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COMPARATIVE CHEMISTRY OF THE LANTHANIDE AND ACTINIDE' ELEMENTS.

3 ‘25\—«?-\;,‘” 2% A

B. B, Cunninghsm

uﬁaDepdrtment“of'Chemistry -and LawrencerRadiation :Laboratory:.:
University of California, Berkeley, California
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-In the discussion which followa,the~elementsxof@atGMicwnumben¢51?314;;«y‘J

1nclusi§e are called "lanthahidéﬁeiements?;>aimilarly;athooe_ofﬂatOmic«number;,

- 89-103 are-called-"actinide'elements;”?gAlthough:ﬁhiahtefm;pologyihgswbeen;the

v_oubjéct of criticivaonuboﬁhochemiéal:snénd:etymologiool;«wgroundagwitxis,,@rmw

- adopted here for reasohs;of coﬁvehienca.v The qpastian-of itSwappiopriatenéas,g
a8 coﬁpared‘with»othor!terminokﬁiés”thchahave‘5oehéﬁuggested$;&1sﬂnotzdealt
withfin this paper,:&n‘whicﬁ:it i&‘1nt6ndédionlyi$o~presént aioomparison of

pfopérties of the eiements. Since it is in oxidation~reduction behavior that the

lwmo L ta W 6 ELBLE MLE LT R s
two series are 1east alike, this aspect of their comparative chemistries wmll
T T M s S0y v RO TR Inoae ke - -’a’g_

_ receive most attention. The properties of the elements may be correlated with
D PRNE N S sE s R0 waTme dend® ooeld pims el ogb guodinadlun g, ey
the electronic configurations of their atoms, anﬁ it is therefore appropriate
sy L
- %o begin a discussion of the lanthanides and actinides by a. consideration of
LA RERG 4 fasfy Aslwad R ’:&.lw} Kty "é\ Fr i P AER wh 3 FEUR e e
their electronic configurations. ,
. W:’é}:' PRSI FTAN i o ol ek o SRy Ly 4a i SUSLEAN L L areesfe el iKEsne Buacnes wwld q?-a.,j Ldd
The ground state electronic configurations of the neutral gaseous atoms of
LA S LI A REC A S 5 1 18 alriepden o't T fls ot T IS WE P T
the lanthanide elements have been known for some years. They may be represented
' e BRI Y s

= . _l . P . - o e
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by the following. generalized configuration:
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Krypton oonfiguration .

Only: three of the elements ~u1anthanum, gadolinium and lutetium have anselectron

111 thej.SG.BubShell. et R ‘ A; e b AR ISR NS A i £ "/;“‘{; s 3 e 1 ???t ‘Ei"iﬁﬁ‘:ﬁ
It vill be'recalled_that»mhé:hf;electronswmovouinmnon-penetratingﬁpnb%taﬁ

and are thus shielded,from the full charge of .the nucleus. The 6s, 5s-and 5p

of . the external .eanvironment,; Thetelectrons;in.thismshieldedwhfgsubshelb agceount
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for the‘ mugnetic end spectroscopie )ﬁ‘rbwrtie‘a exhibited by the lanthanide
elements, |

The recent atomic béam resonance studies of Riarenbgrg and his mssbciates,
“at the Lawrence Radiation Laboratory in Berkeley has substantislly increased
owr knovléd.ge of the éleetronic configurations of the neutrel atoms of the
 actinide elements., These investigations, supplemented by the earlier vork of
' Klinkenberg, McNally, Racah, Meggers,and Fred end Tompkins permit the aséign-
ment of electronic wnﬁguratmnn to all actinide elements through the first
~ helf of the series, | - | '

The configurations may be represented by the generalized formula:

Xe contiguration + 5620 50T 6% 65 6L F Bge?, ()

Heither the first nor the second menber of the actinide serles contains an
£ electren in the grownd state conf'igu_ration of,.the ﬁautral gaseous stom. In
the lanthonides, it 1is énly tha first member of the aerieé which bas no "fl"
electron, | | |
| It has bdeen shown, however, that in the doudly mid trebly ionized atom of |
. thorium, the second actinide element, £ electrons ére present in the ground state
‘ configuration. In fact, for all of the actinide elewents in their 6rainary
states of oxidaticn, "£" electron configurations are more stable than "d" con-
) figuratioﬁs. |
| There now exisf.‘a g very substantial body of magnetic snd epectroscopic
| dat.a on actinide compounds vhich supports this view, This evidence will be
examined later, in connection ﬁith the comparison of the magnetic snd spec.tro-é” '
A'Iscapic properties of the lanthanides and actinides, |

Current knowledge of the electronic ground a‘bate c"onﬂgurationa of the
noutral gaseous atoms of the lanthanide and actinide elements vivsv sunmriied in

- 814de Ho, 1. A few excited state configurations are given also, in order to
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villustrste‘ the ralative encrgiles of slternative "d" and "£" configurations. For
comriaon » the daia bhave been extended vt.o include some anteée&ent. elements,

- The rapid s'tabilimtion of "£" relative to "d" configurations, vhich occurs
‘b@weau danthanun nnd cerium is readil;r apparem. There are no "d’ electrons in
the neut.ml cerium awm. .

In protoactinim, on the other hand, both "a" emd "g" 'orbitmla are cccupied.

We wish now to ccnsider the correlation be‘t.veen elactrenic configuration
and cxidation«-reduction hahavmr. » |

Unquestiombly ;- the dcsmiaant. featum af the chemiatry of the lanthenide
,elmts is thair pzmemaed tendency to exhibit anly tha tripaaitive mxi&atim
'a‘t:a’ce in aquaow solution and in comyomdts Althaugb n m true that nearly hnlf.
»@f tha elemnts exhibﬁ.b a hzghez' or lover ataf;e, these mtatea are relatively
-matame. m xaeraiatence of tervalency m the seriaa is indeed remariable.

_It- iss tb.is fact, of course, in ocmbination with me \miformﬁy of fonic radii ’
;Vhich ia respensible for the aswnishina aimilarity in the chemical propm bdeg
']",ef r.m elementa of this tmnsition series. '

M aéaquam quantitative explanation of tbw dominance af a smﬁla axi&aticn
_'stata in ﬁhﬁ.s 15 element scries does not exiat.v Tha problen is a very inters )
'esting cne, however, and an explanation will be offe:re& here,. It 48 eémitwd,
hmmver, that the attemp‘c will of nec:eesity ’oa based on Mcmmlm - and in&aed
vﬁnsuffic.ient ~ fundomental data. ' '
| Bafora attackma tha pm‘blem, perham scme meation should be mde of an-
‘_earlier "explamtlen e:ﬂ' the tz‘ivalency of the rare ‘carths, ‘oased on the
assumytien of & common elaatrenia cmfigwation of 5& 632 for the valance
: olecbrcms oi’ all, of the alemnte, Asme from tha faczt. that an explanatmn"
-‘mvolving the gmund am configumtion has no quamitative aianificance by
-itself, the assumed configuration 18 pov known to be excaptional mt.her than



.- comrm, as shown in the previoue figure, Hevcrthalew ) the idea that thsar
53 63 confxgmtmn must play an. Amportant role in dﬁterndning the trivalency
of the lanthunides seens sti1l to peraiat. mere is no nead o invake this
'confiwmtmn in the mlanatiou ot' triv&lmy. '.t'he obvieua rucf. is *t:h:at nmt
1anumnma alements, in ‘order to mchibh ﬁmalemy, nmat 1oae an electron from
tm M‘ aubmheu. It fonowa, of courgs, that no maptmwl emount of enm*gy -
1a xnmlved in w» pmcemr
clamrly, wlmt ia Wortm is m‘c‘ ‘the ew%rcmio e«:mrag\watwn, but “b!w
m\mt 01’ m&rgy mquimﬁ to raaah g mciﬂaﬂ mm of wmaucm, z*elati.w w0
tlw emrw ot stnhmaat:wn of tlmt sptate in a partamalar wnvimmmt. 1r hhe
R ttw energy 13 gmatmr ' oxidntiatx is anergaticalw pwa:thle; :w x‘b is sml:!.er s
-mie‘mmn 16 energeticelly myosnibm. | |
‘i‘he energy required to achieve & glven mw et‘ meatian m 'me cati«m im
ﬁm me:w neceasary to coavert tha atandard m.ate af’ the eJ.emem: w tha &asmua n
dem. m the eppropriate staga af mnization. | |
| The energy of stab:uiuation of the gamous ion m ita enerw of’ hydmtmn
m acmt.ion, or, :’m a wlid compdund the energy af mtwamtm cf tha ca‘ti«m .
vﬁt'»h the anion lattice,
ﬁm«.a the oxidation of the Lstwn maat ‘be acwmanmd by a wncwitant
'J(,‘,Wémtim the energy of this la‘tsmr procoss mua‘b be aﬁ&ea m w ohtam an uvex'all |
energy balance. | - | ‘
m prmciylea mztlinaﬁ abo*m will be appl:md first. o the problem of *t.he
uwmuty @f the tripsamiw ;wna af the lantbanide elaxnenta in acidie aqaeous
,wlumm. , ‘ ‘
m mpemm state wﬂl be tha only ambla state, u’ the followin& tvo

;’ieandﬁ.‘&imsﬁmom simulianeouslys



(3.) M(aq) + 3./2 :!,,Ou) - m(aq) * u(m) *+ 1/1; Oy(5)? & <o |

-f'_:.(3)‘,},!(?"%3!*.ﬁ(a@)'“ﬁ(aia)*-‘f)“/ 2lygy AFOS‘O'

_ under these cm&itio‘na the hié;her exidation state will be apmtmauézj |
redw.ml by mactim vi'm vater, and the lower ntam spantanemzaly oxidired ‘hy
-,;}a.v&mgem !.cm. |
:m praeuee, the cendimm Just mcu‘iea are somevhat too reatrict&w,

ninca tha mam:icms m sufi’iciently rmm to pemlt the wnstable ions 2 pe*ai:st

m aalutsicm f‘cw mppmmm lengtbs of time, wiless the fres energles ere |
. negative by abaut 2. Ks::al. »
| In reacticn (l.) the rate d@tem&ning stop nppmm 0 'tm fmmwn of

,' awmit: ewgen, the powntm}. of t.lm uouplm
B,0( ) w E *ev-ta_'
: _bema abs.ut -a.,h volﬁa.

: In mmfzim (2) the rate aem:mining step apwara 0 m tlw mrm:amm of
S a’amnic hy&rogen, _tlw potential of the couples
Hw ﬂ* 'y

being 2.1 volts, | ,

'Ihe free energies of the reactions ma;be apprwiaﬁly: altered by hadmlyais
- 'mmpléx fom "t‘ormauon, but these comumtima wm not be canamema heve, '_
,, Resction (1) may be mmn iato the renwing ateps which m sum are
. menti.cal with ft7

é By



Rcmét 15:1 ' . Enerpy
' Ah
(m) xﬂ(a q) " n( &) oErergy of hydratica of M( )
(1v) M( g) + e( g) - M(a) . «Energy of ionization of K 3)
{1c) M( 2) M(W) I Energy of hydration of M¥3 )
(14) 1/2 2,004y = 1/2 &, 2 - Energy of vaporization of 1/2 male &, ¢ 2)
(1e) 1/2 xao( )" J,/a B g) + J./h ( g) -mergy of formstiwm of 1/2 mole K, 29( &)
() 1/2 H,,(g) " Zi( 8 _ - Energy of formation ¢f 1 mols By
(1) x{( &) " ( ) * n( g) B Tnergy of 1onization of zz(&)
(lh) K(&) = H(mq) v ~ Exergy of hydration of H&)

Tha enerzy of xﬁact;i@a _(J.h) &wf béets evalm%d‘by Laﬁ.mar and the energiles

of xé&@tl@na {(14) through (1z) are well known, - The gum of the anergles of all
" bub the first three reactims is 140 i(eul. The w”ﬁrazﬁsiﬁim aﬁ&w will be
unstable zr the sum of t&m fivat three man*aiona is wore m;g,aww than 125 Keal.
B The enem,ies mfez-rad to m equations (ltz) through (13:.) are heats, Their
fs‘um&,_ wmdnus 13 Keal, @,:l.ma the free energy of 'tm reaction at rovm teperature,
| ‘me enargies of reactions {la) and (le) way be evaluated by a‘mliéaﬁim of
'%ha Bawn eguation, | |
| A value of 10 is em;al@yea here for the efz‘aativa &elect,rm rmmstam of the
wawr of hydration, and the distance from mw czmter af 'Lha ion to the ceater of |
the water dipole 18 taken to b@ the ;umic ra&iua plus 0.7 A. Thege values sre
reasopuble ap;waximtwaa, but my be aemhat in error, They are, hwevm'
~ enployed wn&mwm;ly m the ml@,ulatien of all hydrestion enerz;ma conaidemd
in this paper,

The ionic ‘x'adu-' used in the csloulations ave those given by Zachariasen,
‘The caleulated hyGraticn energy of ce“} 'is‘ ~L480 kilocslories, and 'that. of

6*3 ia -780 kilocalories, VUsing the vaiuc of 36.‘7 €.V., given by Latimer for

the fourthh jonization potential of cerium, the energy of resction (1b) = -5ik Keal,



e b

fl’m num of the ‘engrgles of resctions (la) ’ (.Lb), and. (.’m) ‘bnezrefam
emounts w -lhé Koals, and the total exwrgy of mactian (1.) w minus memy.ane |
; kuc»wlmrma per mcw %mewﬂ.tiva cerium 46 thwa calculawd w lm unstable
| with mspeaczt ta r&ducﬁicn Ly vater, o v _
Thiza is m awnamem with abaamtm. carm salts in zmrchlorie acid
| mlutinn (J.n which the ewium is,n 1s wamlﬂrwﬂ) ﬁxhibit a slmf awntanwns
;_vamduatim to the cemus mev _ v A
In 'f;hus case ai’ cers.um tha exiﬁation potsentm.’.. cu‘; t&w cerau,s‘-ceru coupla is 7:
_‘.lmowm le frw am ),;y af m:aatiw (1) can b Wemly eval.uat@d aﬁ «J.B Kead, |
; Tb/& wlue ca:lmn.am& f‘rcm hy&*&t&m mmwa an& icmiwﬁim pawntmlﬁ ig
thuaa 4n rewwnahly gw& agreemont with direct maummt. |
| In tho lenthonide snd ectinide elezents tri and t%rapes&ﬁive fons of the
aam M&m‘& differ in cadlug by a neasly ccmmm th i m&eymaem of t&w :
yartmtﬂ.az- element., mf;‘femmes in hydratim @nﬁr@iﬂﬁ Lor tha 'tri snd t;eém» s
pa.&:mi% mna vary, ixsrfmm 4 And must be calcwlated in wch cass, In gm@ml
N 'tkm afi*mt. of 'le .Lmnthmide and actinide cunt“acmcmm :L& t@ awﬁ&im the
tatmaiuw &qmws Jom r@lamw o the wlmaimwa : A
_ Eince 11; 1a 0 mm@r of oba&rmtien that eme;tly thae op};wita affm:t
- ( memaamg atubilizmmn of the t.ripaai‘biw mma) An poted, it xs n«mamry to
B accm‘& f‘ar *t;m aacmﬁa in atabil&ty of the Mghez' ema*e.: m :ts mawmbla to
aumwae thm; m i** ﬁua to a more Or less. regular mamase in t.he fowth muiza«
..',’,tizm potmtiaz. vi. wh 1nr*masmg a%mia munmr, L
maa immtion yomﬁma Mve aet. ”bean mwsum&. baycmﬂ cerium am‘l ’thair
walu&tzon mush of mwaaity b« basad on aatimates, xxtilizmg 'me availaole oma
“on imizatim yotentiala of elemnts in other Tegions of the periodic: system, - |
The data on tha 34 aaa Iw tmnawmn elemanta appew to be most suitable and
.‘:,,tmae data are presented in gx'aphical form in the next’ alide (814de HNo. h), amn,;;
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'with the nvmilahle mx'amnion on the ionization pm:entiala of the lanthenlde
‘ond. actinme @l&n@nﬁs. |

rha i‘esatu.. @8 Qf mmremﬁ hem sre tha follm:inp_;: £irat y tha emrgy |
: m@au’w to remove an mac:twn frmn @ given "d" aubchull- increases monotonically |
| vith mweat;ing atomic wmbw, _axcapt. dor t.he drep pmduced by the half filled |
ubmen.. {This belw:iwx' is nnwa tm-ougmm the pwwam aystem and holds

for ";,f' wbsmna ag wll a8’ "’&") Becand, in *t.%m two. "d" trmaiﬁion series,

o 'f"thn marmma of the mm-a and fourth fonizstions are of emaller magattude 1o

Ath@ hesvier elmanw, &a‘dﬁ’fwmw bemg @reawﬁ for the higher atay;e_: of
_ionim*:mm _ o , |
o Ca tha basis of these Lo eﬁ’ecw it :l.a poaaible to mm& limits on m@ rate
. of increase with mtumic ugber of the i’uurth wmmri;icm: Wterrb_iﬂls 'Qx:i;’ the 1ight
! _‘:wnth\mmes. | | |
_ ‘i’ha raie per uwdt ine Teass in atomic number w:u.l ‘#::e gmmter than the one
B electron wlt inevesse in the value of the third wxzimtim bﬁtmm s and Cey
. '_ and lﬁf}ﬁw than the 8 electron volts avarage incrmw :m the 4th imimuﬁm
. ‘, '_v,ypuwmml amwwa in the seguences Zz* m:, Ma. |
| . For the liaht lemthanidas, an aversge mcmaa;a in the hth ienizaticm
paﬁem;ml of 2 :;eiectmxx volis per wnit incresed in atomic numbar. 1s taken 28
a conservative estizata, o |
' Iwnizmicm wmgi% mm calwlamd hyamtwa enargma fm- tazm firm: half
of the lanthanide series are presonted in Table I (alide Fo. 5), along wit b
' :calculated velues for tm frae envgy of maﬁ'tmn (1), The free encrgy volues '
are cauﬁistem wi’m experimental mbservatian. All tetrapositive long of the
'lig,ht lanthanides are ‘!:hﬁmwmmimlw zmstable vith rcsper*’c to reducti)n 'by
_mter in acidic aguwms solution. The calculatcd free energy of the res.ci;ion

. of eeric lon with mﬁer eurresponds to & alov rate of reduction; that of the



#9"‘
reaction of ']?r"'h ion is consistent with the B‘bserved ingtantaneous redﬁc’cion
- by vater. The calculated 'value'of the Px‘ﬂ = Pr h +e couple of -3,5 v is in
- reasonable agreement with a calorimetrically determined value of ~ =2, 8 v.

. ' - Table 1
Nfa and M Hydratiou and Ioniaation Energies for the Light Lanthanides .
L Hydration dydraticn bvh fonization Free energy - Stability
7 ener E ‘ﬁrgg  potential of reaction (l) in solution
Elewent  M¥3(g) (2 (Kcal) — (Kcal) - o
Ce ' 780 lh&o . 8w -21,' v Metastable
B 90 1500 ggE a56 Unstable
Na 99 - 1520 o9t w92 Unstable
P 809 1550 985" 228 Unstable
L PO . » ' . \
Sm 81k - 1549 1031 . W (¥ . Unstable
Bu &8 1558 w 2211 Unstable
) 823 1568 we3® w252 Ungtable

% ) , :
Estimated valu‘e. !

The question of the stability of the dipositive aqueoufa iona of the 11@1;
; lanthanides cmn be tmated in the aame vay as that uged for the %‘bx‘apoai‘cive
o mns. -

ﬁaing tha known value of the nmm mnizati.on patential. fmr cerium, the |
‘lmmm radiua of ce 3 ana an axtrapolataa va:uw for. the radius of Ce z
.. | calculatad value of ~99 Iical is obtainad i’ox' tm free energy of reaction (2)
on applieat;wn of t.ha chrn equation for the emlmtim of hydraticm ener 'zies._

% 45 t.hua campletely unstable in aq,maua solutim.

In order to esstimate the stabilities of’ the dipcsi‘bive gtates of aucceeamg‘
. 1anthan1dea elementa 115 1@ neceasnry to predict the rate of increase In the third '
i mnization potential.
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i‘h@ :i.mmam in the um«d mn.t:a:a'oion xmtential betveea La and Co 1*‘ 0.9

ales tm.x vmh, Thla may be aomemmt le:aa thmn the aver%e mcrexaw in m»
-’ third iouimtion putmtiul Lor the series La»Gﬁ, bmmune 1% corresponds to
vimn}.'fmiau of thm fir% elec “arcm sst‘!.d.m} af‘ﬁex- the fomm;icn of an m&emlgmw '
"c.low.u ahmu An :m:z- e mumwa wf 0 X elm*arw volt per Bleﬁ»nt 18 uacd in
: aaﬂmtﬁ.ng ».,.xs. iunim .’x.tm p *em:m:m, howww. ‘ |
donde radil of ‘thy xﬁipaam.tw mm: wt‘ th& l;!.%h't:. setinldes :may 'tm obted ned
wit h an uncarminw wf zze sre than 0.02 A wywﬁmp@mmg Zrom w: o

: ;aav of 5a'C and Eu | |
o ‘mz:m waaiﬁ, ewm m}@ mlculaswd valuea c::ﬁ' bardmmm emergiw lmmd :m
1,"'1'4:1.@ xx. 'J.‘he hydxvatiwn @xve:r,g,m in mmmmcu@n with the. wtﬁmmea thisd

o donization poteat fals give the 11%3«1 anergies Mw wacw.cm ( )

S Table IX v |
ﬁyawuwnn Energles ond Third Iondzation mtmntial m ‘i;m my ht Lanthonddes
+«., 4‘3 Thixd '
o (8) () Ionization
. vaatim H;tarmtion potential . _
R L gnergy - . energy yoltg » Keal — OF pesction  Stability m
Ly Tlement  Koeal JBeal _— (J.) ;“’m;ﬂl golution
Cta 36 TR o We 16 Usatable
Ce 330 S 780 T -9 3 'ﬁ;mmm@
Pro o33 _7‘9'3 , Woy" w85 © Unstable
o o * e
W 397 99 505 S0 Usstable
e » e |
. Pa L 809 526 =55 . Unstable
:Bm . 3%y 8 _ 51;5 o <38 - .. Unsveble
r» 3 BB S67 -9 . Hetasteble

Iﬁstimtcd mmw. '

' C ML ep tha dipds:i."‘ai'vaa aguecus ions of the lia,h* lonthenides are thus
. caledsted to be mmuble with regpect to oxidation by hyﬂro yen ion. The



.calcnlatéa‘reaction energies are consistent with o slov rate of oxidation in
tha case af europium. The caleuldtions aré thus in faly sgreement with
Nbs&r\atiuu, europﬂun 1@n havﬁnu suf'ficient atébility to pergist in aqyeous

_ solutiun fbr Bome timma |

Eyaratian eneA3185 anﬁ 1on1zatxmn paﬁentiala arg thug seen to acceuvunt for
"tha ohaerved a%ability of the aguecus 0xiastiwn atatea of the 1ight lenthanides
in a consistent ond logical fashiconm, _

fhe axtansian af thiese aom&iﬂara&imna to the h@mvxwr eloments of the
second balf f the aeraas necessitdtes aa estimmtiun af thm effeet of & half
- filled subshall on tha ionina%i@n pat@ntiala. Th@ &ffﬁat wmmnu% be p:eﬁicte&
wiﬁh mich aucuuacy.

In the 4§ elamenﬁa the half £1104 subhell pruduces o ﬁrcp of ghout 6 ev
1n the third lonization patonti&l. A aimilar érvp at Gd fbil@ﬁad by an inﬂr@m@m
of 0.9 ev per element fuw the second half af tha s&rias woulﬂ indicete inctabilit 3
. of the all aqueous dipositive ions of the heavy lanﬁhani&ma, althuu@h tha
caleulated ensrgy of resction (2 ) would prediet the @wsm‘bilmy that the oxida~
tion of Y6 vy #¥ mignt vo alov.

In the 3d and kd trangiticn elements the half £illed 3\1'13*-&}%};1 effect
 approwinmstely dovblae vetwern the second and third 1aniant$on pmtanﬁ&mls -

- incressing from 3 w0 6 e.v, Tha samg rate af increase erﬁenﬁ@d to tha hth
ionizaticn ﬁatential in the,&amﬁaamiﬁm,mlﬁmmntﬂ would glve & drop of 12 @V, ”
‘begwa@n Gd and To. This velue i likely to be gumewhat high; ané an estimate
of 10 o, v.‘gre“ably'ia ngarer thie truth. Either valusg pradict& inauability g
the tetrupositive ﬁﬁﬂtﬂ 1n aqye&u@ solutinn for gll hamvy lanthanides, in
aﬁ*ewmva? with cbaarva&ian,

| The st&biliiy of solid ewmyoundﬁ of the lanthanide fons may becalovlated
Ty netheds aimilar to those outlined abave, except that the relevant quntities

are the crystal encrgies, ensrgles of furmtion of the anions, and the



ol il

, .i‘.l‘ﬁnli?lé‘.‘.ft;.,.mﬁ Fotentdals,  In haoe culcmaticnm it 15 wnecensary 1o ke
arbitrary lﬁmtfi@nmma of any ney pocsmeters. The linizstion pi*’tt?n"t‘i&ls wged
are o game ge thoze wlresdy evalusted for & f.f." aquesus lond. |

':fm mc:thcui .amy‘bsz': ihustra ted "o& a coxwiaezmti@n off the irea*;zs;e_nt of the
slebilities of the lenthanide dlomldes. |
| ;,'i:ml ene: 'gy m:l Slons for CeO a;.d ﬁa@ cmic form of e 03, and bce
st of _‘t;iw zmwm; valie wﬁ‘ the fourth w:ximtim ;90 emm.l. glves a colewlated )
valug of ~59 mwml *ur m:;» mmg off r&mtiw m@ pe %1»3@1&.& ¢f cerlun s

'tﬁsw v table wi‘m mxymt o oy.idatiuw to thca mwma 1 air. e c:.:lcma-'i:ed

. 'vmlu@- is a Pew Heal To0 x:a;;gv&l e o b«a ccnstotent with tha‘cgmwé& redustion
: of ce@? Vm Ca 03 by hydrogen et clevated Lm:'xpum \.umz;, :

| -w:'w%ima ui the u&lawsﬂ.am@na to the vase of mﬂmfs@ﬁgfmium' ﬁi\?ﬂﬂﬁ ‘s walua of

¢ Keal, ..ndix.at«ing a somevhat gmaxtmr gm’buiw fc::r m} than 18 e uil"(ll.]

. sbserved.

| A meodyuiun, the sesquioxide 18 calcm.émﬁ to “ﬁé: ﬁm&hm to oxidaticn Ty

05:’  The Waquiuxiﬁéa of the ﬁueweding elaizmmﬁ mmm »molini\m ﬂlm(‘) B
stable,

oAb ,%x'mm, amummu a drop of 10 a.v.' in the hih mm«mm potenticl ag

" és*c.izﬁawa i}&mviou&ly,' terhlum saﬁca,uié ide is cal@ulexw& to m: zfganmmeuwa.y

N ";:cxmiﬂabla by ) as ‘i& dyawwium wsq,uﬁ.oxmm

(a |
’I‘he Lotter wlculatm &oes not cmemﬂ wi*hh a;fgwimma& fact, The
ma@i@:&i&ca wf the rcmzin,mg glanents ara aommly m:u.ulma 0 be mabm.
,'i% wﬁﬁ be of ﬁm&mm 0 mwnd um erystal eneryy caleMti@nz to the
fluwri&aa, but the w‘vwzﬁ*lucrm% possc@s coplicated cry»tal 5“wuct*‘“ﬂ3 shiich

IMV& noh beem worked out iy dm‘.a:!l. A |
' 'i'etmmlides other {on ‘i;im flucxrides are unstahie vesause of the smaller

,c‘:\z‘ys‘fwi energies gor latticts formed with lar;ge mncvalent anions,
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‘Caleula biuna similar to. those dmeriwa for the lantmmidzs elenents }mm
nlac: he&n c&arvmd wt. for the actinide aguecus Mnu o
o m..m oa thes vsmbﬂitiw uf ‘t&m wtmpositive aquema mm are. avmmwizaﬁ :
S wam I.II. . “ | | o
Ixx t.s»suim Mma »ha average rate or mmwm in ﬁhﬁ i:’wrm i::mi"’aticm p&»ten-a
"l t.w;t. of the ugm &atm&w the mw tak@n m e Mm&m&t g,rw m than that _
';_c:ﬁ:xwme& 1n the g ght lanthanides {as in&icmwd by uw wwﬁ 13 values of ‘%:lm
. ionimtu.m pob :mtiulm :m 'Lm 3& amd. ka al&mnm) m emmm uf s..,; &, v. ;m
"r'wit. iuwww in a*bmic numbm' i.s umu. he |
Calnula t&:& hydmtian m«wgmm am& eat:&m%ﬁ mlwa of the: mu* *&h iﬂ"ﬁimﬁx“imn '
,v_wumbial am wmmma in Tumw III |

SRR Table IIX o
. ‘*i;gd:rrmion Em*rgims and Fou th Icnization mwmmxg of the mggm Aetinides
jtw} 'H”( 3 Fourth | o T ’
ﬁgm tlop Hydratiem  Tooimetion

- energy | energy potentisl AF mmﬁmm (3.) StebiLs ty in
o Element | Kool Heed ¥eal *{aal o Bolution
™ By Cue e aa  Btavle
Pa’ i iMe ,;»v. e BE - N ﬁ‘hﬁbl@
oy . o S 17 O 6 38 ?smam_ -
W 18 g 834 w2l | Netestable
5 R A 1. oo w6l Ungtabie

Cm____ ”“a,. 50 2006 w e UnstaMle

The cmlm‘mtad Ma‘bilmi@a ﬁca nf‘t emtirply agma with omem'ati
Wbereas wtrapaeitiw mzptum Tum i aalc wlated m 'ba uH; xmm@ wiﬁh reapwﬁ o
reduction _b;y' wﬁter » A% getually ie stable. This also in towe for pli.zwnium L

IV, The tetrapositive don of An is the first in which instantaneous reduction
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oceurs in agueous solution. The rate of incresse used in aestimating the fourth
ionization potential 1n the light actinides may be a llittle 0o largé.

~ An e:stimate of tiie effect of the half filled gubshell on the fourth
Leniéa_tioﬁ“pdtentmlv cammot be made with any c@hfi&ence. If f’c 1t teken to
e 1:&16 seme as :m' the light J‘a,nt}iéziidea ’ then the_tetrapositivé ion of berkeliwn
4s caloulated to possess sufficient stability to be obtained in scluticn.
:Tefraix‘:dsi.tive lons of the mmceemm | elemente sve dml’._gu]at;édto ve unat-ﬁ'tble;.
vi‘ch, réstect to very rapid reduction by wmter.

K‘o mxmarize br*ief‘ly the extended renge of smbn 1%;3 of the tetmposithe
'10115 m the light lmnthanides wppears tc bYe a natuml consequence of a smaller |
‘Wlae O,f' the fourth jonization pw&;eatml (of a 3¢ as compared. to l&f‘ f,zlectmn) s
ncted :i.n the cage of thcrimn.

Tne emuer value of the fourth fonization pomntial also amounm for on
v_extandtad mng,e of stability of the dioxidea. The'mallar value for. *bhe third
ﬂ.anizats,on potemiul renders the dipositive st;ate 50 msomble in aquecus |
ﬂ:a_qlutian that 1t iy wt lixely to be ¢bserved in the actinide elﬂmux'zt&

) Thaae factors accowmnt in & mmaral wvay for the aiffarenwa in ﬁm‘ailiw ot‘ :
: %he dz., trd and tetraposiﬁive ions of the. lanthaniﬁa ond. actinide alemcmts. -
| The quesuon of *bhe stobility of the h:lgher ovida »ien etates of the
”aeﬁinme elements in aq.xwus solution c&nnct ba dealt with m any quanti’cative :
:faahion. v' |

we way note that 4F thé fou 'OwU*O* is .'c.reat@d @..M fonically bonded
nm@le\: > ‘tbe c&larulatad goulombie energy per mole is 3096 K»al. An ad&iti&nml
t-:o mr thme h\mdmd kimcalorms ammm pro*oably ba zlloved :f'ur hydration
' energy. "‘he 1on Vm.l& thuﬁ be stable with respew to gpontauecus redve ’cion to
‘the wtmpwitiva icn by shout 1600 Ia.cal mizms the (poaitive) encrgy of the
N fiftb, iouizaticm of uranium, '1’111& would 1imit 'the value of the £ifth fonization
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:putmtm to about 70 6.v. The actual value of the fif‘th wnization potmtial
or m‘mium px‘o'(:ably is cmmides.amy Joss 'c.‘han this. _ |

!I'he band:ms in the UO 1c>n 18 N howvar, known o ba comlent ’ and ﬂw
n‘lmr @ on tha eaxmml atom ig umxs than 45, Untﬁ. 11; 15 pumible to obwm
ame: r:.eam:m of.’ t.lw mtual bmd enm*gy 11: is imp:nssible m correlaw the |
&tability with wniaatimx potentisl data,

Tha Gxitmnion-mducmw behavior of the mmmm mn& na‘bmme emmnm '
mlremiy indicate tha gemml tmml in their thamdymmw pwpartiea. , It i:«s ar
_mm@t s hwever, f.o ew@are aeeurate m@rmmal valuas ot‘ mme of ’aiwae
t.hemmdynmm qwnmtmm _

Slme iﬁa. 7 shwes the free amrggies m\’ I’wmtm of aquecms km:a czf thm
:-lanthanme anél aemﬂi&a elementxs, plotted as 8 ﬁme*&ien of atmnic nw:ibefr I .‘ - |
vwm be muallea that th&ae quantities are. mlata& mt cmiy w h\yﬂmmm sfmmma
‘ma icmiwtian potan'hials but also to the emrgiea of smmwm of the mstals,

g measweﬁ free energies of f‘armtirm ef the aqwaus tripusiﬁivu lanthamid@
'».:Lm m remarkably wnmumt; those oi‘ the ‘tetra and ﬁp@&iﬂw ions are
atmngly aependam on awmn- nmm:)ar.

'ﬁm free -&mmiezs of formation of the &etmma mm shw A cmai&&mbm |
varmtmn with aw‘am numhar for all stages o:r aaiaatwm, 'xmt there ia a2 ‘pid
‘:mahm:&atim ai‘ the trimamlve wm:e relative to hia:wr atatea, cm tm '
momic nuxzmr Increases,

In the sctinides), aiff‘srmwa in the free emrgiea af farmtmn of the
mwua ions ere of suck magmitude 8 to pmduca a re:markable cnglexity m *tlm |
wlutim ehzamiawy of thaaa almants. Xntm&iaw Oxidation st:atea nra
\matable with respeot to intérnal oxdidaticn emd mduction, and t.he equilibrium‘,

mixtura may thevefora conaiat of three or even four states of oxidaticn.
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In the lanthanides, the potentiels of the M*z M *3 + e and i *3 o . e
_. ‘cmzples are such as to probibit dispmpartionatmn. ' .
» Putennials of the actinide and lanthani&e cow..plea are shown in S1lide Ho. /c'.z
The potentiala of the actinida 3k couyles fau on a mooth curve when plumed
-V'.v._as a funct.ion of atomic number ~ exhiblting & decreaaa of abcut 1 e.v, per |
element. o | _ '

'I‘he 2&—3 n.ouples are scmewhaﬁ less regular bnt the 5~6 ccmples e;mibit qaite
11‘3'85111&1?‘ behm lor, mﬁ cr plute.,nium being cansiderably lesa negative than
j-_wuld be expec*ted, There 1a at present no adequate explanmicn for this belmviar-. '
.:i'ime precludea discusaicm of the free eneregiaa of tozmtion of typical compcunda
euch as oxmaa and halmw » but these free emer@;,:wa follow trends &imnar tc: |
ithose noted for the 10113.‘ |

;n such compounds, in cor reapon&iug oxidation amteﬁ, the laanthanide and |
:v;actiaiae elements have maré.y the sane fonic raﬂﬁ‘ fﬁr fons eonmind.ng the xmame
.number of £ electrons . (bm and Pu*3 for emmple) the lanthanide ion is abmﬁ;
"e.o& A smaller. | |

As @ congequence of the similarity in mdﬁ. and pmdommantly ianlc mture
aat t}m boudin@; in these erystala there 1s a very elose cowespon&ence in the
crystallagmphy of the two series of elementts. ’I’mbse corrempandenc% h:ave bwen
‘fi,‘tha aubaec’s of a nunber of previcms publimtiam by Zachar&asan and vill not bez v
i:falaborawd on !mfre.

- : ~ Availsble data on the motals, on the 0therhand, indicate aubatantiﬁl
-’;"d:lfferemes in some pwpm*ties, Data on the cryﬁtal structuree » atomic. volumea,
w.;melttng points and heats of vaporizatiun of the mmanide and actinide mtala .
are e presented in slide No, " |

© With the possible exceptian of thorium, melti.ng pfaintz nnd boiling pointe

;gof the elements Of the two series lie within the same renge of‘ values, |
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The light actinides differ markedly from the light lanthsnides in structure
and atomic volume.

Througshout the lenthanidé geries no more than three (two in the cases or Eut
’and }tb) electrons are used in metallic bonding, vhereas le electrona form
: metallic bonds in the elements thnrium through nlut«:anium. At americium the
number c:f JYonding electrons dmpm to three, and this actinide metal bhas a
Lwa ol atructure ana momin volwne which 1 of a typicml lmnthanide chaxactar
mmm curium el.eo ez.hib:wa & ¢lose packed nmatw, wmh a mmum radius
. ‘e:qmcmd far a thma«electrm‘-pm- awm 't.y:pa of 'bouﬂinw .

'mw use of pove elecc.tmna rur bcnam,g in the :ugm éctinid&s is \mdmubtedly |
:Inmneat@d vith their greater tendency 0 multiple ianmaticm ag cagpared vith
me 1anthanidas.

E&trcmger bonding accounts for tha amaller ammm volumes and highor heaw
'or vmpar&mtiw observed for the nmetals from thoriws ‘bhmuxgh‘plummum, em
‘wmpwwd wit.h amricium and curium,

Pm‘oactinium, wranium, neptunium end plutonium c:rywtallim in unique
structures and the latter element is the most mm«opm of sny known metal,
) ﬁmnium, neptuniun and ;vlutoﬁium exhidit 'anomlmm m&me@ic, diletometric |
anﬂ electrical resistivity b&ah:wwr. )

Bimilar encmalies ave noted in Q\mh lanthnnma elemenw are cex-:tum,
_dmpmsium and @d@linj.um, px'zmri;y at; low temperatures vwhere they appesr to
be aggociated with témnszticm of a t’arrommue ,W antiferromagnetic charactor.

ﬁmther gimilar transitions 'mmw in '&w iighﬁ écﬁiniﬁa metals -is not knovn
mttm present time. The mgﬁ@tm susceptibility or. plutonivm 48 a éqmplez’; :
'fuﬁéﬁioh of temperature and atrmy dependent on the purity of the cample,

 Bxeept t‘ér gadolinium, the magnetic susceptibilities cf. the 1an‘o1mn1&qv
metals from cerium through ;yttefbium exhibit e simple Curie-Weiss t.ypé of



o
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;‘tempefature dependence, with effective moments that are very close to the

theoretical valuea for the fleld-free tripositive ions (dipositive ions, for

'“ europium and ytterbium.)

A Curie-Weiee type of temperature dependence of the susceptibility is not

observed for eny*actinide metal lighter than americium. In ‘the 1atter case the :

moment is that observed for the tripoeitive 1on.:'

Ib is impoesible at the present time to offer a satisfactory theoretical

- explanation of the anomalous proyertiee of uranium, neptunium and plutonium

', [meba1s.

The properties of elemental americium end curium euggeet that the metels of -

? the second half of the ectinide series will be lanthanide-like, with - normal
,fdlose-pecked‘etructuree and with more or less normal;metalxio behevior at .

:70rainary temperahuree.

In those properties of the lanthanide and actinide c0mpounds releted to the

oonfiguration in the f shell - notably spectroscoPic and magnetic propeztiee -:”

-greater similarities are evident.

Sharp line absorption and fluorescence spectra havo been obeerved in eolid

1compounds of both the lanthanide and ectinide elements‘ The 1ntensities of theeeV
;lines as well as their sharpnesa L.eaves no doubt but that the meJority of them .
;are due to transitions Vetween energy levels within the e configurational

vsystem. In the lighter actinides the traneition probabilities are generally some ~'

'lO to’ lOO times as great as in the lenthenides, but at californium tran31tion

probabilities appear to be qpite comparable.

The energy 1evele agsociated with. theee transitions have been almost con-

‘pletely 1dent1f1ed for some of the 1anthanides - praseodymium, thulium ‘and
veuropium, for-example; Among the actinides considerable progrees has :been made |

ihithe.analysie of the absorption spectrum of U+u in'caicium fluoride.
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The épectrbs_wpic properties of the actinides will be the subject of a
paper to be presented later at this Cungress and will not be considered
further heré. _ _ |
‘m‘@eﬁc- nuscepiibilities of  the tripositive doans in:-ccndensed phases have ' _’
' been masm‘ea for.all. of the lanthantde elements, nnd for kalf of the actinides.
' Effective mmemc moments of these dons are coapared in Siide No. /2.
- Among the ‘lmthanid% the experimentally neamred meuente are in clomz
= aggraemnt with the ‘uaeamtiml values  forthe: tmpmm‘baa ion, celeulnted on the
- esmmption that Ruswl-Samaem amxpnng holds i‘m' the elwtmmc systam, and
" that the ground state is given by n\mﬁa mles. . |
The woments of ‘the sctinide ions are not in such élwa amemeat with
: thaory, wmgg 40 _gtronges: erystel zmem mmmctwna and ameqmnt Breater
depreasim of the orbitel angiler: momentu, (Tripaaitwe curdum glves the
‘ »thearmwa:. value becavse it 48 in an 8 state .;mvwmh there con. be no intere
aczticm with the crystal field.) |
It is clearly evidam ‘however that the variatmn o:f the. mmeata with u%mic:_
aumbey follows precisly the same pattern in the two .ser:.m_or- glemnt-m, and that
'th%e electronie ‘configurstions of the iovns have # cmé%e-«wm Amrx:ﬂ-‘esﬁmndmw.
| N | Bince these snd other data ¢learly estabuah &m fact *iahm tm‘a mjarity of
t&w actmldc elexants are mmbera of a 5¢ tm&iﬁi@u aex'ies, it is wort,h noting
t&mt 5¢ oxbital wave functicns differ erom 'he rwatmg 4n that thw have
f‘, subamnbmly g,matw racwal mms&m.
| | Cverlapping of 5¢ orbltals w:wh orbitsls fmm mndmz; atcms therefore 18 |
poasibla and bond hybridization may occur., There i-s acmam@mble evidence “that
5£‘ trbital bending mey scwunt f‘ar some of the diff'emmea it chemical propertiss
 Yetween lonthenide and actinide ions of the same charge. Street and Benborg haw

“eorrelated such bouding with lon exchange behavior of the actinide fonu.
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those with a net orbital momentum (Am+3), Eu+3, Pu
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1t also may be noted that coulombic interaction of 5f electrons with the

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

compared with the Uf elements. The net éffect of such interaction is to lower

~ the potential emergy of the system and to stabilize the bonding.

»Greatér differences in complex ion stability between ions with-an S ground

state.(0m+3) or Gd+3, for which no crystal field interaction is possible, and

+3,‘etc..may be noted in the 5%

" as compared with the 4f transition series.

No quantitative data on the relative magnitudes of crystal field interactions

‘of the lanthanides as compared with the actinides is now available, but current
| - work on the spectroscopy of solid compounds of these elements should provide such

. 'data in the near future. .This information may well provide an explanation for

. some of the more subtle differences in the chemistry of the elements of these two

(4]

series.
In summary, an attempt has been made here to show how the most obvilous
difference between the lanthanide and actinide elenents - the greater range of

oxidation states of the latter — can arise as a_conserenée of clearly discernible

' trends in the periodic system.

The treatment employed is undoubtedly tco simple, It is unlikely that trends

‘in‘ionizatién potentials in these two transition series are as regular as has been
" assumed. The assumptlon of purely coulombic binding and the treatment of hydration

” energies by the Born equaticn cannot be entirely accurate,

'Hevertheless, this approximate treatment probably does indicateé in a roughly

-quantitative way the origin of the differences in properties of the Lf and 5f elements,

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

" end actinide elements are strikingly similar in meny respects. R



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, 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 usefulness 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 v
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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