XIREER

CFETLRD LR - MBKEFES VI N ERERIR

[FILTo2-IEEDOX INERT HLD

i BX
BEER - KER - BEFHRR

HPER - IR 2% 2 - HIRAE P as R

201543 H13H (%) 14:00~, J* BEEZEEELE 1101 B =



® i'lij,i:k1t%ﬁﬁ ﬁ'l?b\bﬂ)iﬂ“, %ﬂ] (GCIZ& HHe/Ar L THEF A0, Sugisaki, 1978)
EZIKi"f‘E ﬁ/ﬁ _é_i‘H_“, ' J:éL‘fﬁ E/E/E??@/Eﬁ""

JIAER(1991) HE, 44, 394 (B KFEFE)
1t6R; T: 6t al {1999 Geophys. Res. Tett., 26, 139% (B EREFEER)
#F FEA| fh(2000) #hE, 53, 165*

J11i255 K (2008) £l =, 78, no. 12, 1356*

Miyakawa, K. et al. (2010) Pure Appl. Geophys., 167, 1561

Miyakawa, K. and Kawabe, I. (2014) Applied Geochem. 40, 61 EHBERR

—_ .
pressure solution

* ) REBERIS00mIEHIFH (EEBKERR) TOH T KA RE A
BEEEHMEROM=5.4(1998."4) KZEHRARIKEE
WUNHE (M=1~3, <20km) DHEKEZEHREE

® T FAITRDHIKILF

TR SAFERDALCAIZELEEFY, INAAIZLSREE ZHT (Univ. of Chicago, Postdoc)
Ekambran, et al. (1983) Geohcim. Cosmochim. Acta, 48, 2089
Kawabe, I. et al. (1986) J. Radiochem. Nucl. Chem., 102, 227

h’1|11

1987 ICP-AES EXE (BIREKRFHEHZFH)
Kawabe, I. (1992) Geochem. J., 26,309 (T2 =—FI#E%NE, Jorgensen theory)
l 1993 (B HEXFEZFE)




Open Files (NAGOYA Repository)D B FIE{&

BMEE)—XEEZRUIEZEXR)
(1) pEREE2S-o0RIT HFEORREIR 193 pp.

URL: http://hdl.handle.net/2237/16106

(2)HEHPEES OO N FEOEREIT 649 pp.

URL: http://hdl.handle.net/2237/16107

(3)pEHEEEI M -OOBHAFOERER 731 pp.

URL: http://hdl.handle.net/2237/16108

B EFHFEOEREIR 412 pp.

URL: http://hdl.handle.net/2237/16109
(5) AEERELT—FETOERSIE

~RIN"FEES VA FREAIR ~ 141 pp.

URL: http://hdl.handle.net/2237/18614

6) KIBRDHLTHERRTHE: ZREDREELEIR 75 pp.

URL: http://hdl.handle.net/2237/20652

\_

(4R B8 K H R )

FLEOE~EFR- BNE- HRE S~

Z2HEXRFHIRS, 2015 (EARIS) (% 5E ~650 pp.)

%



http://hdl.handle.net/2237/16106
http://hdl.handle.net/2237/16107
http://hdl.handle.net/2237/16108
http://hdl.handle.net/2237/16109
http://hdl.handle.net/2237/18614
http://hdl.handle.net/2237/18614

J/¢rgensen—KawabeEﬁ (Kawabe, 1992 and 1999) : Ln(I)BER I FRIR DB N F = \\
AY,..=d(aq+b)(q+25)+c+(9/13)n(S)C,(q+ 25) + m(L)C,(q+ 25)
+p(S,L,J)C (g + 25)°

@7‘:‘1,. CESUHREMDNIAIL, C =0 &L T, AH, AS, AG, log(REE),, DT—RIZHWS. /

Ln3*: [Xe](4f)9, 25*L, (ground level)

AR (BIETHEOMRIES)
() TRME], (A £BRLALETLR

2. BOMDKAYDREE/NRZ—2 [L)orgensen-KawabeX CTEIEXRIFT=5.
(Kawabe et al., 2008 and 2012; Jiao et al., 2013 and 2014)

3. Ln(NBEMFR|RICDBANEZE (RERERAYMR) N2 FUHETIE
=L, [RFDIHFEDSlater-Condon-Racah RIS
(Kawabe, 1992, 1999; Kawabe and Masuda, 2001)

4. Ln(INBRALFRESIEDAH EAS (AL O RERT. #IZ,
AG, (=AH -TAS)) RANZEAL DM R TRE LR EHICHB SN SHERZFD.
(JII32, 2005, 2012, 2014; Kawabe 2013a, b, c).
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LoAn*iE, FhER, WSACRET Lanthanide RO ITEHE & Actinide RO TREZERT 5. ZOREANREME
Cit, 1) BROMB TEESBIT I TRAVWEROEB TENEBL, 1, 2, 3MNWTI7TELOEBREND
% . 2) Lanthanide %% & Actinide BAIOFNFN 15 £H#id, —HORIZFEHIAT I, BHIORRITMACED

N5, ZhbZERAMMEAMBRORRLEFIEZD.

REE  FAARTROIOEZA50 7
—90)92,.“(3"’;5, 2V A F, H&5)




Rn

(0]
AiEE A A
]
el JE 4R

£ 3 Nes X
NS R

- ;Ffﬁ'ﬁtﬁx

RE@E (1996) RERE
fL&mitt - BEREL R

WREFIL, BFORMKI &
2T, 3207 N—FI5
(fili%%) % R T

HEERRIG BT ROSKEY
HRIEFEORATLHENE




i

Bils-ScCls
Bila-ScBr;

Bils-Scls

25 7% L-Sci0;s
WF IV -TiOs
Cdlz'SCzSJ

NiAs/MnP-ScP

D |51 4 DAL | Dav

| [Nt

BFH d

{47 Sc*
Y b b

Tils ¢

NaCl-ScN ¢=T

(3d)9R5N/\EARELIEE VD IEEETIEEE

aTiCl:&
aTiBri¢—VBr;

VCl

RE&E BHAF D
BRE—AVNEL

1
dl
Sc**
Ti*
ve

-

.
[ Xe s

;CrAs !

it 8 9
A
anx Fer COF:
— FeCly
— FeBrj
VCl; —4 CrCl: 49 MnCls~9 FeCl; —¢ CoCl:
VBrz_—ICrBrr-"Man FeBr; -9 CoBr;
Vs Fel: Cols

7N\

PVS ——¢ CrS —
p— MnP ¢— FeP

) VSe CrSe

'|MnAs| FeAs

TiTe —
“CrSb ¢
d:

Ti*

v

Cr**

C

d?
’

Mn*

) VTe {CrTe

) [MnSb ¢ FesSb '/
d‘
Cr*™

Mry

rj.

Crls—19 Mnl: 1
Mn:0,9- Fean}* Co:(s

NiCly — CuCl: —¢
NiBr; —¢ CuBr: :I
Nils —

EiR R E S EROER

&

NiF: —4 CuF:—4 ZnFa- L F )b

ZnCly-CdClz/ 12

ZnBry-CdCla/ 12
Znlz-CdCly/ 1

Zn0O-NaCl

o= ZnS:- /¢4 F 4 b
-3

ZnS-NiAs
ZnSes-/%4 7 4 b

-NiAs/MnP
AL B B
= -NiAs

dl dlﬂ

Fe** Co* Ni* Cu* Zn*

Co™ Ni*

MdEFH(RF&ES) —> —
max *

X|4-10. (3dRFI\EIRENIAL &Y DRGIE & BRSO R BE O FTE 2 87 & 2>
129 5 2&1ZWilson (1972) B HW-IXIZ,

HZE (1996) 2N L7-f5 5.



(Angstrom)

11.4

11

10.8

10.6

10.4

10.2

—®— Hanic ¢t al. (19584)
—%— Templeton and Dauben( 1954)

« BLnlIEZREM
& E+8(Xhexagonal

> —

>

(Angstrom)

14 RIUEEY
1 L0 | SUAZ R

- Ln,Os(cub.)®
i BFEH

-4 1.05 N

) | el BE

- N2

] AFEE”
- 1.00 "

- (F]BEfiL)

3 (0.950

] « Tetragonal LnOCI
1 0900 | RIIDEFEH
/ TELnDAF >

] FEZHED

2 - B45x=1. 380A
- 0.350

La C¢ Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

RF¥FESIE(z=57~71) XIE 4&E

#E((4f)a: q=0~14)




(Angstrom/100) (Angstrom/100)

3.0 L T e e D e R M S R Dmm VI B AR HEET 1.0
- Deviations from Linear Trend 3 050
[ connecting La and Lu i
0.0 |- - 4 0.0
: Lattice Constant E 0.50
" ,. of Ln O (cub) ? o
5.0 \ Hanic et al. (1984) 4 -1.0
| v {-15
b . «
-10 4 -2.0
; v lonic Radius (' Ln" ) -
B : . -2.5
- IFempleton and Dauben( 1954) ?
Qs 0011 34 30
La C¢ Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
* Ln,O,(cub)DI&FERICHMAE (THIF) R Half-filled (S,,,): (4f)’=Gd3*
s AFUFETEL/NHE(AIZR) D RILART (Lo )
AFFETIEESRZERAL R
o TVIEMDoDAF U FEICHBTIR T :
Half-filled (S,,.,): (3d)>=Mn?*




(Angstrom) (Angstrom)| Cotton-Wilkinson (&5 EA
o o A=
PRI I I TR VRN CNN TR N N N B S S %gyg%té;ﬁ% af
Loy j . LH\L, 4FEFOR5E
' = 1110 | 2umEFEOERS
I’ anic ¢t ai. N4 ‘ == == LY -
(- q l', == \ 10
I —%— Templeton and Daubeni 1954) A &Y, BFEAUNAE
11.2 | |
Tl 2 — T : JR F & BE 5 (obs)
_ \ SUA=RIREE | 1105 | = mrrosat
: 5. Ln,0,(cub.)® | | BEA 7> %1% (fixed)
11 + <X "
_ \ 2 BFEH | «—>
- \ ) « AFTUFE 4 1.00 ' '
E (7<BofsL) !
10.8 - .
: 4 0.950
5B
10.6 HEF ARG
¥ - 0.900 .
. ] AFUROAEESE
t - FEREICT B &ld, it
- : BOBERBL, (4>
X . A4 0850 | FEREIMILLAILY.
10.2 NEIBEZTRT 5%
La Ce¢e Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu AH(RFim) DALE.

RFEEIE(z=57~71) and MEFEHIE((4f)9:q=0~14)



N/ ns.np

3

+

e
1
UN.

ey
2 He

K /Rb

Bk B FH1E GE L)

1A ERDRE
s
Srags &R
[ RN
BT&TELES
REREA (1996) BEE
L amEits - BEREVR

W R T % O ) 1 '=']

mEORMR

LR EFRIEEY

HRIEFDRRATEHINE

FIBERRELESYTE
BFa (RF5HF)
RNPELFELEN




Jprgensen-Kawabe={ (Kawabe, 1992 and 1999): Ln(IE I FRIBERIEDBAZE \
AY,..=d(aq+b)(q+25)+c+(9/13)n(S)C,(q+ 25) + m(L)C,(q+ 25) <

+p(S,L,J)Cy5(q+25)°

=12L. CEFELHREDIEIE, C=0&,LT, AH, AS, AG, log(REE),, D T—2IZALVS.

/

AE (FLrXEREDHERI{ESE) Ln3*: [Xe](4f)9, 2*1L, (ground level)

1. TR, 1A+ EREAFLHETR

@ DO DRKAYIDREEFFEE /NF—2 [TIgrgensen-KawabeX CEIERINTEAS.
(Kawabe et al., 2008 and 2012; Jiao et al., 2013 and 2014)

3. Ln(NBEMFR|RICDBANEZFE (BRERERAYMR) N2 FUHEATE
=L, [RFDIHFEDSlater-Condon-Racah BRI
(Kawabe, 1992, 1999; Kawabe and Masuda, 2001)

4. Ln(INBRALFRESIEDAH EAS (AL O RERT. #IZ,
AG, (=AH -TAS)) RANZEAL DN R TRE LR EHICHB SN SERZFD.
(JII32, 2005, 2012, 2014; Kawabe 2013a, b, c).



log(Sample/Chondrite)

A: Lanthanite-(Nd),

Whitianga, New Zealand
Graham et al. (2007)

B: Lanthanite-(Nd),
Hizen, Japan —

Akagi et al. (1996)
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log(Sample/Chondrite)

Kimuraite _
(middle layer) & g

Kimuraite
(inner layer)

Kimuraite samples from Hizen
(Akagi et al., 1993)
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CaREE,(CO,), 6H,0
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log(Sample/Chondnte)

—1
—1
—1

Kimuraite-NU
- (‘This study)
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1] Kimuraite-B 5
\ 1 (AKkagi et al., 1993)
|'c 't 1. l'
l. ‘ .I
| |
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Jiao, W .-F. et al.(2011)

“Kimuraite” sample [
lanthanite-impurity %
BU.
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Kimuraite (K¥TH)
CaREE,(CO,), 6H,0




[ log(REE concetration ratio)}

the REE data for kimuraite by Nagashima et al. (1986).

Jargensen-Kawabe equation immediately fits
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HEIDIWEXN —— RICOADEEDOFEHFIY >

REE,(CO,), 8H,0(s) + Ca?*(aq) + CO;(aq) = CaREE,(CO,), 6H,0(s) +2H,0(l)

Lanthanite kimuraite
RTInK=— AG°, —> | log(ay/a.,) = — AG°/(2.303RT) + const.
T
( Jgrgensen-Kawabe eq.)
SELTFDOME X
R F R RIS D EH
REE-A,+B, = REE-A, +C,  : log(REE-A, /REE-A,) = (J-Keq.);
REE-A, + B, = REE-A, +C,  : log(REE-A, /REE-A, )= (J-Keq.),
REE-A,+B,=REE-A,+C,  : log(REE-A, /REE-A,)= (J-Keq.),

+) REE-A_,+B_,=REE-A +C. : log(REE-A, /REE-A ,)= (J-Keq.),

J-K eq.
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Graham et al. (2007)
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Jgrgensen-Kawabe={ (Kawabe, 1992 and 1999): Ln(I)BRE FRIBRGD B HFE \

AY,..=d(aq+b)(q+25)+c+(9/13)n(S)C,(q+ 25) + m(L)C,(q+ 25) <
+p(S,L,J)C,(q+ 25)°

=12L. CEFELHREDIEIE, C=0&,LT, AH, AS, AG, log(REE),, D T—2IZALVS. /

AE (FXIFEILEDHEKILE) Ln3*: [Xe](4f)9, 25*1L,(ground level)

1. TR, 1A+ EREAFLHETR

2. BEOMDKAYDREE/NR—2 [L)orgensen-KawabeX CTEIEKRIZT=E5.
(Kawabe et al., 2008 and 2012; Jiao et al., 2013 and 2014)

(3) (B FRBRGDHMNEE (ERRLRRAYR) A5 2Rz R
=L, [RFDIHFEDSlater-Condon-Racah BRI
(Kawabe, 1992, 1999; Kawabe and Masuda, 2001)

4. Ln(INBRALFRESIEDAH EAS (AL O RERT. #IZ,
AG, (=AH -TAS)) RANZEAL DN R TRE LR EHICHB SN SERZFD.
(JII32, 2005, 2012, 2014; Kawabe 2013a, b, c).



Structure and Bonding, vol. 107 (2004)

C. K. Jgrgensen (1931-2001)

Axel Christian Klixbiill Jargensen (1931-2001)

Axel Christian Klixbiill Jorgensen

1931
1950

1953
1954

1957

1961

1962

1963
1965
1966
1968
1969
1970
1971
1974
1977

1978
1983

1997
2001

Born in Aalborg, Denmark, 18th April

Graduation from high school (Abitur). Beginning of studies at the Uni-
versity of Copenhagen. The aim was a candidatus magisterii (cand. mag.),
which would qualify him as a Danish high school teacher

Teaching assistant at the Technical University of Denmark, Copenhagen
Cand. mag. in chemistry, mathematics, astronomy and physics with chem-
istry as the main subject, University of Copenhagen

Doctor philosophiae, University of Copenhagen, thesis: Energy Levels of
Complexes and Gaseous lons, Gjellerup, Copenhagen, Denmark

Marriage to Micheline Prouvez

Head of Office for Fundamental Research, Division of the Scientific Busi-
nesses, NATO, Paris

Director of the Group of Theoretical Inorganic Chemistry, Cyanamid
European Rcﬂcar(lllnﬂlh\nv,(]xh)gny:(]cru'va(llnlﬂ 1968)

Books: Absorption Spectra and Chemical Bonding in Complexes, Perga-
mon, Oxford, England. Orbitals in Atoms and Molecules, Academic Press,
London, England

Book: Inorganic Complexes, Academic Press, London, England

Member of the Royal Danish Academy of Sciences and Letters

Editor of Structure and Bonding (until 1989)

Invited to be Professor at the University of Geneva

Book: Oxidation Numbers and Oxidation States, Springer-Verlag, Berlin
Chair of Physical Chemistry at the University of Geneva

Book: Modern Aspects of Ligand-Field Theory, Amsterdam, North-Holland
Chair of Inorganic and Analytical Chemistry at the University of Geneva
Book: Lasers and Excited States of Rare Earth (with Renata Reisfeld),
Springer-Verlag, Berlin

Death of his wife Micheline

Doctor honoris causa from the Philosophical Faculty of the University of
Ziirich

Professor Emeritus at the University of Geneva

His death on 9th of January



Akimasa Masuda (1931-2011)

The first report on the lanthanide tetrad effect in REE Geochemistry

eochemical Journsl Vol 13 pp 19 10 22 1979 9

NOTE

Lanthanide tetrad effect observed in marine environment

AKIMASA Masvpa and Yosmmniro Ixevcms

Department of Earth Sciences Kobe University, Nada, Kobe 657, Japan

{Received November 14, 1978)

We have found that lanthanide tetrad effect (PEPPARD ¢t al, 1969) is operative for heavy rare-carth
elements (REE) in 2 phosphorite sample (GOLDBERG of al, 1963), Also it has been evinced that the
dmilar effect Is observed for REE in sea waters. However, in the case where the plot (Masuda-Coryell

plot) is void of the points for To, Ho and Tm, the resultant jointdine pattern ks 10 have the common
chatacteristics that the zigzag pattern Is pointed downward at Dy and Yb and upward at Ex That s,
the zigzag pattern with phase colncidence in breaking and its direction Is a partially cut-off reflection ol
Lanthanide tetrad effect

Employing the stable isotope dilution technikjue, we could determine REE in onediter sample of

wa water, with errors Jess than 2 ~ 3

Peppard et al. (1969): logK,(Ln3*: org/aq)-> Nugent (1970), Jgrgensen (1970. 1962)
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log Kd(Ln: org./aq)

Pe

ppard. D. F. et al. (1969) J. inorg. nucl. Chem. 31, 2271-2272.

Masuda, A. (1995) Proc. Japan Acad. 71, ser. B, 67-71.
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log Kd(Ln: org./aq.)
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9
Jorgensen’s Theory Modern Aspects
for I3(Ln) of

Jorgensen (1962)
Mol. Phys. 5, 271

Ligand Field Theory

NDON
VORS

1971

Spin-pairing energy theory

Handbook on the Physics and Chemistry of Rare Earths, Vol. 11
edited by K.A. Gschneidner, Jr. and L. Eyring
O Elsevier Science Publishers BV, 1958

Chapter 75

INFLUENCE OF RARE EARTHS ON CHEMICAL
UNDERSTANDING AND CLASSIFICATION

Christian K. JORGENSEN

Switzerland

Section of Chemistry (Sciences 1), University of Geneva, CH 1211 Geneva 4

1979
1988

1977

Renata Reisfeld
Christian K. Jérgensen

[asers
and Excited States
of Rare Earths

With 9 Figures
and 26 Tables

Springer-Verlag
Berlin Heidelberg New York 1977

Refined spin-pairing energy theory




Condon, E.U. and Odabasi, H. (1980) Atomic Structure, Cambridge Univ. Press.

(S, L,J)

28+1|_
Table 5% |Russell-Saunders terms for (nl)* configurations* QAFILZEFR) _ _
4 L=0 L=S
[ s ™ ] L=1 L=P
i " L=2 L=D
pq pt, p' 'SD 5p L:3 L:F
P 2P 'S L=4 L=G
N
£ d,d *D ™ L=5 L=H
d*, d* 'SDG P F Al =
d®, d’ PDFGH ‘PF L=6L=I
da 9 L=7 L=K
d’,d® 'SDFGI 'PDFGH D
2 22 2 2 ........
d® *SPDFGHI ‘PDFG ¢S
322 /
T ™~
2 ‘SDGI "PFH I
A PDFGHIKL SDFGI So many terms !
2222 But Hund’s rule!
£ f'f® 'SDFGHIKLN ‘PDFGHIKLM SSDFGI
24 423 2 3 243422
rrf *PDFGHIKLMNO iISPDFGHIKLM ‘PFH
4 576 7553 2 2344332
Fo 8 'SPDFGHIKLMNQ@Q SPDFGHIKLMNDO SSPDFGHIKL 'F
4 64847342 2 6 5979663 3 328 22
v” *SPDF GHIKLMNORQ® ‘SPDFGHIKLMN SPDFGHI ”Sj
25710109975 4 2 226575533

*The number of terms of the given type that occur in the configuration is written under the letters denoting L

value.
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526 Configuration structure Ne
0.8
i 1 4 3s23p9 — 3s23pul
bt '
R . Observed lonization potentials
= - in (np)Y series: (np)9 — (np)d-
- -
z sl X p orbital: 1=1
S q(max.)=2(21+1)=6
z | q(half-filled)=3
5 | | Solid line with a step between g=3 and 4:
S ] Lowest level to lowest level
B . Broken line without any step :
Configuration av. to
configuration av.
0.2 l ] 1 | | |
| 2 3 4 5 6
q —

Figure 15". The variation of observed ionization potentials with g for the E U Condon and H OdabaS| (1980)

ns*np® configurations (given in Table 97). Values corresponding to the points

joined by solid lines are measured from the lowest level of the atom to the Atom|c Structu re, Camb“dge Un|V Press

lowest level of the jon. Values corresponding to the points joined by broken
lines are from the configuration average to the configuration average,



lonization Energy (M?** -->M*) (eV)

45

40

35

30

25

20

M2+ — M3+

B ( [A(3d)? = [Ar)(3d)"") U

M2+ —> M3+
Zr ( [Krl(4d)? = [Kr](4d)™")

T rﬁ*

1l 1
3 4
q=1234@678910

Fig. 2-3. Series variation of ionization energies of M**-->M>* given by
the configuration change of (nd)%-->(nd)*"

d orbital: 1=2

gq(max.)=2(21+1)=10
q(half-filled)=5

“Steps” at between g=5
and g=6

The half-filled configuration is
energetically stable relative to
the neighbors.

Slightly curved series change
IS repeated twice.



Ground-level Electronic Configurations of Lanthanide Metals, Atoms,
and free lons*.

Metal Lngg) Lo*(g) Loty Lo+ Only Ln3*(g) series has the
La (409(5d)(6s)2 ((4/)0(5d)(6s)2  (4f)0(5d)2  (4f)05d ) (4f)0 “regular” variation of
Ce (4f)1(5d)(65)2 [(4/)1(5d)(6s)3 (4f)’(5d)?] (4f)2 (4f)! ground-level electronic
Pr (40)2(5d)(6s)2  (40)3(6s)2 @n36s) (403 (42 configurations.
Nd (4f)3(5d)(6s)2  (4f)%(6s)2 (4)%(6s) (4f)4 (4)3
Pm (40)3(5d)(6s)2  (4f)3(6s)> (40)3(6s)  (4f)° (40)% “_'”eg!J'ar” ele(_:tronic Cor"
Sm (4)5(5d)(6s)2  (4f)6(6s)2 (4)6(6s)  (4)6 (4f)5 WAL & InelhiEd 7

the Ln(g), Ln*(g), LnZ*(g),

Eu ((207(65 2 4£)7(65)2 anes)  (4f7 4f)6 :
u (4762 ) (4D76s) I i) and Ln(metal) seires.

Gd (40)7(5d)(6s)2 ((4/)7(5d)(6s)2  (4/)7(5d)(6s) (4[)7(5d) (4f)7

Tb (40)8(5d)(6s)2  (4f)%(6s)> (4f)%6s) (40 (408 This must be kept in mind
Dy (4D%(5d)(6s)2  (41)10(6s)2 (4nH10%e6s) (4010 (4D to see the series change
Ho (4f)10(5d)(6s)2 (4f)11(6s)2 (4n)il6s) (4l (4010 patterns for Ln series.

Er (40)11(5d)(6s)2 (4f)12(6s)2 (40)12(6s) (412 (411
Tm (4)12(5d)(6s)2 (4f)13(6s)2 (4f)13(6s)  (4f)13 (412
Yb ((4/)14(6s)? (41)14(65)2 (40)14(6s) (4114 (4f)13
Lu (4f)14(5d)(6s)> [(4]')14(5d)(65)2 (4f)14(6s)2  (4f)1%(6s) ](4014

[ * Italic expressions denote "irregular" configurations. ]

Metal Lngg) Lnt(g) Ln2#(g) Ln3+(g)

(404(5d)(6s)>  (4N)atl(6s)2  (4)atl(6s)  (4f)at! (404 “Regular” configurations

AHy l] I» l3




ATOMS FOR CURVE I lonization energies of Ln

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1 | I I | | | | I Y 1 I | ]

| 1y(Ln): (4P (4n)rt
J Step and Curvature are

more obvious than those
of (nd)d series.

a2f
40}
38f-

36}

A

1 1(Ln): (@fe—af
= (Jorgensen’s theory o % =)

251

23

21

ICNIZATION ENERGY {eV)

- o
L

'2- 1 1y(Ln): (4F)T+16s— (49
VOGN, o I

GF = g ./<%._—- . 1‘4‘5] |1(Ln): (4f)Q+1682—>(4f)Q+163

5
i ) S TR W (I T . D R
lo Ce A Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb <> Irregular configurations
ATOMS FOR CURVES I, T, AND T involved.

- FIG. 5. Plot of ionization energies for neutral (1),
singly ionized (11), doubly ionized (r11), and triply ionized
(tv) lanthanides. Atoms for I, 11, and 111 curves are Suger and Reader (1973)

given at bottom of graph, atoms for 1v are at top.



lonization Energies

@) [Xe](4h)® —> [Xe](4h)?

70 T T T T T T T T T T T T T =
(Hf"* /R
’4-[1 (M* > M"”)] i
65 | s
Luduty| €V
(Oy*/Dy*) it
60 [ (Gd*/Gd™) 145
| (PP |
3 4
I [I‘(M > M *}—)- 40
(Tb(}v,'rbdt) )
(eV) L 4
a4 5 2% 34
" (Ce™/Ce™) (Eu**/Eu™) (YD** /YD)
o5 [ —'35
| -
“ i (G 1Gd™)
- (La®*/La*)
15 | 1 | 1 1 1 | | 1 1 1 | 1 |
¢gl= 0 1 2 3 4 5 6() 8 9 10 11 1213
= 1 2 3 4 5 6 (18 9 10 11 12 13 14

Fig. 2-4. Series variations of |, |,, and |_ for lanthanides

f orbital: 1=3
q(max.)=2(21+1)=14
q(half-filled)=7

* Half-filled effect: S, _,
* Repetition twice: L,

Hf is not classified as a
member of lanthanides or
REEs.

Hf : (4f)1*5d%6s°

Hf 4+ (4f)14

Lus* : (4f)4
Yb?* : (4f)14

“Double seated pattern”
Wilson, J. A. (1977)
Successive loss of a 4f electron;
differences in the ground-level
energy between [Xe](4f)¢! and
[Xe](4f)d across the series.
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ENERGY LEVELS OF THE +3 LANTHANIDES IN LaF,
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FIG. 7. Energy level structure of Ln**:LaF, based on computed crystal
field energies in the range 0-50 000 cm ™' with labels of *** 'L and/or J
where the dominant character of the levels can be clearly assigned.

Level structures (4f @f transitions)

/Carnall, W. T., Goodman, G. L., N
Rajnak, K., and Rana, R. S. (1989)
J. Chem. Phys. 90(7),3443-3457
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\_Ln®*:LaF; 0~50000cm™* )

Dieke diagram
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Slater-Condon-Racah
Theory for Atomic
Spectra

N2
Refined Spin-Pairing
Energy Theory (RSPET)
Jprgensen (1962, 1971,
1979), Kawabe (1992)

™

(Quantitative expression
for Hund’s law)

Pr 3

LS Terms

Ground -Term

(2S+1) - (2L+1)

°P 9

- 1| — (13) ------- (‘::. —— (6)

Configuration
Average Energy ‘D =0

J Lewels

\ ;:'

\\‘ !a:“ 1G — (9) ........... —— (4)
(4f) 2

,,,,,,,,,, S /)
. SF — (21) ...... ofn e — (3)
‘ 2)
5 — ()
i I B Bl ) { —_ 0

3H4

Ground-LeveI

E&#- ik

LS-term splitting by
inter-electron repulsion

J-level splitting by
spin-orbit interaction

BRI FIHIZLD
I-LARJVERLD
“ﬂ§%zé

Fig. AL A schematic diagram to illustrate the configuration average energy, LS-term

splitting, and J-level splitting in Pr** with the [Xe](4f)? electronic configuration. This

can be gene ralized for REE®* with [Xe](4f) configuration.
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Slater-Condon-Racah
Theory for Atomic Pr 3
Spectra LS Terms J Lewels
(2S+1) - (2L+1) J
\l/ . g e (]) rrreseeres —— ()
Refined Spin-Pairing H
Energy Theory (RSPET) U — O -
_-:' I —— (7)) sEsEEEs J::‘. ——
Jgrgensen (1962, 1971, i e
Configuration HE (V)
1979), Kawabe (1992) [AvemgeEnergyl Fop m——(y e —_—
R
(Quantitative expression g o fTeig (g e SE—
) g
for Hund’s law) (4) ‘ @
3F — (21) ------ .i::. —— (3)
_ (2)
E configav=WetaW, / — = Yoy | = (@) g — g
+(1/2)q(q-1)Eff(aV-)/ S SR
(9/13)n(S)E1+m(L)E3 Ground-Level
- _(9/13)E1_9E3 LS-term  splitting by J-level splitting by
inter-electron repulsion spin-orbit interaction
E!, E3: Racah parameters
p(S L J)Q Fig. AL, A schematic diagram to illustrate the configuration average energy, LS-term
P af splitting, and J-level splitting in Pr** with the [Xe](4f)? electronic configuration. This

=_3 C_,4f can be gene ralized for REE®* with [Xe](4f)* configuration.
L4 Spin-orbit interaction parameter




Condon, E.U. and Odabasi, H. (1980) Atomic Structure, Cambridge Univ. Press.

(S, L,J)

28+1|_
Table 5% |Russell-Saunders terms for (nl)* configurations* QAFILZEFR) _ _
4 L=0 L=S
[ s ™ ] L=1 L=P
i " L=2 L=D
pq pt, p' 'SD 5p L:3 L:F
P 2P 'S L=4 L=G
N
£ d,d *D ™ L=5 L=H
d*, d* 'SDG P F Al =
d®, d’ PDFGH ‘PF L=6L=I
da 9 L=7 L=K
d’,d® 'SDFGI 'PDFGH D
2 22 2 2 ........
d® *SPDFGHI ‘PDFG ¢S
322 /
T ™~
2 ‘SDGI "PFH I
A PDFGHIKL SDFGI So many terms !
2222 But Hund’s rule!
£ f'f® 'SDFGHIKLN ‘PDFGHIKLM SSDFGI
24 423 2 3 243422
rrf *PDFGHIKLMNO iISPDFGHIKLM ‘PFH
4 576 7553 2 2344332
Fo 8 'SPDFGHIKLMNQ@Q SPDFGHIKLMNDO SSPDFGHIKL 'F
4 64847342 2 6 5979663 3 328 22
v” *SPDF GHIKLMNORQ® ‘SPDFGHIKLMN SPDFGHI ”Sj
25710109975 4 2 226575533

*The number of terms of the given type that occur in the configuration is written under the letters denoting L

value.




Spectroscopic Coefficients
for the p", d", and f" Configurations

C. W. Nielson and George F. Koster

The M. I. T. Press
Massachusetts Institute of Technology
Cambridge, Massachusetts

(1963)
275 pp

Preface
This book consists of a set of tables
useful for theoretical studies of atoms

and ions in p", d", f", configurations. In
a series of papers appearing between

1942 and1949, Racah systematized the

analysis of the energy levels of atoms
and introduced methods  that
supplemented the earlier work of Slater
so useful for the analysis of the energy

levels of lighter atoms. Using Racah’s

methods, one can find closed
expressions for matrix elements of
operators with known transformation

properties and _for the matrices
determining the energy levels of ions in

the I" configurations. .....

Slater-Condon-Racah Theory for
Atomic Spectroscopy



Reactions between a pair of Ln series having
(4f9) configurations: E_(4f9)— E, (419)

Eb(4fd) - Ea(4f9) = AE(4f9)

= gAW + (1/2) q(q - DIAE® + (9/13)AE! ]
+ (9/13) n(S) AE! + m(L) AE3 g\
+ p(S,L,J)ACar

[ AW =(C,+4C’ )(Zu-Si)’ | Kawabe(1992) improved

EO, El, E3 « (Znc - Sa) = Z* Jorgensen’s theory
Car « (Znc - Sap? = (2% '
Sar = 32
Wealth of knowledge in Atomic Spectroscopy

(1) Ligand exchange reactions between a pair of Ln3+ < Thermodynamic quantities

complex series for Ln compounds and
complexes
[LHOLS(C) }4» 3F-(9) =+ (3/2)02%(g)
Racah parameters:
LnO1.5(c) = Ln3+g) + (3/2)02% (g Ln3*(oxide) # Ln3*(fluoride)
(2) Lngmetal) [(41)d 5d(6s)2] — Ln3+(g) [(4f)d] / Ln3*(g) # Ln3*(solid)

or

AHf(Ln,v) + 1 + 2+ I3 Ln3*(complexes)




Differences in 4f electronic energy of
Ln(l11) ions between a pair of Ln(111)
compound or complex series

Jorgensen (1962, 1971, 1979)
AE, g = E(4f q)A —E(4f q)B
=AW, + AW,
ﬁ (1/2)g(q—-1D{AE° + (9/13)A
+(9/13)n(S)AE* +(m(L)AE>
+ Pp(S,L,J)AL,

Kawabe(1992, 1999)
AH, = A+ (a+bq)gZ
+(9/13)n(S)C,Z *+m(L)C,Z*
+ p(S,L,J)Cg(Z*)4
Effective nuclear charge : Z*=2-32=q+25.
The last term is neglectable. This can be applied

g

Octad effect

7
v
\ | I/
B
\\ //
¢ S, || Intrinsic
m('—)] | Tetrad effect

to AG, and TAS, for a pair of isomorphous Ln(l11)
compound or complex series.

V v Lmax
" p@S, L, J)
= £ »
L} i
‘-\‘_./

qg=0 1 23 4 5 6 7 8 9101112 13 14

AE120, AE320 72549

HASIENEND




Kawabe and Masuda (2001) and supplemented data*.
500 [ T “I L L B A R
- | P RFOFER NdF '

490 [

480 _ NdOCI

e NGVO
O ,
W ' Nd™:LaCl,
470 | _
- NdOS
2 2
. Nephelauxetic Series of -
AE?’/AE1 =0.23 Nd(111) compounds
| (EFEHADD) .
ol . (EFREXRR)
4850 4900 4950 5000
El(cm'l) AEiiO’ AE3¢O @:BHZ‘_;::
HERENENSD

*(Caroetal., 1979 and 1981; Beaury and Caro, 1990: Camal et al., 1989).




Relative magnitudes of octad and tetrad effects

1000 v v v v ' T T

' L) L L L ] L ] L L
= | .
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: | | S t e :
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1000 | -
- l e
; l :
-2000 | Owverall | l
" tetrad effect | }
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-3000 | -~
i [ Convex Tetrad Effect | i
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-4000 : '

123 4 5 6 7 8 9 1011121314

(4f)°

2
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(@] 8



Relative magnitudes of octad and tetrad effects
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2000

1000

Kimuraite MDREE/NI—2FDEHD ! !
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tetrad efftect
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s | ' | . |
| | |
| m{L)C Z* ,
? | Overall
|

(4f)"

n l l
“1/4"-filled Half-filled “3/4"-filled
| M 2 N " M " | " 2 " » 3§ M |
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LnO, 5(cub) + (3/2)F,(g) = LnFs(rhm) + (3/4)0,(g) : (AH,)

(kJ/mol)

-720

-760

-800

-840

-880

-920

(L (II1) O B4 F 3BTRS, ﬁ;’ﬂﬁy

| | | | | | | | | | / | | | |

B 0 0
_[AH f(LnF3, rhm) -AH f(LnOllS, cub)] . ®
B e
i —>
<
- ._____.'3'

o

. AH’ (LnCl , hex) - AH’ (LnO , cub)

= .-;_.'3- f 3 f 15

o

La Ce Pr Nd Pm Sm EuGd Tbh Dy Ho Er Tm Yb Lu

(kJ/mol)

40

-120

-160



Jgrgensen-KawabeXZFFHLVT, AH T—4 M 5Racah(EL, E3) parameters®
HXHMEZKD, BRAFENCEBFEMRRINIZRDS.

D TRHFOBFEIRRNRIEEST S LzMERLEL.

« EDODBELFDER (Jorgensen theory HBEETILAILY)

() N BRIIOUENS RIS 5 AHY o, (KL TRETERL,
AHY 106(LNQ, 5,cub) : Ln(c) + (3/4)O,(g) = LnG, 5 (cub)

Ln(INEERINELTHS. ==L, 4f-(5d,65)FEERLEEX, J- KR
TIERETELLDT, La, Ce, Pr, Tb EBICERONDT—H2DE
BES XD BL T KK ZEHT B.

2. BFIAIWE—FI KK TRITT HEF, La,Ce,PrEfi oA @& LAY,

3. ZHDOn(INLEW-EAD AH ZRERMRINT—REBRTESN?
LnQ, . (cub), LnF,(rhm), LnCl,(hex), Ln(OH),(hex), Ln**(octa — aq)
Ln(111) — metal, Ln**(g), [Ln(ES),-9H,0, LnCl,-6H,0] N=7 (N'=9)

(21 pairs)



(Angstrom)
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(cm’/mol) IV ERE:
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(ERTORFFE)
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A7 - GA A (4f)
BFEIZHTE)

KLn(II) metal: 21@%1@3\
Eu: [Xe](4f)’(6s)?
Yb: [Xe](4f)14(6s)?

“Ln(lll) metal : 3{liE /&
Ln:

[Xe](4T)a(5d)(6s

170 (3. 7va=F3lEREI(&

SURAZRINLEHY
WIS DXLERS.



Ln(l1) metals Z &<
Ln(l11) metals [Z[E
octad, tetrad effects

NRZ5.

(Angstrom/100) (Angstrom/100)
050 L I I I 1 1 | I | I I | I I | i ]O
L Deviations from Linear Trend : . q
I 2 Atomic Radius i
[ connecting La and Lq Spedding (1980) !

0.0 a - 0.0
-0.50 - -1.0
1.0 F 15—

-1.5 F -4 -3.0
-2.0 - 4.0
25 F f . 350
I IR(“'Ln") )
- Templeton and Dauben (1954) -
23,0 L] y————— 1] . 6.0

La Ce Pr Nd Pm Sm Eu Gd Tb

Dy Ho Er Tm Yb Lu




(kJ/mol)

Ln ERRIDMEEIITEICHEIR

(kJ/mol)
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-800

-850
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[ AH®  (LnF, rhm) -AH° _ (LnO | cub)
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<

1000

Ln £ B RIIDHEE KR
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L
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LnO, <(s) = Ln(s)+(3/4)0,(g)
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° W -
R 4 1350
800 A ) -
< f298(Ln ,aqg, oct)
T T T T T T T T T
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Ln(///)f/: %‘i/ﬂ) E3/\°5)‘—5? /E;ﬁ\‘l

| | | | | | | | | | | | | | |
1800 - o ]
! e, - 1050
f298(LnCI ,hex)
1750 | ]
< 1000
1700 | .
e - 950
! < f298(LnF rhm) Oy
1650 | | | | | | | | | | | | | | |
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= DDEREE T DR (Jorgensen theory HLABETITALY)

1. In2BRIIDUES KRBT DAH] ,oolTI- KX TRITTEAL.
AHY ,45(LNO, ¢,cub) : Ln(c) + (3/4)0,(g) = LnO, ;(cub)

Ln(INEERINELTHS. =L, 4f-(5d,65)EEALE L I KX TRE
TEHELDT, "BEE" DT —FEHIET D

@%?I‘/@)LE—%J-KEET:EIE?%)H%, La~PrEf s ANE & L7,
Ln(c) = Ln**(g)+3e (g): AH,,,(Ln,metal)=AH’(Ln,c) ++ ART
LnO, . (cub) = Ln**(g) + (3/2)0* () :
AH,__(LnO, .,cub) = —AH®(LnO, ,,cub) + AH®(Ln,c) +[Z;Ii(Ln) }
1 (3/4)AH, (0,,9) — (3/2)EA(O%, g) + (5/2)RT
AFMEITRILF-FIDT—FTla, Ce ZMHIEL, JKKITHEESES

3. BHDOLN(NEEH-BIED AH,, ZFRERBRIIT—RIERTEEN?

LnQ, . (cub), LnF,(rhm), LnCl,(hex), Ln(OH),(hex), Ln*"(octa — aq)

Ln(111) — metal, Ln**(g), [Ln(ES),-9H,0, LnCl,-6H,0] N=7 (N'=09)
(21 pairs)



(kJ/mol)

4400
4300 |
4200
4100
4000

3900 F

3800 L

(o]
AH v soglLN: €) + (1 +1+1)

R N— 0]
AHC o (Ln, O)* + (1 +1+1)

Ln3*(g)IZEE T3
= EDEEH
IEYIhvELY

Ln(metal)=Ln3*(g)+3e(g)

Relative Lattice Enthalpies of

/\ Ln(Ill) metal series

2B E, ) KK TIXERBAARTIEE, ZI(Ln)D#HIE

L /1 ] ] ] ] ] ] ] ] ] ] ] ] ]
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(kJ/mol)

5300

5200

5100

5000

4900 F

4800

4700 L

AH* (LnOlS,cub)

latt

AH*I tt(Ln(I [1) metal)
d

La Ce Pr Nd Pm Sm EuGd Th Dy Ho Er Tm Yb Lu

(kJ/mol)
7 4500

4400
4300
4200
4100
4000

1 3900



= DDEREE T DR (Jorgensen theory HLABETITALY)

1. In2BRIIDUES KRBT DAH] ,oolTI- KX TRITTEAL.
AHY ,45(LNO, ¢,cub) : Ln(c) + (3/4)0,(g) = LnO, ;(cub)

Ln(INEERINELTHS. =L, 4f-(5d,65)EEALE L I KX TRE
TEHELDT, "BEE" DT —FEHIET D

2. BFIURIIE—ZI KX TRIAT S8, La~PrEfa N BEELAELY.
Ln(c) = Ln**(g)+3e (g): AH,,,(Ln,metal)=AH’(Ln,c) ++ ART
LnO, . (cub) = Ln**(g) + (3/2)0* () :
AH,__(LnO, .,cub) = —AH®(LnO, ,,cub) + AH®(Ln,c) +[Z;Ii(Ln) }
1 (3/4)AH,(0,,g) - (3/2)EA(O%, g) + (5/2)RT
AFMEITRILF-FIDT—FTla, Ce ZMHIEL, JKKITHEESES
@ SHD (LS - BHD AHD 0 ERBERBRIIT ISR TESH ?

LnQ, . (cub), LnF,(rhm), LnCl,(hex), Ln(OH),(hex), Ln*"(octa — aq)

Ln(111) — metal, Ln**(g), [Ln(ES), - 9H,0O, LnCl,-6H,0] [ N=7 |(N'=09)
(21 pairs)




7 2DLn(IN)FRFDT—2hBRacah parameters (EL, E3) DI EZFROH D

LnO, ;(cub), LnF;(rhm), LnCl,(hex), Ln(OH),(hex), Ln3+(octa—aq)<—|

Ln(I11) — metal, Ln**(g) | £LnR 3| CTRI—DRMAEENEELTOANCEOBESLE

<lJgrgensen-KawabeIX THEI{T REAHT—2 YL DFEFEH >

1. Ln(INEE . Ln()E & - EE{K @

Ln(Ill) 1E &4 - 351K D AHY o5

2. Ln3¥*(g) Ln(INE &Y BE- Ln(INEE

BFIENE— - (BDAKFHIIZ/)LE—)
3. (L&~ 84K/ (L& 4- 8tk ( 10R)
Ln(I) {E B4 8B4 D AH] 4, DE

(4. Ln(I)KFIE &V D BEEDAHT —3: {@EBIBIIZ{EF)
Ln(ES),-9H,O, LnCl,-6H,0



LnO, 5(cub) + (3/2)F,(g) = LnFs(rhm) + (3/4)0,(g) : (AH,)

(kJ/mol)

-720

-760

-800

-840

-880

-920

1 1 1 1 1 1 1 1 1 1 /I 1 1 1 1

B 0 0
_[AH f(LnF3, rhm) -AH f(LnOllS, cub)] . ®
B e
i —>
<
- ._____.'3'

o

. AH’ (LnCl , hex) - AH’ (LnO , cub)

= .-;_.'3- f 3 f 15

o

La Ce Pr Nd Pm Sm EuGd Tbh Dy Ho Er Tm Yb Lu

(kJ/mol)

40

-120

-160



(kJ/mol) (kJ/mol)

I I I I I I I I I I I I I I I -200
AH® (LnF , rhm) -AH (Ln’", ag. oct) L
-980 [ o f
< -240
- ..
5;3‘;;‘ _
-1020
s -1 -280
_ e
-1060 -
-1 -320
-1100 |
o AHOf(LnCIS, hex) -AHf(Ln3+, ag. oct) | -390
o _
-1140 |
| | | | | | | | | | | | | | | -400
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(kd/mol) (kd/mol)

| | | | | | | | | | | | | | |
220 F ; . - 520
AH’ (LnF , thm) - AH° (Ln(OH) , hex)
_ f 3 f 3 e ® T
-260 | e - 480
'
I < —> |
-300 | ) - 440
B
B o i
-340 | - 400
-380 | P 1 360
o AHof(LnCI o hex) - AHof(Ln(OH) L hex)
_420 ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 320
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(kJ/mol)
-480

(kJ/mol)

-500 |-

-520 |

-540 |-

-560 |-

-580 |-

-600

AHOf(LnFS, rhm) -AHOf(LnCI3,

e
i

[ )
¢ —

hex)

- -620

- -640

-1 -660

- -680

-1 -700

-1 -720
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(kJ/mol) (kJ/mol)

-680 | - -140
o | AH’ (Ln(OH),, hex) -AHOf(Ln3+, ag. oct) -
<
-720 O g, ”"m".mm""." ".m"I'Im“"IIg",,,,,,g,.mmn.....;;!..:;:..!:;:;:::0 g
740 | - -200
o
.,
760 F -1 -220
-780 F - -240
-800 [ AHOf(LnO1 ; cub) -AHOf(Ln3+, ag. oct) - -260
-820 - -280
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500
490 |

480 |

o
&
(&)
~
™
L

460 |

450 |

470 |

Kawabe and Masuda (2001) and supplemented data*.

[AEWAElzozsl

Nd3+:LaCI3

SILEIZ K BRacah Parameters

Nephelauxetic Series of
Nd(111) compounds

(BFEMRHIR)

4850

4900

4950 5000

E'(cm™)

* (Caroetal.,1979 and 1981; Beaury and Caro, 1990: Carnal et al., 1989).




AHT—43 E)grgensen-KawabeX MR O F-EFEIL KRS

s PHFET—RDIFHFREREES - Lt (g)E Ln(I1])metals

: 7 Nd™(9) :
OFp-—=-=---=-=-=-=-=—-=— =~ - > = T
5 Nd%(rhm}_lﬁii?ﬁ'é*ﬁgﬁﬁé NdF (rhm) j
C | Nd**(g)DIE=0EL TR i
o | o )NdES 9H O / | ]
ex K ;
H.’g 20 ’ +,' | ]
i NdO_ (cub S ]
= 15L0UP) NdCI (hex) ;
Y 3L NACL6H,0 - | h
: Nd*"(aq, oct) ’ |
- [AE®/AE!=0.23 " : : _:
o f AE3/AE1—O63 + Nd (1) metal
50 F el | :
IAESIAEl 1.1 |
60 o o N A L, .
-200 -150 -100 -50 0 50

AE (cm™)



Ln3*(g) (No ligand) | * Ln3*-(Ligand),: Ln(l1)-complexes or compounds

\ <— Ligand
Ln3* \\\ /

(Atomic Spectroscopy)

V4
4f electronic ground-level energy by ‘ Lo " Q

Slater-Condon-Racah Theory
E(4f9)=W+qW,+(1/2)q(g-1)Eq(av.)
+(9/13)n(S)E+m(L)E?

+p(‘]3 Sa L) C4f

Free ion parameters of

Ln3*-ligand Bondin
Racah parameters (E*, E°) and &y | Covalengtj bondin charzgcter
Ln3*(g) > Ln3*-(Ligand), :

(Less ionic bonding character)

“Nephelauxetic effect”

Coordination change of Ln3* __ Coordination Structure of Ln3*
across the Ln series - (Isomorphous series are rare.)




4f-electron systems
. ™\ 'druininina \
H electron repulsion >> H spin-orbit >>| H ligand-field :
I
~ 10,000 cm'? ~ 1,000 cm? I ~100cmt
_ ( Term splitting)  ( J-level splitting)/ (Ligand-field splitting)

A

Jorgensen’s theory is applicable to Ln(l11) species even in condensed phases,
but Ln(l11) species differ from those of Iron-group ions.

3d-electron systems

H >

electron repulsion = HIigand-fieId.

(- -
|
: >> H spin-orbit

___________________________________________________________________________________________________

Tanabe —Sugano Diagram (1954) (HiD-EFF #4745 L.)
B - B - 5 H (2000) “FILLVEST DR ZE, RMENREIMERIE", Bkt
BEFx 2 (2005) “sAtHRAMIE OERE, RE, S FHOER, NEEBE

etc.



Jprgensen-Kawabe={ (Kawabe, 1992 and 1999): Ln(IE I FRIBERIEDBAZE \
AY,..=d(aq+b)(q+25)+c+(9/13)n(S)C,(q+ 25) + m(L)C,(q+ 25) <

+p(S,L,J)Cy5(q+25)°

=12L. CEFELHREDIEIE, C=0&,LT, AH, AS, AG, log(REE),, D T—2IZALVS.

/

AE (FLrXEREDHERI{ESE) Ln3*: [Xe](4f)9, 2*1L, (ground level)

1. TR, 1A+ EREAFLHETR

2. BEOMDKAYDREE/NR—2 [L)orgensen-KawabeX CTEIEKRIZT=E5.
(Kawabe et al., 2008 and 2012; Jiao et al., 2013 and 2014)

3. Ln(NBEMFR|RICDBANEZFE (BRERERAYMR) N2 FUHEATE
=L, [RFDIHFEDSlater-Condon-Racah BRI
(Kawabe, 1992, 1999; Kawabe and Masuda, 2001)

(3 n(IEGLFIHRIG DAH, EAS [FHELG A RERT . 8IS,
AG, (=AH -TAS)) RANZEAL DN R TRE LR EHICHB SN SERZFD.
(JII32, 2005, 2012, 2014; Kawabe 2013a, b, c).



® Ln(INEEMTHDAMHEBEFIRILT—ELAREDOK/NEE:

LS-IERH >> J-level & >> FERAIFIHHE
(~10,000cm1) (~1000cm™1) (~100cm™)

BL{HonN TS0 EFHEE
(Cone and Meltzer, 1987; i H, 1991 ; &23&, 1996)

o Ln(NtEMMBDEMFRERICDENFE, HIELT,
LnO, :(cub)+(3/2)F,(g) = LnF;(rhm) + (3/4)0,(g)
1. B{ER TGS, BRULDEEIRIIEED T,
kT(T=298.15K) >207.23(cm™") EEGLFIZARIETICELTEZTEL.

2. J-LNIIVSDHDHRITE R DIn()EEHIDH, SIZRAET DD, Ln()EEY
B TEIREIFELGLLLY, BEALFREERICDAH, AS, AGTIE, FIaEHFRSND.

3. FOHER, SIENHIEBOEDHD, BBAFREERIEDAH, AS, AGIZIRNS.

LISERHDE-ITZEREIZT S
Jgrgensen-Kawabe EQ. M E $h75 I8 B




® Gibbs-free-energy functions (GFEF) Mi53K&HHAG®, (T)

LnF,/LnO,.: Racah parameters®iEL AN L HIIZBAFE.
Z D Ln(IN)ER AL F 3 2R s

LnO; (cub)+(3/2)F,(g) = LnF;(rhm) + (3/4)0,(g)
[Zx95AG°, (T)Z, mRFIDGibbs-free energy function
[G°(T)-H(298)]/T & AH% ,oehDRHBIET,

4 N

1) CDAG (M ZRFIELAILELEESEHIZHT=>T
Jgrgensen-Kawabe™X TRIZTTE S,
2) TDAG (T)RINEILDOmEFARRIL, BREERKEHEITED
95, /
LT ERIERTEAMNBHNEN! 2
(EERT—2DHT, mBHERLIEEILINETT DIEBEZ TIEELY)




® Gibbs-free-energy functions(GFEF); Z®dDE&EMIDG(T)ZHN5
MEGC(MDREESZETEH. TOREIX C(T), AH(T/298)
GFEDRAERBREDEREEICIKS.

[Z

/. GFEF(L”OlS) . RObie et al. (1979) US Geol. Surv. Bull. no.1452, pp. 456
LnO, . R 5! D #fE5R1Z K HRacah parametersD & K& HEER.
o <M A DAHFEEZEFFD (JIE- TR, 2009).

~

® GFEF (Ln F3) : ChervonnYi (2012) Handbook Phys. Chem. Rare Earths, 42,165-484.

Robie et al. (1979) IZIEFELVAY, FRiT[Z7E>TChervonnyi (2012)A°
¥R 4. Robie et al. (1979) TDLnO, . DGFEFEFIRE LI E DS
\_ D BHITLEHR.

/

® Ln(lINEERLFATHEIG :
LnO, 5(s)+(3/2)F,(8) =LnF;(s)+(3/4)0,(g) (1)

29 % AG®, (T)Z&, GFEF(LnO, ;) EGFEF(LnF,) ZFALY,
AG®, (T)=TxA{[ G°(T) - H°(298)]/T}+ A[AH? 544 (2)
ELTKSD, EARMIICIKRETT 5.



HEADFER
Gr =T x{[G; — Hyel /T}+ Hygg
7
GFEF(Gibbs free energy function)

RIGDAGIZx LT
LnQ, . (cub) + (3/2)F, (g) = Lnk;,(rhm) + (3/4)0,(9)

AG; =T x A{IG; — Hyoal /T}+ AH g,
AHggg — A[AH ?, 298]

AGY(T) =T x[(GFEF),, + (3/4)(GFEF),, — (GFEF),,, . — (3/2)(GFEF).,]
[+ AHD 505 (LNF,) r (3/4)AH] 50(0,) ~ A (LN, ) — (3/2)AHE 1oo(F)

J J
I-.-Im\ E I-.-In“ E
S EERE ; EERE ; y
L, BHOZEERREMNRENIL, GFEFDFAE(LIFE-AY,

AG?(T) =-2.303RT logK =-2.303RT log{(O,)** I(F,)**}




(kJ/mol)

1800

1750

1700

1650

1600

- AH[ w(_l.nk. rhm): LnF](rhm) = Ln-metal + (3/2)F (g)

] ' | 1 | 1 1 ] ] | ' ' | | |
K o ~
| -AH (L.nF ) by Chervonnyi(2012)

£, 208 . N )

L O (Hex/rhm) comrection by IX
= —=—nF3(exp) by Chervonnyi
P ~
3 -
i A\ -—\ (Orthorlhiombic)
| . 37 KJ/mal \ )
3 \ x [ o \:/\ S
- \\I
-
- >

(Hexagonal)

L 1 1 1 | | 1 1 ) | | L L L | 1

La Ce Pr Nd PmSm Eu Gd To Dy Ho Er Tm Yb Lu

JKRZESICIE, BnF,RITOBEERIE>RIERT RS,

DFHEI D

=2




-AH  (LnF , rhm):
£, 298 3

(kJ/mol) LnF‘(rhm) = Ln(IIT)-metal + (3.-'2)F’(g)
T e S

AH" <I-nF‘.rhm) corrvected for

{, 298

1760 - (1) (hex./rhm.) transttion, and

(2) Lo(IIT)-metal anomalies
1720 F

1680

1640

|

|

1

|

1

—*=Chervonnyi
K &““.\. ~i }"‘s‘

1]

1

||

Compatible with
Jorgensen-Kawabe EQ

|

1

1

1

1

L

1

Chervonnyi(2012)®M
AH jo5(LNF;) HESE(E (S
[EE@ETEHN?

Yes, but....

!

Kawabe’s values Z#% .

Ln(IERBEEZRE
95H52I2KY, J-K EQT
FRIFM[EELTED
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{kJ/mol) LSQ Fitting of Jorgensen-Kawabe EQ

-750

-850

-950

-1,000

T . 4 2 Y T T T T Y a4 . T T T T :1
i " 198 K
- AG (T) i
- 3 40 K
P 00 K
! ]
K o K
r 00 K
5 .
- 4
p=— -
- Ln ()‘ <{cub}-4»(.3..-’.3.’11’.(;:)=Ln!’.h’hm JSEA)O () 4
:L | I e 1 N 1 ;
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(kJ/mol)

-850

-950

LSQ Fitting of Jorgensen-Kawabe EQ

- Ll - L “ L A . L] ‘ L R -

...'

LnO ' ((cuh)-*-U.-’Z)l’ngLnF .(rlcmﬁ(.i/ﬁ()‘(g)

B 111 L S S S— —

S U W U W S—

La Ce Pr Nd Pm Sm E

GdTb Dy Ho Er T

m Yb

Lu



(kJ/mol)

-950

-1,000

-1,050

-1,100

LSQ Fitting of Jorgensen-Kawabe EQ

L] . . l’ Ll L} Ll - " L L) Ll L ‘l' L L) L)

- . " L) L) - - "’ LJ

' AJ L L v L A ' i A v L L) L ' ]

AG" (T)

1000 K
11K
200 K
® WK
/‘ a -
: 1 e T >090K T
/ , 1 (ETb(Ew) ODF—%
Open circles: Interpolated values ALLENB.
. for LSQ fitting of JK-equation 7
& 1 e cecn7—%I1%
Ln()( (cub)+(32)F (g)=LnF (rhm)=(34)0 () { 1000KFETLMZRLN.
- p ! b
l ' A i 'S ' ' l . e A Y B s e l

SN0 K

.{

2M K

]
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LSQ Fitting of Jorgensen-Kawabe EQ

' v R L v Rl L r Rl L v . v Ll " '
-850 = P j
- AG (T) 800 K
9 | < 1
020 L m‘m K
. o K
960 -
o HHIW K
- -
-1.000 - 1200 K
-1.040 |- 1 o\, mARR
E 1 DHAXIE, I,
L Open carcles: Interpolated values 1 %;ﬂf,}ﬁ’}‘
-1,080 for LSQ futting of JK-cguation .
r -
L & y
1120 _ I.n(),‘lcub)"'(.f/.’)f‘.:(f"lzl.nl‘"(rlrmﬁ"(.i-"'-l)():[g) :
i | | L 2 2 L 2 2 1 2 2 L 2 2 1 ] |

loo Ce Pr Nd Pm Sm Eu Gad Tb Dy Ho Er Tm Ybida



AG™ (T): LnO | (cubj+(3/2)F (g)=LnF (rhm)+(3/4)0 (g)

(kJ/mol/Z*)
0-080 1 1 L ] I | 1 ' | 1 1 |
| C (AE) Octad Effect
0.060 -

I s

3 [ "
- -
M
b 4
-
0.040 | : : ' o
e ’
- . -

0.020 L C_‘(AE})/H.’l'.'h'.\'a't Tetrad 1:‘:"!(‘('.' .
| ¢——0—0—0—P—g_ ] | lAcMomEmE
: B | | EEETcEness

0.0 frecrercceccccnccecccccccecccentoadetinecana 2

. | 1 1 L L 1 1 1 L | 1 1 ‘

200 400 600 8OO 1000 1200 1400

T(K)



Jorgensen-Kawabe={ (Kawabe, 1992 and 1999):
AY, .. =d(aq+b)(q+25)+c+(9/13)n(S)C,(q+ 25) + m(L)C,(q+ 25)

| |

Smooth component “Tetrad “(Octad plus tetrad) component
(Configuration average difference)

@ HHhFE= EFH®DI (Slater-Condon-Racah Theory/Jgrgensen-Kawabe eq.)
298~1200K

o AG(tetrad)=(9/13)n(S){C,(AH)—-T - C,(AS)}(q+ 25)
+ m(L){C,(AH) =T - C,(AS)}(q+ 25)
E C,(AG) =C,(AH) -[T} C,(AS) j
)

e C,(AG)=C,(AH)—[T}C,(AS
C,,(AH) >0, C, ,(AS)>0 for the LnF,/LnQ, . pair

C, 5(AG)>0 (low T), C, ;(AG) ~0 ( T.), C, 4(AG) <0 (high T)
Enthalpy-control - (polarity change) -  Entropy-control

C,(AS)/C,(AH) =k, =10"* -10°(1/K)
C,(AS)/C,(AH) =k, = K,



Polynomial Fit: n=3

(kJ/mol/Z¥*) A(’f'(T): 1_n()" ’(vz:h)’ (3/2)F (g)=LnF '/'rhm M (3/4)0 (g)

0.080  EEENS DENNC WENNN REN FENYU S BENET GRS NTEESC AEEEDL EEE FEESRLI
i Cl(AE') Octad Effect
- T ¥ 1 |
0.060 & ’ :
&N A ¥
0.040 + s d ] R -
2 . R
L)
.
- “
L 3 . .‘
0.020 . C,(Ah )!h.'/'.'l.‘.\'il 7\'”}(11’ Al;_c'ft'('.' .Q.‘ 2
L]
‘ L )
b ——— ‘..'..._..‘. .
L - “
. ‘ --\,.‘ 1‘ 4
00 Fecccccccccccccccccccccccccactaal 3.; cesa b. .
- . .
1 1 L 1 1 1 1 1 1 1 1 1‘. | .! ,
200 400 600 S00 1000 1200 1400 160

T (K)

/C{T)=C(AH) =T X C,(5)

C.(AH)=A+BT+CT?
C. (AS)=D+ET+FT?

|

C,(T)=A+(B-D)T

\ +(C-E)T2 - FT3 /

Convex -» Concave
W ud fafds Yk
(MZ) (WZ)
1270 K
1520 K

T ~1400 £100

(K)



(kJ/mol/Z*)

AG™(T): LnOl S(Cub)+ (3/2)F )(g)=LnF ¢(rhm)+ (3:’4)0’(g)

WK

0_070 I'II‘YT"'"T"‘I’I L B S |

298 K

0.060 F il -

- : 7 Y]

- L o9 —® ‘
0.050 _-C,(AE ’; | '* -

; 1 1| 1000/T ZAwk:
0.040 ?j : 1 | AG(tetrad)=0&£75%

: I 1| mEZHEICERER
0.030 F 1 1 HETDAE
0.020 -

s "

- . 3 :

||| SEENEEES J/ e D
1400 K

-0.010 g 22022 e’ lip a3 s ' s o' B 2 2:2:2- 0.3 222 2 2

1
0.0 050 1.00 1.50 200 250 300 350



AG,(tetrad) = AH (tetrad) — TAS,(tetrad)

AS,(tetrad)/AH (tetrad) = k
Possibly approximately constant : (0.2~3)x102 (1/K)

] [ s[+#s S
% l B IZT—FE TIXELAY, ﬁibﬁ@ld:ﬁ/

AG (tetrad) = (1 — «T)AH (tetrad)
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Racah parameters reduced with increasing pressure

Table 3
Relative changes A P/ P of free-ion parameters (in %) for Nd*+, Pr3t (Troster et al., 1993) and U3 (Troster et al.,

1995) in different hosts up to a pressure of 8 GPa

Parameter LaCl3:Nd-+ NdCl4 LaCly:Pr3t PrCly LaCly: Ut
AF*/F* —-0.7(1) —0.7(1) =1.1(1) —-2.0(4) —6.6(8)
AFY/F4 T =0.3(2) ~0.4(2) —0.8(2) -0.2(15) —5.3(14)
AFS/F6 —0.4(1) ~0.3(1) —0.9(2) -3.9(17) . —3.2(19)
AL/t | —0.4(1) ~0.3(1) —0.4(1) —0.5(1) —1.0(7)

——

Fk: Slater integrals (k=0, 2,4, 6), C: Spin-orbit interaction parameter

Ek: Racah parameter (k=0, 2,4, 6) is a linear combination of Slater integrals

l

AE'=-21.9cm’l, AE3=—-4.07 cm?!

AE3/ AE' =0.19, A/ AE'=0.16 : .

Pressure-induced nephelauxetic

. ; ; i effect is possibly the same as that
AE/AE=023'A§/AE=017 seen in Ln(lll) compounds with
Nephelauxetic series from various different ligands at normal pressure!

Nd(lll) compounds at normal

pressure by Caro’s group
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AG,(tetrad) = AH (tetrad) — TAS,(tetrad)

ﬁSr(tetrad)/AHr(tetrad) =k CRRBEIASEI : BhE 1, 23%81) )
AH? B
C:p :( O,TT)p :T(ET)p

Possibly approximately constant : (0.2~3)x10-3 (1/K)
1 —ETIFEVHER AT/

[AGr(tetrad) = (1 —xT)AH (tetrad) }

xBADLEHE T — 1000T=x &ZEzZ5:
AG (tetrad) = (1 — 103%/x)AH (tetrad)
!
y=(1—a/x), a>0
RE (0, 0)%F (0, VIZEEIE: (—aX)DI>Z



y=(1-kT)=(1-1000k/x)
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AG,(tetrad) = (1 — xT)AH,(tetrad)
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REE3* (Ln3* +Y3* +Sc3* ) coprecipitation with Fe(OH);nH,0

Ln*3(aq) +(3+n)H,O(1)=Ln(OH),nH,O(ss)+3H*(aq)

a(Ln(OH),nH,0,ss)
a(Ln®**,aq)
Kg(Ln)= [X(Ln)/X(Fe+ZLn+Y+Sc)],,/m(Ln%*",aq))s,

logK =log —3pH

logk=logK, -3pH <« <ZEE&NSHE>
2.303RT logK = —AG
=[AG?, (Ln°",aq) — AG; ; (Ln(OH),nH,0,ss)] + const.

<Jgrgensen-Kawabe eq.> + <Structural changes>
Racah (E!, E3)parameters
Ln*3(aq) > Ln(OH);nH,0O(s)

T=25, 100, 150, 170 C
Takahashi, T., MS. (2004)
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c.Ho™

(Fe,Ln)(OH);nH,0. solution
Partitioning System

170°C
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25°C j
(pH=6.49 - 6.59)]
+ 25°C §i

(pH=539-5.72) 1

4 5-MnO /sol.(25°C )
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AG,(tetrad) = (1 — xT)AH,(tetrad)

y=(1-kT)=(1-1000x/x)

k=AS,(tetrad)/AH (tetrad)
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® iﬂﬁﬁ%ﬁzﬁ“?ﬁ‘b@ﬂi’. %ﬂ] (GCI J:%;He/Ar Lt THh = F &N, Sugisaki, 1978)

prAY =y =, , 294 (IR KFEFTN)
I¥6H; T, &t al {1999 Geophys. Res: Tett, 26, 139 (B EREFEER)

#F FEA| fh(2000) #hE, 53, 165*

J11i255 K (2008) £l =, 78, no. 12, 1356*

Miyakawa, K. et al. (2010) Pure Appl. Geophys., 167, 1561

Miyakawa, K. and Kawabe, I. (2014) Applied Geochem. 40, 61 EHBERR

pressure solution

* ) REIRR1500miEHIFH (EHEIHBKER) TO T KA RER B
BEEMBRDOM=5.4(19984) KEXHRAFIKESE

WUNHE (M=1~3, <20km) DHEKEZEHREE

® FH TR DHIKILTF

TR SAFERDALCAIZELEEFY, INAAIZLSREE ZHT (Univ. of Chicago, Postdoc)
Ekambran, et al. (1983) Geohcim. Cosmochim. Acta, 48, 2089
Kawabe, I. et al. (1986) J. Radiochem. Nucl. Chem., 102, 227

—>

1987 ICP-AES RE (BIREKRFHEHZFH)
Kawabe, I. (1992) Geochem. J., 26,309 (T2 =—FI#E%NE, Jorgensen theory)

1993 (B EEKFEFER)
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