$ ot the dipos1tive states of succeed.:Wg 

lanthanide elements it ia necE!S$8%7 to predict the rate ot increa$e in the third ' 

1onizatioQ potential. 



The increase 1n t~ tb.lJ;•d ioni!l:.,tion potential betWell La end. Co ~c 0.9 

ole~ t.ron VOl \c,;z., Tbie may be e.omewh?i'\ less th!11n. the nv0ra{{e .1nc~a$e in the 

. tblrd it.1,oize~1on po·t.eut:.l.ul to1~ tlle t)erie~ La·Gd1 bc."'Ca~se i.t corl:·es}.)onds to 

ionization c;Jt the first ~ectron actd.od after thQ tomr.xt1ou · o:t ttn ~®rlyiXlg 

clos:~a 1Jhell. · ~ $Y:er.:.g~ il.lcre~ao. ot 0~9 el.e,etroxa. volt. per cler:mtt ia uaed. in 
. . . 

· oliit;•·t:tnt: the ion1~1lt1cn pctentuJ..s, bow~vex-• 

. Io11ic: :r:Aaii 9f ·th4 41po£;~.1t,1vc i~ ~t tht li.Sht acttnid.es tna'$ be obtcl.nod 

'td.th au uucfa::~tt~inty ·'.ot .nO. mo:x·~ tl:Uiltl o.oa A b:i elttta~~t1i1S. fr®l the ~Oi.tn 
+z·. . .. i+·:-· 

rud.ii of Sm · nna. .Eu .. ·t>o. 

~'h.ce~ :adii stve the c1Alci\U.ated vmlues ot ~ati~ @ergieG l1~ted in 
' . . ' . . . . . 

. T::-;\Ue II. il'he bydrnt1c~ energ~e3 1u conjunction vlth th~ estiillated. thi~·a 

'ioni.z~tion PQ-t.ent1alu t;iv~ thEl liated; ene.t:~iea 'IC11: x-el!lct1on (a.). · 

~able IX 

-
__ nvd;:rrati(>n Ener.•uies 0.11<1 'l'bil"d. loni~at:f.on POten.ti.nl· tor th~ Liah:t Lunt;h,m7t:i.d<:l~ 

:;.~~ ......... H' • iliia· 4 ... _ .......... ,.,_** ~........... • t .. ,.... ••• :Ill ... 'Q ··~~;.: ll, .. fW)I'"'""'· .. Ijo;oiooL __ .. , .............. 

. 1l:M:.t:d 
f&+2(s) M+3(~) Ioni~tion 

1 liydl"'ation lcydration poten;t:tal 
en~.u~&'Y ·t· #JrtJ;er;~ .volt.s ·.~ Kcal. S x•~;tar:rtion Stabilit~y 1Ili . 

. !l:l~!!rr.ent K<:ml. !<cal.· . /2' r !teal ~ .· $olt:rt1J:;n 
i. _...__. .. t:lpt ¥ l - .1 l LJ -'~l.C" l' .. e:i I t Ue:i t 

326 71l 1~2 

Ce · 330 rao 4<54 

334 790 IJJ4* ~' Unatgble 

317 "f:f) ,o,* ~10 Unstsble 

341 Q09. * S26 ...,, t1lst.ab1~ 

3lt3 8)..JJ; Slt6 

Eu · ...Jll-1 · · · · . eta · . ·· «6I 
·~ . -. "' ••. -~· •·•·•• '"· " ... - •• ' ... .. 2,. 

Eati&'Vlted "italul'!ie.. ·· 

All 'loit tb.e dipoai·t;ive !llqueo-u~ 1on~ ot the lli{ht' lanthanidea ax·e th:ils 

oalcnlutcd to be uns.tuble vitb ro~peot to ox1~tiou by hydrogen ion. Tll(;l 



c.alculat~d. l'eeotiou energies are contdutent vith ra elov r~t.e of 9x:.tdat.1on in 

the eGl$e' ot europ1tma. 'l'b.e calculations ta:t•e tll.us .in f'Cl:tx egreet1ent -vi th 

obss:t"\·ntion, (t\U"opous ion M'\'1.nc e'!Jti"icient utebility to persist in e.qu<!ous 

soluti~n for •Qmo t~. 

Uych-stion en~r~i•e and ionization powntiels are thu$ seen to .accuunt tor 

the ob~eM'e4 a~bU1t7 ot ·the aqueous ox1&t1<:>n utates ot th!J! lj.gl:J.t unrtt..artidea 

in a e..::lnsistent end logit::W. fllehion. 

i'he extan~1ou Qf theee cOU451d$rdt;10tUl to the b(fav1er el:eU~enta ot, tr.:.e 

second halt :ot. the $E!t1es ~ee$td.tateu ei'l o~tih1at~Gn t:>t the. effect of ·fl half 

fUled auouheU on the ioni'ru.tti~n potentilllB.- . Tbe et'lQ'!¢t Cr.t~.ot be ;px·ed:tcted. 

vi th IZnlCh. ecc.w-aq .• 

. In tr!S 4d elal'l~G1lt8 the ha1f t'illoc1 eubl:llh.¢11 proau~s: a 4rap of a:tx.\ut 6 ev 

in Ute third :l.r>ni~~lt.ton pcrtent:lal.. A similar ~-;p ~rt Gd !"oll~d 'by an int::);'eaa~ 

or ().9 ~v per elerrent t~xt thll!l seoond. ~lf~ ot the se:ries ~-ould indicctG intrcr.:.(M .. Uty 

ot 'tll,$ all aquGouu diposit1ve iatl$ or the he1.1'7 Llntbani~; although the 

caleW.atet1. erlel"g'J' ot :re~t:.!'t5.on (;;.) 'WOl.lld prct\:.tct the p(';s.a1bility t.hat th~ oxicte~ ... 

..... .a + . tion of l'b · by li might b~ aloH. 

In tb(;t 3d ~nd 44 t~1t1w el~ments the halt fUled au'b~$1U'Ul ·ert~ect 

app~$1te~ do~;ibles between the· seqQn4 and . tb!rd 1oni=nt1on potentillle -

1ncre:ss1l1g t:rom 3 to 6 e.v., ~e All$ :t'aate "Ot 1ne;r(ta$e enend®d to the 4th. 

:.ton1zat1CQ potential in the .lt\\ni;.hal:ll® •teMnt$ -would !31ve a c;'tr!:1p of 12 e.v. 

'bm·meu Gd and. Tb •. Tbi$ val~ 1.$ likely to be s~wlit.tt hi(Sh1 and eln Gstiraato 

ot 10 e.v. probtl'bl.1.1s zteare:r th~ truth. 1:1:ther ;'f'alU't.l prodicts tnata'bility ot 

the ·tet,rapos1tive $'tt.tttJ 1Xl ~u;;;u.®u.e .:!!Ol'lit:ton tor $l..\. ho.uvy lenth~1d~ra 1 in 



Ct~~l~tal eue.::.•gy ~~lculfrt.1on;~ f'~l~ c~o2 @~ the cubic l"orm of Cezo
3
, ~•r.<l -~he 

uac o't tho f'..nc.•Vit v{:t 4!e . ot t!:i.~ fo\u."'t'Jl. ~on1z~t1on ~t~nti&l s;i vas ~ eulGul.&·ted 
. ' . . JUH? .. . .· 

vQl·~\e or .. ;a ~al tor. tue en~.t·t;~ ot .:reoctio.n c'J).. Tl~~ pe.o~i:.,nde ct: c~1·hm1 ia 

t.hw;; ·u.11~taole irti'th I'iil.;Spw;t:t to oJd.&t10t4 tq thiS. dtc~d1l 1tl a~;r.. 'rlto c~uc'ultrt~cd 

'V!illu.-t: il\5 .-. t!:l'lr !!cal. too nr,;:G;J.ti"'le ~~o 'be cc:r.u:d.;n~t 1t1th th~. o1%>en·~d. rcO:ur!'tit..>n 

of coo2 to Catf.oj by hyw:·¢~tl crt cle\'at.el\ te~t'~~~:u:tes~ · 

· E:..;:t"~:a$1o:~'l oi' the ~e.lc·~.U.ttrcionl3 to the: G.a~ ot p:t·&~~dy~um sivelli 'a Vi!'Alu:'3 cr.r. 
' . 

•22 1\cal.~ indictrt.ing a .rromewhllt greeter etabU.ity f:or h"¢2 t.tmn 1FJ s.t::·1ru:r.tll;t 

cibse:~.'!"V ed. 

At neQ~ymium, the :ee~quioxide is calculet>04 to be .ata:Ple to on<lat:J.q'l t.r:; 

o2• fhc li$squ1cndetJ of t.hG succaed.in& elflt.ront:il tiltt·oUBh $>t1dbl.:l.l)i'I.UU nli:tr> .~rlt.i 

staole. 

At terb1wn1 a:m$twliJ11$ a drop at: 10 •• v .. in the l~th ionization ;po'r.;!(~ntiul ca 

et:rt.ua~t.~d p;revio-u~Rly 1 'te:t~b~um sesquio:.:ida is cal.cul.U'~1:itcl to 'be r.rvontanecuzly · 

· ·c~diz~ole 'b;v. Oa(s)i ·~ .1$. dJ•~olilium lesqu1<Jx14e . ., 

· ·.The J.attm;- c~leltl.a~~ J100$ not ¢attelliP®¢ WJ.th ~-tmental feet. Th.e 

B~Gtt~io~tl()G of the ~~iublG .. ~t,rte Wf~ t:o~otlt caleu:l.o~d. to be atsble." 

· lt VOtll.d w ;:.t ixJ,t¢-~·Gt to ~-tend th• ¢I73tal. en&rQ cW.culation~ to tho 

· . fluorid.aG1 but the tet:t·at'J:u¢ri~G possess cOlttJ.)lioatcd o:a.7S~l t,;tructu:r~:a 'W.1!ch 

have ·u~~t been W<)l'ked. out ·1r~ dotc.ll. 
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· Calc:tilati~na .e1mililr to those a~~3QX'1b¢~ tor the 1a.nthma1de eleraen,t'il }l,:~v$ · 

ttl. eo. beeu. eu~ .. ried owt. to:r ·tl;Ml act1n1"~ aqu~<:iuf/J .tOQ ~ 

. Psrt;,a orl t.he sta'bU1t·i¢f.l· 0.t the tetnJpos.1ti'Ve '!qu~ouf. ion.s are. $W.WJtU"ized 

·:· , ·. : . . . ' ·. . 

tial. ct t,be. li~t~ ;ao:tin14~s tll.e :rat• tak.en to 'b~ ts~Ut.t greeter tlmn ·t;.h!l·t. . . 

. ob14¢l'v-ed in t~ · U.ellt .lantbtm,id~r$ (::A$ indi:et;rtt!d ey ··th¢ trend· 1n val1..~a or th.W; 
. . . . . . 

ioniv.a·;.ion po~entit\tl$ ·ill tho¢ 3d ~a h4 ~~~G)~ P:4l. ea.t~t= of z.; thv. p.e.:t· 

tm1't mci;X>eaac :b1 tat~e ~er i$ 'UJi(l:4 he.r'(!h ' 
' . ' ' . -. 

Callllulertea hy~tion i'U~l;"'$1e$ ana. e-st.itW1t.ta _mtt•• ··~ th~ :totn·tJl ic<::lltllr~ic•r'l 

l,'-

Tobl.e lU 
.. , ... )lldrat,io;' l.'n<u-r~~ ap~ ,Vt,JUf'th Icniz~t~op ~·~p;~t.~J!ll!! ert ... ;!he L~:f1.£\S~~j.j!~ .. ~ ~· . . . . . 

·. . }.f ,;r,~~) · .F1 
1"'(eJ f<:>Ul;'th ' .· .· . 

· · · Uy<i:.·E~Uon Ryd.rat1041 ,:onization 
ene:rQ e.n~:qt,y potential $ r·ta~~'fc'tiQ.r.\ (1) $t.1!bil.~.t;y in 

!.1>~\l\U:n:t Kc~l Kcal Keo.l !{r.;a,l $olut1on 
... .., ..... J 1(1:"( •• ............. • ' . . ~~ 

'n1 ~f59 1420 6£-J. l2l. :ata1->le 
,. 

?a m . jJ~t~., 116 +?5 Stable 

u 1S6 ' 1413 tr6 3!1 Str~ble 

li't . Jj "I~ j}b -~~~1 S:t4 ·~2l Nt'.ilt~s.to.ble 

... Fu ·~lt -1500 ~1 ~64 Una"!';!t~l~ 

Am 19$ l'iQ ·''~9 ... ut> Ut~~::lt:Stbi~~ 

CtJ 
..... 

11~20 1006 -'·1.63 U:nL"t>:)'l'Ac .... . .~;()3 
I •r• .2.,.1".1 •. 1 I' I .I . I ... ~ 

Th·~ mal¢ulat.e<i B·ta'b!l.ities do not ~tirel..y ~~l$e with obae:rvat.icn~ 

· Wher.'emeJ 1i$tropoa1tive nept'l.l71\ium .ill calc·ulat-ed to ·\1~ 'lttt:~tQ'Ql~ 'Hit..h re$pect.. t,Q 

·reduction ljy '·tater, it ~ctnally ia et.nble. ~1e nlao ia t~-ue for pV..::toninm 



occurs in aqtleOU!f solution. The rate of increase used in estinlat:lng the. fourth 

ionization potenti!!l in the lis,bt actinides lllSJ 'be a little too lgrge. 

An estimatl!i of the effect ot the b:llt f'iU~d Si.-1bsheli on the fourth 

ionization petentitil cannot be made vith a:ny confid.enee. If' it 'ie taken to 

be thea $.sme: as 1n the lieht ).anthtuiid~s, t.hen the tetrapositive ion of bei"koliut3 

is:ealculated t.o possess $u.tfitient stnbilit1 to be obtained in solution. 

'l!e:trallositi\'-e ions of the sttc.-ct!ed.:!ilg elel!l¢nte .er~ c~lecl..ated to be unstable .. 

w;tth rcJpeet. to very rs1'id :t<e<luction 'by wtcr.. 

rro el.tlrllllarize bri(tf'lt the •xtended .nnge .ot stabll.ity !)t the tet.t"Oposi.tive 

ions· of the li6ht llilnthanid.es ttppears to be a nat'tlral ocnse'CJ,uenee of a smaller , 

Vtalt~ or .tbo .tourt.h ionization poteiltial (or a Sf a:s oolllj?ared to m 4f electron), 

JiOted. in tb.e ea$e of thoriur.t:~. 

' ·Tho emller ·•.nllue ot the fourth ionization ·potent ;tal also accounts tor an 

e!Ctendle4 :ra~8c ot stability ot the dioxides. The smalltt:r value :tor. th.a third 

ionization potential r<rnd¢l·e the dipo.s1tive std\te $0 \tu~t.abl.e it). aqueous 

.:solution ~ t. t·t ,iu not 1ikely to be ill'bserv-ed .in the actinide elenlt~nts. 

!l,be~e t'mctors accOt'!l'it in a zen~~·al way for thU d.it:ference$ 111 fltt\lbility ot 

. ~· d1, tri and tetrapoai t1ve ions ct the "innthanide and ectin1Ae elem~.nts. 
, . r,kw qtl~$t~ or tlw .$tubllity Of the hit:;~r OY..i4ation. ·States Of' the 
. ~ . 

&c:t.il'ii<l.e elements ill eq-~eou~ eol~ion esttDot b$ ~t Vith in an7 quantitative 
"If ,• .. ' • 

. + . . .- .· -. 
We r®,'3 r,~;ote that it th(\ 1ou () .. u....o U. treated ll4 an tonically bonded 

.<t~l(1)t1 the calo:ulated r;oulombtc ener(Q" per mole 1.a 3096 Kcal. An ad.diM.onal 
I . . ' 

. . . : . . 

enerlS/.. The ion ;.;m-U.d thus be $table vith reaptl!ct to epontaneous red1~ction to 

'the tctrapositive ion by abQ'Ut 1600 Kcal., milltts the (JiiVsitive) enerttY c.)t too 

titth 1ou1zation ot urani\10. . ru~ would limit the ve1..tue or the tittb. ionization 



. . 

potentili to about 70 e.v. T.be actual value of the tUtll ion1at10il potenti&l 

ot \U•anium. probably :ls cooe1doi·abl;1 leaa than thia .• 

· IJlle bon dins in the uo: 1on is 1 bovever, toaown to be coval~mt, arid the 
").) 

chargt3 011. t.l:10 central atqm if .l.erns th:~n. tS.~ UntU f,t .is poiS41'ble 't? Ol?t41li. ·. 

iv.)l'MJ xaeasure or thO ac:tuaJ. boUct t.Jll.et'Q 1t u j.mpoas1bl$ tQ. con-eiat:o the .. 
' ' . . . . . 

&tab:U1t7 Wi~h ioniz:aUon pQ~t1$l data• 

.. ·· .. 1'be o:x:t.df.t·t1ou•li"$cluct.!l.on bebaviolf ot tbt.t· 1a.n~4et sm4 ·rictini&t ol~tt.& ·. 

d~·e·adt iudioaw the ~t;nqal. tnw4 in their tb.e~mi.Q Jl~;per~i~s. · . It is ·Of 

~tereat, b.Ov,ver, to .e.oPe $.ccurate exz>i~r~.'V$3.~ ot.•o•.ot tl*e · • 
. . . ' . .•· . . . ' 

' __ ,._.··;.· 

Sl.ide .5o. .1 ~how the f.r.e<~a euergtes ot t~matiOil o~. aqueooa 1o:1~ ot the 

.~!ltl'wlide and actinide ele\UentG, pl.ott~4 aa a ~t1on tJ:i at.o.mto tl~,. lt 

·vm .. ~·:reca.Ued that these qU:aat1ttes 'W• mated a:J.<)t Olll1 to by~ati~ ~r~i~s · · 
~ ' . ' 

an4·1<:C.tzet1~a potentiela but also to the .. re;:Les·Ot .aubl-~U- Oi tb$ -~­

~measured tree energiea of :fannat1on ot the aq\ieous .tri;posJ:tive lanthan1M 

~1o:ns an.t remarkably con~tsnt; thOae ot the tetra. a~·· <Upo~d.t1,_ i®a t.tre 

dtrougl.y 4epend;ent on atoiaio .number. 
•,, .. 

; . ~e t"ree enera1os ot tar:matiou ot tbe aotin1cte:,· ;ions •hov 11 eons1del'$blo 

varirl~OQ wi~ at.omiq number .for aU stages ot <>X1.&ltiom,. ·b.ut ~e ia ,a l"(lpi4 · 

.fta;bW~tion .ot the t.rir;os1t1ve si.t~ reiativt··t.o l,Ue;bo:r ,eta~a, as·~ 
''I I, 

··~· nUI'liber incrusea •. 
. '· 

·. . 

~ioUB iOXUJ a:r, ot suell ~l.twie W~a to pX"'4ueo $ ~kabl.e ccmwiwt.)f1n the 
... ' ,·. . ·. ., . 

. ~lution ·cMm1$·trt ot ·the" eJ.(QJmts. b:t~«u~ ·<>Jddation state., fll"G 
··.· ' 

Uzteta'ble v.tth re~t t.o intiart!Al cxi&ltion $1d re4uat~1 and the equW.br.ium . 
' . . ' 
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FREE ENERGIES OF FORMATION OF 
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·In the lanthanides, the potentials ot the M+2 • M+J + e· and tt3 • M'"1" + e· 

cct.tples are such as to prohibit disproportionation .. 

. Potentials ot the actinide and lanthanide couples are shown 1n Slide No. Ia. 

'rhe potentials ot the actinide 3•4 couplfl:s feU on a smooth curve when plotted 

as a function ot atc·mic number- exhibitins a~ cieareaao of about l e.v. pe:t• 

) 

~r.re{)"Ul.ar behavior, that ot plutonium being conaiderabl7 lesa ne;gative than 

~oUl.4 be expected. Th~re s.a et present no adequate explanation ror this beha viOl.". · 

Ti.me precludes cUscuasion ot tbe tree energi.f.!s .of to1-wt1on ot twieal compounds,. 

a~ch .fl& oude.s end bnlidea, ~ut these tree ene.reies toUaw trenda similar to 

those noted tor the ions. . . 

·Xl;l eu® compoundrl, 1D. co:t·re$ponding oxidation 11rt>mtes1 the lanthanide ·tlnd 

· :actilli«ie el.ement;a tlav.«t liea~11 th$ .same tonic radU.J ·t« ions .cont.ait:Wls the sruue 

number ot t electrons (Sm+3 and Pu+3 for exqmple) the ~Wltrumtde 1'011 11 about 

. : • Ae a c'Onsequence ot the simUarity in radii and prii!ldom1D.antl;1 ionia nature 

-·ot the 'bondtne 1n tbetJe erystal.e there 1s a very close· c()n<e.$pondence 1n the. 

))qataUography of the two SeJ."ies of e~elllelltB. baa Qor~espondences have been 

·,the eubJect ot a number of previous publicatiOwJ b7 Zae!ulriasen and wUl n~t 'be , . ' ''• ·.-;-

.:elaborated on he-.re • 

. .. 

. . 

: titferences in some properties,. Data on the cryattil atructures, atomic vollll'.lles1 :, 
4 - . . ·. 

mel tlng »o1nta end beat a ot vapor1zat1vn ot the lanthanide and actinide metals 
' ' 

. are presented in slide ffo. -/1 • 
\:lith ~e pQssible excr:!ption ot thorium, melting poiUta ond boUiJls points 

·of the •lmoontl$ .or the two series lie vttbin the same ronge ot values •. 
! • f" • .. ' . 
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The light aat.in1des difx~er llli\rkedly trom the lieht ltilllthnn1des 1n structure 

and atom1o volume. 

'rhrouanout tbe lanthanide aeries no more tbsn three (two 11'1 the caues ot Eli 

end t'b) electrons are \.U.\ed 1n ~tallio bonding, wb.on·eae 4-S elect(Ona fo:rm . 

me~lllc bonds in the elements thori'Wil throuih plutonium.. At o.meric1um the 

. number ot bon41ng eleotrou drops to tbrft1 a4 this aetmide metal has a 

· · C.f,;..Jstal. atrudt'l.\.t'e and atomic volume vbieh t• ot a typieml lanthanide character. 

·· ~tallu euriUJ'I aleo:exbibita a <W>se paakecl lii~Ot\WC!J, wttb,a •tallic radius 

.e~te4 tot a three-electron .. p~ atom type of 'boa411l($.• 

· 'l'bO use ot more electrons tc;r 'boruU.na 111 the l4bt lc.tin1d$$. is \tnliou'btedl.~ 

conneq~<lld with tl'J.eir greater tcmdenc;y to mul.tipl& 1on1zati0ll as com;pared vith 

the lantlumides. 

· Stronger bonding (llocounts tor the smaller atomt" '·olumes end hiper heats 

. Ot vapor.it.ation observed tor the metals b'om thC•riunt throuib plutoniUl!l:, as 
i 

'. 
Qompued with at'llilrioium and curitm~. 

:f'&Gtactintum, ur~nium, neptunium ou.ci plutonium Cl")futallize in unique 

ttructures and the latter element is the most. allotropio ot any knoWil l'Mitnl .. 

.. tJranium, ueptuni'Ull1 and plutonium emib:l.t onomaJ.ow;,~. ntiiGJWt1c;, d.Uatomet.ric · 

•n4 electrical re$1r&tiv.:1t1 'bt!h9vior. 

S1rdl.ax· anomalies &l•c filQK4 in a'10h l.a.rltlumide elements are cerium, 

~Spl"QSium tU\4 aa4oliniuml pl'i.lmtl'il1 at lOll te~at.ures where they ~~:t" to 

l.wt aslociatQ)d. vith t~s1t1c:in.a of a tel't'ODGnQt1o a.&~ tm.titerronsagnet1c cbal. .. aete.r. 

Whether fimUtar troaaition.& occw:- iD tbe light actinide metals is llCt lalow 

ct· t.he present tiM. 'nle magnetio tllueaeptib1lit;y ot plutonium is a complex 

tunct1on of temperatwo ad strOUSly dependent on the purit;y ot the ssmple. 

Except tor SSdolird.um1 the •snet1c susceptibilities ot the lentb.anido 

metala trom .cerium tbrou~ :ytterbium exhibit a silr.fvle Curie•Wetss type of 



temperature dependence, with effective moments that a:re very close to the 

theoretical values for the fieild•f'ree tripositive ions (d1positive ions, for 

europium and ytterbium. ) 

ACu~ie·Weiss type of temperature .dependence ot the susceptibility iS not 

observed .for any· actinide metal lighter than americium. In the latter case the 

moment is that observed for the tripositive ion. 

·. X:i:, is impossible at the preseJ}t time to offer a satisfactory theoretical· 

explaiiat1on ot the anomalous properties ot uranium, neptunium and plut·onium 

·. ~et,als.· 

The properties of t!:lemental americium and curiUm suggest that the metals· of 

the second half' of the actini.de series will be lanthanide -like:, with normal 

'·.· close-packed structures and with more or less normal xnetall:Lo behaviot at 
·, 

ordinary tempera•l:.ures. 

, . In those properties of the lanthanide. and actinide compounds related to the 

coilf'ie;ura.tion in the t shell - notably spectroscopic and magnetic properties .;... 

greater similarities are evident. 

Sharp' line absorption and. fluorescence spectra hav~ been oba~rved. in solid . 

· ¢ompound.s bf both the lanthanide and actinide elements. The intensities of' :these 

,lines 'as well as their sharpness leaves no doubt but that the majority ot them 

.are· due to transitions between energy levels vi thin the "t 11 ·configurational 

system~ In the lighter actinides the transition probabilities are generally some . 

·1() to.lOO times as great as in the lanthanides, but at californium transition 

probabilities appear to be quite comparable. 

The energy levels associated w1th these transitions have been almost com­

pletely identified. for some or the lanthanides - praseodymium:, thulium and 

europium, tor example~ Among the actinides considel·able progress has ·.,.Jbeen made 
+4 . . in the analysis of the absorption spectrum of' U in calcium fluoride. 

... '·' . 



':he apectroscap1c properties of the actinides rill be tbe subJect ot o 

pgper to be presented later &t this C~.;ongrcsu and w1ll ~not ~ con1idered 

turthG'r here • 

. "'gnetlc. auseeptib!litiea of, tbe tr1poa1tivo o.i'OWi 1:D: oonden;ed phases have 

been maauured torAtll, ot. the lqth!UU.de element~, and lot• t.al.t' -ot the actinides. 

Ettect1ve maanet1q. moment;.s· ot tbeee J.one .a:rcvcom,pared 1n Slid-e ITo. IZ" 

~, the lanthan1~a tho expe:timentall.J meosured mcmooto ore in eloae 

uereement with the tbeol.•et1clll..values,f,or:tbe'.~urb04 ton; caLeulBt.ed on the 

a£UJ\tmpt1on ·that Rus$t"rl•Sauu4er.s. ccrt.ml1~s~hOI4s ·tor· the .. elft't.l'otiic Gyatem, ·and 

that the erouu4 state is a1ven· \)l.ltUDAt rulea. 

'the m:~ments ot: .. the actinide ·;ton$ ere uot m iiUch· eloA .agreemrmt.:with 

~o:a, OVilla 't.o Atrong<lu.•. ~stat ·:r1.1Wt :mte~aet1ona .ana ••equent ,f.Wcater 

, 4~.rtHlll1~JLQi" the orbit.al an.aUlln"·.momentum. ,(Tr.1po.&lt1-ve ~'1.11."1\W c;ive$ tbe 

,-~~i«l ·mwt:bee:auee :it iu 111. an. a stat.O ;!Q wllJ..Ch :there·'CWl. be no intc.l'"" 

aotl~ vi th· the crystal t'1eld~.) 

l.t to clearly evident :'bo-Ae\-er that :the "Variat101'1 ot · the~.:moments' with l!l't.t;>'miC 

;llumbet' tollO'Will preciaW the .Sa..mo l>Stter-'4 1n t.be tVO .aerieS Of· el~UtG, ~nd. tb.-'lt 

tbe ele¢tron1o configurations of' the ·iOn:J have .a we•te .. cne eorr~spcndenc.e. 

S.:tnee these and ot.he;t &lta clearly establJ.till th• fQct that the JWlJo.ri ty ot 

tl'1e actinide elements ar• memb:tre ot a .:lt ·tran~;r;itio~ seri4'G; f.t is wo1-th notin~ 

.·that 't QX'Oital WVG tunotiOJ1$ illter ~ !4f JrunctiOnB :m that the)' W:lve 

su'batantiall1 greater :ra<U.al ext.ension. 

Ovtad.llppins; of 5t ~.~roi'tlale~ With o~'Q1ttals ~. bondina ato2U ~refore :-1-' 

poaaible and 'bcmd b.Ybr1d1ttat1on. ru; occ~. ':here 1# ¢ona1derable evidence 'that 
. . 

· 5t. o.x'bital bondins maJ ac® unt tor some at the ditf'eren~:e$ in chemical properties 

betvasn lanthanide au4 actinicie .tona Qt tbe $eme cb3r0-e., · Street and B~r:~bors h;l .. ~ 

~or-t'elsta:d sueh bonding with ~on excbanse beblll"ViOr 0: the ec·t1n1de 1cua. 
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lt also may be noted that couiombic intel'UCtion Of 5f electrons With the 

crystalline environment may be of substantially greater magnitude in the 5f as 

compared with the 4f elements. The net effect of such interaction is to lower 

the potential energy of the system and to stabilize the bonding. 

Greatel· differences 1n complex ion stability between ions with· an S ground 

state (Cm+3) or Gd+3, for which no crystal field interaction is possible, and 

those with a net oz·bital momentum (Am+3>, .Eu+3, Pu+3, etc. ~y be noted in the 5f 

as compared with the.4;f.' transition series. 

No quantitative data on the relative magnitudes of crystal field interactions 

of the lanthanides as compa:i·ed with the actinides is now available 1 but current 

-.:>rk on the spectroscopy of solid compounds of these elements should provide such 

data 1n the near future •. This information may well provide an explanation for 

some ot the moz·e subtle differences in the chemistry of the elements of these two 

series. 

In summary, an attempt has been made here to show how the most obvious 

difference between the lanthanide and actinide elements - the greater ranse of 

oxidation states of the latter - can arise as a consequence of clearly discernible 

~ends in the periodic system. 

The treatment employed is undoubtedly too simple. It is unlikely that trends 

1n''ionizat1on potentials in these two transition series are as regular as has been 

.assumed. The assUmption of purely coulombic binding and the treatment of-hydration 

energies by the Born equation cannot be entirely accurate. 

Nevertheless, this approximate treatment probably does indicate in a roughly 

· quantitative way the origin of the d.itferences in properties of .t.he 4t and 5f elements~. 

Aside from this major difference in oxidation reduction behavior, the lanthanide . 

· and actinide elements are strikingly similar in ma11y respects. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 

or useftllness of the information contained in this 
report, or_ that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of 'the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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