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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

The last published symposium on lanthanide and actinide chemistry, 
sponsored by the Division of Inorganic Chemistry and the Divi

sion of Nuclear Chemistry and Technology of the American Chemical 
Society, was held in 1966. The purpose of this earlier symposium was 
"to summarize the significant areas of current chemical research. . . 
The same statement may be made about the present symposium; how
ever, the topics covered differ considerably. For example, there was not 
one chapter on organolanthanide or organoactinide chemistry in the 
earlier symposium, while in the present volume a goodly fraction of the 
chapters are on this topic. Further, the availability of significant amounts 
of the transcurium elements have led to the elucidation of the properties 
of the elements and their compounds with atomic numbers greater than 
96. Also, as in other areas of science, new, sophisticated instrumentation 
is in the process of revolutionizing the quality and type of data obtained 
on the /-block elements and compounds. 

This volume is intended to introduce the nonspecialist chemist to 
recent trends in lanthanide and actinide chemistry and spectroscopy, to 
summarize this work, and to identify directions for future studies. Inevi
tably, the chapters in this collection reflect (to some extent) the tastes 
of the organizer. 

I would like to thank the participants in the symposium for their 
contributions, Dr. William T. Carnall for his help in organizing the spec
troscopy part of the symposium, and Drs. John Fackler, Gary Long, and 
Leonard Interrante of the Division of Inorganic Chemistry for their 
efforts on behalf of the symposium and the publication of the proceed
ings. Acknowledgment is made to the Donors of the Petroleum Research 
Fund, administered by the American Chemical Society, for partial sup
port of this symposium. 

Lawrence Berkeley Laboratory NORMAN M . EDELSTEIN 

Berkeley, CA 94720 

December 21, 1979. 
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1 

Nonclass ica l Activation of C a r b o n Monoxide b y 

Organoact in ides 

TOBIN J. MARKS, JUAN M. MANRIQUEZ, and PAUL J. FAGAN 
Department of Chemistry, Northwestern University, Evanston, IL 60201 

VICTOR W. DAY, CYNTHIA S. DAY, and SARAH H. VOLLMER 
Department of Chemistry, University of Nebraska, Lincoln, NE 68588 

Abst rac t 

This article reviews recent r e su l t s on the carbonyla t ion 
chemistry of bis(pentamethylcyclopentadienyl) thorium and uranium 
hydrocarbyl and d ia lkylamide complexes. F a c i l e migratory inser
tion of carbon monoxide in to metal-carbon and metal-ni t rogen bonds 
is observed. In severa l cases bihaptoacyl and bihaptocarbamoyl 
complexes were i s o l a t e d and character ized by s ing l e crystal X-ray 
diffraction. The great s t rength of the metal-oxygen bonding i n 
these species i s evident in me t r i ca l and spec t r a l data , as w e l l 
as in the r eac t ion chemistry, which is decidedly alkoxycarbene
-like. In the case of the bis(pentamethylcyclopentadienyl) actin
ide dialkyls, the final carbonyla t ion products are C-C coupled 
cis-1,2-enediolate complexes, whi le for the corresponding bis(di-
alkylamides), the products are bis(carbamoyl) spec ies . Both 
types of compound have been character ized by X-ray diffraction. 
The carbon monoxide chemistry observed here may be of relevance 
to mechanistic discussions of catalytic CO reduc t ion , e s p e c i a l l y 
that i n v o l v i n g ac t in ide oxide or ac t i n ide oxide supported cata
lysts. 

In t roduct ion 

Our recent research i n ac t in ide organometall ic chemistry 
Q - 5 ) has sought to e x p l o i t those features of f-element ions 
which d i f f e r from t r a n s i t i o n metal i o n s . The goal of our e f fo r t 
has been to discover and to understand to what degree the large 
i o n i c r a d i i and f valence o r b i t a l s might fos ter a unique new 
organometall ic chemistry. Exp lo ra t i on has been at both the chem
i c a l and physicochemical l e v e l s wi th the cen t r a l issues concerning 
the proper t ies of ac t in ide- to -ca rbon sigma bonds and re la ted 
f u n c t i o n a l i t i e s . We have learned that the thermal s t a b i l i t y and 
chemical r e a c t i v i t y of these l inkages can be modulated to a con
s iderab le degree (and often i n opposite d i r e c t i o n s ) by changes i n 
the supporting l igands w i t h i n the ac t in ide ion coord ina t ion sphere. 

0-8412-0568-X/80/47-131-003$06.25/0 
© 1980 American Chemical Society 
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4 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Thus, while the coordinative saturation of the t r i s c y c l o p e n t a d i e n y l 
a l k y l s , a lkenyls, al k y n y l s , and ar y l s (hydrocarbyls) of thorium 
and uranium, M(7] 5-C 5H 5) 3R (^9J_9S_99), affords considerably enhanced 
thermal s t a b i l i t y over that of the simple homoleptic derivatives 
(10,11,12), i t i s at the expense of chemical r e a c t i v i t y . 

In an e f f o r t to more f i n e l y tune the coordinative saturation 
of a c t i n i d e hydrocarbyls and to provide greater than one metal-
carbon bond f o r reaction, we have i n i t i a t e d an i n v e s t i g a t i o n of 
biscyclopentadienyl thorium and uranium chemistry (6,13,14). Sys
tems based upon the pentamethylcyclopentadienyl ligand have proved 
to be some of the most i n t e r e s t i n g and form the basis of t h i s 
a r t i c l e . The advantages of the 77 5-(CH 3) 5C5 ligand are that i t 
makes f a r greater s t e r i c demands than 7) 5-C 5H 5 (thus reducing the 
number of large, bulky ligands which can be accommodated at the 
metal center) while imparting far greater s o l u b i l i t y and c r y s t a l -
l i z a b i l i t y . I t also appears that the methyl C(sp3)-H bonds of 
t h i s ligand are more i n e r t with respect to s c i s s i o n than cyclo-
pentadienyl C(sp 2)—H bonds; t h i s has the e f f e c t of hindering a 
common thermal decomposition process, intramolecular hydrogen 
atom abstraction (7_,8,15., 16,17), hence of preserving the metal-
to-carbon sigma bond for other chemical transformations. The net 
r e s u l t i s that pentamethylcyclopentadienyl a c t i n i d e hydrocarbyls 
form the basis f o r an elaborate and extremely reactive new class 
of organometallic compounds. 

The purpose of t h i s a r t i c l e i s to review the chemical, 
physicochemical, and s t r u c t u r a l properties of bis(pentamethyl
cyclopentadienyl) a c t i n i d e compounds with respect to one reagent: 
carbon monoxide. The i n t e r a c t i o n of organometallic complexes with 
carbon monoxide i s a subject of enormous technological importance. 
Vast quantities of a c e t i c a c i d , alcohols, esters, and other im
portant chemicals are presently produced using organic feedstocks, 
carbon monoxide, and homogeneous ca t a l y s t s of the Group VIII 
t r a n s i t i o n metals (18,19,20). Much of t h i s chemistry i s now w e l l -
understood from model studies and i s based upon the , f c l a s s i c a l M 

migratory i n s e r t i o n r e a c t i o n of carbon monoxide i n t o a metal-to-
carbon sigma bond to form an acyl d e r i v a t i v e (A) (equation ( l ) ) 
(21,22,23). An i n d u s t r i a l l y important example of t h i s type of 
chemistry i s the rhodium catalyzed hydroformylation cycle i l l u s * 
trated i n Figure 1 (18). I t i s not c l e a r , however, that the 

CHj GHg CH3 
I I I 
M + CO^dMf-CO f=^M-C=0 ( l ) 

A 

c l a s s i c p i c t u r e of CO a c t i v a t i o n established for low-valent, 
" s o f t 1 1 , mononuclear, Group V I I I metal complexes i s complete or 
accurate i n describing the mechanisms of Fischer-Tropsch (24-28), 
methanation (24-28), ethylene g l y c o l synthesis (29), and other 
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1. MARKS E T A L . Nonclassical Activation of Carbon Monoxide 5 

reactions i n which d r a s t i c changes i n the CO molecule such as 
f a c i l e deoxygenation and homologation are occurring. C l e a r l y 
there i s a necessity to develop new carbon monoxide chemistry and 
to elucidate new reaction patterns. Such research i s e s s e n t i a l to 
understanding the fundamental aspects of processes which w i l l be 
of ever-increasing importance i n an economy s h i f t i n g to coal-based 
feedstocks. I t w i l l be seen that the carbonylation reactions of 
bis(pentamethylcyclopentadienyl) a c t i n i d e hydrocarbyls and related 
compounds d i f f e r dramatically from the " c l a s s i c a l " pattern and af
ford a better i n s i g h t i n t o the r e a c t i v i t y of carbon monoxide at 
metal centers which e x h i b i t both high oxygen a f f i n i t y and high 
coordinative unsaturation. In the sections which follow we con
sid e r f i r s t the chemical and then the s t r u c t u r a l aspects of t h i s 
problem. 

Synthesis and Chemistry 

The sequence shown i n equations (2) and (3) off e r s an e f f e c 
t i v e route to monomeric, h i g h l y c r y s t a l l i n e , thermally stable 
thorium and uranium organometallies with e i t h e r one or two metal-

2(CH 3) 5C 5- + MC14
 t 0 ^ g g > M [ ( C H 3 ) 5 C 5 1 2 C l 2 + 2Cl" (2) 

M = Th,U 

M[(CH 3) 5C 5] 2C1 2 + 2RLi e tggj ° r> M[(CH 3) 5C 5 1 2R 2 4- 2L1C1 (3) 

M « Th, R * CH 3, CH 2Si(CH 3) 3, CH 2C(CH 3) 3, CH 2C 6H 5, C 6H 5 

M « U, R * CH 3, CH 2Si(CH 3) 3, CH 2C 6H 5 

carbon sigma bonds (6,30,31.) . A l l compounds shown i n these and 
subsequent reactions were thoroughly characterized by elemental 
a n a l y s i s , cryoscopic molecular weight i n benzene ( s o l u b i l i t y per
m i t t i n g ) , i n f r a r e d and NMR spectroscopy, and, i n several cases, by 
sin g l e c r y s t a l X-ray d i f f r a c t i o n . Structures B and C are proposed 
for these new compounds i n s o l u t i o n . 

B C 

M = U M = Th,U 
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6 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

The reaction of T h [ ( C H 3 ) 5 C 5 ] 2 ( C H 3 ) 2 and U [ ( C H 3 ) 5 C 5 ] 2 ( C H 3 ) 2 

with carbon monoxide i s quite rapid (6,32,33.) • At -80°C i n t o l u 
ene s o l u t i o n , these compounds absorb 2.0 equivalents of carbon 
monoxide fet les s than one atmosphere pressure) w i t h i n 1 hour. 
Upon warming to room temperature, the dimeric products ( l ) are 
i s o l a t e d i n e s s e n t i a l l y quantitative y i e l d (equation (4);. The 
infr a r e d spectra (Vg-Q - 1655 cm"1; i / c _ 0 = 1252, 1220 cm"1) as 
w e l l as the si n g l e methyl resonance i n the 1H NMR spectrum strong
l y suggests that C-C coupling of the inserted carbon monoxide 

2M[(CH 3) 5C 5] 2(CH 3) 2 + 4C0 t 0 l U ^ 6 >fM[ (CH 3) 5C 5] 2 (0C(CH3)= C(CH^O^ 
-80 ( 4 ) 

l a M = Th ( c o l o r l e s s c r y s t a l s ) 
l b M = U (brown c r y s t a l s ) 

molecules has occurred to form enediolate moieties (D). Confirm
a t i o n of t h i s hypothesis was achieved by sing l e c r y s t a l X-ray d i f -

CH3 CH3 

N c = c 
-o' vo-

D 

f r a c t i o n studies on ^a. (6,32,33). As can be seen i n Figure 2, 
four carbon monoxide molecules have been coupled to form four 
thorium-oxygen bonds and, s t e r e o s p e c i f i c a l l y , two c i s - s u b s t i t u t e d 
carbon-carbon double bonds. Two T h [ ( C H 3 ) 5 C 5 ] 2 units i n the com
mon "bent sandwich" configuration (34) are components of a ten-
atom metallocycle. The enediolate ligands are e s s e n t i a l l y planar 
with genuine C-C double bonds (Ci-C 2 = C 1

,-C 2' = 1.33(2)A). Fur
ther s t r u c t u r a l remarks are reserved f o r the following s e c t i o n . 

As a prelude to discussing a d d i t i o n a l f-element chemistry, i t 
i s at t h i s point worth noting the r e s u l t s of carbonylation ex
periments with the biscyclopentadienyls of earl y t r a n s t i o n metals. 
As i s the case for the a c t i n i d e s , these elements i n the higher 
oxidation states e x h i b i t a great a f f i n i t y for oxygen-donating l i g 
ands (35,36), and t h e i r chemistry w i l l place further a c t i n i d e re
s u l t s i n a more meaningful perspective. F l o r i a n i and coworkers 
have ca r r i e d out an extensive i n v e s t i g a t i o n of the reaction of 
biscyclopentadienyl titanium, zirconium, and hafnium bishydro-
carbyls and halohydrocarbyls with carbon monoxide (equations(5) 
and (6)) (37.>38^39_). Only monocarbonylation i s observed. S i m i l a r 

M(C 5H 5) 2R 2 + CO ̂ =± M(C 5H 5) 2(C0R)R (5) 

M = Zr, Hf 
R = CH 3, CH 2C 6H 5, (C 6H 5 not re v e r s i b l e ) 
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MARKS E T A L . Nonclassical Activation of Carbon Monoxide 

HRh(CO)L3 

/ 
I -

L=<£3P 

C3H7CH0 ^ H R ^ C 0 ) L ^ 

C 3H 7C-Rh(C0)L 2 II * 
0 

5 
C 3H 7Rh(C0) 2l - 2 

\ 
HRh(CO)L2 , 

H2C — CHCH 3 

J 
C3H7Rh(CO)L2 

4 

Journal of Molecular Catalysis 

Figure 1. A proposed mechanism for the rhodium-catalyzed hydr of or my lotion 
of propylene (IS) 

Journal of the American Chemical Society 

Figure 2. ORTEP drawing of the nonhydrogen atoms for the [Th(7f-(CH3)5-
C5)2(p-02C2(CHs)2)]2 molecule, la. All atoms are represented by thermal vibra
tional ellipsoids drawn to encompass 50% of the electron density. Atoms of a 
given type labelled with a prime (') are related to those labelled without by the 
crystallographic inversion center midway between the two thorium atoms. The 
crystallographically independent pentamethylcyclopentadienyl ligands are la

belled A and B, respectively (32). 
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8 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

M(C 5H 5) 2(R)X + CO M(C 5H 5) 2(C0R)X (6) 

M 
X 

T i 
CI, R = CH 3, C 2H 5,(CH 2C 6H 5 re-

X 
ve r s i b l e ) 

I, R ~ C2H5 

re s u l t s have recently been reported by Lappert, e t . a l . (40). The 
i n s e r t i o n products are not simple acyls as A, but are bihaptoacyls 
(E, F) i n which both carbon and oxygen atoms are bound to the met
a l i o n . Such bonding i s evidenced i n the v i b r a t i o n a l spectra of 

metal acyls by a lowering of the C-0 stretching frequency. Thus, 
t y p i c a l frequencies for nonconjugated t r a n s i t i o n metal monohapto-
acyls f a l l i n the range 1630-1680 cm"1 (41,42) while nonconjugated 
t r a n s i t i o n metal bihaptoacyls are generally i n the range 1530-
1620 cm-1 (37,38.,39.) . This decrease i n C-0 force constant and 
presumably bond order can be r a t i o n a l i z e d i n terms of the c o n t r i 
bution of valence bond resonance hybrid F . The molecular struc
tures of Ti(C 5H 5) 2(C0CH 3)Cl (38) and Zr(C 5H 5) 2(C0CH 3)CH 3 (37) have 
been studied by X-ray d i f f r a c t i o n and the r e s u l t s are presented i n 
Figures 3 and 4, r e s p e c t i v e l y . Although the acyl coordination i s 
c l e a r l y bihapto, i n both cases the metal-carbon distance i s ca. 
0.1A shorter than the metal-oxygen distance. I t should be noted 
that oxygen coordination allows the metal ions to achieve 18 elec
tron valence s h e l l s . This saturation may be a c r u c i a l reason for 
the reluctance of the monoacyls to i n s e r t a second molecule of CO. 
Trends i n the p o s i t i o n of the e q u i l i b r i a i n equations (5) and (6) 
can be explained i n terms of the r e l a t i v e metal-carbon bond 
strengths i n reactants and products as w e l l as the extent of con
jugation i n the i n s e r t i o n product (37,38^) . 

Lauher and Hoffmann (43) have studied the M(C 5H 5) 2R 2 + CO i n 
s e r t i o n reaction by extended HUckel molecular o r b i t a l c a l c u l a t i o n s . 
The approach of the carbon monoxide lone p a i r i s expected to be 
most favorable in the d i r e c t i o n where there i s best overlap with 
the M(C 5H 5) 2R 2 lowest unoccupied molecular o r b i t a l . This d i r e c 
t i o n i s along the perpendicular to the r i n g centroid-metal-ring 
centroid plane (34,43,44,45) and i s expected, a f t e r R migration, 
to y i e l d a product of structure G, i . e . , with the C-0 vector 
pointing away from the unreacted R li g a n d . An unsolved problem 
concerning t h i s i n s e r t i o n process i s why only products of struc
ture H have so f a r been i d e n t i f i e d ( c f . Figures 3 and 4 ) . A 
f l e e t i n g intermediate, very possibly of structure G, has been not
ed i n the reaction of Zr(C 5H 5) 2(£-CH 3C 6H 4) 2 with carbon monoxide 

M ^ ~ : C - R 

E F 

(46). 
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MARKS E T A L . Nonclassical Activation of Carbon Monoxide 

Journal of the Chemical Society, Dalton Translation 

Figure S. Molecular structure of T^-C.U^^-COCU^Cl (38j 

Journal of the Chemical Society, Dalton Translation 

Figure 4. Molecular structure of Zr(r)5-C 5H 5)2(rf-COCH 3)CH 3 viewed perpen
dicular to the Zr(COCH3)(CH3) plane (37) 
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10 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

H 

R 

Bercaw and coworkers have studied the reac t i o n of bis(penta
methylcyclopentadienyl ) zirconium d i a l k y l s with carbon monoxide 
(47,48) • As i n the case of the aforementioned biscyclopentadi-
enyls, r e v e r s i b l e monoinsertion i s observed (equation (7)) y i e l d 
ing a bihaptoacyl (VQQ - 1537 cm' 1). I n t e r e s t i n g l y , when car

bonylation i s car r i e d out- at 75° C and 1 atm. of CO pressure f or 
24 hr., a product i s i s o l a t e d , which on the basis of chemical and 
spectroscopic data was assigned the monomeric enediolate structure 
I . 

At t h i s juncture there appear to be some d i s t i n c t s i m i l a r i 
t i e s between the early t r a n s i t i o n metal and a c t i n i d e carbonylation 
r e s u l t s . The enediolate products are, with the exception of mole-
c u l a r i t y , the same ( c f . J, and I ) , although the insertion/coupling 
re a c t i o n appears to be much more rapid for thorium and uranium. 
I t was decided to explore these s i m i l a r i t i e s and differences i n 
greater depth, and to shed l i g h t on c r u c i a l questions such as how 
endiolate species a r i s e . Were organoactinide bihaptoacyls i n 
volved? Were bis(bihaptoacyl) species involved? Why were the 
act i n i d e coupling products dimers and the zirconium coupling prod
uct a monomer? Structure s e n s i t i v i t y experiments were next carr i e d 
out with v a r i o u s l y substituted organoactinides. The coordination 
of bulky a l k y l groups affords monomeric coupling products (equa
t i o n (8)) (32,33.) as found i n the zirconium system ( I ) . Since the 
bulky substitutents i n h i b i t intermolecular C-C fusion, i t was next 
attempted to i n h i b i t intramolecular fusion by deleting an a l k y l 
f u n c t i o n a l i t y . 

Zr[(CH 3)5C5] 2(CH 3) 2 + CO^ Zr[(CH 3) 5C 5] 2(COCH 3)(CH 3) (7) 
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1. MARKS E T A L . Nonclassical Activation of Carbon Monoxide 11 

Chloromonoalkyl derivatives can be synthesized by the pro
cedure shown i n equation (9) (6,49) . 

2co t o l ^ r > 
15 min. 

2 M=Th, R=CH2C(CH 3)3 
3a M=Th, R=CH 2Si(CH 3) 3 

3b M=U,R=CH2Si(CH3)3 

M[(CH 3) 5C 5] 2C1 2 + RLi e t h e r > M[(CH 3) 5C 5] 2(C1)R + L i C l (9) 
k M=Th, R=CH 2C(CH 3) 3 

*5a M=Th, R=CH 2Si(CH 3) 3 

5b M=U, R=CH 2Si(CH 3) 3 

The reaction of 4 with one equivalent of carbon monoxide proceeds 
r a p i d l y and i r r e v e r s i b l y at room temperature to y i e l d a product 
which, on the basis of the infr a r e d spectrum, can be assigned a 
bihaptoacyl coordination geometry (equation (10)) (33). An i n t e r -

CH 2 C (CH3 ) 3 

/ CO , Th 
/ ^ T h — C-CH 2C(CH 3) 3 

CI 

(10) 

0 
/ \ 

.Th<«-:C-CH2C(CH3)3 

esting s p e c t r a l property of t h i s complex i s that the acyl C-0 
stre t c h i n g frequency of 1469 cm'1 for 6 (confirmed by UC s u b s t i 
tution) i s lower than i n the analogous"transition metal compounds; 
t h i s suggests a s i g n i f i c a n t l y greater c o n t r i b u t i o n from the carbe-
noid resonance hybrid K. The molecular structure of 6, elucidated 
by X-ray d i f f r a c t i o n , i s presented i n Figure 5 (33). I t reveals 
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12 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

several unique features. F i r s t , the o r i e n t a t i o n of the C-0 vector 
i n the bihaptoacyl ligand i s f o r the f i r s t time away from the un-
reacted l i g a n d , i . e . i n o r i e n t a t i o n G, which i s that predicted for 
t r a n s i t i o n metal ions i n the cal c u l a t i o n s of Lauher eand Hoffmann 
(43). Second, the Th-0(2.37(2)1) and Th-C(2.44(3))A met r i c a l para
meters reveal that, unlike the previously discussed titanium and 
zirconium bihaptoacyls, the metal-oxygen distance i s not apprecia
b l y longer than the metal-carbon distance and i s probably s l i g h t l y 
shorter. This observation i s i n accord with the previously men
tioned v i b r a t i o n a l spectroscopic data which also suggest a greater 
importance for the carbenoid structure K, i . e . , greater metal-
oxygen i n t e r a c t i o n . At 100°C i n toluene s o l u t i o n , 6 slowly rear
ranges to a product 7, which on the basis of inf r a r e d and *H NMR 
studies (including those using £ prepared from 1 3C0) i s assigned 
a cis-enolate structure (equation (11)) (33). The nature of t h i s 

3 

( I D 

product can be understood i n terms of the importance of carbenoid 
species K. Such hydrogen atom migration reactions are t y p i c a l of 
alkoxycarbene chemistry (50,51,52,53). 

Carbonylation of the t r i m e t h y l s i l y l m e t h y l d e rivatives 5a and 
5J> provides further information on the r e a c t i v i t y of organoactin*-
ide bihaptoacyls (6,33). The reaction of these compounds with 
carbon monoxide takes place at -78° C (equation (12)). 

(12) 

8a M=Th 
8b M=U 
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1. MARKS E T A L . Nonclassical Activation of Carbon Monoxide 13 

An unstable intermediate can be detected at low temperature by H 
NMR which i s a t t r i b u t e d to a bihaptoacyl compound. On standing i n 
s o l u t i o n at room temperature, the intermediate rearranges to an
other compound. From i n f r a r e d and proton NMR data (including 
measurements on products derived from £ prepared with 1 3C0) the 
tr i m e t h y s i l y l e n o l a t e species 8, produced by S i ( C H 3 ) 3 migra
t i o n , i s assigned. As expected for rearrangements i n v o l v i n g a 
carbene-like center, a t h i r d row element w i l l have a greater 
migratory aptitude (54,55,56,57) . 

The carbonylation studies on the bis(pentamethylcyclopenta
dienyl) a c t i n i d e d i a l k y l s and chlo r o a l k y l s provide strong support 
for the involvement of highly a c t i v a t e d , carbene-like bihaptoacyls 
i n the CO migratory i n s e r t i o n process and i n the ultimate formation 
of enediolate products. S t i l l , on the basis of t h i s evidence, 
several points remain unclear. The r e l a t i o n s h i p of the two d i f 
ferent bihaptoacyl configurations, G and H, i n the r e a c t i v i t y pat
terns and i n the contrasts between d- and f-metal centers i s s t i l l 
not well-defined. The nature of the monoinsertion products has 
been c l a r i f i e d , but the pathway to the enediolate has not. A l 
though the coupling of two bihaptoacyl units represents the most 
pl a u s i b l e route to the enediolate, no evidence for a bis(bihapto
acyl) species could be obtained. In an e f f o r t to elucidate these 
points and, simultaneously, to explore what other metal-to-element 
bonds might suf f e r migratory i n s e r t i o n w i t h i n the h i g h l y unsaturat
ed bis(pentamethylcyclopentadienyl) a c t i n i d e environment, carbonyl
a t i o n of d i a l k y l amide (-NR2) derivatives (58,59,60,61) was under
taken. One goal was to employ the bulk of the -NR2 moiety and the 
probable s t a b i l i t y of a planar, conjugated, amide-like i n s e r t i o n 
product to thwart C-C fusion, and to thus allow i s o l a t i o n of a 
bis(bihapto) i n s e r t i o n product• 

Bis(pentamethylcyclopentadienyl^ thorium and uranium chloro-
dialkylamides and bis(dialkylamides) were prepared from the cor
responding d i c h l o r i d e s (6,31) by the route of equation (13). The 
highly a i r - s e n s i t i v e new compounds 

M[(CH3) 5C 5] 2Cl 2 + x L i N R 2 dlethylether > 
2 5 (13) 

M[(CH 3)5C 5] 2(NR 2) CI + x L i C l 
X 2 "*2C 

9a X = 1. M = Th, R = C 2H 
X = 1, M = U, R = C 2H 5 

10a X = 1, M = Th, R = CH3 

iOb X = 1. M = U, R = CH3 

U a X = 2, M = Th, R = CH3 

l i b X = 2, M = U, R = CH3 

were i s o l a t e d and characterized i n the usual manner (62,63). The 
chlorodialkylamides react with C0(1 atm.) at 95°C to y i e l d car
bamoyl (C0NR2) (64,65) i n s e r t i o n products 12 and (equation (14)). 
The C-0 stretching frequencies of these compounds, v e r i f i e d by ^CO 
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14 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

s u b s t i t u t i o n , are low (1516-1559 cm"1) for carbamoyl complexes 
(more t y p i c a l values are i n the range 1565-1615 cm" 1(64,65)) and 
suggest, by analogy to the metal a c y l s , bihapto coordination (66) 

R 

\ / + co toluenet95« 

^ X R CI 

12a M = Th, R = C 2H 5 l£b M = U, R = C 2H 5 

13a M = Th, R = CH3 13b M = U, R = CH3 

of the inserted CO f u n c t i o n a l i t y . I t w i l l be seen that i n a l l 
cases, the perturbation i n VQQ on going from the monohapto to b i 
hapto structure i s fa r less f o r the carbamoyls than for the a c y l s . 
The magnetic non-equivalence of the N-alkyl groups i n 12 and 1J. 
indicates that r o t a t i o n about the C-N bond, a process known for 
t r a n s i t i o n metal carbamoyl complexes (65), i s slow on the NMR 
timescale at room temperature. The molecular structure of 12a has 
been studied by X-ray d i f f r a c t i o n and the remarkable r e s u l t i s i l 
l u s t r a t e d i n Figure 6. Two bihaptocarbamoyl conformers, corre
sponding to structures G and H, are both present i n the c r y s t a l of 
12a; there i s approximately equal population of e i t h e r configura
t i o n . This case i s the f i r s t unambiguous i n d i c a t i o n that a b i s -
cyclopentadienyl metal complex can e x i s t i n both struc t u r e s . Fur
ther s t r u c t u r a l d e t a i l s are deferred to the following s e c t i o n . The 
dynamics of G ^ H i n t e r conversion were also investigated for Lglj, 
and 13£ i n CF 2Cl 2/toluene-d 8 s o l u t i o n by XH NMR spectroscopy (equa
t i o n (15)) (62,63). The large U(lV)-induced i s o t r o p i c s h i f t s a l 
low observation of both conformers at temperatures below ca.-90° C 

\ ^ ; , R ' \ yK 
M*->C — N G " — C N (15) 

V c i R G > C l \ s 0 \ R H 

(at 90 MHz). Raising the temperature produces broadening and 
coalescence of the respective G and H signals as process (15) be
comes rapid on the NMR timescale. For l j j ? , a p p l i c a t i o n of stan*-
dard line-shape analysis r e l a t i o n s h i p s (67) y i e l d s T=9.6 x 10" 3 

sec at -65°C, and A G* = 10 ± 1 kcal/mole. 
Although there i s greater s t e r i c bulk about the metal ion,the 

bis(dimethylamido) complexes, 11, are more reactive toward CO 
than the chloro-substituted analogues, 10, and monocarbonylation 
i s complete w i t h i n 2 hr. at 0° C and 1 atm CO (equation (16)). 
The new complexes were characterized by the standard techniques 
(62,63); from the v i b r a t i o n a l s p e c t r a l data (VQQ = 1521 cm"1) the 
bihaptocarbamoyl structure i s again assigned. These complexes re** 
act r e v e r s i b l y with a second equivalent of CO i n toluene s o l u t i o n 
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1. MARKS E T A L . Nonclassical Activation of Carbon Monoxide 15 

Figure 5. ORTEP drawing of the nonhydrogen atoms of Th[rj5-(CH3)5C5]2-
[r}2-COCH2C(CH3)3]Cl, 6a. All atoms are represented by thermal vibrational 

ellipsoids drawn to encompass 50% of the electron density. 

Figure 6. Perspective ORTEP plot of the nonhydrogen atoms for the Th[tf-
(CH3)5C5]2[rf2-CON(C2H5)2]Cl molecule, 12a. All atoms are represented by ther
mal vibrational ellipsoids drawn to encompass 50% of the electron density. The 
two half-weighted positional possibilities for the oxygen atom of the disordered 
diethylcarbamoyl ligand are designated by Oa and Ob; these correspond to the 

G and H isomeric forms of 12a respectively (62). 
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16 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

I N ^ yiO'e R 
f > * ' x R , n n toluene, 0° C ^ V . * J, ' , . M + CO — ' ^ M • C — N (16) > \ 2 hr., 95-100J y i e l d _<< V, R v 

N — R ^ V R 
R 

\ 
R ] ^ M = Th, R = CH3 

14b M = U, R = CH3 

at 65° C to y i e l d bis(carbamoyl) complexes (equation (17)). B i -
hapto l i g a t i o n i s assigned on the basis of inf r a r e d s p e c t r a l data 

, 0' R 
o< f * c ^ N ' 

* / - * U ? ^ ^ ™ > y / N * ( 1 7 ) 

' * R ^ vacuum v \ ̂  r R 

N - R 100° ,U 
R N R 

15a M = Th, R = CH3 

15b M = U, R = CH3 

(l£o= 1523 cm * ) . In a d d i t i o n , compound 15b has been studied by 
si n g l e X-ray d i f f r a c t i o n (68). As can be seen i n Figure 7, the 
double i n s e r t i o n product i s indeed a bis(bihaptocarbamoyl). Fur
thermore, the o r i e n t a t i o n of the inserted CO units i s i d e a l f o r an 
intramolecular coupling reaction to produce an enediolate. As i n 
6a, there i s evidence that the Th-0 distance (2.363(9)1) i s shorter 
than the Th-C distance (2.418 (15)A) . The 77*-CONR2 ligands i n l£b 
are e s s e n t i a l l y planar as found i n 12a (Figure 6 ) . A l l attempts 
to detect r o t a t i o n about the C-NR2 D*onds i n any of the act i n i d e 
bihaptocarbamoyl complexes by high temperature NMR studies have 
so f a r been unsuccessful. We estimate that AG $>23 kcal/mole for 
t h i s process, hence there i s a sub s t a n t i a l b a r r i e r to major ex
cursions from ?72-CONR2 p l a n a r i t y . In view of these observations 
i t may not be su r p r i s i n g that a l l attempts to couple the ?)- CON 
(CH 3) 2 units by C-C fusion i n 15a and 15b, which may require ro
t a t i o n about the C-N bond, have so far been unsuccessful. Heating 
15, at temperatures as high as 100° C under high vacuum causes de-
carbonylation to form l ^ a and 14b, r e s p e c t i v e l y . Prolonged heat
ing under carbon monoxide produces decomposition and the precip
i t a t i o n of i l l - d e f i n e d , insoluble products. The observation of 
sequential mono and bis(bihaptocarbamoyl) formation i n the a c t i 
nide dialkylamide chemistry i s the strongest evidence to date that 
analogous processes in the act i n i d e d i a l k y l systems lead to enedio
l a t e products. In terms of the contrast between d- and f-element 
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MARKS E T A L . Nonclassical Activation of Carbon Monoxide 

Figure 7. ORTEP drawing of the nonhydrogen atoms in U[r}5-(CH3)5C5]2-[ri2' 
CON(CH3)2]2, 15b. All atoms are represented by thermal vibrational ellipsoids 

drawn to encompass 50% of the electron density. 
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18 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

r e a c t i v i t y patterns, the greater tendency of the a c t i n i d e ions to 
expand the coordination sphere i s p a r t i c u l a r l y evident i n the 
structure of 15: electron counting reveals i t to be formally a 20 
e l e c t r o n valence system for thorium and a 22 electron valence sys
tem for uranium (counting the two 5f e l e c t r o n s ) . In a d d i t i o n , 
the formal coordination number of 10 i s very rare for b i s c y c l o -
pentadienyl t r a n s i t i o n metal compounds, the only we11-documented 
example to our knowledge being Hf (CH 3C 5H 4)2 (BH 4) 2 (69.). 

S t r u c t u r a l Aspects 

S u f f i c i e n t data are now a v a i l a b l e to discuss two important 
s t r u c t u r a l aspects involved i n the a c t i v a t i o n of CO by bis(penta
methylcyclopentadienyl) a c t i n i d e d e r i v a t i v e s . F i r s t , the s t r u c 
t u r a l features accompanying various degrees of coordinative un^ 
saturation i n the organoactinide reactants are discussed. Second, 
the nature of the n o n c l a s s i c a l l y bound CO i n organoactinide migra
tory i n s e r t i o n products i s considered and compared with d-element 
analogues• 

The marked chemical r e a c t i v i t y of the bis(pentamethylcyclo
pentadienyl) a c t i n i d e d e r i v a t i v e s r e f l e c t s , among other f a c t o r s , a 
l i g a t i o n pattern with s u f f i c i e n t coordinative unsaturation to pro
mote chemistry, but without such unsaturation that i n s t a b i l i t y of 
the molecule r e s u l t s . Thus, as an i l l u s t r a t i o n of t h i s problem, 
we have already shown (14) that the h i g h l y unsaturated compound 
U(C 5H 5)2Cl2 i s unstable with respect to U(C 5H 5) 3C1 and U(C5H5)C13» 
2L (L = a Lewis base such as THF). In contrast, biscyclopenta-
d i e n y l uranium complexes with higher coordination numbers such as 
U(C 5H 5)2(acetylacetonate)2 (70) and U(C 5H 5) 2[Re(COCH 3) 2(C0)J 2 

(71) or with bulky monodentate ligands such as U(C 5H 5) 2[N(C 2H 5) 2]2 
(72) do not s u f f e r ligand r e d i s t r i b u t i o n . 

An important parameter i n c o n t r o l l i n g the number and r e l a t i v e 
o rientations of other ligands i n bis(cyclopentadienyl) a c t i n i d e 
complexes, hence i n c o n t r o l l i n g to a degree the coordinative un
sa t u r a t i o n , r e a c t i v i t y and s t a b i l i t y , i s the r i n g center of g r a v i 
ty-metal-ring center of g r a v i t y angle, C -M-C . M e t r i c a l data for 
a number of biscyclopentadienyl and ring-substituted biscyclopent-
adienyl a c t i n i d e complexes are compiled i n Table I . The compounds 
with the smallest Cg-M-Cg values contain cyclopentadienyl rings 
joined by a methylene bridge. Here high coordination numbers 
are possible even with r e l a t i v e l y bulky ligands (CI"). As w i l l be 
discussed more q u a n t i t a t i v e l y elsewhere (73), considerable d i s 
placement of the ligands above and below the plane which bisects 
Cg-M-Cg can take place. When the cyclopentadienyl rings are not 
joined , Cg-M-Cg increases and high coordination numbers are only 
possible with more compact bidentate ligands such as acetylaceto-
nate (Table I ) . Also i n these cases the non-cyclopentadienyl 
ligands are more t i g h t l y compressed toward the plane b i s e c t i n g 
Cg-M-Cg. F i n a l l y , the s i x pentamethylcyclopentadienyl structure 
determinations (Table I) reveal a further increase i n C^-M-Ce and 
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1. MARKS E T A L . Nonclassical Activation of Carbon Monoxide 19 

r e l a t i v e l y high coordination numbers only with non-bulky ligands 
(H~) or with multidentate ligands having a very small "bite' 1 

(772-COX). The non-cyclopentadienyl ligands are c l o s e l y constrained 
to an equatorial g i r d l e i n the Cg-M-C b i s e c t i n g plane. Chemical 
ramifications of these s t r u c t u r a l r e s u l t s are that the M[fcH 3 ) 5 0 ^ 2 
and M [ ( C H 3 ) 5 C 5 ] 2 [NRf

2 ] 2 carbonylation chemistry i s l i k e l y to be 
occurring i n the narrow equatorial g i r d l e and that t h i s g i r d l e 
w i l l not accommodate s t e r i c a l l y bulky reagents. On the other hand, 
molecules with smaller Cg-M-Cg angles w i l l be susceptible to ap
proach from a greater range of d i r e c t i o n s and by more s t e r i c a l l y 
demanding ligands. 

As noted e a r l i e r , the c l a s s i c a l migratory i n s e r t i o n product 
fo r t r a n s i t i o n metal a l k y l carbonylation i s a monohaptoacyl (A). 
There i s now considerable s t r u c t u r a l information a v a i l a b l e for 
such species, and representative data are set out i n Table I I . I t 
can be seen that the configuration about the ac y l carbon atom i s 
that expected for sp 2 h y d r i b r i d i z a t i o n with, i n some cases, s l i g h t 
expansion of the M-C-0 angle and s l i g h t contraction of the M-C-X 
angle (X=C) . The corresponding valence angles i n acetone are 
£ C-C-C=116.2° (74). As the i n t e r a c t i o n between the acyl oxygen 
atom and the metal ion becomes s i g n i f i c a n t (the M-0 distance ap
proaches the M-C distance i n magnitude), the M-C-X angle increases 
and the M-C-0 angle decreases. Since the O-C-X angle remains ap
proximately constant, the net e f f e c t i s a r o t a t i o n of the ac y l 
group about an axis perpendicular to the OCX plane. As the b i 
haptoacyl i n t e r a c t i o n increases i n magnitude, the C-0 stretching 
frequency decreases• Unfortunately, any accompanying changes i n 
the C-0 bond distance are beyond the accuracy of most of the 
structure determinations. Reference to Table I I indicates that 
VCQ i s also s e n s i t i v e to the i d e n t i t y of the metal and to the 
other ligands i n the complex; t h i s frequency has also been shown 
to be s e n s i t i v e to the e l e c t r o n i c properties of the hydrocarbyl 
moiety (37,38). The most extreme instance of i n t e r a c t i o n with the 
acyl oxygen atom i s i n the organoactinide Th[(CH 3) 5C 5]2(Cl)C0CH 2O 
(CH 3) 3, £. Here the metal-oxygen distance (2.37 (2)JL) approaches 
the Th-0 si n g l e bond distance i n l a ^ (2.154(8)1) and the M-C-C 
angle (169(2)°I) approaches l i n e a r i t y . 

Data for monohapto and bihapto carbamoyl complexes are also 
compiled i n Table I I . As i n the case of the a c y l s , the O-C-X 
angle remains r e l a t i v e l y constant, and the e f f e c t of the metal-
oxygen i n t e r a c t i o n i s to rotate the carbamoyl moiety about an axis 
perpendicular to the OCN plane. The valence angles about the car
bon atom of the inserted CO i n the ac t i n i d e biscarbamoyl, lJ5b, are 
nearly i d e n t i c a l to those i n the a c t i n i d e a c y l J6̂ . Again, the 
magnitude of the metal-oxygen i n t e r a c t i o n i s evidenced by a severe 
contraction i n the M-C-0 angle and an expansion of the M-C-N 
angle toward l i n e a r i t y . Any a l t e r a t i o n of the carbamoyl C-0 d i s 
tances upon bihapto l i g a t i o n cannot be discerned i n the d i f f r a c 
t i o n data. The decrease i n upon oxygen coordination does not 
appear to be as great as i n trie a c y l d e r i v a t i v e s . 
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24 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Conclusions 

This work underscores the very high chemical r e a c t i v i t y that 
derives from a c t i n i d e hydrocarbyl and related complexes containing 
the appropriate supporting ligands. In the case of carbon monox
ide chemistry, f a c i l e migratory i n s e r t i o n reactions are ubiqui
tous. This CO a c t i v a t i o n process does not adhere to the c l a s s i c a l 
t r a n s i t i o n metal pattern, but rather the high oxygen a f f i n i t y and 
coordinative unsaturation of the thorium and uranium centers gives 
r i s e to bihaptoacyl and bihaptocarbamoyl complexes• The tendency 
of the bihaptoacyls to react as alkoxycarbenes i s a s t r i k i n g 
facet of the chemistry and one that i s q u a l i t a t i v e l y reminiscent 
of e a r l y t r a n s i t i o n metal organometallies. Given the same ligand 
array as a d-element ion i t i s not s u r p r i s i n g that the larger 
a c t i n i d e ions would be more unsaturated and more r e a c t i v e . In 
support of t h i s notion, the s p e c t r a l , s t r u c t u r a l , and chemical 
data strongly argue that the perturbation of the bihaptoacyls and 
carbamoyls toward a carbene-like species i . e . , an increased con
t r i b u t i o n from resonance hybrid F, i s greater for the f-element 
systems. I t i s possible that differences i n metal-ligand o r b i t a l 
overlap as w e l l as i n the tendency to undergo redox processes 
also contribute to r e a c t i v i t y contrasts between the d and f sys
tems • 

The present carbonylation r e s u l t s with f-element organo-
me t a l l i c s are relevant to mechanistic discussions of c a t a l y t i c CO 
reduction at two l e v e l s . In terms of general mechanistic schemes 
(of which a large number e x i s t ) (24-29, 75) the organoactinide 
reactions suggest modes for CO r e a c t i v i t y i n s i t u a t i o n s i n which 
the c a t a l y s t e x h i b i t s high oxygen a f f i n i t y and high coordinative un
s a t u r a t i o n . Considering the evidence i n heterogeneous systems 
for d i s s o c i a t i v e CO adsorption (25,76), l a b e l l e d alcohol and 
ketone deoxygenation (26,77_), l a b e l l e d ketene deoxygenation (26, 
78, 79), as w e l l as surface alkoxide and carboxylate (or possibly 
bihaptoacyl) formation (80,81),the high oxygen a f f i n i t y of many 
or most CO reduction c a t a l y s t surfaces i s an e n t i r e l y reasonable 
assumption. The necessity of high coordinative unsaturation i s 
supported by the above observations and by k i n e t i c data which i n 
dicate that CO i n h i b i t s many of the reduction c a t a l y s t s ( i . e . , 
i t competes with s i t e s needed for CO d i s s o c i a t i o n and/or hydrogen 
adsorption) (24-28). 

The present r e s u l t s suggest a ready means for c a t a l y t i c a l 
cohol formation v i a carbene-like bihapto formyl and ac y l species 
(e.g., equations (18) and (19)). Precedent e x i s t s for the alkox
ide formation step of equation (19) (47,48,82,83). Chain growth 
could occur v i a the i n s e r t i o n of an unsaturated surface s i t e i n t o 
a H3C-0M(or R-OM) bond (an oxidative addition) to y i e l d a metal-
carbon bond, followed by further carbonylation, as i l l u s t r a t e d i n 
equations (20) and (21). There i s good precedent f o r the in s e r 
t i o n of metal ions i n t o carbon-oxygen bonds (84,85,86) . Hydro-
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CO / ? H » > M " 0 S C H 3 CH3OH 

X MH 
7T> M'° NCH 3 M-H x CH3OH 
rlo 7 

(18) 

(19) 

0-CH3 0 CH3 

/ / \ / 
M - M * M M (20) 

CH3 

0 CH3 0 0S 

/ \ / CO / \ / • c 
M M 7 M M*^' > e t c . (21) 

genolysis of the metal-carbon bond formed i n equation (20) would 
produce saturated hydrocarbons, ^-hydride e l i m i n a t i o n w i t h i n an 
et h y l or larger group would produce o l e f i n s ; both products are 
observed i n the Fischer-Tropsch reaction (24*28) . The enediolate 
formation reaction reported here suggests ways by which g l y c o l 
(29) or hydrocarbon formation might occur (equations (22)-(25)). 

H H H H 
» 1 \ / 
C C C = C 

H H 0 0 0 0 
I \ 2C0 V */ I I 
M M 7 M M > M M (22) 

I 
M 

* M>° °*M + HC ^ C H ^ A e t c . ( 2 4 ) 

\ OH OH 
> =-2 ) M M + H2C=CH2 — 7 e t c . (25) 

Reactions analogous to the reverse of equation (24) are w e l l docu
mented (87,88) • Unsaturated hydrocarbons such as ethylene are 
r e a d i l y incorporated i n t o products under c a t a l y t i c conditi6ns 
(24-28). 

In regard to s p e c i f i c c a t a l y t i c systems f o r CO reduction and 
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26 L ANTH AN IDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

homologation, the organoactinide carbonylation r e s u l t s described 
here are p a r t i c u l a r l y relevant to the ! fisosynthesis l f r e a c t i o n 
(24-28, 8£-93_). In t h i s c a t a l y t i c process, synthesis gas (CO + H2) 
i s converted over t h o r i a , Th0 2, (alone or promoted with K 2C0 3 or 
A1 20 3) into branched p a r a f f i n s , o l e f i n s , alcohols, and aromatics. 
U n t i l r e c ently, the lack of precedent for thorium-hydrogen and 
thorium-carbon bonds as w e l l as any carbonylation chemistry there
of, has rendered mechanistic discussion of isosynthesis impossi* 
b l e . The r o l e of t h o r i a as a support i n t r a n s i t i o n metal cata
lyzed CO reduction (24*-28) may also involve some of the chemistry 
discussed here. 
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2 

Alkyl, Hydride, and Related Bis(trimethylsilyl)amide 
Derivatives of the 4ƒ- and 5ƒ- Block Metals 

R I C H A R D A. A N D E R S E N 

Chemistry Department and Materials and Molecular Research Division of Lawrence 
Berkeley Laboratory, University of California, Berkeley, C A 94720 

Metal derivatives of the bis(trimethylsilyl)amido ligand, 
[(Me 3Si) 2N], have been extensively investigated for the p- and 
first-row d-block elements. An exhaustive review by Harris 
and Lappert, concentrating upon synthetic chemistry, has re
cently appeared (1). A review of the molecular and electronic 
structure of three-coordinate and related (Me 3Si) 2N-derivatives, 
which reports a number of unpublished results has appeared (2). 
A rather more general review of the transition metal deriv
atives also has been published (3). 

One area of silylamide (this short-hand abbreviation will 
be used for (Me 3Si) 2N)chemistry that has been largely ignored 
is the f-block element derivatives. The silylamide ligand is 
pote n t i a l l y a very valuable ligand in t h i s part of the Periodic 
Table principally due to its size. Association by way of 
dative bonding (I) is prevented, since in a hypothetical tri-

valent, binary derivative (with coordination number of four) 
the s t e r i c congestion about the metal atom is far too great. 
Further, the lone-pair of electrons on the nitrogen atom is 
considerably less basic r e l a t i v e to an analogous dialkylamide 
(a (Me3Si)2N) group is electron-withdrawing r e l a t i v e to a Me3C 
group, s i l i c o n being less electronegative and/or possessing 
low-lying d^-orbitals for electron-delocalization) (II). The 
resulting decrease i n b a s i c i t y of the nitrogen lone pair 
minimizes i t s a b i l i t y to act as a two electron donor to the 
metal atom. Thus, the large size and electron-withdrawing 

(SiMe 3) 2 

I 

0-8412-0568-X/80/47-131-031$05.00/0 
© 1980 American Chemical Society 
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32 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

II 

a b i l i t y of the t r i m e t h y l s i l y l group prevents association and 
monomeric, hydrocarbon soluble, v o l a t i l e derivatives are to 
be expected. In addition the extreme simplicity of the 
nuclear magnetic resonance and vibrational spectra greatly 
simplifies analysis. 

In l i g h t of these considerations i t i s surprising that 
the f-block metal derivatives of this readily accessible 
ligand have not been explored. In t h i s review we describe 
some results which begin to r e c t i f y t h i s deficiency. 

Trivalent Lanthanide and Actinide Derivatives 

Compounds of the type [ (Me 3Si) 2N] 3M have been prepared for 
a l l of the lanthanide elements except Pm, Tb, Dy, Tm, and Er 
04). The synthetic method used i n t h e i r preparation i s nucleo-
p h i l i c substitution with three molar equivalents of lithium -
or sodium - bis(trimethylsilyl)amide on the metal t r i c h l o r i d e s 
i n tetrahydrofuran. The compounds are rather high melting 
solids (145-170°C) which can be isolated by c r y s t a l l i z a t i o n 
from pentane as long needles or by vacuum sublimation (80-
100°C). The binary silylamides are monomeric i n refluxing 
benzene solution, i n the gas phase (by mass spectrometry), and 
i n the s o l i d state (by x-ray crystallography, see below). Thus, 
these compounds are three-coordinate, a unique coordination 
number for the lanthanide elements. 

The colors of the silylamides closely p a r a l l e l those of 
the metal ions i n aqueous solution, i . e . , Nd[N(SiMe3) 2]3 i s 
pale blue, Eu[N(SiMe 3) 213 i s orange, and Yb[N(SiMe 3) 2]3 i s 
pale yellow. The o p t i c a l spectra of the praesodymium and neo-
dymium derivatives have been studied i n gaseous, solution (CCI4), 
and low temperature (4 K) s o l i d phases (_5). The spectra are 
very similar (number and intensity of absorptions) which 
indicates that the symmetry i s i d e n t i c a l i n a l l phases. 
Further, the silylamide ligand does not greatly perturb the 
energy levels of the free ion since the observed spectra are 
very similar to the t r i v a l e n t metal ions i n aqueous solution. 

Low temperature magnetic s u s c e p t i b i l i t y measurements (the 
binary derivatives are a l l paramagnetic, except those with 
closed-shell f0 or electronic configuration) also closely 
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2. ANDERSEN 4f- and Si-Block Metals 

p a r a l l e l the t r i v a l e n t metal ion values i n aqueous solution, 
for those silylamide derivatives which have been examined 
(Table 1 ) . An exception i s Eu[N(SiMe3) 213 which i s a temper
ature independent paramagnet (T.I.P.), the temperature 
independent s u s c e p t i b i l i t y being ca. 0 . 4 B.M. consistent with 
the 7 F Q ground state found for Eu (III). 

Table I 
Magnetic S u s c e p t i b i l i t i e s of M[N(SiMe 3>2l3 

M U B ( B . M . ) 
Temp, 
range (K) 

e-
(K) CM Ref 

Nd 3 . 2 7 4 . 2 - 9 0 1 2 1 . 3 3 6 
Gd 7 . 9 4 9 8 - 2 9 8 — — 4 
Yb 3 . 1 0 5 . 1 - 4 6 0 1 . 0 9 7 
U 2 . 5 1 1 0 - 7 0 - 1 0 . 5 1 . 6 4 1 3 

*M = C M ( T - ^ ) _ 1 ; y e f f = 2.837^ 

The c r y s t a l structure of three representative [Nd (6 )̂ , 
Eu (J3) , and Yb (_2) ] amides have been determined. The compounds 
are monomeric and there i s no indication of molecular associa
tion i n the s o l i d state. The (Me 3Si) 2N groups are neither 
coplanar nor orthogonal to the MN3 unit but half-way between, 
such that the dihedral angle (defined by the Si 2NM and MN3 
planes) are ca. 5 0 ° (Figure 1 ) . The molecules are thus 
molecular propellers and c h i r a l . Therefore, two enantiomeric 
forms may exist which d i f f e r only i n the i r sense of twist. 
This i s the conformation that i s expected on the basis of 
s t e r i c arguments, the t r i m e t h y l s i l y l groups pack i n the 
cr y s t a l l i n e l a t t i c e i n such a fashion to minimize Van der Waals 
contact between them. 

A curious feature of the solid-state structural results 
i s that the MN3 unit i s not coplanar as found i n the first-row 
t r a n s i t i o n or Group IIIA series (2) but pyramidal, the metal 
atom being out of a plane defined by the three nitrogen atoms 
by ca. 0 . 4 A. Since the molecules have no dipole moment i n 
solution (2:) the geometry could well be due to packing forces 
i n the s o l i d state. 

An interesting feature of the binary, t r i v a l e n t s i l y l 
amides i s the way that they pack i n the c r y s t a l l i n e l a t t i c e . 
Six [(Me3Si)2N]3M units are orientated about a s i x - f o l d rota
tion axis such that a c y l i n d r i c a l channel, large enough to 
include a benzene ring, i s formed. This phenomenon has been 
described i n some d e t a i l (9a). The existence of the hollow 
cavity accounts for the low density of the s o l i d (ca. l g cm" 3). 
A single c r y s t a l , when viewed under a microscope, appears to 
contain a hole i n the center, the macroscopic structure ap
parently mirrors the microscopic array (9b). The molecular 
packing shows that the molecules are three-dimensional molec
ular sieves. 
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34 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

N D ( N ( S I ( C H 3 ) 3 ) 2 ) 3 

Figure 1. Molecular structure of Nd[N(SiMe3)2]s 
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2. ANDERSEN 4f- and Si-Block Metals 35 

Consideration of metal-nitrogen bond lengths i n l i g h t of 
the ionic-bonding model advanced by Raymond (10) leaves l i t t l e 
doubt that the bonding i n the binary silylamide derivatives of 
the lanthanide elements i s predominantly ionic (11) . Indeed, 
a l l of the t r i s - s i l y l a m i d e derivatives of the p-, d-, and f-
block elements can be viewed as being mainly ionic. 

Synthesis of a t r i v a l e n t uranium silylamide derivative 
i s of considerable interest. The p r i n c i p a l synthetic d i f 
f i c u l t y i s the lack of a suitable, large-scale preparation of 
uranium t r i c h l o r i d e (12). We have devleoped an i n s i t u prepa
ration of uranium t r i c h l o r i d e by reducing commercially a v a i l 
able uranium tetrachloride with one molar equivalent of sodium 
napthalene i n tetrahydrofuran (13). Though we have not char
acterized this species Moody has recently isolated some 
coordination complexes of UCI3, prepared by sodium hydride 
reduction of UCI4 (14, 15). A t r i v a l e n t t r i s - s i l y l a m i d e of 
uranium U[N(SiMe 3) 2]3 can be readily prepared i n good y i e l d 
from UCI3 iri s i t u and sodium bis(trimethylsilyl)amide i n 
tetrahydrofuran. The deep red, paramagnetic (Table I) needles 
(m.p. 137-140°C) c r y s t a l l i z e from pentane. The compound i s 
v o l a t i l e (sublimation temperature 80-100°/10~ 3 torr) and 
monomeric i n gas phase (by mass spectrometry) (13). 

The structure of this unique uranium (III) derivative i s 
of much interest. Unfortunately we have been unable to obtain 
crystals satisfactory for an X-ray analysis. The compound i s 
most l i k e l y similar to that of the binary, t r i v a l e n t lanthanide 
derivatives, e.g., pyramidal rather than planar, on the basis 
of infrared spectroscopy. Planar M[N(SiMe3) 2]3 show bands due 
to vas MNSi 2 at 900 cm"! whereas pyramidal ones absorb at 
990 cm~l. Since U[N(SiMe 3) 2]3 has i t s vas UNSi 2 absorption band 
at 990 cm"" 1 i t i s most l i k e l y pyramidal i n the s o l i d state. Not 
surprisingly the analogous thorium (III) derivative cannot be 
prepared i n a similar fashion. 

Coordination Chemistry. The coordinative unsaturation of 
the three-coordinate derivatives suggests that these molecules 
should have a r i c h coordination chemistry. This has not been 
found, doubtless due to the s t e r i c congestion about the metal 
atom. Neodymium tris[bis(trimethylsilyl)amide] forms pale 
blue 1:1 coordination complexes with the s t e r i c a l l y small 
Lewis bases B^NC and Bu^CN. Triphenylphosphine oxide yields 
a 1:1 complex with the silylamides of La, Eu, and Lu (16). 
A c r y s t a l structure of the lanthanum derivative has also been 
described. The dissociation pressure i n gas phase of Pt^PO 
complex i s appreciable as the base-free compound sublimes when 
heated i n vacuum at 80-100°C. In contrast, the uranium t r i s -
silylamide does not y i e l d isolable complexes with Bu^C, 
ButCN, pyridine, or trimethylphosphine oxide (13). The i n 
a b i l i t y to i s o l a t e coordination complexes with a variety of 
Lewis bases i s rather surprising since uranium (III) i s larger 
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36 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

than to i t s oogenic, neodymium (III) (17). Thus, the s t e r i c 
congestion about the l i g h t e r f-metal must be greater than about 
i t s heavier derivative. However, Nd(III) i s more electro
positive (by ca. 0.5 units) than that of U(III) and the 
coordinative a f f i n i t y of uranium to a reference acid i s there
fore considerably less. 

One attempt to i s o l a t e a U(III) complex of trimethyl-
amineoxide resulted i n oxidation of [(Me3Si) 2N]3U to the 
pentavalent oxide [(Me3Si2N]3UO. The oxide could be prepared 
rather more simply from the t r i s - s i l y l a m i d e and molecular 
oxygen. The oxide i s i n v o l a t i l e and i s not soluble enough i n 
suitable solvents for a solution molecular weight determination. 
Thus, i t s degree of association i n solution i s unknown. It 
could be a coordination oligomer (IV), as suggested by i t s 
r e l a t i v e i n s o l u b i l i t y , or a discrete monomer (V). The U=0 

stretching frequency (930 cm - 1) i s similar to that found i n 
monomeric 0 2U [N (SiMe 3) 2] 2 (thf) 2 (938 cirri) (18a) . This suggests 
that the uranium-oxygen bond order i s the same in both examples 
and that [(Me 3Si) 2N] 3U0 i s a monomer (V). A weak intermolecular 
interaction which would account for the poor s o l u b i l i t y i n 
hydrocarbon solvents i n solid-state cannot be ruled out. 

Divalent Lanthanide Derivatives 

The divalent oxidation state of the lanthanide elements 
i s commonly found for europium and ytterbium, though some 
simple salts have been prepared for most of the 4f-series (12). 
Only a few molecular compounds have been described and these 
have been mainly with cyclopentadienyl and cyclooctateraene 
ligands (18b). None have been characterized by X-ray methods 
since the compounds are generally insoluble and nonvolatile an 
observation that i s consistent with a polymeric constitution. 
The compounds doubtless polymerize i n an attempt to increase 
th e i r coordination number to a maximum value while maintaining 
satisfactory metal-ligand interactions. 

Since the silylamide ligands occupy considerable volume 
about a metal atom and the low ba s i c i t y of the lone pair of 
electrons on the nitrogen atom w i l l minimize intermolecular 
association, divalent species, [(Me3Si) 2N] 2M, are l i k e l y . 
The structural and magnetic properties of these molecular 
compounds are of considerable interest. 

.0 

V 
IV 
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2. ANDERSEN 4i- and 5f-Block Metals 37 

The most useful preparative method for the europium der
ivative i s shown (7). The chloroamide of europium (III) i s 

not isolated but i s reduced i n s i t u . The 1:2 tetrahydrofuran 
complex i s yellow, paramagnetic (u B = 7.8 B.M.), and soluble 
i n toluene. The tetrahydrofuran can be displaced by pyridine 
or 1,2-dimethoxyethane giving 1:2 complexes or by bipyridine 
giving a 1:1 complex. The 1:2 complexes with monodentate 
ligands and the 1:1 complex with bipyridine are most l i k e l y 
four coordinate complexes with a distorted tetrahedral geometry. 
The complex with 1,2-dimethoxyethane, however, must be six 
coordinate. Since the l a t t e r complex c r y s t a l l i z e s as long, 
yellow needles from pentane, a c r y s t a l structure analysis was 
done (Figure II) (9b). 

The amide i s six coordinate but i t does not conform to 
any regular polytopal form since the N-Eu-N bond angle i s 135°. 
The Eu-N bond length i s 2.52 A. 

Tetravalent Actinide Derivatives 

The monochlorotris-silylamides, [(Me3Si)3N]3MCI, of the 
two most readily accessible actinide elements, thorium and 
uranium, have been prepared by reaction of three molar equiv
alents of sodium bis(trimethylsilyl)amide and the metal chlor
ide i n tetrahydrofuran. The thorium derivative i s a colorless, 
diamagnetic, pentane soluble compound which i s monomeric i n 
the gas phase (by mass spectrometry) (19, 20). The tan uranium 
analogue i s paramagnetic (y B = 2.8 B.M.) (20). 

The chloride ligand i n both derivatives can be replaced 
by a methyl group upon reaction with methyllithium i n the case 
of uranium and dimethylmagnesium i n the case of thorium (20). 
The reactions of the chloro-derivatives are summarized i n 
Scheme I. Both methyl derivatives are readily soluble i n 
pentane from which they can be c r y s t a l l i z e d . They are thermally 
stable to ca. 130°C. Heating the methyls to ca. 20°C above 
their respective melting point results, i n each case, i n elimina
tion of methane and formation of the unique metallocycle VI (21). 

2 Eu[N(SiMe 3) 2J 3 + EuCl 3 

thf -> 3 ClEu[N(SiMe 3) 2] 2 

ClEu[N(SiMe^) ] + Na Napthalene thf •> E u [ N ( S i M e 3 ) 2 ] 2 ( t h f ) 2 

SiMe 2 

M e S i 

VI 
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38 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

The diamagnetic, monomeric thorium derivative has been completely 
characterized by i t s 1H and 1 3 C nuclear magnetic resonance 
spectra. Data are shown i n Table I I . In p a r t i c u l a r the 1 3 C NMR 
spectrum, proton-coupled, shows a t r i p l e t pattern c l e a r l y due 
to s p l i t t i n g by two equivalent hydrogen atoms. The uranium 
metallocycle i s paramagnetic (yg = 2 . 7 B.M.) and we have only 
observed i t s ! H NMR spectrum. A titanium metallocycle, 
Cp 2TiN(SiMe3) (SiMe 2) ( C H 2 ) , has been previously described ( 2 2 ) . 

Some interest i s attached to the conformation of the 
metallocycle i n solution, as either conformation VII or VIII 
are possible. In the former (VII), there i s no symmetry plane 
plane containing the MCSiN-four membered ring, the methylene and 
Me 2Si protons are chemically nonequivalent. In the l a t t e r case, 
(VIII), there i s such a symmetry plane and the methylene and 
Me 2Si protons are chemically equivalent. The room temperature 
and - 8 0°C nuclear magnetic resonance spectrum i s consistent 
with VIII. However, conformation (VII) could be present i n 
solution i f the molecule were fluxional even at - 8 0°C. A single 
c r y s t a l X-ray examination, which i s i n progress, w i l l prove 
which conformation exists i n the solid-state (9b). 

H 
H \ \ C 
C 

SI \ . / M e [(Me^Si) 9N] 0M^ H ^ S i ^ [ (Me^Si) 0N] 0M .. Si 3 2 2 V - \ 

Me 

• • y ^ M e \ y M e 

Me 3Si / f 
Me 3Si 

VII 
VIII 

The high thermal s t a b i l i t y of the metal-carbon bond i n 
the actinide methyl derivatives suggests that a series of a l k y l 
derivatives can be made. This does not prove to be the case. 
Reaction of C1M[N(SiMe3)2]3, where M i s thorium or uranium, 
with either ethyllithium or trimethylsilylmethyllithium at room 
temperature i n diethyl ether yields the metallocycle (VI) and 
ethane or tetramethylsilane. A mechanism for this transforma
tion, which involves a y-proton abstraction, i s shown below. 
The y-abstraction process from trimethylsilylmethyl ( 2 3 ) or 
neopentyl (24) groups i s known. The proposed pathway goes by 
way of the y l i d e (IX). The y l i d e could be either a t r a n s i t i o n 
state or an intermediate depending upon whether the reaction 
i s concerted or not. A curious facet of the abstraction re
action i s that the methyl and hydride derivatives can be 
isolated and converted into the metallocycle by heating, whereas 
attempts to prepare alkyls with larger organic groups gives the 
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2. ANDERSEN 4i- and Si-Block Metals 39 

Table II 
Nuclear Magnetic Resonance Data 

[(Me 3Si) 2N]2ThN(SiMe3)SiMe 2CH2 XH NMR (6) 1 3 C NMR (6) 
(Me 3Si) 2N 0.37 3.46 q J=117 Hz 
Me 3SiN 0.38 4.52 q J=117 Hz 
Me 2SiN 0.56 5.55 q J=118 Hz 
CH 2 0.46 68.8 t J=120 Hz 

[(Me 3Si) 2N] 3ThMe 
(Me 3Si) 2N 0.57 4.17 
Me 0.85 73.6 

[(Me 3Si) 2N] 2UN(SiMe 3)SiMe 2CH 2 

(Me 3Si) 2N -23.3 
Me 3SiN -9.90 
Me 2SiN +2.08 
CH 2 -128.6 

[(Me 3Si) 2N] 3UMe 
(Me 3Si) 2N -1.49 
Me -224 

Figure 2. Molecular structure of Eu-
[N(SiMe3)2]2[MeOCH2CH2OMe]2: N = 

N(SiMe3)2; O = MeOCH2CH2OMe. 
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40 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

[ (Me 3Si) 2N] 2M 
- R H 

' N Si' 
Me 0Si Me Me^Si Me 

[ (Me 3Si) 2N] 2M 

metallocycle straightaway. This i s most reasonably ascribed to 
a s t e r i c e f f e c t . In hypothetical [(Me3Si) 2N]3MCH 2SiMe 3 the 
s t e r i c congestion about the metal atom i s too great and the 
molecule relieves i t s e l f of the congestion by elimination of 
te trame thy1s ilane. 

The chloro-tris(silylamido) derivatives also react with 
lithium borohydride giving [(Me3Si)2N]3MBH4. The infrared 
spectra and a c r y s t a l structure analysis of the thorium deriv
ative shows that the borohydride group i s tridentate, that i s 
the metal atoms are six coordinate as they are bonded to three 
nitrogen atoms and three hydrogen atoms. The 1H nuclear magnetic 
resonance spectrum of the diamagnetic thorium and paramagnetic 
uranium derivative indicate that they are f l u x i o n a l , a 1:1:1:1 
quartet being observed even at -80°C (20). 

In an attempt to prepare a tetrasilylamide we allowed 
[(Me3Si)2N]3MCI to react with an equivalent of sodium b i s ( t r i 
methylsilyl) amide i n refluxing tetrahydrofuran (25) . In each 
case, Th or U, we isolated the unique hydride, [(Me 3Si) 2N]3MH. 
The colorless, diamagnetic thorium hydride (m.p. 145-147°C) 
shows an ThH absorption i n the infrared spectrum at 1480 cm~^ 
which s h i f t s to 1060 cm~l i n the deuteride. The paramagnetic 
(u B = 2.6 B.M.), brown-yellow uranium hydride (m.p. 97-98°C) 
shows a similar pattern, vUH = 1430 cm""1 and vUD = 1020 cm"1. 
The proton nuclear magnetic resonance spectrum of the thorium 
hydride shows a resonance at 6 0.90 due to the hydride. The 
source of the hydride has been shown to be one of the hydrogen 
atoms of tetrahydrofuran since conducting the reaction i n 
perdeuterotetrahydrofuran yields the monodeuteride. Tetra
hydrofuran i s essential since b o i l i n g C1M[N(SiMe 3) 2]3 with 
NaN(SiMe 3) 2 i n benzene, toluene, isooctane, or diethyl ether 
results i n i s o l a t i o n of unreacted C1M[N(SiMe3)2]3. 

The chemical nature of the hydride i s c l e a r l y demonstrated 
by some of i t s reactions shown i n Scheme II. In p a r t i c u l a r 
the hydrogen-atom abstraction with the strong base n-BuLi i s 
noteworthy. We have not been able, as yet, to i s o l a t e the 
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2. ANDERSEN 4t- and 5i-Block Metals 41 

[(Me 3Si) 2N] 3MMe 
CH 

1 5 ° - 1 7 0 ° C > [ ( M e 3 S i ) 2 N ] 2 M ^ N i M » 2 

N 
Me 3Si 

MeLi(M=U) 
h Me2Mg(M=Th) 

RLi(M=U) 
H R2Mg(M=Th) 
R=Et, Me 3SiCH 2 

[(Me 3Si) 2N] 3MCl 
M=Th or U 

LiBH NaN(SiMe 3) 2 

thf ,A 

[ (Me.Si) JSI] M H BH <r 
3 2 3 ^ / 

BH 3-thf 
[(Me 3Si) 2N] 3MH 

Scheme I 

2)MeBr 

[(Me 3Si) 2N] 3MMe 

t(Me 3Si) 2N] 3MH 

2)CF 3C0 2H 
l ) B u n L i 
2)CF 3C0 2D 

[(Me 3Si) 2N] 3MD 

CC1, 

[(Me 3Si) 2N] 3MCL 
CHC10 

Scheme II 
lithium-containing species. The hydridic nature i s further 
i l l u s t r a t e d by i t s reaction with borane i n tetrahydrofuran 
giving the borohydride (Scheme I ) . In effect, the actinide 
hydrides act as a soluble source of sodium hydride. This i s 
not unexpected since the actinide elements are quite electro
p o s i t i v e . 

Possibly the most fascinating reaction of the hydrides 
so far discovered i s their f a c i l e exchange of a l l f i f t y - f i v e 
hydrogen atoms with deuterium under one atmosphere of deuterium 
pressure at room temperature i n pentane (21). The conversion 
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42 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

[(Me 3Si) 2N] 3MH + D 2 > DM{N[Si (CD3)3] 2> 3 

i s 92-97% complete. Neither the methyl, chloro, borohydride 
derivatives nor the uranium (III) derivative, [(Me 3Si) 2N] 3U, 
undergo exchange with deuterium under similar conditions. 

The mechanism of this unique H-D exchange i s of consider
able importance. The usual mechanism proposed for H-D exchange 
i n d-block t r a n s i t i o n metals involves a series of reductive-
elimination, oxidative-addition cycles. The prerequisite i n 
this type of process i s the a b i l i t y of the metal atom to shuttle 
between two readily available oxidation states. This type of 
mechanism could be invoked to explain the exchange reaction i n 
the uranium hydride since uranium (VI) i s a well-known oxidation 
state. The observation that the thorium hydride also undergoes 
exchange at a comparable rate shows that such a process i s not 
viable as thorium (VI) i s unknown. Scheme III outlines an 

D —3— D 

[ (Me 3Si) 2N] 3M H > [ (Me 3Si) N] 3MD + HD 

D H 
( \ 

[ (Me_Si) 0N] 0M ^ C H 
3 2 2 \ / 2 

N — Si 
Me 3Si Me2 

[(Me 3Si) 2N] 2M+^ 
• s i / 

-CH0 

Me 3Si Me2 

[(Me 3Si) 2N] 2M 
\ N S i 

D 
I 
CH <r-

Me 3Si Me2 

[(Me 3Si) 2N] 2M+ C ^ C H ~ 
\ N S i 
Me 3Si Me2 

Scheme III 

alternative mechanism. The f i r s t step i s hydride for deuteride 
exchange by way of a four-center t r a n s i t i o n state, so common i n 
early p- and d-block chemistry (26, 27). Elimination of HD to 
form the y l i d e or i t s valence tautomer, the fully-developed 
metallocycle, then occurs. The y l i d e reacts or the metallocycle 
opens i n the presence of deuterium y i e l d i n g the d i - deutero-
compound which then reenters the cycle. The c y c l i c pathway i s 
followed u n t i l a l l of the hydrogen atoms are exchanged by 
deuterium. The key to the mechanistic scheme i s formation and 
opening of the metallocycle. Isolation of the metallocycle and 
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2. ANDERSEN 4i- and 5i-Block Metals 43 

reaction of i t with deuterium to yield the perdeutoro-derivative 
strongly implies that the mechanistic scheme is essentially cor
rect. The observation that the hydrides, [(Me3Si)2N]3MH, 
extrude hydrogen and form the metallocycle is added support for 
the essential validity of the proposed mechanism. Hydrocarbon 
activation of a related type has been shown for zirconium (28), 
thorium or uranium (29). 
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Organic Derivatives of the ƒ-Block Elements: A Quest 
for ƒ-Orbital Participation and Future Perspective 

TAKESHI MIYAMOTO (1) and MINORU TSUTSUI 

Department of Chemistry, Texas A&M University, College Station, TX 77843 

Summary 

The long-term quest for f-orbital participation in bonding 
is described along with progress in organometallic chemistry of 
f-block elements. A wide variety of sigma-bonded organolanth-
anide compounds have been synthesized with the expectation of the 
f-orbital participation in metal-carbon bonding. To our dis
appointment, visible spectra, magnetic properties and x-ray 
analyses did not show any definite evidence of f-orbital parti
cipation in bonding. However, recent ESCA studies have revealed 
unique electronic structures of a series of f-block phthalo-
cyanine and porphyrin complexes in which f-orbitals play an im
portant role in the core ionization process. 

Plets' first attempt to prepare organolanthanide compounds 
marked the dawn of a new area of chemistry (2). Since then, a 
wide variety of complexes of f-block elements have been synthe
sized and their structures have been satisfactorily explained in 
terms of "steric congestion" of ligands around f-metal ions 
(3,4,5,6). However, the question of whether the 4f valence 
orbitals participate in bonding has not as yet been answered. 
The purpose of this article is to review the recent progress in 
some of the f-element chemistry which is related to the possible 
f-orbital participation in bonding. Tsutsui and co-workers have 
continued to explore a series of σ-bonded organic derivaties of 
4f-elements in order to search for possible participation of 4f-
orbitals in the bonding (7,8). Below their expectation, x-ray 
analyses, the visible spectra and magnetic susceptibilities have 
not shown any evidence of f-orbital participation, until a few 
years ago. However, they have recently found unique electronic 
structures of known lanthanide complexes by ESCA, which yields 

0-8412-0568-X/80/47-131-045$05.00/0 
© 1980 American Chemical Society 
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evidence for f-orbital p a r t i c i p a t i o n i n the bonding. This arti
cle deals with the current developments of their studies on this 
subject i n addition to their past e f f o r t s . 

H i s t o r i c a l Background 

The f i r s t TT-bonded organometallic compounds of the f-block 
elements were prepared by Wilkinson e t . a l . (Ln(C H.)., Ln=La, Ce, 
Pr, Nd, Sm. Gd, Dy, Er, or Yb, and U(C H ^ C l ) i n mid-1950 (9,10). 
The pentahapto coordination of the cyclopentadienyl ring i n 
U(C 5H 5) 3C1 (11) was shown by x-ray analysis. The U(C H ^ C l 
complex i s different from L^C^H,.)^ with respect to the reaction 
with F e C l 2 . The L n ( C X ) complex reacted readily with F e C l 2 to 
give ferrocene while the 'd(C^R^) CI complex did not y i e l d <. 
ferrocene. This result might indicate more covalency i n n -
cyclopentadienyl-uranium bonding. A wide variety of Lewis bases 
also form adducts Ln(C<-H,_)^B, with the Ln(C,-H,_)3 complexes, where 
B i s ammonia, THF, triphenylphosphine or isocyanide (12). The 
infrared study of Ln(C,.H,-)3 cyclohexylisocyanide complexes shows 
thaj C=N stretching frequencies of the complexes are 60 to 70 
cm higher i n energy than that of the free ligand. This result 
suggests that the lanthanide ions act predominantly as a-accept
ors and metal to ligand ir back-donation i s very small. The f i r s t 
tetrakiscyclopentadienylactinides, An(Cj.H,_)^, (An=Th or U) were 
prepared by Fischer and co-workers. Many organolanthanides and 
organoactinides have been synthesized. These include Ln(C_H_)«X, 
Ln(C H )C1 • 3THF (Ln-Sm, Gd, Dy, Ho, Eu, Er or Yb. X=C1, I, 
OCH OCH HCOO CH COO or C^H COO (13,14) and An (C H ) (An = 
Pu or Am)*(15,16). J b * * D J 

In spite of these synthetic e f f o r t s , the organometallic 
chemistry of f-block elements was nearly ignored i n comparison 
with chemistry of d-transition metals u n t i l the preparation of 
bis(cyclooctatetraene) uranium i n 1968 (17). From studies of 
uranocene and i t s derivatives Streitwieser claimed that the f -
electrons of uranium were involved i n a covalent bonding between 
uranium and cyclotetraenyl rings. Following the preparation of 
uranocene, the cyclooctatetraene derivatives of lanthanides 
Ln(COT), Ln=Eu, Yb; K[Ln(C0T) ], Ln=La, Ce, Pr, Nd, Sm. Gd, or 
Tb; Ln(C0T)Cl*2THF, Ln=Ce Pr, Nd, Sm; Ln 2(C0T) * 2THF, Ln-La, Ce, 
Nd or Er, Ce(C0T) 2 (18,19,20,21) and trisin d e n y l lanthanides {Ln 
(Ind) 3, Ln=La, Sm. Gd, Tb, Dy or Yb} (22) have been synthesized 
and characterized. 

Another step i n answering the question regarding the mode of 
bonding i n f-block complexes i s to synthesize a series of organo 
a-bonded derivatives. Tsutsui and Gysling examined the NMR 
spectrum of (Ind) 3La"THF (THF, tetrahydrofuran) (23) and observed 
an A 2X pattern for the protons of the five-membered ring of the 
indenyl group. A similar pattern was observed for the TT-bonded 
(Ind) 2Fe, (Ind)Fe(Cp), and (Ind) 2Ru complexes. However, exami
nation of the NMR spectrum of (IndKSm-THF revealed an ABX pattern 
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3. MIYAMOTO AND T s u T s u i Derivatives of the ί-Block Elements 47 

for the analogous protons. The ABX pattern i s similar to that 
for the σ-bonded CpFe(CO) (1-indenyl) complex. Therefore, the 
authors (23) postulated that the indenyl groups of (Ind^Sm'THF 
were σ-bonded to the Sm(III) ion. If this claim could be sub
stantiated by an X-ray examination, the (Ind) ̂ Snr THF derivative 
might be the f i r s t lanthanide derived with three σ- metal-carbon 
bonds. The lanthanide contraction and the increased "hardness" 
of Sm(III) r e l a t i v e to La(III) were suggested as possible reasons 
for the different binding modes. 

SmCl 3+l. 5Mg (Ind) 2 Ξ> Sm(Ind) 3 + l . 5MgCl 2 

benzene 

Although the structure of the monotetrahydrofuran complex i s 
unknown at this time, Atwood e t . a l . reported the preparation 
(Eq> 1) and the c r y s t a l and molecular structure of (Ind^Sm 
(Figure 1) (24). They found that the five-membered rings have an 
approximate trigonal configuration about the samarium atom, and 
that the distances between Sm and a l l the carbon atoms of the 
five-membered rings show no s i g n i f i c a n t differences. Therefore, 
no evidence for enhanced covalent bonding to the particular car
bon position i s found. Unfortunately, no comparison between 
(Ind)^Sm prepared i n benzene and that resulting from the removal 
of THF i n vacuo from (Ind^Sm'THF has yet been made. The f i r s t 
well-characterized complexes containing a lanthanide-carbon 
σ-bonding were the tetraaryl anions {Li Ln(C^H^). } ]. Sub
sequently an analogous c r y s t a l l i n e lutetium complex, tetrakis 
(tetrhydrofuran) lithium tetrakis (2,6-dimethylphenyl) l u t e t i a t e 
(25) was reported. The structure of the anion i s shown i n Figure 
2. It was observed from the structure that the metal i s surround
ed by a tetrahedral array of ligands, making this the f i r s t known 
example of a four-coordinate lanthanide complex. The mean Lu-C Q 

bô nd distance of 2.45A i s approximately 0.2A shorter than the mean 
η metal-carbon distance calculated for the Lu(n -C^H.) bonds. 
The analogous ytterbium complex was also prepared ana round to be 
is o s t r u c t u r a l . However, attempts to prepare σ-bonded derivatives 
of the larger lanthanides were unsuccessful. 

Three different research groups independently reported the 
f i r s t successful synthesis of the σ-bonded compound, U(C^H^)3R, 
where R may be an a l k y l or an alkynyl group (26,27,28). The 
isolated compounds are very thermally stable and the c r y s t a l 
structure of UCp^ (C=C Ph) was determined by Atwood, Tsutsui and 
co-workers (Figure 3) (29). 

The U-C σ bond distance of 2.33 (2) 8 i s at least 0.3 A 
shorter .than the mean uranium-(n -C..H,-) distance (2.688). The 
shortening can be attributed to the σ-bonded nature of the 
phenylacetylide group, supporting evidence for which was reported 
by Atwood when he determined the U-Cσ bond distance i n (C-H-)^ 
U-C=CH to be 2.368 (30). Unfortunately, crystallographic d i f f i 
c u l t i e s limited the accuracy of the observed U-C σ bond distance 
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48 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Figure 3. Structure of tris(cyclopenta-
dienyl)phenylethynyluranium(IV ) 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

3



3. MIYAMOTO AND TSUTSUI Derivatives of the i-Block Elements 49 

i n the acetylide derivative to +0.03 X, thus precluding any de
f i n i t i v e comparison among the structures of the a-bonded organo-
uraniums. 

NMR spectra of the organouranium complexes U(Cch\-)3R have 
been examined by Tsutsui et a l . (23,26) and Marks et a l . (27). 
The most outstanding characteristic i s that the signals for the 
protons of the R moieties have large chemical s h i f t s . In a l l 
cases, the Cp protons appear as a sharp singlet between 9 and 12 
ppm upfield from benzene. The isotropic chemical s h i f t s for 
these compounds have been separated into contact and pseudo-con
tact effects. The contact s h i f t r e f l e c t s the nature of the un
paired spin density (5f electrons for uranium) through the ligand 
system and can be related to covalency and bonding. The chemical 
s h i f t s of the Cp^U-R complexes contain large contact c o n t r i 
butions. This large contact contribution can be explained by a 
d e r e a l i z a t i o n mechanism which transfers the ligand electron 
density into empty orb i t a l s on the metal, and such a contact 
s h i f t i s therefore indicative of a covalent interaction between the 
metal and the ligand. This mechanism i s the same as that proposed 
by Streitwieser for the uranocenes (31). 

Raymond et a l . reported the synthesis and structural analysis 
of an unusual actinide a l l y l complex, C p ^ f C H ^ C R ^ K ] (32) . 
The most important feature of the structure i s that the 2-methyl-
a l l y l group js a and not TTbonded to the uranium atom. At f i r s t 
glance the n -coordination of the a l l y l group i s surprising, 
since in,.the analogous Cp^U complex a l l four Cp rings are bonded 
in the n - fashion (33). F i n a l l y , a series of Cp^Th-R complexes 
have been synthesized i n a manner analogous to the Cp^U-R com
pounds (34). As expected, the properties of Cp^Th-R complexes 
are similar to the analogous uranium derivatives (thorium (IV) i s 
diamagnetic). 

Tsutsui and co-workers have been successful i n synthesizing 
the following unusual bimetallic complexes, Cp«U-fer(Ferrocene) I 
and (Cp 3U^-fer I I . 

< $ > - u c p 3 

Fe 

2Cp3UCI + I, I1 L i 2 f c • T M E D — - Fe 

(TMED - tetramethylenediamine) 

T H F 
Cp,UCI + L i f e 

( fe s f e r r o c e n e ) 
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50 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

These complexes have a number of interesting properties. 
One of the decomposition products i f I and II i s ferrocene. This 
i s viewed as further evidence that these Cp^U-R complexes decom
pose by the intramolecular proton abstraction mechanism as seen 
in the "monomer" organoactinide (27, 36). The mass spectrum of I 
reveals that a cyclopentadienyl ring i s lost f i r s t (presumably 
from Cp^U) i n preference to cleavage of the U-C a bond. 

The NMR data for I are aljso i n accord with the above form
ulation. The protons of the n "Cp^U 8 r o u P appear as sharp singlet 
at 6-2.33. The f i v e protons of the unsubstituted cyclopentadienyl 
ligand on ferrocene appear as a sharp singlet at 6-1.64, a s h i f t 
of over 5.7 ppm from free ferrocene. The signals for the four 
protons on the substituted ring which came much further upfield 
were found but could not be located exactly, coming roughly at 6 
-13 and -30 furthest upfield signal i s assigned to the two 
protons. 

The NMR spectra of the bimetallic complex II would be very 
interesting to study for comparative purposes; however, this com
pound has such poor s o l u b i l i t y in common organic solvents (e.g., 
THF) that no spectra have as yet been obtained. 

The compounds were synthesized with the expectation that 
magnetic coupling v i a the organometallic bridge might be observed 
for the unpaired 5f electrons. 

Magnetic s u s c e p t i b i l i t y studies of these complexes have 
shown some interesting and anomalous resu l t s . The complexes con
tinue to display temperature-dependent paramagnetism below 100 K. 
This i s i n sharp contrast to Cp-UCl and Cp^U, as well as other 
Cp U-R complexes whose paramagnetism i s independent of temperature 
below 100°K. 

The values of u for these complexes decreased markedly 
with decreasing temperature i n the range studied. This behavior 
i s i n contrast to other uranium organometallic compounds. The 
reasons for this unusual behavior has not as yet been elucidated. 
A possible explanation involves spin-spin interactions of the 
metals or electron coupling through the ligand. 

Tsutsui and Ely have extended the general method for pre
paring a-bonded actinide complexes to the synthesis of compounds 
containing lanthanide-carbon a-bonds (37,38,39). Using the re
action shown i n eq.3, they synthesized a number of a l k y l , a r y l , 
and alkynyl derivatives. The metals chosen vary from Gd to Yb. 
Like their uranium analogs, they are oxygen and moisture sensi
t i v e , but they are surprisingly thermally stable. 

Sm, Gd, E r , Yb 
CH3> -C=C - ® , - ® > a l l y l 

2 NaCp + L n C l 3
 T H F > Cp 2Ln CI 

Cp = h 5 - C 5H 5 Ln = Sm - Lu 

Cp 2 LnCl + RLi ™ ^ > Cp 2 Ln R Ln = 
R = 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

3



3. MIYAMOTO AND TSUTSUI Derivatives of the {-Block Elements 51 

By a similar procedure, Ely and Tsutsui synthesized and char
acterized a monocyclopentadienyl bisphenylacetylide complex (40). 
V i s i b l e spectra of a l l the Cp^Ln-R complexes (except the Yb ones, 
which were not studied) show a charge-transfer band which i s 

(Tl 5-C 5H 5)HoCl 2-3THF + 2LiC=CC 6H 5 — > (n 5-C 5H 5)Ho ( C S C C ^ ) 2 

(4) 
+ 2LiCl 
absent i n the starting Cp LnCl complex. This band s h i f t s to 
lower energy as the reducing strength of the R moiety i s increas
ed, an effect consistent with i t s formulation as ligand to metal 
charge transfer (41). Also, i n the complexes Cp?Ho(C=CPh) and 
CpHo(C=CPh)2, the charge-transfer band i s shifted to lower energy 
in the spectrum of the complex with two R moieties, indicating 
that the charge transfer involves ligand to metal interactions. 

A number of the spectra displayed hypersensitive (42,43) 
transitions for some of the bands observed (39). Although hyper
s e n s i t i v i t y has been related to either increased interaction, the 
polarizabilj'tyof ligand or symmetry changes around the metal ion, 
the symmetry might remain ess e n t i a l l y the same on going from the 
Cp 2LnCl complex to the Cp2Ln-R complex. Therefore, the appear
ance of hypersensitivity i n the spectra of some of the Cp~Ln-R 
complexes may r e f l e c t enhanced interaction between metal tLn) and 
ligand (R), or increased p o l a r i z a b i l i t y of ligand (R). 

Magnetic s u s c e p t i b i l i t y studies of these complexes were per
formed, and the values of u e £ f were found to decrease on lowering 
temperature, unlike the magnetically more well behaved chloride 
analogues Cp 2LnCl. 

The temperature dependence of u e f f i n the Cp2Ln-R complexes 
appears to arise from the difference of s i t e symmetry and the 
strength^of the c r y s t a l f i e l d interactions. 

Ann (a) carbanion such as CH^- has i t s electron density con
centrated on one carbon atom where i t could be more readily 
available for some type of lo c a l i z e d interaction with the metal 
and thus may lead to the unusual o p t i c a l and magnetic effects. 

Structural studies by Baker, Brown, and Raymond (42) have 
shown the dimeric nature of lanthanide dicyclopentadienyl halides. 
They reported that the molecular structure of [Y^(C^H^CH^)oCl] 2 

consists of two ytterbium atoms, each with two n -bound methyl-
cyclopentadienyl rings, which are nearly symmetrically bridged by 
the two chlorine atoms. The c r y s t a l structure of Yb(C^H^)2Me was 
reported by Halton et a l . (43). The complex actually has a 
dimeric structure, Cp2YbMe2YbCp2, remarkably similar to Me2ALMe2 

AlMe 2« The overall molecular geometry i s i d e n t i c a l with that or 
the chloride analogue Yb(C 5H^CH 3) 2C1. 

In an e f f o r t to prepare a a-bonded a l l y l derivative analogous 
to Cp 3UC 3H 5, Tsutsui and Ely (38) prepared CpJLnC^(Ln=Sm,Er,Ho) 
by reacting Cp ?LnCl with allylmagnesium bromide i n THF-ether 
solution at -7o°C. Characterization of these new a l l y l d e r i -
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52 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

vatives revealed t h j formation of an n -al l y l - l a t h a n i d e bond i n 
preference to the n - a l l y l bond observed in the analogous a c t i 
nide derivatives. 

The size of the coordination s i t e available i s an important 
factor which governs the molecular geometry. One example i s that 
sigma-bonded a l k y l derivates of the type (Cp^LnR) have been 
synthesized for only the la t e lanthanides elements. Those of 
early lanthanides series; La, Ce, Pr and Nd have conspicously 
been absent due to their low thermal s t a b i l i t y . The difference 
between the late and the early lanthanides may be a feature of 
the lanthanide contraction, and coordination saturation may be 
the key factor i n controlling the s t a b i l i t y and/or reaction 
pattern of the organolanthanindes. John and Tsutsui recently 
have prepared the stable a -bonded organometallic compounds of the 
early lanthanides, using trimethylene bridged biscyclopentadienyl 
ligand (eq.5) (44) ,which i s much more s t e r i c a l l y bulky than the 
Cp ligand. 

Ln = La, Ce 

R = - ® , -C=C - ® 

V i s i b l e spectra of the Ln[Cp(CR^)^Cp]C=CPh complexes show a 
charge transfer band which i s absent in the starting LnCpteH^)^ 
CpCl, again indicating that the charge transfer can be a t t r i b u t 
able to ligand to metal interactions or the p o l a r i z a b i l i t y of 
C=CPh group. 

During syntheses and characterization of organolanthanum com
pounds, the data of magnetic properties, o p t i c a l spectra and x-ray 
analyses have been ineffective to claim the existence of f - o r b i t a l 
participation i n bonding. The ionic model version s a t i s f a c t o r i l y 
explains these data. Accordintly, i t i s believed for the lantha
nide compound, that the 4f or b i t a l s did not extend far enough spat
i a l l y to enter into covalent bonding or to be s p l i t by ligand 
f i e l d s to any great extent. In the actinides, the 5f or b i t a l s are 
much less shielded than the 4f or b i t a l s and the binding energies 
are lower than the lanthanides. These factors have been a t t r i 
buted to an increase i n covalent bonding for the actinides. 
Indeed, Raymond and co-workers have presented extensive correla
tions of the crystallographic data on the organolanthanide and 
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3. MIYAMOTO AND TSUTSUI Derivatives of the {-Block Elements 53 

organoactinide complexes on the basis of an ionic model (7,8). 
They concluded that there might be some appreciable f - o r b i t a l con
tribution to the bonding i n the early actinide (IV) complexes, but 
there i s essentially none i n the actinide(III) or lanthanide (III) 
complexes. 

f-Orbital Participation 

For the lanthanide complexes, even i f the amount of covalent 
interaction i s very small, we might have a chance to get the e v i 
dence of f - o r b i t a l p a r t i c i p a t i o n in bonding (Figure 4). 
Recently, Tsutsui and co-workers have shown some interesting r e 
sults from ESCA studies on a series of Ln(OH) 3 (Ln-La, Ce, Pr, Nd, 
Sm, Eu, Gd), H[LnPc 2], Pc=phthalocyanine and AnPc ? (45,46). From 
an investigation of s a t e l l i t e structures of Ln3d5/2 and An4d5/2 
peak (Figure 5), a puzzling question arose as to the shake-up 
s a t e l l i t e of ligand f - o r b i t a l s charge-transfer type. 2 The ligand 
4-f shgke-up s a t e l l i t e was not observed i n Pr(III) (f ) and Nd 
(II)(f ) complexes which have s u f f i c i e n t vacant f - o r b i t a l s to 
receive electrons from ligands, whereas La(III)(f°) complex has 
a propensity to show the s a t e l l i t e s . (Figure 5) The analysis of 
the date shows that f - o r b i t a l s (both half-occupied and vacant) 
play an important role i n the core-ionization process to give the 
sharp v a r i a t i o n i n intensity to the s a t e l l i t e s . 

The above result may not relate d i r e c t l y to the f - o r b i t a l 
p a r t i c i p a t i o n i n reactions of f-elements, but i s indicative of 
important role of f - o r b i t a l s (or f-electrons) for bonding s i g n i 
ficance. 

ESCA studies are also eff e c t i v e for the elucidation of struc
ture. The N Is spectrum of Pc^NdH (Figure 6) shows a sharp single 
peak (Figure 7), while that ox a phthalocyanine free base has two 
types of peak based on aza nitrogen atoms and pyrrole nitrogen atoms* 
The date implies that eight central nitrogen atoms are 
chemically equivalent to each other, and thereby the acidic hydro
gen does not bind strongly to any of nitrogen atoms i n the complex 
(47). 

The nitrogen Is spectra have been also investigated for a 
series of octaethylporphyrin and tetraphenylporphine complexes 
of lanthanides Ln(DEP) (OH) and Ln (TPP)(acac) [Ln=Sm,Gd,Er and 
Yb; acac = acetylacetove] (48). The p r o f i l e of N Is spectrum for 
each lanthanide porphyrin showed that the four nitrogen atoms were 
equivalent i n the complex. No s i g n i f i c a n t change was detected 
between the N Is binding energies of the lanthanide porphyrins. A 
good correlation between N Is l i n e width (FWHM) and a number of 
unpaired electrons in the complex was found. This result implies 
the presence of unpaired valance electrons on the nitrogen atoms, 
which are induced through an interaction between nitrogen valence 
o r b i t a l s and half-occupied 4f o r b i t a l s of lanthanides. Although 
the ESCA results c l e a r l y demonstrate the evidence for covalency 
including f - o r b i t a l p a r t i c i p a t i o n , at the present stage, i t i s 
d i f f i c u l t to estimate their extents. 
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LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Figure 5. Photoelectron spectra of the Ln3d5/2 and An4d.J/2 levels of H[LnPc2]-
(Ln = La, Ce, Pr, and Nd) and AnPc2 (An = Th and U). Deconvolution of the 

satellite structure is given by the dotted line. 
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3. MIYAMOTO AND TSUTSUI Derivatives of the {-Block Elements 55 

Journal of the American Chemical Society 

Figure 6. Structure of [Pc2Nd(ni)]-H+ (47) 

400 395 
Binding Energy (ev) 

Figure 7. N Is signals of Pc2NdH 
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Future Perspective 

Up to the present time, studies on organo-lanthanide com
plexes have f a l l e n almost exclusively under the category of t r i -
valent-lanthanide chemistry. When the oxidation state of organo-
lanthanides i s reduced to 0, 1, or 2, the size of coordination 
sphere and f - o r b i t a l p a r t i c i p a t i o n i n bonding would be altered. 
Due to these effects, low-valent organo-lanthanides w i l l show an 
increased variety i n their reaction facets and c a t a l y t i c a c t i v i 
t i e s . 

In spite of this potential for unusual chemistry, i n v e s t i 
gations of the reductive lanthanide chemistry has just been 
started by one group (49). Co-condensation of 1,3-butadiene with 
lanthanides (Er, Nd, Sm or La) gave a variety of new organolanth-
anides; Er(1,3-butadiene) , Er(2,3-dimethyl-l,3butadiene) 2, Nd (1, 
3butadiene)^, Sm(l,3-butadiene)^. The o p t i c a l spectra of these 
complexes do not contain the usual sharp absorption bands char
a c t e r i s t i c of tri v a l e n t lanthandies. The room temperature mag
netic s u s c e p t i b i l i t i e s of these compounds are somewhat different 
from s u s c e p t i b i l i t i e s previously measured for triva l e n t lanthanide 
species. The most s t r i k i n g differences were observed for Sm(C^H^)3 

and La[ (CH^^C^H^^ where the l a t t e r compound was the f i r s t re
ported paramagnetic organo-lathanum complex. 

A variety of the metal-metal bonded complexes or clusters 
also provide a foothold for the studies of f - o r b i t a l p a r t i c i 
pation. Examples of such organo-lanthanide complexes include 
cyclopentadienyl lanthanides with lanthanide-to-transition metal 
bonding C (n -C H ) LnW (n -C H ) (CO) (n -C H ) LnMo(n H ) 
(CO) (n -C H ? £nFe(n -C H )XC0) , ( n-C H )^ £n6o(CO) 4, Ln = 
Dy, No, Er, Yb^ \39); biscyclopentadienyl erbium-triphenylgermane, 
-triphenylstannane and biscyclopentadienyl yetterbium-triphenyl-
stannane (50, 51). 

While substantial progress has been made i n elucidating the 
nature of the f-electron pa r t i c i p a t i o n i n bonding, a number of 
problems remain. F i r s t , the question of whether 4f valence 
o r b i t a l s participate in bonding i n the ground state has not yet 
been answered. More d e f i n i t i v e data are needed to resolve the 
question. A thorough examination of the spectroscopic data of a 
series of lanthanide complexes, together with a well q u a l i f i e d 
M.O. approach, might provide the necessary insight by which the 
question of f - o r b i t a l p a r t i c i p a t i o n i n bonding might ultimately 
be resolved. 

We are grateful for support by the Robert A. Welch Foundation 
(Grant No. A420) for the preparation of this a r t i c l e . 
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4 

Synthesis and Spectroscopy of Novel Mixed-Ligand 
Organolanthanide Complexes 

R. DIETER FISCHER and GUDRUN BIELANG 
Institut für Anorganische und Angewandte Chemie der Universität Hamburg, 
D-2000 Hamburg 13, Germany 

In the past few years, considerable development has taken 
place in the field of f-element organometallics ( 1 , 2, 3), highly 
representative examples c i t e d being usually complexes i n v o l v i n g 
one singular ligand ("homoleptic" organometallics), e.g. 
(C 5H 5) nfM with n = 2-4, [(C 8H 8)2fM]q (q = 0 or -1), 
[Li(tmed)] 3[Ln(CH3)6] (4) and [(CH3)2P(CH2)2]3

fM (5). Although 
extensive studies of such compounds undoubtedly have t h e i r merits 
apart from purely aesthetic aspects, it is almost e x c l u s i v e l y the 
much wider field of mixed-ligand systems that provides valuable 
information wherever chemistry with f-organometallics is con
cerned. Thus it is well-documented that various organouranium 
compounds can catalyze the s t e r e o s p e c i f i c formation of cis-1,4-
polybutadienes from 1 ,3-butadiene (6) in which homogeneous pro
cess complexes with organic ligands are highly superior to classi
cal oxides or halides. Although well-defined organo-uranium com
plexes such as (C5H5)3UX and ( C 3 H 5 )4U/Lewis a c i d , r e s p e c t i v e l y , 
have been reported to be most efficient, the (unknown) catalyti-
cally active species will undoubtedly be a mixed-ligand system 
in v o l v i n g the substrate as well as a co-catalyst and/or the sol
vent. 

We can v i s u a l i s e the c a p a b i l i t y of suit a b l e lanthanide (Ln) 
compounds (J_, 6 ) , e.g. as homogeneous ca t a l y s t s with respect to 
o l e f i n s , by invoking s i m i l a r intermediates. Although the series 
of reportedly c a t a l y t i c a l l y active Ln-complexes spans from the 
pure t r i h a l i d e v i a tris(B-diketonato)complexes to the organo
m e t a l l i c t r i s ( c y c l o p e n t a d i e n y l ) and tetra(allyl)complexes ( 8 ) , 
r e s p e c t i v e l y , no r e a l l y optimal combination of ligands on a Ln-
element has been found so f a r . Promising aspects are, however, 
based on some evidence f or "reaction s t e e r i n g " i n that e i t h e r 
c i s - or trans-polybutadienes can be obtained from 1 , 3-dienes, 
and e i t h e r polymers or metathesis products from monoolefins, 
respectively (Table I ) . 

0-8412-0568-X/80/47-131-059$05.25/0 
© 1980 American Chemical Society 
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60 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Table I. Catalytic A c t i v i t y of Lanthanide Compounds towards 
Unsaturated Hydrocarbons (according to References 
I> 1, 7, 8) 

Starting "Catalyst" Substrate Product(s) 

SmCl 3/AlEtCl 2 monoolefin olefin-metathesis 
L n C l 3 / A l E t 3 f? saturated polymers 
Ce-octanoate/AlR 3 tt cis-1,4-polymers 
Ln(diket) 3/A1R 3 ii 
(C 5H 5) 3Sm 1,3-diene trans-1,4-polymer 
L n C l 3 / S n ( a l l y l ) h / 4 L i R it I I 

L i [Ln(allyl) i+] -dioxane it it 
(C 5H 5)3Sm HCCC6H5 t r iphenylb enz ene 

General Reaction Pattern 

Frequently, the preparation of a d i s t i n c t mixed-ligand com
plex, L cMX m ( L c = ligand bonded v i a M-C bonds), i s quite a d i f f i 
cult task, i n parti c u l a r i f the starting material involves a pure 
metal halide. In organolanthanide chemistry, however, an almost 
unique and very effective route to arrive at a large variety of 
Cp nLnX m systems (Cp = r^-CsHs) is offered by eq. (1) 

Cp n
fM + mHaC-X -> Cp n_ m

fMX m + mC5H6 (1) 

The stepwise substitution of r) 5-coordinated Cp-ligands i n i t i a t e d 
by the attack of a proton acidic reagent H a c-X i s usually possible 
under mild conditions i n various inert organic solvents, and the 
resulting cyclopentadiene i s easily removable with the solvent. 
Reaction (1) was f i r s t adopted by Fischer and Fischer in 1965 
(10), and has been extended mainly by Kanellakopulos et a l . (11, 
J2). 

Unlike the lanthanide complexes Cp 3Ln, and many degradation 
products, Cp 3_ nLnX n, some actinide, and the majority of d-block 
metal, cyclopentadienides are not susceptible to reaction (1). A 
reasonably good test for the r e a c t i v i t y of metal-bonded Cp with 
H-acids consists i n the addition of water or methanol. While a l l 
known lanthanide complexes w i l l immediately be decomposed, many 
organo-uranium compounds of the type Cp3UX either simply add H20 
and/or undergo substitution of X (13): 

H20 
Cp3UX + H 20 [Cp 3UX(H 20)] (2) 

H 20 
[Cp 3UX(H 20)] [Cp 3U(H 20) x] + X (3) 
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4. FISCHER AND BIELANG Mixed-Ligand Organolanthanide Complexes 61 

While aqueous solutions of the cation [Cp3U(H20)x]+ remain stable 
down to a pH of -1, the presence of fluoride ions causes the imme
diate rupture of a l l Cp-U bonds ( 9 ) . Likewise, B-diketones have 
been reported to replace one Cp-ligand (and the halide) from 
Cp 3UCl (J8). 

Kanellakopulos et a l . have demonstrated the wide applicabi
l i t y of the protic acid NH 4

+ for the elegant preparation of many 
mixed-ligand metal cyclopentadienides of f-block and main group 
elements (14): 

THF 
Cp M + mNĤ X — — y Cp MX + mCpH + mNH3 (4) 
*n H reflux *n-m m p 

If the acid H a c-X i s also furnished with a lone electron pair, 
the following two-step mechanism appears feasible i n case of 
strongly Lewis-acidic substrates such as C p 3 % : 

f f flp Cp 3 M + :X-H Cp 3 M̂ -X-H (5a) 

Cp 3
fM«-X-H a C -> l/2[Cp 2

fMX] 2 + CpH (5b) 

Usually, the adduct Cp3%+-XHaC offers favourable s t e r i c conditions 
for a subsequent intramolecular H-transfer to one of the C p - l i -
gands. Moreover, the proton a c i d i t y of HX w i l l often increase by 
the coordination. Thus, pure Cpi+U which i s surprisingly stable 
against water has no p o s s i b i l i t y to form an adduct with H2O, while 
the shape of the Lewis base HCN would not completely preclude this 
p o s s i b i l i t y . Anhydrous HCN replaces i n fact one CpH-molecule (14). 

Following the pathway of eqns. (5a) and (5b), even a "protic 
acid" as weak as NH3 has successfully been applied to replace 
CpH 00) 

Cp3Yb U q U ' NH3->Cp3Yb-NH3
 2 ! c pH C > l/2[Cp2YbNH2]2 (6) 

(green) (light green) (bright yellow) 

Reaction (6) thus exemplifies, i n a sense, the'reversal of the 
well-documented substitution of secondary amines by CpH (15), 

U(NR 2 K + 2CpH -> Cp 2U(NR 2) 2 + 2HNR2 (7) 

There are various, a l b e i t mainly unpublished, observations sug
gesting that many organic amines, phosphines, and other Lewis 
bases carrying at least one H-atom w i l l i n i t i a t e reaction (6), 
however, without yielding isolable adducts (16, 17). 

Potential Proton Acids of Special Interest 

For a better understanding, and further exploration of the 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

4



62 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

general a p p l i c a b i l i t y , of reaction (1), a larger, and more syste
matic, va r i a t i o n of the protic acid H-X than previously has ap
peared worthwhile. 

Table II. Survey of Proton Acids H-X Subjected to Eq. (1) 

Reagent H S C-X approximate pK a 

carboxylic acids ca. 5 
B-diketones and ca. 9 
B-ketoimines 
pyrazole 14 
cyclopentadiene 15 - 16 
pyrrole and i t s 16,5 
benzo-derivatives 
indene 2 0 - 2 1 
phenylacetylene and 2 0 - 2 1 
other alkynes HCCR 
fluorene 25 
(ammonia) 33 
(toluene) 37 - 39 

Table II offers a survey of the classes of compounds, and speci
f i c singular compounds, respectively, that have so far been sub
jected to reactions as specified by eq. (1). Two main objectives 
governing this selection have been (a) the question on the r e l e 
vance of the proton a c i d i t y of the reagent H-X, and (b) our i n 
creasing interest i n the properties of mixed-ligand systems 
Cp nLnX m (n+m = 3) where X i s another polydentate ligand. While 
u n t i l recently no example of such a complex with a genuine che
late ligand was known, there i s , moreover, particular interest 
i n reaction (1) as a possible route to complexes of the type 
[Cp 2LnX] n of the lighter Ln-elements (Ce-Sm) . This sub-class of 
organolanthanides has been found to be very unstable (19) the 
only well-documented example being the product of the reaction 
of Cp3Nd with HCN, [Cp 2NdCN] n (12). This complex i s probably o l i -
gomeric and s t a b i l i z e d by bridging CN-ligands. In this context, 
the actinide complex [Cp 2UCl] n obtained from Cp3U and anhydrous 
HC1 (20) may be considered as an outstanding example of a non-
oligomeric Cp2^MX-system where exhibits an ionic radius com
parable to those of the early L n 3 + - i o n s . The pK a-values of the 
acidic reagents i n table II vary over more than five units. It 
should, however, be kept i n mind that the determination of pK-
values i n non-aqueous media, and their t r a n s f e r a b i l i t y from one 
medium to another, present rather delicate problems (21). Other 
important factors to account for in view of the r e a c t i v i t y of an 
individual H a c-X system are: (a) i t s i n i t i a l Lewis b a s i c i t y , (b) 
the actual increase i n proton a c i d i t y on coordination, (c) the 
tot a l "hapticity" f i n a l l y displayed by X, and (d) various essen
t i a l s t e r i c conditions. 
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4. FISCHER AND BIELANG Mixed-Ligand Organolanthanide Complexes 63 

Table II presents examples of reagents that involve 0 and N 
as well as C as the proton-donating element. Only very few com
pounds from the table such as formic acid (19), ammonia (10), 
and phenylethyne (22) had been reacted with Cpa^M prior to our 
study; i t has been claimed that Cp3Sm only catalyzes the tr i m e r i -
zation of phenylethyne. 

Characterization of Reaction Products 

For the majority of reactions involving a "heavier" Ln-ele-
ment Yb was preferred, owing to the r e l a t i v e l y good s o l u b i l i t y of 
Cp3Yb even i n toluene and pentane, and to the very characteristic 
colour change (see eq. 6) whenever a reaction of type (1) is tak
ing place. 

More detailed information on the nature of an organo-ytter-
bium system involving Cp-ligands i s offered by the optical ab
sorption spectra. The sp e c i f i c differences of f-f-spectra of 
Yb 3 +-complexes of the types Cp3Yb, Cp2YbX and CpYbX2 have been 
discussed e a r l i e r (16, 23). Yb 3 +-cyclopentadienyl complexes offer 
the additional advantage that the lowest-lying charge transfer 
corresponding to the intramolecular redox process (23): 
[ligands] 4f • [ligands]" 1 4 f 1 1 + may l i e as low as ca. 
16.600 cm - 1 i f three n 5-Cp-ligands - or eventually a corresponding 
set of s u f f i c i e n t l y reducing ligands - are involved. 

It has also turned out mainly during our studies of mixed-
ligand organo-ytterbium systems that many Yb 3 +-complexes present 
excellent conditions for the observation of their H-NMR spectra 
i n spite of the strong paramagnetism of this f 1 3-system.Previous 
papers dealing p a r t i c u l a r l y with P r 3 + - and U l + +-systems, respec
t i v e l y , have already pointed out the almost indispensable role 
of the NMR spectra of ligands bonded to paramagnetic % - c e n t r a l 
ions (24, 25). 

Table III exemplifies by some room temperature Cp-proton 
s h i f t data of Yb 3 +-complexes the high diagnostic value even of 
one singular NMR s h i f t value per system. More sophisticated 
studies are concerned with the complete temperature dependence 
of par t i c u l a r resonances over a range of usually 100 degrees 
(-70 to + 30 °C). 

Figure 1 presents as an example the ̂ -NMR-spectra of two 
different Yb 3 +-organometallies, [Cp 2Yb0 2C(n-C 4H 9)] 2 and 
[Cp2YbC2(n-CttH9)] 3, respectively, both of which contain two Cp-
ligands and one tert-butyl group i n the secondary ligand. A l 
though the spectral patterns regarding the numbers, and rel a t i v e 
i n t e n s i t i e s , of the resonances are compatible, the quite drama
t i c a l l y different isotropic s h i f t s strongly suggest different 
electronic and/or s t e r i c conditions i n the two species. 

Figure 2 exemplifies the variation of the "i s o t r o p i c " proton 
s h i f t s of the Yb 3 +-alkynyl complex with the temperature. It i s 
noteworthy that the s h i f t of the a-CH2 protons of the tert-butyl 
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64 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Table III. Cp-ring ^-NMR s h i f t s of various systems 
[Cp 2YbX] n. (a): reference signal: internal TMS; (b): 
in parentheses: weaker s a t e l l i t e resonances; (c): weak 
"shoulder" present; (d): probably formation of 1:1 adduct; 
(e): CH 3COCHC(CH3)N0. 

Ligand X Solvent L Cp^H-NMR Shift (s) Remarks 

n 5 - c 5 H 5 

it 
toluene-ds it -55,2 

-54,4 with P 0 3
d 

CI 
II 
II 

benzene-d6 
toluene-d6 
CD 2C1 2 

-61,0 
-61,6 
-65,6 

probably 
a l l dimeric 

CI 
It 
II 
If 

CD3CN 
THF-ds 
(CD 3) 2CO 
pyridine-ds 

(-31,9)b -34,0 
-35,0 

(-29,3) -36,5 
(-33,0) -38,0 

probably 
monomeric 
adducts 
Cp 2YbCl-nL 

NH2 
I I 

n - C i tH 9C0 2 

"ketim"e 

THF-ds 
benzene-d6 
toluene-ds 11 

-10,0 
-12,0 
-19,0 
-33,9 

a l l dimeric 

n—C 14.H9C 2 11 
C 6HnC 2 

FcC 2 

toluene-d6 tt 
tt 
tt 

-57,6 (-64,2) 
-31,4 (-48,9.. 
-56,6 (-59,6) 

-56,3^ 

trimeric (CeHe) 
-60,0) with pyridine-d 

a: reference signal: internal TMS 
b: i n parentheses: weaker s a t e l l i t e resonances 
c: weak "shoulder" present 
d: probably formation of 1:1 adduct 
e: CH3COCHC(CH3)N0 
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66 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

group i s almost comparable i n magnitude with the a-CH2 s h i f t of 
the 5f 2-system CpsUCn-CitHg) (26). 

None of the " l i g h t e r " Ln-elements o f f e r s optimal conditions 
for the f a c i l e v i s u a l i n d i c a t i o n of a successful reaction of 
Cp 3Ln with H a c-X. Moreover, the low s o l u b i l i t y of both the 
s t a r t i n g material Cp3Ln (Ln = Pr, Nd, Sm) and of most reaction 
products affords dealing with suspensions rather than with v e r i 
table solutions. As, moreover, the i s o t r o p i c 1H-NMR s h i f t s of 
Cp3Nd/Lewis base adducts are exceptionally weak (25), the best 
spectroscopic method to i d e n t i f y , and characterize, most Nd 3 +-
organometallics i s absorption spectroscopy (either of solutions 
or of Teflon p e l l e t s ) i n the NIR/VIS range. The region of the 
so-called hypersensitive t r a n s i t i o n s between c r y s t a l f i e l d states 
of the manifolds 1̂9/2 (ground manifold) and kGs/2 (ca. 580 -
610 nm) has proved to be of p a r t i c u l a r l y high diagnostic value. 
Even at room temperature, and i n case of p o l y c r y s t a l l i n e s o l i d 
samples ( i . e . p e l l e t s ) , various ensembles of f a i r l y sharp f - f -
t r a n s i t i o n s appear which allow t r a c i n g the constituents of mix
tures of compound even i n cases of rapid interconversion. 

Figure 3 gives an impression of the appearance of some t y p i 
c a l spectra of Nd 3 +-complexes i n the "hypersensitive region". 

The o p t i c a l spectra of organometallic Pr 3 +-systems usua l l y 
suffer from the lack of s u i t a b l y hypersensitive t r a n s i t i o n s as 
we l l as from the widely expanding side wing of a charge-transfer 
band. On the other hand, the 1H-NMR spectra of the few s u f f i 
c i e n t l y soluble Pr 3 +-complexes so far obtained have turned out 
too complex to a r r i v e at r e l i a b l e assessments. 

Results and Discussion 

Significance of the pK a-Value of H a c-X. The t o t a l of r e 
s u l t s obtained i n t h i s study suggests that a l l reagents H a c-X 
with pK a-values lower than that of cyclopentadiene are capable 
of r e a d i l y replacing more than one, and most frequently a l l , Cp-
ligands of the substrate Cp 3Ln. Thus i t i s only by dropwise 
addition of the stoichiometric quantity of the reagent that an 
immediate s u b s t i t u t i o n of a l l Cp-ligands can be avoided. Exem-
p l a r i c products of such c a r e f u l t i t r a t i o n - l i k e procedures have 
been the before-mentioned U(III)-complex [Cp2UCl]n (20), the 
monovaleriato complex [Cp2Yb02C(n-CitH9)] 2 (27) , various" systems 
i n v o l v i n g derivatives of B-diketones, [Cp2^n(chel)] n (see below), 
and even the (probably oligomeric) reaction product (1:1) of 
Cp3Yb and pyrazole (pK a ̂  14,2). 

Reaction of Cp 3Ln with an excess of "strongly a c i d i c " 
(pK a < 15) reagents usually leads to the non-organometallic pro
ducts LnX 3. The l i g h t brown t r i s ( p y r a z o l y l ) complex of Yb which 
i s again very insoluble even i n THF i s of i n t e r e s t i n view of the 
nature of the p y r a z o l y l anion as a v e r s a t i l e polydentate ligand. 
By a p p l i c a t i o n of an excess of the B-ketoimine C H 3 C O C H C ( C H 3)CNHR 
= "H-ketim" (see below) on Cp3Ln, the corresponding t r i s ( c h e l a t e ) 
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ppm CL-CH2 

200-
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o-
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3-CH2 

Y - C H 2 

CH, 

[-10-3] 

Cp 

Figure 2. Variation of the 2H-NMR shift values of [Cp2YbC2(n-CitH9)]3 with 
temperature 

570 580 590 600 610 [nm] 

Figure 3. Absorption spectra (toluene 
solution, room temperature) of (a) Cp3Nd 
and (b) "Cp2Nd(thd)" in the region of 
hypersensitive transitions (thd = 2,2',-

6,6'-tetramethylheptane-3,5-dionate) 
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68 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

complexes Ln(ketim )3 are readily accessible. It i s worth men
tioning i n this context that the f i r s t " c l a s s i c a l " lanthanide 
complex involving the chelate ligands ketim (R = C6H5 and 
t-Ct+Hg) have not been described u n t i l 1979 (28), e.g. 

L n ( 0 - i C 3 H 7 ) 3 + n H-ketim C6H6 
reflux (8) 

( i C 3 H 7 0 ) 3 _ n L n ( k e t i m ) n + n i-C 3H 7OH 

So far, however, i t has not been possible to arrive at t r i s -
(ketimino)complexes by this route. 

Somewhat surprisingly, Cp3Ln-systems may also react with 
a wide variety of reagents in cases of considerably larger pK a-
values than that of cyclopentadiene (pKa > 15). One important 
difference i s , however, that the "weaker acids" replace no 
more than one Cp-ligand per metal complex. In some instances, 
such a reaction i s notably improved by reacting the Cp3Ln-
systems with the solvent-free H-X at elevated temperatures up 
to 60 °C. For example, reaction of Cp3Yb even with pyrrole 
(pyr-H) (pK a - 16,5) only yields the orange product [Cp 2Yb(pyr)] n 

the optical spectra of which are devoid of evidence for a r\ -coor
dination of the p y r r o l y l ligand. Somewhat different metal-to-
py r r o l y l bonding conditions may be expected for the deeply green 
t r i s ( p y r r o l y l ) lanthanide complexes which are accessible accord
ing to eq. 9 (29). Figure 6 shows the NIR/VIS-spectrum of 
Yb(pyr) 3. 

LnCl 3 + 3Na(pyr) 

decomp. 

colourless 
soln. 

toluene or THF 
reflux, lh, room temp. • green soln. 

170 °C 

EtOH 
Ln(pyr)3 

Ln = Sm: brownish-green 
Ho: dark green 
Yb: almost black 

(9) 

Reaction with fi-Diketones. Unlike with the other "strong 
acids" H a c-X mentioned above, the f i n a l products of v i r t u a l l y 
stoichiometric reactions (1:1) of Cp 3Ln (Ln = Yb, Ho, Sm, Nd 
and Pr) with the B-diketones 

H-diket 

R 

hc: 
^ c - o * 

R 

H R = CH3, 
t—C1+H9 

(10) 
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4. FISCHER AND BIELANG Mixed-Ligand Organolanthanide Complexes 

2 Cp2Ln(chel) ̂  ^ [Cp2Ln(chel)]2 ^ oligomers 

oligomers y[CpLn(chel)2]2 • Cp3Ln 

CpLn(chel)2 
111) 

yCp2Ln(chel) +-jLn(chel)3 .̂ ̂  oligomers 

chel = diket, ketim 
Scheme 1 

Nd "Nd 

0 '"^ 

Figure 4. Schematic of [Cp2Nd(ketim)]2 

in case of one particular phase of unsym-
metric coordination 

(a) 

580 600 

Figure 5. Optical absorption spectra of 
(a) Cp3Nd and (b) [Cp2Nd(ant)]2 (tolu-

'—• \ eney room temperature) in the region of 
6 2 0 tnm] hypersensitive {-{-transitions 
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70 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

have turned out to be equilibrium mixtures involving at least 
some of the different substitution products p r i n c i p a l l y imagi
nable (30). Such results which are mainly supported by mass-
and NMR-"spectroscopic findings (27) are consistent with the 
general behaviour of f-metal chelate complexes (31), but d i f f e r 
from the we11-documented apparently higher complex s t a b i l i t y of 
the corresponding T i - and even Sc-complexes (32) . 

The absorption spectrum of the material obtained from Cp3Nd 
and H-diket with R = tert-butyl c l e a r l y shows that the starting 
compound has been attacked by the acid. The data of Table IV 
indicate for diket = 2,2 f,6,6 l-tetramethylheptane-3,5-dionate 
(thd) that most fragments apparently involve two or even three 
thd-moieties although Cp3Ln and H-tmd had been reacted i n equi-
molar quantities. 

Reaction with fi-Ketoimines. A different situation i s met 
i f the B-diketone H-diket i s replaced by a related B-ketoimide 
(or semi-Schiff base), H-ketim (33): 

R 

"H-ketimM = HĈ . H R = CH3 (12) 
R?= C 6H 5, t-C^H9 

R R' 

With this modified chelate ligand "ketim" (and Ln heavier than 
Nd) i t has been possible to arrive at s u f f i c i e n t l y k i n e t i c a l l y 
stable complexes [Cp 2Ln(ketim) ] n which turn out to represent the 
f i r s t examples of the general type Cp2Ln(chel). Contrary to the 
known B-diketonato-complexes Cp2M(chel) (M = Sc,. Ti) (32) ? none 
of the formally related Ln-systems occurs as a monomer i n solu
tion. The yellow complex [Cp 2Yb(ketim)] 2 with R! = CGH5 displays 
mass-, 1H-NMR- and optical spectra consistent with i t s formulation 
as a bis(n 5-Cp)-complex involving bridging ketim ligands (30). 
The corresponding complex with Rf = t - C i t H g has so far been ob
tained as an o i l which i s d i f f i c u l t to purify. 

Table V displays the ^-NMR data of [Cp2Yb(ketim)] 2 at 
various temperatures. The rather different isotropic shifts(oppo
s i t e signs!) of the two methyl groups suggest their location i n 
f a i r l y different "magnetic environments". It i s , however, not 
possible to decide i f there are N- or 0-bridging l i n k s . As only 
one Cp ring proton resonance appears, some fluxional behaviour of 
the bridging ketim ligand i s not unlikely. 

Contrary to the mass spectra of the B-diket-complexes, 
[Cp 2Yb(ketim)] 2 (with R = C 6H 5) gives r i s e to a spectrum i n 
volving the expected fragments: M+, M-Cp+, M-2Cp+, and M-ketim +. 
However, no fragments involving two Yb-atoms are observed. 

On reaction of Cp3Yb with two moles of H-ketim, a yellow 
product of the expected composition [CpYb(ketim) 2] R (R1 = C6H5) 
i s obtained. Similarly, the reaction of Cp3Yb with the potential 
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4. FISCHER AND BIELANG Mixed-Ligand Organolanthanide Complexes 71 

Table IV. Mass spectroscopic data of two products 
MCp 2Ln(thd) n. (a): Ln = Nd, 130 °C; (b): Ln = Yb, 100 °C. 

~1 m/e r e l . intensity(%) 
ion (a) (b) (a) (b) 

L n ( t h d ) 3
+ - 723 - 18,3 

{Ln(thd) 3 - H 2} + 689 - 3,7 -
{Ln(thd) 3 - CH 3} + - 708 - 3,4 
{Ln(thd) 3 - C 3H 6} + - 681 - 2,0 
{Ln(thd) 3 - t-Ci.Hg}4' - 666 - 56,5 
L n ( t h d ) 2

+ 508 540 100,0 100,0 
{Ln(thd) 2 - C 2H 6} + 478 510 6,4 3,0 
{Ln(thd) 2 - t-Ĉ Hg}"*" - 482 - 6,7 
Ln(thd) + 325 357 11,7 35,2 
{Ln(thd) - C 2H 7} + - 326 - 6,0 
(Ln(thd) - t-C^Hs}"1" - 299 - 2,7 
CpLn(thd) 2

+ 573 - 4,2 -
Cp 2Ln(thd) + 455 - 11,4 -
CpLn(thd) + 390 - 67,7 -
Cp 2Ln + 272 - 13,5 -
CpLn + 207 - 6,4 -

Table V. xH-NMR-data of [Cp 2Yb(ketim)] 2 (R = C 6H 5) i n 
toluene-ds solution. Internal standard: TMS; in paren
theses r e l a t i v e i n t e n s i t i e s . One signal of intensity 
(1) i s undetectable. 

T/K C5H5 
(10) 

CH3 

(3) 
CH3 

(3) 
CH 
(1) 

C 
(2) 

6H5 
(2) 

300 -33,91 11,88 -11,26 -46,07 36,21 44,43 
285 -36,91 13,48 -12,54 -49,16 38,43 47,31 
265 -42,21 16,03 -14,63 -54,66 41,80 52,00 
245 -48,54 18,68 -17,02 -56,97 45,38 56, 19 
225 -54,50 22,61 -19,89 -66,30 49,57 61,57 
205 -61,90 26,76 -23,18 -72,75 54,01 67,24 
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72 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

"double chelate" "H 2-acacen" (34) 

CH3 CH2-CH2 £ H 3 

N C-N N̂-C 
H c f fa H ":)CH = H 2-acacen (13) 

/f-O*' V - C 

CH3 C H 3 

yields i n a clean reaction a species of the composition [CpYb 
(acacen)] n. Both complexes exhibit o p t i c a l spectra reminiscent 
of other CpYbX -systems, whereas the xH-NMR-spectra turn out too 
complicated to be r e l i a b l y interpreted. The complex [CpYb 
( k e t i m ) 2 ] n is also obtained by reacting [Cp 2Yb(ketim)] 2 with one 
further mole of H-ketim. 

Starting from Cp2LnX-systems such as [Cp 2YbCl] 2, novel orga
nometallics involving three different ligands are obtained, e.g. 

l / 2 [ C P 2 Y b C l ] 2 + H-ketim ^ o l f •> 
(red) Z ^ L 

[CpYb(ketim)Cl] x + HCp 
(red-brown) 

(14) 

The complex [CpYb (ketim)CI] x i s non-volatile and sparingly soluble 
even i n THF, suggesting again an oligomeric structure linked v i a 
CI- and/or bridging ketiminato groups. Such complexes involving 
s t i l l one halide ligand are expected to react with alkaliorganic 
reagents, M-R, thus offering a new route towards CpLn(chel)R-
systems involving three different ligands per metal. Although 
[CpYbCl] 2 also reacts readily with B-diketones, H-diket, a l l 
reaction products so far obtained could not be p u r i f i e d enough to 
confirm the formation of one single compound. 

As the central metal Ln i s varied from the end of the lan
thanide series towards the f i r s t half, various complications arise 
p a r t i c u l a r l y i n the ^-NMR-, optical and mass spectra indicating 
the usual reluctance of Ce - Nd to form regular Cp2LnX-systems. 
Thus the pale blue (1:1) reaction product of H-ketim (R = C6H5) 
and Cp3Nd suggests by i t s s l i g h t s o l u b i l i t y even i n pentane, and 
i t s much lower thermal s t a b i l i t y r e l a t i v e to Cp3Nd, that the 
Cp3Nd had i n fact reacted with the H-ketim. However, the optical 
absorption spectrum of the product d i f f e r s only s l i g h t l y from the 
spectrum of authentic Cp3Nd, the differences being most pro
nounced i n pentane solution and almost non-existent for a s o l i d 
teflon p e l l e t . These results d i f f e r from those obtained on 
"Cp 2Nd(diket)" i n that a Cp3Nd/Lewis base adduct seems to occur 
as a f i n a l product i n the former case, but apparently a mixture 
of Cp nNd(diket) m-systems (n+m = 3) with n < 3 i n the l a t t e r . In
dependent support for the formation of a Cp 3Ln/Lewis base adduct 
(in spite of the l i b e r a t i o n of one equivalent of cyclopentadiene 
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4. FISCHER AND BIELANG Mixed-Ligand Organolanthanide Complexes 73 

during the i n i t i a l reaction) i s also provided by the 1H-NMR-
spectrum of a "Cp 2Pr(ketim)"-solution which displays an intense 
resonance typical of Cp3Pr-systems. 

In Table VI the mass spectroscopic behaviour of various re
presentatives of the series " C p 2 L n(ketim)" with Ln = Pr, Nd, Sm 
and Yb, and R = C6H5, is summarized. It i s immediately apparent 
that the tendency of the primary species to undergo subsequent 
rearrangements towards CpsLn decreases along with the ionic ra
dius of L n 3 + . 

Our present results suggest that i t should be possible to 
find a suitable chelate ligand (chel) that could s t a b i l i z e an 
intermediate of the intramolecular ligand transfer postulated 
for a dimeric C p 2 L n(chel)—system (Figure 4). 

Likewise, i t w i l l be a matter of an optimal choice of the 
secondary ligand to arrive at genuine Cp2LnX-systems even i f 
Ln = Pr or Nd. There i s some evidence from the optical spectra 
that C p 3 N d and anthranilaldehyde (H-ant) give r i s e to a well-
soluble, probably dimeric species, [ C p 2 N d(ant)]2 (Figure 5). 
Unlike H-diket and H-ketim, respectively, the reagent H-ant already 
belongs to the group of acids that are weaker than C5H6. 

Reaction with Weak Proton Acids: 1-Alkynes. While pyrazole 
(pK a < 16) i s capable of replacing up to three Cp-ligands from 
Cp 3Ln, pyrrole (pK a > 16) can liberate only one Cp-ligand. Simi
l a r observations have been made on the related N-heterocyclic 
systems indole and carbazole. Although none of the isolated com
plexes of the type [ C p 2 L n X ] n i s l i k e l y to be mononuclear, the 
optical spectra of the indolyl-system [ C p 2 Y b ( i n d o ) ] x suggest, l i k e 
for Yb(pyr) 3, a hapticity n n with n between 1 and 5 (Figure 6). 

Very surprisingly, even protic "acids" as weak as various 
1-alkynes, HCCR, have been found to react with Cp3Ln-complexes, 
giving r i s e to substitution products of the type [CpLnCCR]n. So 
far, six different 1-alkynes with the following substituents R 
have been adopted (37): 

R = n-butyl, n-hexyl, cyclohexyl, 
phenyl and ferrocenyl (= Fc). 

With the exception of R = cyclohexyl where reaction (15) occurs 
already at room temperature the optimal reaction temperature 

Cp3Yb + HCCR -> ~[Cp 2YbCCR] x + CpH (15) 

i s 60 - 80 °C. Table VII summarizes some characteristic proper
ties of the resulting Yb-alkynyl complexes. A l l compounds are 
non-volatile i n vacuo and very reluctant to adopt a decently 
c r y s t a l l i z e d form. By comparison with published data, the com
plex with R = C6H5 is i d e n t i c a l to the complex C p 2 Y b C C C 6 H 5 pre
pared by Tsutsui and Ely (35) from [Cp 2YbCl]2 and L i C 6 H 5 . 

While Tsutsui et a l . have not been able to provide any 
further information on the nature of the homologous products 
C p 2 L n C C C 6 H 5 with Ln = Gd, Ho, Er, Yb the much better s o l u b i l i t i e s 
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74 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Table VI. Mass spectroscopic data of various products 
MCp 2Ln(apo) M ("apo" = ketim with R = C 6H 5). Source 
temperatures between 175 °C (Yb) and 250 °C (Sm). 

Ln Pr Nd Sm Yb 

m/e % m/e % m/e % m/e % 

Cp 2Ln(apo) + 446 1,5 447 14,7 - - - -
{Cp 2Ln(apo)-H} + 445 2,4 - - 455 43,9 478 30, 1 
CpLn(apo)+ 381 6,5 - - - - - -
{CpLn(apo)-H}+ 380 29,5 381 80,4 390 100,0 413 100,0 
{CpLn(apo)-C 6H 3} + 305 7,6 - - - - - -
Ln(apo) + - - - - 326 69,7 - -
{Ln(apo)-H} + - - - - - - 348 49,0 

LnCp 3
+ 336 62,7 337 14,7 _ - - -

LnCp 2
+ 271 100,0 272 36,3 282 43,2 304 3,7 

LnCp + 206 49,1 207 34,3 217 48,5 239 7,4 
Ln + 141 8,2 142 100,0 - - - -

Table VII. Some characteristic properties of the various 
products [Cp 2YbC 2R] n (Fc = ferrocenyl). 

R colour A v ( C E C ) 

(cm"1) 
decomp. temp. 

(°C) 
s o l u b i l i t y 
(toluene) 

n - C 6Hi3 yellow -57 180 very good 
n-Ci^Hg orange -57 150 I I ti 
C 6Hn it -18 150 good 
Fc if -54 130 n 
C 6H 5 

I I -56 180 insoluble 
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10.230 — 

Figure 6. NIR/VIS-absorption spectra of (a) Cp3Yb (toluene solution) and (b) of 
Yb(pyr)3 (THF-solution). Note the {-{-absorptions above 11.000 cm'1 which sug

gest ^'-coordination (n > 1) of (pyr).  P
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76 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

p a r t i c u l a r l y of the complexes with R = n-Ci+Hg and n-CeHi3 have 
admitted cryoscopic molecular weight studies i n benzene accord
ing to which these systems are most probably trimeric. Careful 
thin-layer chromatographic studies in the case R = Fc have 
proved that no other ferrocene derivatives than "Cp2YbCCFc" 
occur. By this observation a l l alternative reaction patterns 
involving a reaction of the CC-triple bond can be ruled out, 
leaving a loose adduct of the type (16) 

H i 
Cp3Yb«---jj (16) 

9 
R 

as the most probable intermediate. While reactions of type (15) 
with acetylenes have not been described before, the observation 
of a very small paramagnetic s h i f t of solutions of Cp3Nd (Cp = 
C 5H 5 and d^Cs^U) in the presence of HCCC6H5 was assigned to 
the corresponding adduct Cp3Nd-HCCC6H5 (36). 

In contrast to these l a t t e r observations, we found that 
Cp3Nd reacts, in spite of i t s poor s o l u b i l i t y , with a l l 1-al
kynes even at room temperature. Rather surprisingly, the re
sulting products are orange to red in colour (Cp3Nd is pale 
blue), and their IR-spectra are devoid of a v(CEC) vibrational 
band i n the expected region. Nevertheless, the optical absorp
tion spectra due to the f - f - t r a n s i t i o n s are again ident i c a l to 
the corresponding spectra of authentic Cp3Nd. The red colour 
of the new products i s , however, accounted for by the very ex
tended low-energetic wing of an intense non-f-f-transition. Un
fortunately, the low s o l u b i l i t y of a l l products, even in case 
of R = C6Hi 3, has so far hampered a l l NMR-studies,and attempts 
to grow crystals for a structural determination. 

The xH-NMR-spectra of [Cp 2YbCC(n-C 6Hi 3)] 3and i t s homologue 
[Cp2YbCC(n-Ct+Hg)] 3 are extremely similar (see Figure 1) and can 
be easily assigned in terms of an "internal s h i f t reagent e f f e c t " 
which gives r i s e to seven and f i v e , widely spaced singlets, re
spectively, for the Cp ring protons and for the methylene or me
thyl protons i n a- to 03-position. As the singlet in the range 
characteristic for the Cp ring protons i s accompanied by a weaker 
s a t e l l i t e , the presence of another organometallic by-product i n 
much lower quantities cannot be completely ruled out. 

Graphical plots of the observed isotropic s h i f t s versus 
1/T give in a l l cases r i s e to series of straight lines (Figure 2) 
which result seems to be somewhat in favour of one singular spe
cies rather than of e q u i l i b r i a of throughout very rapidly i n t e r -
converting species [Cp 2YbCCR] x with different x. A l l isotropic 
s h i f t s exhibited by the two n-alkylacetylide complexes are 
unexpectedly large by comparison with the spectra of e.g. 
[CpYb0 2C(n-Ci fH 9)] 2 and Cp3Yb(n-C^Hg)3P (38) . One possible explana-
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4. FISCHER AND BIELANG Mixed-Ligand Organolanthanide Complexes 77 

tion for these findings i s a very "compact" structural arrange
ment of the oligomers that would allow the exposure of the various 
nuclei in R to the magnetic f i e l d of more than one paramagnetic 
Yb 3 +-ions. 

The 1H-NMR spectra of the Yb-alkynyl complexes with R = 
CeHii and Fc support the assumption of considerable s t e r i c con
gestion. Thus the low-temperature spectra of the cyclohexyl 
system do not r e f l e c t the expected appearance of a x i a l l y and 
equatorially substituted cyclohexane (37). 

For the time being, the best model system to exemplify the 
particular type of alkynyl bridging may be the aluminium com
pound (CH3)2AIC2CH3 which i s dimeric both i n the c r y s t a l l i n e 
and in the gaseous state (39). The Av(C=C)-values known for this 
main group metal alkynyl system match nicely those l i s t e d i n 
Table VII. 

Reaction with other weakly CH-acidic compounds. Organic 
proton acids of an a c i d i t y intermediate between cyclopentadiene 
and 1-alkynes are represented by various derivatives of cyclo
pentadiene. We have found that e.g. indene and fluorene do not 
react with C p 3 Y b i n b o i l i n g toluene, but during the careful eva
poration of the solvent, as well as under solvent-free conditions, 
a reaction takes place, yielding brownish-yellow products of very 
weak s o l u b i l i t y even in THF (27). The composition [Cp2YbL]x 

(L = indenyl or fluorenyl) i s suggested by the elemental analyses. 
In view of the fact that a monomeric tris(r| 5-indenyl) complex 
of Yb of green colour i s known (40). the brownish-yellow pro
ducts might be oligomers i n which the ligand L plays a similar 
role as i n the dimeric methyl complex, [Cp2Yb(1J-CH3)] 2 (41). 

In a very similar manner, N,N-dimethyl-o-toluidine reacts 
with Cp3Yb to give a very unstable green l:l-adduct. After re-
fluxing the toluene solution for ca. one hour, i t s colour turns 
orange-brown, and again a very poorly soluble brown powder i s 
f i n a l l y isolated. In view of the considerable i n s t a b i l i t y of 
many Cp 3Ln/Lewis base adducts i t is worth noting that in the 
absence of any pot e n t i a l l y acidic C-H bond intact adducts even 
with rather unusual Lewis bases such as d-metal carbonyls and 
metal carbonyl anions, respectively, can be isolated (42). 
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Cyclooctatetraeneact inide(IV) B i s - b o r o h y d r i d e s 

JEFFREY P. SOLAR and ANDREW STREITWIESER, JR. 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
Berkeley, CA 94720 and Department of Chemistry, University of California, 
Berkeley, CA 94720 

NORMAN M. EDELSTEIN 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
Berkeley, CA 94720 

Although bis(η8-cyclooctatetraene)actinide(IV) (Figure 1a) 
complexes have been extensively studied (1) since the synthesis 
of uranocene in 1968 (2,3), mono-COT actinide "half-sandwiches" 
(Figure 1b) were unknown until recently (4,5). The proposed 
covalent bonding, involving overlap between filled ligand e2g 
orbitals with empty metal 5f orbitals (3), could also apply to 
the bonding in mono-ring complexes. Whereas uranocene has been 
compared to ferrocene, COT half-sandwiches could show the varied 
reactivity exhibited by mono-cyclopentadienyl transition metal 
complexes such as CpFe(CO)2Cl. Thus, reactions such as ligand 
substitution and reactions of coordinated ligands might be 
observed along with the usual reactions of uranocene. Mono-COT 
actinide complexes could also show chemistry similar to the 
(C5Me5)2MX2 compounds studied by Marks and coworkers (6). 

The possibility of COT half-sandwich complexes was established 
by the observation of an intermediate COT signal in the nmr 
spectrum of the preparation of thorocene from ThCl4 and K2BuCOT 
(4). LeVanda and Streitwieser were able to isolate a white crys
talline solid from the reaction of equimolar amounts of ThCl4 and 
K2COT (4) and an x-ray crystal structure determination (7) con
firmed the product as (COT)ThCl2(THF)2, 1a. A better synthesis 
for 1a and complexes with substituents on the cyclooctatetraene 
ring is reaction of a thorocene and ThCl4 in refluxing THF. 

T h C l 4 + K 2C0T - j p * (COT)ThCl 2 (THF) 2 (1) 

%ThCl 4 + ^Th(RC0T) 2 M L * (RCOT) T h C l 2 (THF) 2 (2) 

l a , R=H; b , R=n-Bu; c , R=l, 3 ,5 ,7-Me 4 

I n t e r e s t i n g l y , d i sp ropor t i ona t ion , e . g . , 

2(RCOT)ThCl (RC0T) 2Th + T h C l 4 (3) 

0-8412-0568-X/80/47-131-081$05.00/0 
© 1980 American Chemical Society 
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a b 

Figure 1. Cyclooctatetraeneactinide complexes 
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5. SOLAR E T A L . Cyclooctatetraeneactinide(IV) Bis-borohydrides 83 

does not occur i n t h i s case or for (CsMes) 2MCI2 (8) , whereas 
(C5H5)2UCl2 i s apparently unstable (9). The increased s t a b i l i t y 
of the pentamethylcyclopentadienyl system has been a t t r i b u t e d to 
s t e r i c hindrance. The cyclooctatetraene complexes acquire two 
molecules of solvent (THF) to complete the coordination sphere. 

In order to take advantage of the known v o l a t i l i t y of 
act i n i d e borohydride complexes (10), we sought to prepare h a l f -
sandwich borohydrides (RCOT)M(BHO 2. Several routes have been 
developed f or the synthesis of the thorium complexes i n 65 to 90% 
y i e l d (5). Th.CBH'0 i+ (THF) 2 (11) has been found to react with an 
equimolar quantity of a cyclooctatetraene dianion i n THF to 
give 2 as a m i c r o c r y s t a l l i n e white s o l i d . In contrast to the 
preparation of 1, 2 i s r e a d i l y prepared at ambient temperature 
without prolonged r e f l u x . 2 can also be prepared i n a manner 
analogous to the synthesis of 1, using Th(BHi+) i+ (THF) 2 and 
Th(RC0T) 2. 

Th(BHO 4 (THF) 2 + Th(RC0T) 2 2(RC0T)Th(BH1+) 2 (THF) 2 (4) 

2a, R=H 
b, R=n-Bu 

The preparation of 2 d i r e c t l y from ThCli+ i s a modification of 
the recent synthesis of Cp2U(BHi+)2 (12) . 

ThCU + 2L1BH4 M L * K 2 C Q T > (C0T)ThCBHO2(THF)2 C 5) 

This synthesis i s complicated, however, by the need to remove 
the L i C l formed i n the rea c t i o n . In add i t i o n , metathesis of 1 
with LiBHif gives the borohydride half-sandwich. 

(RC0T)ThCl 2(THF) 2 > (RCOT)Th(BHO 2 (THF) 2 

A 1,2-dimethoxyethane complex of 2, ( C O T O T K B H O 2CDME) , 3, was 
prepared by the reaction of Th(BR\) i+ (THF) 2 and K 2C0T i n IJME. In 
contrast to the THF complex, the DME complex i s only sparingly 
soluble i n toluene. 

Although s a t i s f a c t o r y elemental analyses have not been 
obtained, spectroscopic c h a r a c t e r i z a t i o n of 2 i s straightforward. 
The *H nmr spectrum of 2a l i s t e d i n Table 1 contains signals 
from one cyclooctatetraene, two equivalent borohydride groups, 
and two molecules of coordinated THF. The borohydride s i g n a l 
appears as a quartet due to coupling to the llB nucleus and i n d i 
cates that the terminal and bridging protons are r a p i d l y exchang
ing. The borohydride s i g n a l of Cp3Th(BHO also appears as a 
quartet, at 6 3.30 (13). At low temperature, the quartet of 2a 
collapses symmetrically to a broad s i n g l e t at 6 3.0. Marks an3~ 
Shimp have observed t h i s e f f e c t i n the spectrum of Zr(BHit)t t and 
have interpreted the process as a temperature-dependent l o s s of 
B-H coupling rather than a slowing of the H t-H D exchange (14). 
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The infrared spectra of 2 (Table 2) provide information 
regarding the binding of the~borohydride broup to the metal (13). 
Both bidentate (A) and tridentate (B) forms are known for 
actinide borohydrides (13,15). 

The infrared spectra of 2 are i n accord with that expected for a 
tridentate form (B) and are similar to that from Th[N(SiMe3)i]3 
(BHit) for which tridentate bonding has been established by 
x-ray c r y s t a l structure determination (16)• 

The infrared spectra of 2 also contain a strong band at 
714 cm""1; 1 gives similar spectra i n this region. In thorocene, 
a strong absorption at 698 cm-1 has been assigned to a perpendic
ular C-H deformation (17) or, more recently, to an asymmetric 
ring-metal-ring vibration (18) . Bands at 742 and 775 cm"1 i n 
thorocene have been interpreted as C-H or C-C-C perpendicular 
bending modes (18). The absence of an absorption at ca.700 cm"1 

and the presence of strong bands at 15-30 cm"1 higher frequency 
appear to be characteristic of the half-sandwich complexes. 

The preparation of mono-COT complexes of uranium was also 
of interest. Marquet-Ellis has reported an XH nmr spectroscopic 
study of the reaction between UCU, LiBHi*, and K2C0T (19). He 
observed signals from both uranocene and a second product 
assigned as (COT)U(BHif) 2. We have studied this reaction and 
found that i t i s not straightforward. A high y i e l d of uranocene 
was formed when cyclooctatetraene dianion, either s o l i d or i n THF 
solution, was added to a solution formed from the reaction of 
UCl^ and two equivalents of LiBH^. A mixture of equimolar amounts 
of U ( B H O i f and K2COT also yielded uranocene upon addition of THF. 
However, a second product, 4, could be obtained by the slow drop-
wise addition of a THF solution of K2COT to the UCli t-2LiBHi f 

reaction mixture. The brown product i s soluble i n benzene and 
was separated from the insoluble uranocene byproduct by f i l t r a 
tion. 

The v i s i b l e spectrum of 4 (Table 3) contains a strong band 
at 396 nm and t a i l s off to longer wavelength with a series of 
shoulders much l i k e a uranocene. The infrared spectrum of the 
compound i s nearly i d e n t i c a l to that of the thorium analog 2a 
and i s consistent with tridentate bonding. We are, however, 
unable to reproduce the nmr spectrum reported by Marquet-Ellis. 

(A) (B) 

UCU + 2L1BH4 THF v K2C0T (C0T)U(BH i f ) 2 ( T H F ) x + U(C0T) 2 
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5. SOLAR E T A L . Cyclooctatetraeneactinide(IV) Bis-borohydrides 87 

Another route to mono-cyclooctatetraene compounds i s cleavage 
of one r i n g from the bis-COT complexes by protonation. K a b l i t z 
and Wilke have prepared (C0T)ZrCl2 and i t s THF adduct i n t h i s 
manner (20). 

(C0T) 2Zr + 2HC1 (g) C 6 H s C H 3 > [(C0T)ZrCl 2] + C 8 H i 0 

n 
(C0T) 2Zr + 2HC1 (g) (C0T)ZrCl 2 (THF) 2 + C 8 H i 0 

Although the decomposition of uranocene i n the presence of 
aqueous acids has been noted (3), we have found that the reaction 
of (BuC0T) 2Th with two equivalents of dry HC1 gives l b . 

l,l'-Dibutyluranocene also reacts with HC1. The^product i s 
a dark green powder that gives a red-brown s o l u t i o n i n THF with 
a v i s i b l e spectrum s i m i l a r to that of 3. 

U(RC0T) 2 + 2HC1 (g) M I * (RC0T)UCl 2(THF) x 

5, R=n-Bu 

The XH nmr spectrum of 5 c l e a r l y shows a COT r i n g d i s t i n c t from 
that of (BuC0T) 2U and, u n l i k e a substituted uranocene, coupling 
i s observed between the nonequivalent protons on the COT r i n g . 
Although the s i g n a l s from 5 are strongly s h i f t e d by the para
magnetic uranium, the signals are much sharper than those of a 
uranocene. The i n f r a r e d spectrum of 5 contains absorptions from 
the COT r i n g at 734 and 719 cm""1, i n the region expected for a 
half-sandwich complex. 5, however, i s much l e s s soluble than the 
thorium analog 2b, and unreacted uranocene can be removed by 
washing the mixture with benzene. LeVanda has also observed t h i s 
product from the prolonged r e f l u x of UCU and U(BuC0T) 2 (21). 

Several other reactions of these complexes have been 
investigated. Although Cp 2Zr(BH0 2 reacts r e a d i l y with t e r t i a r y 
amines, converting metal-BHi+ groups to metal hydrides by forma
t i o n of BH3-amine complexes (22), (C0T)Th(BR\) 2(THF) 2 was un
changed on treatment with excess NEt3 at room temperature, l a 
was observed to react slowly with excess BEt3 i n r e f l u x i n g 
benzene. 

(COT)Th(BHi,) 2(THF) 2+ BEt 3
 C*^* > (COT)Th(BH3Et) 2 (THF) x 

6 

Marks, and Kolb have c a r r i e d out the analogous reaction of 
Cp 3U(BHif) and have observed complete s u b s t i t u t i o n of the terminal 
proton i n 36 hours, In contrast, l a was only about 50% reacted 
a f t e r 40 hours and a trace remaine3~after four a d d i t i o n a l days 
with a fresh charge of BEt3. The i n f r a r e d spectrum of 6 i s 
much l i k e that of l a but the B-H terminal absorption is^absent. 
Neither l a nor 6 suBlime on heating i n vacuo and 6 i s slowly 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

5



88 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

decomposed to thorocene (and other u n i d e n t i f i e d products) at 
ca. 100°C at 10" 6 t o r r . Thorocene i s also formed when l a i s 
allowed to react with K2COT at room temperature i n THF. 

(C0T)Th(BHO2(THF)2 * ^ ° T > (C0T) 2Th 

Further studies of the synthesis and r e a c t i v i t y of these 
half-sandwich compounds are i n progress. 

Experimental 

General. Due to the a i r - s e n s i t i v e nature of the compounds 
i n t h i s study, a l l work was c a r r i e d out i n an argon atmosphere 
using a glove box or standard Schlenk techniques. Solvents were 
d i s t i l l e d under argon from sodium-benzophenone k e t y l . LiBHi+ was 
p u r i f i e d by Soxhlet e x t r a c t i o n with d i e t h y l ether before use and 
other reagent grade chemicals were used as received. Uranocenes 
(3,23) and thorocenes (24) were prepared by published procedures. 
Th(BHtt) tt (THF) 2 was prepared by a modification of the method of 
Ehemann and Noth (11) using THF i n place of d i e t h y l ether and 
was shown by a powder pattern to be i s o s t r u c t u r a l with 
UCBH 4 )it(THF) 2 (25) . The synthesis (5) and x-ray c r y s t a l structure 
(7) of (RC0T)ThCl 2(THF) 2 have been published. 

Infrared spectra were run of Nujol mulls prepared i n a glove 
box and sealed between s a l t p lates. Samples could then be trans
ferred to a Perkin-Elmer Model 283 spectrometer without decom
p o s i t i o n . V i s i b l e spectra were run i n stoppered glass c e l l s on 
a Cary 118 spectrometer. NMR spectra were run at 180 MHz on 
a FT instrument. 

Preparation of (RCOT) Th(BHi») 2 (THF) 2 (2). ( A ) Th(BHO i+ (THF) 2 

(0.51 g, 1.2 mmole) and K2C0T (0.21 g, 1.2 mmole) were mixed 
and ca. 75 ml of THF was added. The s o l u t i o n was s t i r r e d i n the 
glove box f o r 16 hrs u n t i l the yellow color faded. The white 
p r e c i p i t a t e was removed by c e n t r i f u g a t i o n and the s o l i d s were 
washed with 10 ml of THF. The solutions were combined and the 
solvent was pumped o f f to give 0.45 g (76%) of (COT)Th(BHit) 2 (THF) 2 
(2a) . 

(B) Th(BHit) if (THF) 2 (0.37 g, 0.85 mmole) and Th(BuC0T) 2 

(0.44 g, 0.80 mmole) were mixed and 50 ml of THF was transferred 
onto the s o l i d s i n vacuo. The f l a s k was r e f i l l e d with argon 
and the s o l u t i o n was heated at r e f l u x f o r 5 days. A v i s i b l e 
spectrum indicated no further trace of the thorocene. Removal 
of the solvent i n vacuo gave a l i g h t yellow s o l i d . The residue 
was rinsed with hexane and dissolved i n ca. 30 ml of benzene. 
A small amount of s o l i d was removed by centrifuge and the solvent 
was removed to give 0.60 g (67%) of (BuCOT)Th(BHi+) 2(THF) 2 (2b) 
as a white s o l i d . 
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5. SOLAR E T A L . Cyclooctatetraeneactinide(IV) Bis-borohydrides 89 

(C) THF (60 ml) was added to a mixture of 1.25 g (3.3 mmole) 
of ThCltt and 0.16 g (7.3 mmole) of LiBHi+ and the so l u t i o n was 
s t i r r e d for 16 hrs i n a glove box. A s o l u t i o n of 0.54 g 
(3.0 mmole) of K2COT i n 40 ml of THF was added and the mixture 
s t i r r e d an a d d i t i o n a l 16 hrs. The p r e c i p i t a t e was removed by 
centrifuge and washed with two 10 ml portions of THF. The 
solutions were combined and the solvent removed. The residue 
was dissolved i n benzene and the insoluble material was removed 
by centrifuge. Removal of the solvent gave an o i l y white product. 
R e c r y s t a l l i z a t i o n from benzene-hexane gave 1.38 g (91%) of 
(C0T)Th(BHO2(THF)2. 

(D) (BuC0T)ThCl 2(THF) 2 (211 mg, 0.347 mmole) and LiBHit 
(36 mg, 1.6 mmole, excess) were mixed and 15 ml of THF was added. 
The s o l u t i o n was s t i r r e d i n the glove box fo r two days. The 
solvent was removed and the residue was extracted with benzene. 
Removal of the solvent gave (BuCOT)Th(BR\) 2(THF) 2 (2b), 
i d e n t i f i e d by i t s i n f r a r e d spectrum. 

Preparation of (RCOT)Th(BHQ2(DME) (3). Following synthesis 
A above, 0.326 g (0.725 mmole) of Th(BHit)4 (THF) 2 was dissolved i n 
2 ml of DME and a so l u t i o n of 0.13 g (0.71 mmole) of K2COT i n 
20 ml of DME was added. The so l u t i o n was s t i r r e d for 40 hrs i n 
a glove box. The white s o l i d s were removed by cen t r i f u g a t i o n and 
washed with 10 ml of DME. The solutions were combined and the 
solvent was pumped o f f to give 0.26 g (67%) of (C0T)Th(BHi»)2 
(DME) . 

Preparation of (COT)U(BHtt) 2 (THF) v. A s o l u t i o n of 0.22 g 
(10 mmole) of LiBHit i n 10 ml of THF was added to a s o l u t i o n of 
1.63 g (4.3 mmole) of UCl^ i n 25 ml of THF. The so l u t i o n was 
s t i r r e d f o r 24 hrs i n a glove box. K2COT (0.75 g, 4.1 mmole) 
was dissolved i n 100 ml of THF and added dropwise to the U C l i t -

LiBH«+ s o l u t i o n . The resultant brown s o l u t i o n was s t i r r e d f o r 
16 hrs and the solvent was pumped o f f . The residue was extracted 
with benzene and the in s o l u b l e material removed by centrifuge. 
The solvent was removed i n vacuo leaving a brown tacky residue. 
Infrared and v i s i b l e spectra indicated the product to be 
(COT)U(BHit) 2THFX. R e c r y s t a l l i z a t i o n from benzene-hexane gave 
a tacky brown s o l i d . 

Reaction of (COT) Th (EHi») 2 (THF)2 with BEt 3. (COT)Th(BHit) 2 

(THF) 2 (0.34 g, 0.67 mmole) was dissolved i n benzene and 1.7 ml 
(1.7 mmole) of 1 M BEt 3 i n THF was added by syringe. The 
sol u t i o n was heated at r e f l u x f or 40 hrs. The solvent was 
removed and an in f r a r e d spectrum indicated that the reaction 
was ca. 50% complete. Benzene and 3.0 ml of BEt 3 i n THF were 
again added and the s o l u t i o n was heated at r e f l u x f o r four days. 
The solvent was removed to give a tacky residue of 
(COT)Th(BH 3Et) 2(THF) 3. 
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90 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Reaction of (COT)Th(BHtt) 2 (THF) 2 w i t h K 2 C0T. (C0T)Th(BHif) 2 

(THF)2 (0.253 g, 0.496 mmole) and K 2C0T (0.089 g, 0.49 mmole) 
were mixed and 50 ml of THF was added. The s o l u t i o n was s t i r r e d 
for three days and the s o l i d s were removed by cent r i fuge . The 
s o l i d s were washed w i th a d d i t i o n a l THF (ca . 25 ml) u n t i l no 
further yel low co lor was ex t rac ted . The so lu t ions were combined 
and the solvent was removed to give 0.178 g (83%) of Th(C0T) 2 . 

Acknowledgments 

We thank Rodney Banks for a sample of U(BHit)tt and Wayne Luke 
for ass is tance wi th the nmr spect ra . This work was supported i n 
part by The D i v i s i o n of Nuclear Sciences, Of f i ce of Bas ic Energy 
Sciences, U . S . Department of Energy under Contract No. W-7405-
Eng 48. 

Literature C i t ed 

1. S t r e i t w i e s e r , A., Jr. "Organometallic Compounds of the f-
Elements," Marks, T.J.; F i s c h e r , R . D . , Eds. Re ide l Pub l i sh ing 
C o . , Amsterdam (1979), 149-177. 

2. S t r e i t w i e s e r , A., Jr.; Muller-Westerhoff , U . J. Am. Chem. Soc. 
1968, 90, 7364. 

3. S t r e i t w i e s e r , A., Jr.; Muller-Westerhoff , U.; Sonnichsen, G . ; 
Mares, F.; Morrell, D . G . ; Hodgson, K . O . J. Am. Chem. Soc. 
1973, 95, 8644-8649. 

4. LeVanda, C . ; S t r e i t w i e s e r , A., Jr. Abs t r ac t s , 175th Na t iona l 
Meeting American Chemical Soc ie ty , Anaheim, California, 
March 1978, INOR No.68. 

5. LeVanda, C . ; So l a r , J.P.; S t r e i t w i e s e r , A., Jr. J. Am. Chem. 
S o c . , submitted. 

6. Fagan, P.J.; Manriquez, J.M.; Marks, T.J. "Organometallic 
Compounds of the f-Elements ," Marks, T.J.; F i s c h e r , R.D., 
Eds. Re ide l Pub l i sh ing Co., Amsterdam (1979), 113-148; and 
references t he re in . 

7. Z a l k i n , A.; Templeton, D . H . ; LeVanda, C . ; S t r e i t w i e s e r , A.,Jr. 
Inorg . Chem., to be submitted. 

8. Manriquez, J.M.; Fagan, P.J.; Marks, T.J. J. Am. Chem. Soc. 
1978, 100, 3939-3941. 

9. Kanel lakopulos , B.; Aderhold, C.; Dornberger, E . J. Organo
metal . Chem., 1974, 66, 447-451. 

10. Schles inger , H.I.; Brown, H .C . J. Am. Chem. Soc. 1953, 75, 
219-221. 

11. Ehemann, M.; Noth, H . Z.Anorg. Allg. Chem. 1971, 386, 87-101. 
12. Zane l l a , P.; DePao l i , G . ; Bombier i , G. J. Organometal. Chem. 

1977, 142, C21-24. 
13. Marks, T.J.; Kenne l ly , W.J.; K o l b , J.R.; Shimp, L.A. Inorg. 

Chem. 1972, 11, 2540-2546. 
14. Marks, T.J.; Shimp, L.A. J. Am. Chem. Soc. 1972, 94, 1542-

1550. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

5



5. SOLAR ET AL. Cyclooctatetraeneactinide(IV) Bis-borohydrides 91 

15. Berns te in , E . R . ; Hamil ton, W.C. ; Kiederling, T . A . ; LaPlaca , 
S.J.; L ippa rd , S.J.; Mayerle , J.J. Inorg . Chem. 1972, 11, 
3009-3016. 

16. Turner, H.W.; Andersen, R . A . ; Zalkin, A.; Templeton, D.H. 
Inorg. Chem. 1979, 18, 1221-1224. 

17. Karraker , D . G . ; Stone, J.A.; Jones, E . R . , Jr.; E d e l s t e i n , N . 
J. Am. Chem. Soc. 1970, 92, 4841-4845. 

18. Gof fa r t , J. "Organometallic Compounds of the f-Elements ," 
Marks, T.J. and F i s c h e r , R . D . , Eds. Re ide l Pub l i sh ing Co., 
Amsterdam (1979), p . 489. 

19. M a r q u e t - E l l i s , H . NATO Advanced Study Institute, Sogesta, 
Italy, 1979. 

20. Kablitz, H.J.; W i l k e , G. J. Organometal. Chem. 1973, 51, 
241-271. 

21. LeVanda, C. Unpublished results. 
22. James, B.D.; Nanda, R.K.; Wal lb r idge , M.G.H. Inorg . Chem. 

1967, 6, 1979-1983. 
23. S t r e i t w i e s e r , A., Jr.; Harmon, C.A. Inorg. Chem. 1973, 12, 

1102-1104. 
24. LeVanda, C . ; S t r e i t w i e s e r , A., Jr. Inorg. Chem., submitted. 
25. R e i t z , R . R . ; E d e l s t e i n , N . M . ; Ruben, H.W.; Templeton, D.H.; 

Zalkin, A . Inorg. Chem. 1978, 17, 658-660. 

RECEIVED December 26, 1979. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

5



6 

Nuclear Magnetic Resonance Studies of Uranocenes 

W A Y N E D. LUKE and A N D R E W STREITWIESER, JR. 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
Berkeley, C A 94720 and Department of Chemistry, University of California, 
Berkeley, C A 94720 

I. Introduction and H i s t o r i c a l Background 

In the past several years a substantial amount of work has 
been devoted toward evaluation of the contact and pseudocontact 
contributions to the observed isotropic s h i f t s i n the H nuclear 
magnetic resonance (NMR) spectra of uranium(IV) organometallic 
compounds (1-15). One reason for interest i n t h i s area arises 
from using the presence of contact s h i f t s as a probe for covalent 
character i n the uranium carbon bonds in these compounds. Several 
extensive 1H NMR studies on Cp3U-X compounds (10-13) and less 
extensive studies on uranocenes have been reported (5,6,14,15). 
Interpretation of these results suggests that contact s h i f t s con
tribute s i g n i f i c a n t l y to the observed isotropic s h i f t s . Their 
presence has been taken as indicative of covalent character of 
metal carbon bonds in these systems, but agreement is not 
complete (2). In this paper we s h a l l review critically the work 
reported on uranocenes i n the l i g h t of recent results and report 
recent work on attempted separation of the observed isotropic 
s h i f t s i n alkyluranocenes into contact and pseudocontact compo
nents. 

A. Theory. A detailed derivation of the theory behind para
magnetic s h i f t s i n the NMR of paramagnetic compounds, or a complete 
review of the l i t e r a t u r e concerning separation of observed i s o 
tropic s h i f t s into contact and pseudocontact components i s well 
beyond the scope of this paper. Several books and reviews of 
these subjects are available (16-21) . 

The presence of a paramagnetic metal i n organometallic 
compounds s i g n i f i c a n t l y influences the NMR spectrum of ligand 
nuclei. Changes i n nuclear relaxation times and changes i n reson
ance frequency are the two p r i n c i p a l effects a r i s i n g from i n t e r 
action between the unpaired electrons on the metal and ligand 
nuclei. Nuclear relaxation times are shortened due to increased 
spin-spin relaxation and result i n increased linewidths of the 
resonance signals. In some compounds this broadening of the 

O-8412-0568-X/80/47-131-093$12.00/0 
© 1980 American Chemical Society 
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94 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

resonance signals i s large enough to preclude t h e i r observation. 
The coupling of the unpaired electrons with the nucleus 

being observed generally r e s u l t s i n a s h i f t i n resonance frequency 
that i s referred to as a hyperfine i s o t r o p i c or simply i s o t r o p i c 
s h i f t . This s h i f t i s usually dissected i n t o two p r i n c i p a l com
ponents . One, the hyperfine contact, Fermi contact or contact 
s h i f t derives from a transfer of spin density from the unpaired 
electrons to the nucleus being observed. The other, the d i p o l a r 
or pseudocontact s h i f t , derives from a c l a s s i c a l dipole-dipole 
i n t e r a c t i o n between the electron magnetic moment and the nuclear 
magnetic moment and i s geometry dependent. 

Expressions f o r the contact s h i f t vary depending on the 
assumptions made. One common form i s (22) 

A.g 26 2S(S+1) o = i e e ( 1 ) 

CONTACT 3g B TkT N N 

where A_̂  i s the hyperfine coupling constant, g i s the r o t a t i o n -
a l l y averaged e l e c t r o n i c g value, i s the Bofir magneton, g N and 
3 are the corresponding nuclear constants and S i s the spin of 
the unpaired electrons. For a c t i n i d e organometallics i n which 
c r y s t a l f i e l d s p l i t t i n g i s small compared the separation between 
e l e c t r o n i c states and characterized by quantum number J , but 
large compared to kT, the contact s h i f t may be expressed as (12): 

A . ( g - D x 
CONTACT 

J e N N 

i n which x i s the magnetic s u s c e p t i b i l i t y . 
The pseudocontact s h i f t may be expressed as (20, 23-26): 

_ X z-V2(X x+X y)) 3 c o s 2 e _ 1 

PSEUDOCONTACT 3N R 3 + 

( X x " X y ) sin 26cos 2 (3) 
2N R 3 

i n which Xx> Xy a n c^ X z
 a r e components of the magnetic suscepti

b i l i t y , and the coordinate system i s shown i n F i g . 1. 
The t o t a l i s o t r o p i c s h i f t i s the sum of the two components: 

^ISOTROPIC ~ ^CONTACT + ^PSEUDOCONTACT ^ 

In t h i s paper we define a l l s h i f t s u p f i e l d from TMS as negative 
and a l l s h i f t s downfield from TMS as p o s i t i v e . This i s the 
modern accepted convention. 
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6. LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes 95 

B. NMR of Uranium(IV) Organometallic Compounds. Current 
interest i n the NMR of U(IV) organometallic compounds has been 
concerned with the r e l a t i v e contributions of contact and pseudo-
contact s h i f t s to the observed isotropic s h i f t s . Much of this 
interest arises from the possible presence, and r e l a t i v e role of 
covalency i n ligand metal bonds i n organoactinide compounds. 
Ideally, i f the isotropic s h i f t s i n U(IV) compounds can be 
factored into contact and pseudocontact components, the contact 
s h i f t can be correlated with electron delocalization and bond 
covalency. 

From an experimental point of view, the *H NMR spectra of 
U(IV) compounds are i d e a l l y suited to such analysis. In general, 
the isotropic s h i f t s are less than ± 100 ppm, which i s small 
compared to s h i f t s observed i n many tr a n s i t i o n metal complexes. 
The linewidths for protons on carbons d i r e c t l y bonded to uranium 
are less than 50 Hz and rapidly decrease for protons on carbons 
not d i r e c t l y bonded to the metal atom, so that J-J coupling i s 
often observed. A review of early work on the H NMR spectra of 
U(IV) compounds apepared i n 1971 (7). 

1. Triscyclopentadienyl uranium(IV) compounds. The ^H NMR 
resonance of the cyclopentadienyl ligand i n Cp^U i s shifted -19.27 
ppm upfield from the corresponding resonance i n diamagnetic Cp^Th 
at room temperature. The interpretation of this s h i f t involved 
some early controversy (1,2,4,10). Moreover, a wide variety of 
Cp3U-X compounds has been prepared and extensive studies on their 
JH NMR spectra have been reported. Some confusion exists i n 
comparing the isotropic s h i f t s reported i n the l i t e r a t u r e . Some 
sh i f t s are reported referenced r e l a t i v e to various solvents while 
others are referenced r e l a t i v e to the corresponding thorium 
compound instead of the universal standard TMS. To f a c i l i t a t e 
comparison the reported s h i f t s have been referenced to TMS and 
are recorded i n Table I. 

Assuming ax i a l symmetry along the U-X bond, the isotropic 
s h i f t s for compounds 3, 7-16 and 25 have been factored into con
tact and pseudocontact components. In the r i g i d cholesteroloxy 
ligand, 25, Fischer and co-workers (11) showed the r a t i o of the 
geometry factors (3cos 2-l)/R 3 for the A-ring protons i n the (3 and 
y-positions to be equal to the r a t i o of the isotropic s h i f t s , 
whereas gross deviations occurred when the a-positions were 
compared. This implies that a l l of the isotropic s h i f t s except 
those i n the a-position arise purely from pseudocontact-type 
interactions whereas both pseudocontact and contact interactions 
contribute to the a-proton isotropic s h i f t s . The isotropic s h i f t s 
were factored into contact and pseudocontact components. Taking 
the average geometry factor, (G r), for the ring protons as -5.49 
x 10~22 cm"3, the calculated pseudocontact and contact s h i f t s at 
room temperature are -6.4 ppm and -17.6 ppm, respectively. The 
approximate invariance of the ring proton isotropic s h i f t s i n a l l 
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96 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

of the alkoxy substituted compounds suggests that there i s no 
great fluctuation i n the molecular artisotropy throughout this 
series. 

Marks and co-workers (12) have studied the a l k y l substituted 
compounds 7-16. Assuming that IND0/2 molecular o r b i t a l calcula
tions on a l k y l radicals can reasonably predict experimental elec
tron-nuclear hyperfine coupling constants, a^, they have calcu
lated the a.̂  values for each of the a l k y l substituents. Taking 
the r a t i o of the contact s h i f t s of the ortho positions i n 7 and 
v i n y l i c position i n 16 as equal to the r a t i o of calculated a^ 
values and the r a t i o of the geometry factors as equal to the r a t i o 
of pseudocontact s h i f t s , Marks and co-workers could solve for the 
contact and pseudocontact s h i f t s i n 7 and 16. Factoring the 

Table I 
The 1H NMR Resonances of Cp U-X Compounds 

6 ppm from TMS 
X Temp Solvent Ref. 

1 Cp -13.96 25 THF 1,7,10 
2 F -6.46 25 Benzene 7,10,27 
3 CI -3.40 25 Benzene 7,10,13,27 
4 Br -3.65 25 Benzene 7,10,27 
5 I -4.28 25 Benzene 7,10,27 
6 BH 4 

-6.53 25 Benzene 3,7 
7 C 6 H 5 -3.26 25 Benzene 12,28 
8 ^ 3 -2.76 25 Benzene 12 

-194.76(CH3) 
9 n-C 4H 9 -3.06 25 Benzene 12 

10 i- C3 H7 -3.66 
-11.46(CH ) -20.36(y) 
-26.36(g) -192.76 (a) 

25 Benzene 12 

11 t-C H 
A Q 

-4.16 25 Benzene 12 
ft .7 -15.96(CH ) 

12 neopentyl -4.36 25 Benzene 12 
-14.86(CH3) -184.76(CH2 ) 

13 a l l y l -2.76 25 Benzene 12 
-30.96(CH) -118.76(CH ) 

14 vi n y l -2.06 25 Benzene 12 
31.64(3-trans) -9.76(3-cis) 
-156.36(a) 
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6. LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes 97 

Table I (cont.) 
Temp Solvent Ref. 

15 

16 

17 
18 

19 

20 

21 

22 

cis-2-
butenyl 

Trans-2-
butenyl 

C6 F5 

° C2 H5 

° - n - C 4 H
9 

0- 1-C 3H 7 

-3.36 
-12.56(a-CH) -15.36(H) 
-35.06(6-CH3) 
-3.46 
30.74(H) -25.76(6-CH ) 
-26.36(a-CH3) 
-3.66 
-17.06 
52.54(CH3) 

-18.36 
59.04(OCH2) 16.84(CH3) 

-17.86 
57.84(OCH ) 17.04(6) 
8.94(y) 4.'58(CH3) 
-18.56 
121.94(OCH2) 17.84(CH3) 
-19.36 
19.64(CH3) 

23 n-hexyloxy 

25 

25 

25 
RT 

RT 

RT 

RT 

RT 

RT 

24 

25 

eyelonexy-
loxy 

cholester 
yloxy 

-17.6 
56.9(a) 16.69(3) 
8.80(y) 5.08(6) 2.57( ) 
1.67 (e) 
-18.3 a 30 
122.0(a) 19.0(3) 17.0(3) 
10.2(y) 9.8(6) 7.5(e) 

-,a,b 17.7 30 

Benzene 

Benzene 

Benzene 
Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

12 

12 

12 

7,29 

7,29 

7,29 

7,29 

7,29 

11 

11 

11 

extrapolated from spectrum reported i n ref.11 
b 
See ref. 11 for substituent proton resonances 

isotropic s h i f t s i n the remaining members of the series was 
effected by assuming that the pseudocontact s h i f t s are a l l pro
portional to the corresponding geometry factors. Agreement 
between the calculated s h i f t s and a.̂  values was f a i r , and, i n 
general, the contact s h i f t s were less than 50 ppm. For the ring 
protons an average geometry factor of -7.97 x 10~ 2 2cm" 3 was used 
to calculate a pseudocontact s h i f t of 19.1 ppm and a contact s h i f t 
of -28 ppm. While this contact s h i f t i s similar i n magnitude to 
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98 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

that calculated for the alkoxy compounds, the calculated pseudo-
contact s h i f t s for the two series are opposite i n sign. This 
implies that the replacement of -OR by -R caused a reversal of 
sign i n the magnetic anisotropy term of eq. 3 ( i . e . , Xj|~Xj_^ * 

Recently, Amberger (13) has assigned the bands i n the absorp
tio n spectrum of 3. In this analysis a set of f i r s t - o r d e r c r y s t a l 
f i e l d functions was derived which models the known temperature 
dependence of the magnetic s u s c e p t i b i l i t y . From these parameters, 
the isotropic lH NMR s h i f t s of the ring protons were factored 
into contact and pseudocontact components. Using the geometry 
factor of Marks (-7.97 x 10" 2 2cm" 3) or that of Fischer (-5.49 x 
10~ 2 2cm~ 3) the calculated pseudocontact s h i f t s at 25°C are 2,38 
and 1.64 ppm and the calculated contact s h i f t s are -11.58 and 
-10.84 ppm, respectively. 

Interestingly, a l l of the calculated contact s h i f t s for the 
ring protons i n these Cp3U-X compounds are of the same sign and 
of the same order of magnitude as the isotropic s h i f t i n Cp^U, 
suggesting that the ring metal bonding i n a l l of these compounds 
i s quite similar. Replacement of one Cp i n Cp^U by any other 
ligand lowers the symmetry of the complex leading to magnetic 
anisotropy and pseudocontact contributions to the isotropic *H 
NMR s h i f t s . Lower symmetry alone does not completely control the 
magnetic anisotropy. The substituent has a profound effect which 
can serve to change the sign of the magnetic anisotropy term i n 
eq. 3 and hence, the sign of the pseudocontact s h i f t . 

The temperature dependence behavior of the ring proton i s o 
tropic s h i f t s also r e f l e c t s the effects of lower symmetry. While 
the ring proton s h i f t i n Cp 4U shows a linear dependence on T~ 
from -106°C to 133°C, the ring proton s h i f t s of Cp3U-X compounds 
2-5, 8-10, 12, 17-18, and 23-25 a l l show marked deviations from 
l i n e a r i t y . ^The^alkyl-substituted systems show linear behavior 
from ca. -150°C to room temperature but deviate from l i n e a r i t y 
above room temperature. The alkoxy compounds show apparent 
l i n e a r i t y from ca. 200°C to 400°C but deviations from l i n e a r i t y 
below 200°C. A l l of the halides except for the fluoride display 
a s l i g h t curvature from 200°C to 400°C. The variable temperature 
behavior of the fluoride i s solvent dependent and r e f l e c t s the 
formation of dimers. 

The presence of the paramagnetic center i n Cp3U-X compounds 
also serves as an internal s h i f t reagent and as such has been 
used as a conformational probe. In a variable temperature *H NMR 
study, Marks and co-workers (30) have observed l i n e broadening of 
the borohydride proton resonances i n 6. The broadening was not a 
res u l t of temperature dependent changes i n boron quadrupolar 
relaxation but instead was interpreted as indicative of slowing 
of the chemical exchange process between bridging and terminal 
protons. Estimation of the coalescence temperature as -140 ± 20°C 
leads to a calculated AG^ for the process of 5.0 ± 0.6 kcal mole". 
Similarly, the energy bar r i e r to rotation of the isopropyl group 
i n Cp3U-i-C 3H 7 has been estimated to be E = 10.5 ± 0.5 kcal 
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6. LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes 99 

mole"1 from computer simulated l i n e shape analysis of variable 
temperature spectra (12). From the coalescence temperature for 
f l u x i o n a l i t y between monohapto- and trihapto-bonding of the a l l y l 
group i n C p 3 U - a l l y l of 43°C, a value of 8.0 kcal mole""1 for AG^ 
for the process was calculated (12), while i n cyclohexyloxy-UCp 3, 
a lower l i m i t for AG7* for ring inversion of the cyclohexyl ring 
has been estimated to be 2.3 kcal mole" 1 (11). 

2. Uranocenes. Edelstein and co-workers (_5) proposed that 
the 1U isotropic s h i f t i n uranocene can be approximated by 

ISOTROPIC = ^ 3 c o s V i _ + M ^ J j 3 e _ (5) 
3 R3 3 5kT 

The pseudocontact term i s simply the a x i a l l y symmetric form of 
eq. 3. The contact term i s eq. 2, where 6 and g^ have been 
evaluated using a c r y s t a l f i e l d model for bis-cyclooctatetraene-
actinide sandwich compounds proposed by Karraker (31). 

The ground state term for XJ+h i s . In a c r y s t a l f i e l d of 
Dg^ symmetry th i s ninefold degenerate state i s s p l i t into four 
doublets ( J z = ±4, ±3, ±2, ±1) and one singlet ( J z = 0). Analysis 
of bulk magnetic s u s c e p t i b i l i t y data led to selection of the 
ground state as J z = ±4, provided that an effective o r b i t a l 
reduction factor of k = 0.8 was included i n the c r y s t a l f i e l d 
calculations to correct covalent contributions to metal ligand 
bonding (32). This model successfully predicts the magnetic 
behavior of uranocene, neptunocene, and plutonocene assuming: 
1) only the lowest cr y s t a l f i e l d state i s populated i n the temper
ature range T <<400 K; 2) there i s no mixing of J states by the 
c r y s t a l f i e l d ; 3) the effects of intermediate coupling are small 
and can therefore be neglected (31). 

A d i r e c t r e s u l t of the J z = ±4 ground state i s i n the l i m i t 
of kT « D, the t o t a l c r y s t a l f i e l d s p l i t t i n g , X = 3Xav a n d 

X^ = 0 where " 

*av = 1 / 3 X„ + 2/3 X ± (6) 
Thus, the magnetic s u s c e p t i b i l i t y component of the pseudocontact 
s h i f t was evaluated from bulk s u s c e p t i b i l i t y measurements. Using 
geometric data from the x-ray structure of Raymond and Zalkin (33) 
and a magnetic moment of 2.4 B.M., Edelstein and co-workers 
calculated the pseudocontact s h i f t for uranocene ring protons, 
(entry 1, Table I I ) . These authors used the Curie Law to relate 
X and y e f f , while the magnetic data obeyed the Curie-Weiss Law, 
with y e f f = 2.4 B.M. and 9 = 9.6°K. Neglect of the Weiss const
ant, ( i . e . , the Curie Law instead of the Curie-Weiss Law) under
estimates the value of X a v resulting i n smaller values for the 
pseudocontact s h i f t . This underestimation amounts to about 3.5% 
for the ring *H resonances i n uranocene (entry 2, Table II) . 
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100 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Since the calculated pseudocontact shifts are smaller in 
magnitude than the observed isotropic shift, Edelstein, e t . a l . , 
concluded that an upfield contact component contributes to the 
total isotropic shift, indicative of covalency in the ligand 
metal bonds of uranocene. 

TABLE II 

Earlier Analyses of Isotropic H Shifts of Uranocene 

Proton 3cos 20-l /R 3 

i r k21 -3 x 10 cm 

Temp 
°C 

y e f f 
B.M. 

Iso
tropic 
shift 
(ppm) 

Pseudo-
contact 
shift 
(ppm) 

Contact 
shift 
(ppm) 

urano
cene3 

ring 
-3.55 29 2.4 -41.9 -14.0 -27.9 

urano
cene^3 

ring 
-3.55 29 2.4 -41.9 -14.5 -27.4 

octa-
methyl 
ring 

-2.0 25 2.38 -41.3 -7.9 -33.4 

octa-
methyl 
ring 

-5.9 25 2.38 -6.0 -23.6 +17.6 

urano-c 
cene 
ring 

-2.0 25 2.38 -42.6 -7.9 -34.7 

(a) Ref. 5. (b) Correction for Curie-Weiss Law; see text, 
(c) Ref. 6. 

The plot of shift vs T was linear in accord with Curie-
Weiss magnetic behavior and in agreement with the linearity pre
dicted by eq. 5. The intercept, however, was ca. 7 ppm instead 
of zero as predicted by eq. 5. 

Subsequently, the H NMR of 1 , 1 ' , 3 , 3 ' , 5 , 5 ' , 7 , 7 » - o c t a m e t h y l -
uranocene was analyzed in a similar manner (6). The contact 
shifts for the ring and a-protons were found to be similar in 
magnitude, but opposite in sign, implying spin density in a 7T-MO, 
and transfer of spin density via a spin polarization type mechan
ism (entries 3 and 4 in Table II). In this paper, a new, signif
icantly smaller, value for the pseudocontact shift in uranocene 
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6. LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes 101 

was reported (entry 5, Table I I ) . This value was calculated 
using better geometric data from the refined x-ray structure of 
uranocene by Raymond and co-workers (34). 

These results led to a simple model for the contact s h i f t s 
i n uranocenes shown i n F i g . 2 (35). In the ground state, o r b i 
t a l angular momentum dominates so the two f-electrons on the met
a l have t h e i r magnetic moments opposed to the applied f i e l d . 
Electron density donated from f i l l e d ligand molecular o r b i t a l s to 
vacant metal o r b i t a l s w i l l be spin-polarized so the net spin den
s i t y i n the ligand TT-MO gives r i s e to a magnetic moment aligned 
with the applied f i e l d . Relay of spin density v i a a spin polar
i z a t i o n mechanism affords an upfield s h i f t to the ring protons, 
and v i a hyperconjugation, a downfield s h i f t to the a-carbons. 
Subsequent spin transfer results i n an alternating upfield, down-
f i e l d s h i f t pattern, which decreases substantially the greater 
the number of sigma bonds between the observed nucleus and the 
ring carbons. 

Separation of the i s o t r o p i c s h i f t s i n uranocenes into 
pseudocontact and contact components i s certainly an appealing 
method of attri b u t i n g covalent character to bonding i n uranocene. 
However, Hayes and Thomas {!) have advised caution i n making de
ductions about covalency from NMR data on actinide complexes. In 
these compounds J i s assumed to be a good quantum number and thus, 
both spin and o r b i t a l angular momentum contribute to the observed 
magnetic moment. In actinide complexes, the spin magnetic moment 
may not be p a r a l l e l to the net magnetic moment, which i s aligned 
with the applied f i e l d . In fact, i t i s opposed i f the 5f s h e l l 
i s less than half f u l l as i n uranocene. Hence, direct transfer 
of spin density to a ring proton w i l l give r i s e to a downfield 
s h i f t . 

Second and more importantly, the ligand metal interaction i n 
organometallic complexes involves only certain o r b i t a l s on both 
the ligand and the metal. The electronic states giving r i s e to 
s h i f t s i n an NMR experiment may not involve these o r b i t a l s . 
Hence, l i t t l e i f any direct information on covalency can be der
ived from NMR experiments. In general, one must consider the 
occupancy of the relevant o r b i t a l s i n the c r y s t a l f i e l d states 
populated over the temperature range of the NMR experiment i n 
attempted correlation of contact s h i f t s with s p e c i f i c modes of 
bonding. 

Nevertheless, a model with spin polarization of ligand elec
trons donated to empty metal or b i t a l s gives r i s e to positive spin 
density i n the ligand system and the observed upf i e l d s h i f t to 
the ring protons. Such electron donation to metal o r b i t a l s does 
relate to bonding. Moreover, i t appears that contact s h i f t s do 
contribute to both the ring and a-proton isotropic s h i f t s i n uran
ocene and 1,1',3,3',5,5',7,71-octamethyluranocene. Because both 
ring and a-positions experience contact and pseudocontact s h i f t s 
i t i s impossible to test i f the assumptions used i n factoring the 
observed s h i f t s are v a l i d . Of p a r t i c u l a r interest are the assump-
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102 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Figure 1. Coordinates Ri, ®h and ^ of a nucleus i in the coordinate system x, y, 
z, with the three principal components Xx, Xy, X z of the magnetic susceptibility 

Figure 2. Spin polarization in uranocenes. Arrows shown refer to magnetic 
moments. 
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6. LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes. 103 

tions concerning the magnetic anisotropy term (Xy - X_|_) • Typic
a l l y , contact s h i f t s are e f f e c t i v e l y zero i f at least three atoms 
(i . e . , four sigma bonds) separate the observed nucleus from the 
paramagnetic center (15,35). Ideally, i n a 1,1*,3,3*,5,5',7,7'-
octaalkyluranocene, where the a l k y l groups have 3 or y protons, 
the observed isotropic s h i f t s for these positions would be solely 
pseudocontact i n nature. Unfortunately, none of these systems 
i s known and attempts to prepare the t-butyl compound have not 
been successful (36) . 

Numerous substituted uranocenes are now known and could, i n 
p r i n c i p l e , provide useful tests. Other factors now, however, be
come involved and need to be evaluated. The lower symmetry of 
these compounds means that X and Y are no longer constrained to 
be equal and the eq. 3 needs to be considered i n i t s entirety. 
Moreover, the substituent could have an effect on magnetic aniso
tropy. F i n a l l y , some substituents have more than one possible 
conformation which would need to be considered. 

If the magnetic moment of a paramagnetic molecule obeys the 
Curie or Curie-Weiss Law, variable temperature 1H NMR can serve 
as a conformational probe. Conformationally r i g i d nuclei or 
those rapidly o s c i l l a t i n g between conformations of equal energy, 
w i l l exhibit a linear s h i f t dependence on T" 1 while those which 
undergo exchange between conformations d i f f e r i n g i n energy w i l l 
show a non-linear dependence. Equation 3 shows that the slope 
of these plots w i l l depend upon the sign of A. and the sign of 
the geometry factor. 

In the remainder of this paper we w i l l present NMR results 
for a variety of uranocenes as a function of temperature. The 
results w i l l be analyzed i n terms of the component contact and 
pseudo-contact contributions with due regard to the foregoing 
considerations. 

II . The Variable Temperature "̂H NMR of Uranocene and Substituted 
Uranocenes 

In this section we summarize the experimental results for a 
number of substituted uranocenes. The compounds studied are 
l i s t e d i n Table III and F i g . 3. 

The spectra were run on the Berkeley 180 MHz FT NMR spectro
meter equipped with a variable temperature probe. A l l spectra 
were run i n toluene-dg. In general, spectra were taken at 10° 
intervals from at least the range -80°C to 70°C. The temperature 
of the probe was monitored by a pre-calibrated thermocouple 5 mm 
from the sample tube, and could be held to ±0.3°C over the dyn
amic temperature range. Shifts were measured r e l a t i v e to the 
methyl group of toluene rather than stopcock grease; the l a t t e r 
shifted ca. 0.2 ppm over the temperature range. The s h i f t s are 
reported r e l a t i v e to TMS by assigning the toluene methyl reson
ance as 2.09 ppm. This resonance d i f f e r s from that i n protio-
toluene (2.31 ppm). Often this resonance i s erroneously assigned 
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LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

42, R=COOC(CH ) 

27, R=CH3 

28, R=CH CH 

31, R=CH C(CH ) 

33, R=C(CH ) 

6 5 
37, R=p-C H NMe 6 4 

t=COOC (CH ) 

R 
34, R=C(CH_,). 

RAJ 

Figure 3. Structures of compounds studied 
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6. LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes 105 

TABLE III 

Uranocenes Analyzed by Variable Temperature NMR 

2 6 Uranocene 
2 7 l,l'-Dimethyl-
2 8 l j l ' - D i e t h y l -
2 9 l , l ' - D i - n - b u t y l -
3 0 1 , 1 ' - D i i s o p r o p y l 
3 1 1 , 1 '-Dineopentyl-
32 Mono-t-butyl 
3 3 l , l ' - D i - t - b u t y l 
3 4 1 , 1 1 , 4 , 4 ' - T e t r a - t - b u t y 1 -

3 5 1 , 1 ' , 3 , 3 ' , 5 , 5 ' , 7 , 7 ' - O c t a m e t h y 1 -

3 6 1 , 1 '-Diphenyl-
3 7 1 ,1 '-Bis(p-dimethylaminophenyl)-
3 8 Dicyclobuteno-
3 9 Dicyclopenteno-
4 0 Bis(dimethylcyclopenteno)-
4 1 1 , 1 *-Di(t-butoxycarbony1 ) -

4 2 Mono-(t-butoxycarbonyl)-
4 3 1 , 1 ' - D i ( 1 , 3 , 5 , 7 - c y c l o o c t a t e t r a e n y 1 ) -

the same value as i n the protio-compound; however, we have exper
imentally v e r i f i e d the difference which i s a recognized secondary 
deuterium isotope effect i n x H NMR spectroscopy ( T 7 , _ 3 8 ) -

A. Diamagnetic Reference Compounds. Analysis of the i s o 
tropic s h i f t s requires referencing the observed s h i f t s to th e i r 
positions i n the spectrum of a corresponding hypothetical diamag
netic uranocene. The diamagnetic thorocenes are probably the 
closest analogy to such a model uranocene and several of these 
compounds have now been reported ( 3 9 , 4 0 ) . The difference between 
the % resonances i n the thorocenes and the corresponding cyclo
octatetraene dianions i s small (Table IV); hence, without impor
tant error i s o t r o p i c s h i f t s i n a l l of the uranocenes discussed i n 
this chapter can be referenced to the s h i f t s i n the corres
ponding cyclooctatetraene dianions. For those cyclooctatetraenes 
where the dianion has not been isolated and characterized by 
H NMR, the s h i f t s have been estimated by comparison with other 
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106 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

cyclooctatetraene dianions. The error resulting from such r e f 
erence i s probably no more than 1-2 ppm. 

TABLE IV 

The "*"H NMR Resonances of Cyclooctatetraene Dianions 
and Thorocenes i n THF (ref. 39/ 

6 ppm from TMS 
ring substituent 

=a 
COT 5.9 
thorocene 6.5 
n-butylCOT a 5.7 2. 9 1.3 0.9 
1,1'-di-n-butylthorocene 6.5 3. 2 1.6 1.0 
methylCOT _ a 5.6 2. 8 
1,1'-dimethylthorocene 6.5 3. 1 
t-butylCOT~ a 5.7 1. 5 
1,1*-di-t-butylthorocene 6.5 1. 7 

a 
as the dipotassium s a l t 

B. The Temperature Dependent H NMR of Uranocene and 
Octamethy1uranocene. Our i n i t i a l i n terest was i n v e r i f y i n g the 
temperature dependence of the Ĥ i s o t r o p i c s h i f t i n uranocene and 
the reported non-zero intercept at T"̂ -=0. Recent laser Raman 
studies by Spiro and co-workers (41) have established that the 
f i r s t excited state i n uranocene i s 466 cm"^ above the ground 
state. Thus, the is o t r o p i c s h i f t may not vary l i n e a r l y with the 
inverse of the temperature from -100°C to 100°C. Indeed, below 
100°K some controversy exists concerning the temperature depend
ence of the magnetic moment i n uranocene (42,43) . 

The temperature dependence of the isotropic s h i f t i n urano
cene was measured on two independent samples from -80°C to 100°C. 
At the same nominal temperature s l i g h t differences i n the s h i f t 
between the two samples are undoubtedly due to s l i g h t differences 
i n the true temperature of the samples and provide an estimate of 
the error i n temperature measurement or measurement of the reson
ance frequency i n this study. 

The plot of s h i f t vs T" 1 ( f i g . 4, Table V) i s s t r i c t l y linear 
with an extrapolated intercept at T~^=0 of zero within experiment
a l error. The difference between th i s result and that reported 
by Edelstein et a l . (_5) , appears to arise entirely from uncertain
ty i n measurement of the temperature. In the e a r l i e r work the 
uncertainty i n the temperature at both the high and low extremes 
was +3.0°C while i n this study i t i s +0.3°C. In fact, i f one 
takes into account the reported error i n the temperature measure
ments i n the e a r l i e r work, the data can be f i t t e d with a straight 
l i n e which intercepts zero at T =0. (Fig. 5). 
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LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes 

1 2 3 4 5 © 

i/T x iooo m 

Figure 4. Isotropic shift vs. T1 for uranocene 

Figure 5. Comparison of older data ((- — Ref. 5) with present results (-
for uranocene ring protons 
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108 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

TABLE V 

Least Squares Linear Regression Analysis of VT H NMR Data for 
Ring Protons i n Uranocene, Octamethy1uranocene and the 

Unsubstituted Ring i n Monosubstituted Uranocenes. 

Compound Slope Intercept r 

26, Uranocene Run #1 -12.83±0 .07 -0.3210.32 0. 9992 
Uranocene Run #2 -12.94±0 .06 0.2110.21 0. 9997 
Uranocene (ref.6) -14.70±0 .17 6.9610.64 0. 9991 

32, Mono-t-butyi a -12.6210 .04 -0.3210.19 0. 9998 
41, Mono-t-butoxy- -13.5410 .12 1.8810.47 0. 9989 

carbonyi a 

35, Octamethy1 -13.1210 .03 2.4510.14 0. 9999 

(a) Unsubstituted ring; the substituted ring data are i n 
Table IX. 

Octamethy1uranocene, 35, has effective 4-fold symmetry and 
X x and Xy a r e constrained to be equal on the nmr time scale. The 
temperature dependence of the ring protons of this compound i s 
compared with uranocene i n Fig. 6 and Table V. The non-zero i n 
tercept i s probably due to referencing the isotropic s h i f t to the 
tetramethylCOT dianion; note i n Table IV that the ring protons 
of dimethylthorocene d i f f e r from methylCOT dianion by almost 1 
ppm. 

The near-identity of the slopes of the lines i n Fig. 6 has 
important implications. The geometry factor for the ring protons 
of octamethyluranocene i s essentially i d e n t i c a l to that for uran
ocene i t s e l f ; hence, according to eq. 5, any s i g n i f i c a n t change 
i n Xi would be expected to produce a s i g n i f i c a n t change i n slope. 
The fact that methyl substitutents have l i t t l e e f f e c t on the 
slope means either that Xj_ does not change s i g n i f i c a n t l y by 
methyl substitution or that the eff e c t of a change i n X|_ i s a l ~ 
most exactly balanced by an opposing change i n the contact s h i f t . 

C* Monosubstituted Uranoceiles.., Some monosubstituted urano
cenes are known, compounds with one COT and one substituted COT 
ligands. The mono-t-butoxycarbonyluranocene, 42, was prepared 
by reaction of one mole of the corresponding COT dianion with one 
mole of COT dianion i t s e l f and UC1 4(44). I t could be separated 
from the disubstituted compound, 41, also formed, by i t s greater 
s t a b i l i t y towards hydrolysis. Mono-t-butyluranocene, 32, was 
obtained and measured as a 1.8:1 mixture with the disubstituted 
compound, 33. A separate preparation of pure 33 allowed complete 
analysis of the mixture. Mono-(di-t-butylphosphino)uranocene 
has also been reported by Fischer, et al(45). 
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6. LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes 109 

The importance of these compounds for nmr interpretations i s 
that we can look at the unsubstituted ring i n systems where X x 

and Xy are not constrained by symmetry to be equal. In both of 
the monosubstituted uranocenes investigated, the proton resonance 
of the unsubstituted ring i s a singlet. 

At 30°C, the protons of the unsubstituted ring i n mono-t-
butyluranocene resonate at 0.51 ppm lower f i e l d and those i n the 
mono-ester resonate at 0.43 ppm higher f i e l d than the ring protons 
in uranocene. These differences are small but r e a l and were es
tablished independently by observing the spectrum of mixtures of 
these compounds. 

The temperature dependence of the unsubstituted ring proton 
resonances are linear functions of T ~ l and the slopes of s h i f t vs. 
T"~l are i d e n t i c a l within experimental error to that of uranocene 
( f i g . 7, Table V). The s l i g h t difference i n intercepts at T~ 1 =0 
undoubtedly result from using the proton resonance of cycloocta
tetraene dianion as a diamagnetic reference for a l l the compounds. 

Changes i n the linewidths at half heights of the unsubstitut
ed ring resonances as a function of temperature p a r a l l e l s that of 
uranocene and results from the known change i n paramagnetic r e l 
axation times as a function of temperature rather than the onset 
of coalescence (Table VI) (19). This implies that ring rotation 
in monosubstituted uranocenes i s rapid on the NMR time scale or 
that rotation i s slow and the differences between the resonance 
frequency of the non-equivalent protons i s smaller than the l i n e -
widths of the observed signals. Bis(1,4-di-t-butylcyclooctate-
traene) -uranium, 34, does show coalescence of a l l of the proton 
resonances at low temperature corresponding to a barrier to rota
tion of 8.4 kcal mol (46). Substituents smaller than t-butyl 
should show smaller barriers. We conclude that uranocene and the 
monosubstituted uranocenes are freely rotating on the nmr scale 
at our temperatures. 

TABLE VI 
Linewidth at Half Height of H NMR Resonances of Uranocene 

(Hz) 
-70°C 30°C 70°C 

26, uranocene 102 90 76 
32, mono-t-butyl a 45 33 30 

41, mono-t-butoxycarbony1- 50 38 32 

(a) Unsubstituted ring. 

For complete rotation, the f i n a l term i n eq. 3 averages to 
zero; hence, i f h (x x +X ) d i f f e r s seriously from Xj^ of urano
cene, we would expect a s i g n i f i c a n t change i n slope. The near 
constancy of the observed slopes for a l l of the unsubstituted 
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110 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

3 . 0 3 5 4 0 4 6 6 . 0 6 . 6 6 . 0 

1/T x 1000 (70 

Figure 6. Isotropic shift vs. T'1 for uranocene and the ring protons in 1,1',3,3',-
5,5',7,7'-octamethyluranocene, 3 5 

3 0 3 . 5 4 . 0 4 . 5 S . O 5 . 5 6 . 0 

i/T x 1000 m 

Figure 7. Isotropic shift vs. T'1 for uranocene and the ring protons in the unsub
stituted ring of mono-t-butyl, 32, and mono-t-butoxycarbonyluranocene, 42 
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6. LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes 111 

rings together with the rin g protons of 35 provides highly sug
gestive, a l b e i t not rigorous, evidence that X x =Xy = Xĵ  f ° r a l l 
of these compounds. These approximations cetainly make a strong 
working hypothesis. 

Recently, Fischer (_L5,_45) has independently arrived at the 
same^conclusion based on the temperature dependence behavior of 
the H NMR resonances of the two monosubstituted uranocenes, 
(C 8H 8)(C 8H 7R)U, R = P ( t - C 4 H g ) 2 and Sn(t-C 4H 9) 3. In both of these 
compounds the unsubstituted ring resonances i s reported to be 
id e n t i c a l with that i n uranocene. 

D. Magnetic Su s c e p t i b i l i t y of Substituted Uranocenes. We 
examine further implications of the potential effects of substi-
tuents on magnetic anisotropy. In the l i m i t of rapid ring rot
ation the f i n a l term i n eq. 3 averages to zero; i n the l i m i t of 
frozen rotations this term can contribute and result i n non-lin
earity. The H NMR data on 34 provide a test (46). At tempera
tures above coalescence the rings are freely rotating and the 
three pairs of equivalent ring protons on each ring are linear 
functions of T . Below coalescence the three ring proton reson
ances s p l i t int<j> six and a l l six resonances are again linear 
functions of T . Moreover, the average of appropriate pairs of 
resonances i s close to the value extrapolated from three reson
ances above coalescenece. Thus, even i n the "frozen rotation" 
region, the l a s t term i n eq. 3 makes l i t t l e contribution, a res
u l t that implies X x = X y 

We conclude that substitution of the uranocene skeleton, a l 
though formally lowering the symmetry of the complex, exerts 
only a small perturbation on the crystal f i e l d around the uran
ium. The magnetic behavior remains primarily an atomic property 
and from the point of view of the uranium atom, i t s t i l l exper
iences a Cg^ cry s t a l f i e l d as i n uranocene. Thus, to a good 
f i r s t approximation, substituted uranocenes can be viewed as hav
ing e ffective a x i a l symmetry regardless of the rate of ring 
rotation. 

We next inquire whether this result i s consistent with other 
physical properties of uranocenes. Bulk magnetic s u s c e p t i b i l i t y 
measurements at low temperature on several substituted uranocenes 
appear to suggest that within experimental error the magnetic 
properties of a l l uranocenes are essentially i d e n t i c a l and equal 
to 2.4±0.2 B.M. (Table VII). This result i s consistent with the 
idea confirmed by X̂  Scattered Wave (_47) and Extended Huckel 
MO (48) calculations that the magnetic properties of uranocenes 
are determined p r i n c i p a l l y by the two unpaired electrons that are 
primarily metal electrons. 

E. "*"H NMR of Substituted Uranocenes. Table VIII summarizes 
the chemical s h i f t s r e l a t i v e to TMS for a number of uranocenes 
at a common temperature (30°C). The results are summarized for 
ring and substituent protons for convenience. 
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112 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

F. The Temperature Dependence of Proton Resonances i n Sub
st i t u t e d Uranocenes. In substituted cyclooctatetraene dianions 
where substitution l i f t s the symmetry imposed equivalency of the 
ring protons, the difference i n resonance frequency of the mag
ne t i c a l l y non-equivalent protons i s s u f f i c i e n t l y small that the 
observed resonances appear as a broadened singlet even i n high 
f i e l d NMR experiments. Likewise i n corresponding substituted 
thorocenes, the non-equivalent ring proton resonances appear as 
a broadened signal with no assignable features. However, i n sub
s t i t u t e d uranocenes the non-equivalent ring proton resonances a l l 
appear as well resolved singlets for a l l of the uranocenes whose 
Ĥ NMR has been reported. 

The structure of a s u f f i c i e n t number of substituted urano
cenes has been determined by single c r y s t a l X-ray d i f f r a c t i o n to 
establish that both the uranium-ring distance and the C r^ ng-C r^ ng 
bond distance are invariant, within experimental error, regardless 
of substituents on the uranocene skeleton. Assuming that the geo
metry factor for a l l of the ring protons i s the same, and i f 
X x = Xy as shown above, then the pseudocontact s h i f t for each w i l l 
be the same and the observed differences i n resonance frequency 
must arise from differences i n the contact s h i f t at the magnet
i c a l l y non-equivalent ring positions. For comparison, differences 
i n the isotropic s h i f t s of the non-equivalent ring protons i n 
substituted bisarenechromium complexes have been attributed to 
differences i n the contact s h i f t (52). 

For purposes of convenient i d e n t i f i c a t i o n , the ring proton 
resonances i n the NMR of substituted uranocenes w i l l be labeled 
alphabetically starting with the lowest f i e l d resonance. This 
does not imply that the "A" resonancees i n two different urano
cenes correspond to the same ring position. We s h a l l discuss 
below the assignment of the individual ring proton resonances. 

The temperature dependence of the ring proton resonances of 
the uranocenes l i s t e d i n Table III were determined and plotted as 
s h i f t s vs. T - 1 . In a l l , 60 individual ring proton resonances i n 
17 di f f e r e n t uranocenes were observed. In a l l cases except for 
one position i n dicyclobutenouranocene, 38, the s h i f t s are linear 
functions of T" 1 from at least the range~-70°C to 70°C. The non-
l i n e a r i t y of the 3-position i n dicyclobutenouranocene, 38, prob
ably r e f l e c t s a temperature dependent geometry change of the ring 
proton resulting from conformational changes i n this strained 
ring system and w i l l not be discussed further. 

Some t y p i c a l examples of the linear behavior found i s summar
ized i n Figs. 8-11. The complete set of plots i s given i n ref. 
53 and the li n e a r regressions are summarized i n Table IX. 

Note i n these results that the t o t a l difference between the 
highest and lowest f i e l d resonance of the non-equivalent ring 
protons i n a l l of the uranocenes increases as the temperature de
creases. Moreover, the r e l a t i v e pattern of the ring proton reson
ances i n each uranocene remains constant as a function of temper
ature except for the two phenyl-substituted uranocenes and 1,1'-

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

6



6. LUKE AND STREITWIESER, JR. NMR Studies of Uranocenes 113 

3 0 3 5 4 0 4 . 5 5 0 5 5 6 . 0 

1/T X 1000 (70 

Figure 8. Isotropic shift vs. T1 for the ring protons in l,r-dimethyluranocene, 27 
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114 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

3 . 0 3 5 4 . 0 4 5 5 0 5 . 5 6 . 0 

i/T x iooo m 

Figure 9. Isotropic shift vs. T'1 for the ring protons in the substituted ring of 
mono-t-hutyluranocene, 3 2 

3 . 0 3 . 5 4 . 0 4 . 5 5 . 0 5 . 5 6 . 0 

i/T x iooo m 

Figure 10. Isotropic shift vs. T'1 for the ring protons in IJ'-di-t-butyluranocene, 
33 
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6. L U K E A N D S T R E I T W I E S E R , JR. NMR Studies of Uranocenes 115 

TABLE VII 

Magnetic Properties of Uranocenes 
Substituent a Temp. Range 

°K 
^ e f f 
B.M. 

Weiss Constant 
°K 

Ref. 

26 H 4.2-4.5 2.43 9.56 42 
H 4-10 3.33 9.4 31 
H 10-42 2.3 0.9 31 
H 12-72 2.42 2.9 43 
H 180-300 2.62 3 43 
H 10-300 2.6 5 

27 CH 3 14.5-81.5 2.26±0.2 17 49 
28 CH 2CH 3 3-8 2.86 14.9 31 

CH 2CH 3 10-27 1.9 0.4 31 
CH 2CH 3 14.7-79.6 2.13±0.2 -7 49 

29 (CH 2) 3CH 3 3-10 2.85 5.8 31 
(CH 2) 3CH 3 10-50 2.3 2.6 31 

36 
C 6 H 5 14-100 2.65±0.2 12.213 50 

38 cyclobuteno 15-100 2.35±0.2 8.5 14 
39 cyclopenteno 15-95.6 2.4±0.2 16.1 49 
44 cyclohexeno 14.4-97.8 2.65±0.2 23 49 
35 1,3,5,7-

tetramethyl 
1,3,5,7-

1.9-73.7 2.210.2 11.313 50 

tetraphenyl 4.2-100 2.510.1 6.711 50 
41 CO -t-C 2 4 9 30-100 2.6410.2 10.4 44 

(a) Both rings substituted 
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TABLE VIII 

H NMR Resonances of Substituted Uranocenes 
6 ppm from TMS 

Substituent Shi f t at 30°C 

26, H 
35, 1,3,5,7-tetramethyl 
27, CH n 

28, CH 2CH 3 

30, i - c
3

H
7 

11' n - C
4

H 9 

33, 

32, 

34, 

31, 

36, 

37, 

t-C H 4 9 

t-C H 4 9 

1,4-di-t-butyl 

neo-CrH _ 
D 11 

( C H 2 ) 3 N ( C H 3 ) 2 

C 6 H 5 

p-(CH 3) 2NC 6H 4 

38, cyclobuteno 

-36.63 
-35.15, -4.21 (CH ) 
-31.70, -33.67 (H5), -36.10,-40.39 

-7.20 (CH ) 
-32.89, -34.45 (H5), -36.33,-39.7 

-17.47 (CH 2), -1.20 (CH ) 
-35.50, -35.98, -36.00 (H5), -36.40 
-14.47 (CH), -9.89(CH3,d,J=4.4 Hz) 

-32.64, -34.10 (H5), -36.22,-39.74 
-19.03 (a-CH ), 0.22 (B-CH ) 
0.98 (q-CH ,m), 0.36 (CH ,t,J= 
6.3 Hz) 

-33.43, -33.80, -37.30, -40.54 (H5) 
-11.49 (CH ) 

-33.41, -34.74, -39.51, -43.37 (H5) 
-36.02 (8H, unsubstituted ring), 
-10.82 (CH ) 

-25.23, -39.66, -42.23 
-10.25 (CH ) 

-32.84, -33.42 (H5), -36.26,-41.07 
-23.97 (CH ), 3.86 (CH ) 

-31.5, -32.9 (H5), -34.9, -38.1, 
-18.3 (a-CH ,t,J=7.5 Hz) 
0.63 (B-CH ,m), 113 (CH ) 
2.80 (Y-CH ,t,J=7.0 Hz) 

-34.29, -36.15, -36.45, -37.13 (H5) 
0.76 (p,d,J=7.2 Hz) 
0.85 (m,t,J=7.6 Hz) 
-13.95 (o,d,J=7.3 Hz) 

-34.29, -36.15, -36.46, -37.13 (H5) 
-14.10 (o,d,J=7.6 Hz) 
o.l3 (m,d,J=7.6 Hz), -0.04 (CH3) 

-27.70, -35.90, -43.80 
-26.75 (a ) 19.65 ( a e x o ) 
(J=9.64 Hz) 
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6. L U K E A N D S T R E I T W I E S E R , JR. NMR Studies of Uranocenes 117 

TABLE VIII (cont.) 

Substituent 0 S h i f t at 30°C 

39, cyclopenteno 

40, dimethyl 
cyclopenteno 

44, cyclohexeno 

C(W3 

OCH. 

OCH2CH CH 2 

41, C0 2-t-C 4H g 

42, C0 2-t-C 4H 9 

C ° 2 C H 2 C 6 H 5 

C0 2CH 2C 6H 5 

-32.12, -34.20, -41.15 
-32.58 (Bendo' m ) ~ 8 - 2 8 ^ e x o ' m ) 

-18.78 (%ndo,m) 24.43 (a e x o,m) 

-32.43, -33.26, -39.83 
-12.91 (CH ) 5.39 (CH, ) ^endo , eexo -22.90 ( a e n d o T 8.28 ( a e x o ) 
(J=14.5 Hz) 

-30.64, -32.53, -38.70 
-22.35 (Bendo'm> ~ 2 - 9 4 ( 6 E X O ' M ) 
-16.42 (a e n d o,m) 6.56 (a e x o,m) 

-21.35, -34.87, -49.50, -52.01(H5) 
4.88 (o,d,J=6.8 Hz) 
4.95 (m,t,J=6.6 Hz) 
5.44 (p,t,J=6.6 Hz) 

-27.5, -30.2 (H5), -35.6, -43.7 
-3.73 (CH ) 

-28.1, -28.7 (H5), -36.2, -45.7 
2.08 (CH3) 

-27.9, -30.5 (H5), -35.5, -43.5 
-0.33 (a-CH ,d,J=5.0 Hz) 
0.70 (trans-H, d,J=17.5 Hz) 
1.75 (3-CH,m), 2.60 (cis-H,d,J= 
10.5 Hz) 

-30.51, -32.65, -36.01 (H5),-42.45 
-6.07 (CH3) 

-29.42, -33.69, -36.0 (H5), -40.06 
-37.06 (8H, unsubstituted ring) 
-6.27 (CH ) 

-29.81, -32,08, -36.23 (H5),-43,16 
-2.98 (CH ), -0.56 (o) 

4.09 (m) 
5,20 (p) 

-28.51, -32.40, -32.98 (H5),-40,63 
-2.99 (CH 2), -36.06 (8H, unsub
s t i t u t e d ring) 

-1.16 (o) 
3.94 (m) 
5.30 (p) 
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TABLE VIII (cont.) 

Substituent S h i f t b at 30°C 

3 29.93, -32.69, -35.78 (H5),-42.14 
-6.05 (CH ), -4.23 (CH2) 

C0 2CH 2CH 3 
c 28.84, -32.93, -36.14 (H5),-40.27 

-6.57 (CH ) , -4.45 (CH^ , 
-37.07 (8H,unsubstituted ring) 

(a) Substituent on each 8-membered ring. 
(b) In monosubstituted cyclooctatetraene ligands the 

ring H5 could be i d e n t i f i e d by integration r e l a t i v e 
to the other ring proton resonances. 

(c) Monosubstituted. 
(d) Data from ref. 51 at 39°C. 
(e) At 26°. 

tuent H NMR spectra show slowing of rotation and coalescence 
phenomena to be discussed below; these phenomena may also affect 
some of the ring protons. 

The high degree of l i n e a r i t y i n the temperature dependence of 
the ring proton s h i f t s i s evident from the correlation c o e f f i 
cients of the least squares regression lines (Table IX). The 
slopes of the lines are a l l negative and similar i n magnitude to 
that of uranocene. However, the standard deviations of the extra
polated intercepts at T~ 1 =0 indicate that a number of the i n t e r 
cepts are non-zero. Ideally, eq. 3 predicts that a l l of the i n 
tercepts should be zero at T~-̂ =0. 

Considering a l l of the ring proton resonances together, there 
i s no apparent correlation between the non-zero intercepts and 
the magnitude of the isotropic s h i f t s at a given temperature, say 
30°C. However, for some individual uranocenes, i t appears that a 
correlation does exist such that the intercept increases the l a r 
ger the isotropic s h i f t at a given temperature. This seems to 
suggest that the non-zero intercepts are i n some way associated 
with the contact s h i f t . _^ 

The linear dependence of the isotropic s h i f t s on T over the 
observed temperature range can imply one of two things: 1) both 
the contact and pseudocontact s h i f t s are linear functions of T""1; 
2) the contact s h i f t i s a linear function of while the 
pseudocontact s h i f t i s a function of both and higher orders 
of T"̂ -, where the combined contact and pseudocontact depend
ence i s large r e l a t i v e to the higher order terms of the pseudo-
contact s h i f t . In p r i n c i p l e , these two p o s s i b i l i t e s can be d i f 
ferentiated by observing the temperature dependence of a and 3 
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6. L U K E A N D S T R E I T W I E S E R , JR. NMR Studies of Uranocenes 119 

protons whose geometry factor i s invarient with temperature. The 
contact s h i f t for a and p a r t i c u l a r l y for |3-protons should be sub
s t a n t i a l l y smaller than for r i n g protons. Hence, the i r temperature 
dependence should be li n e a r i n T i f the former i s true, but non
linear i f the l a t t e r i s true. 

In fact, studies of a number of substituent protons i n sub
st i t u t e d uranocenes provide linear correlations with T"-̂  (54). 
The temperature dependence of the substituent proton resonances i n 
1,1',3,3',5,5',7,7'-octamethy1-, 35, mono-t-buty1-, 32, and 1,1'-
di-t-butyluranocene, 33, are a l l linear. Similarly, both the 
methylene and methyl protons of 1,1 1-dineopentyluranocene 31 are 
linear. For this case, the results imply a r e l a t i v e l y fixed con
formation with the t-buty1 group swung away from the central uran
ium (conformation A i n Figure 12; R=t-OBu). The non-linearity of 
the methyl protons of 1,1'-diethyluranocene 28 i s interpreted as 
an effect of temperature on the populations of diffe r e n t conform
ations having diffe r e n t pseudo-contact s h i f t s . Conformation A i n 
Figure 12 (R=CH3) predominates but other conformations also con
tribute. We have no simple interpretation of the non-linearity of 
1,1'-dimethyluranocene, 27, at this time. Some of the results are 
summarized i n Table X. 

An interesting special case i s that of 1,1'-di(cycloocta-
tetraenyl) uranocene, 43. Both M i l l e r (5_5) and, recently, Spiegel 
and Fischer (56) have~reported that the number of substituent 
and ring proton resonances vary as a function of temperature i n 
dicative of a dynamic process which i s slow on the NMR time scale. 
Above 90°C, the spectrum consists of four ring proton resonances 
i n an area r a t i o of 2:2:2:1 similar to that of other 1,1'-disub
sti t u t e d uranocenes. At 30°C, s i x broad ring proton resonances 
are present and determination of re l a t i v e areas i s extremely d i f 
f i c u l t . I n i t i a l l y , we had hoped that monitoring coalescence of 
the ring protons i n this system would provide a method of assign
ing individual ring proton resonances. However, interpretation of 
the temperature dependent changes was not straightforward and no 
assignment could be made. 

I n i t i a l l y , the B ring resonance begins to broaden at 80°C, 
followed by the A resonance at ca. 70°C, and both merge into a 
single peak at 50°C. Below this temperature, they rapidly sep
arate into three broad peaks at 40°C and to at least six peaks at 
30°C. At 40°C, the C resonance also begins to coalesce followed 
by the D resonance at ca. 30°C. Below 30°C, i t i s not clear 
which of the peaks i n the 'low temperature 1 spectrum are assoc
iated with peaks i n the 'high temperature 1 spectrum. From 0°C 
to -80°C, eleven ring proton resonances are discernible; however, 
rel a t i v e peak areas indicate that not a l l of the individual reson
ances are resolved. 

Similar temperature dependence behavior i s observed for the 
substitutent proton resonances. At 90°C, a l l of the resonances 
have coalesced into the baseline, while at 80°C a resonance ap
pears at 1.8 ppm, followed at 70°C by the appearance of two broad 
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TABLE IX 

Least Squares Linear Regression Lines For 
Alky l Uranocene Ring Proton Data 

Fig. no. Substitutent Proton Slope Intercept r 
Resonance 

methyl A -10 .8910. .05 -1 .3510 .19 0, .9997 
B -11 . 20±0. ,05 -2 .3010, .18 0, .9997 
C -12 .80±0. ,06 0 .5710, .24 0 .9996 
D -15 .5910. ,09 5, .4810, .36 0, .9994 

t - b u t y l a A -12 .1210. ,04 0, .7510. .17 0. .9998 
B -12, .0810. ,04 0, .7110. .16 0. .9998 
C -14, .0310. 04 0, .9210. .17 0. .9999 
D -15, .2210. ,05 1, .0010. .18 0. .9999 

t-butyl A -11, .8010. 03 -0, .3710. .12 0. .9999 
B -11, .8910. 05 -0. .5110, .18 0. .9998 
C -14. .2410. 08 3. .7710. .32 0. .9995 
D -15. .5910. 11 4. .9610. .41 0. .9993 

ethyl A -10. .9510. 06 -2. .4310. .20 0. .9994 
B -10. .8510. 06 -4. .3110. .20 0. .9994 
C -13. .1210. 08 1, .1710. .31 0. .9991 
D -16. .0410. 13 7. .2510. .46 0. .9986 

n-butyl A -10. .7810. 02 -2. .7710. .08 0. .9999 
B -10. .7310. 02 -4. .3710. ,08 0. .9999 
C -12. .8510. 03 0. .3910. .11 0. ,9999 
D -15. .6910. 07 6. .1410. ,25 0. ,9996 

neopentyl A -11. .2710. 05 -1. .6810. ,17 0. ,9998 
B -11. .1510. 05 -2. .6810. ,19 0. .9997 
C -13. .0110. 05 0. .5810. ,19 0. ,9998 
D -15. .9310. 07 5. .3110. ,25 0. 9998 

i sop ropy 1 A -13. ,0610. 05 1. ,6810. 19 0. ,9999 
B -12. .7910. 05 0. ,3910. 19 0. 9998 
C -13. ,1210. 05 1. ,4010. 19 0. 9998 
D -13. ,4410. 08 2. 0410. 30 0. 9995 

cyclobuteno A non--linear 
B -12. ,8110. 12 0. 6510. 48 0. 9984 
C -17. ,5810. 20 8. ,4510. 77 0. 9979 

cyclopenteno A -11. ,0710. 25 -1. 5011. 02 0. 9912 
B -13. 2010. 08 3. 6710. 31 0. 9994 
C -16. 8410. 23 9. ,0211. 04 0. 9960 

dime thyIcyclo- A -10. 2910. 05 -4. 1110. 21 0. 9996 
cyclopenteno B -12. 2610. 06 1. 5210. 22 0. 9997 

C -16. 8410. 11 9. 9310. 45 0-. 9993 
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6. L U K E A N D S T R E I T W I E S E R , JR. NMR Studies of Uranocenes 121 

TABLE IX (cont.) 
2 

Fig.no. Substituent Proton Slope Intercept r 
Resonance 

phenyl A -12. ,04±0. ,08 -0. . 71±0. 32 0. ,9992 
B -12. .03±0. .10 -2. ,58±0. ,38 0. ,9989 
C -13. .95±0. ,09 3. ,41±0. ,34 0. ,9994 
D -12. .05±0. .10 -3. ,52±0. ,40 0. ,9988 

p-dimethyl- A -11. ,23±0. .10 -3. ,49±0. ,41 0. ,9985 
aminophenyl- B -12. .20+0. .13 -0. ,49±0. ,53 0. .9979 

C -11. .17±0. .09 -5. ,21±0. ,38 0. .9987 
D -14. .93±0. .19 5. , 74±0. ,76 0. .9971 

t-butoxy- A -11. .02±0. .08 0. ,19±0. ,31 0. .9993 
carbonyl B -12. .47±0. .12 2. .89±0. ,47 0. .9987 

C -13. .01±0. .08 1. . 30±0. ,31 0. .9995 
D -14. .62±0. .09 0. .19±0. .36 0. .9994 

t-butoxy- A -4. .63±0. .02 1. ,16±0. .08 0. .9997 
carbonyl B -10. ,52±0. .07 -0. .37±0. .29 0. .9993 

C -12. .60±0. .12 2. .36±0. .47 0. .9987 
D -14. .05±0. .11 0. .73±0. .43 0. .9991 

substituted ring of monosubsituted uranocene 

resonances at -9.0 ppm and -14.9 ppm and a sharper resonance at 
ca. 0.0 ppm. Labeling these resonances as K (1.8 ppm), L (0.0 
ppm), M (-9.0 ppm) and N (-14.9 ppm), the L resonance separates 
into two peaks at ca. 50°C, while the other resonances remain 
f a i r l y sharp. At 30°C, the N resonance begins to broaden and 
separates into two peaks at 20°C, followed by broadening of the M 
resonance. At 10°C, the M and N regions each consist of two res
onances while the two resonacnes of the L region are broadened. 
The behavior of the K resonance i s obscured by the TMS/grease s i g 
nal. At 0°C, the L region consists of four resonances. At -80°C, 
the M and N signals are both well separated sets of two resonances 
each while the K and L regions consist, respectively, of four and 
five sets of double resonances of essentially equal area. 

Of the substituent resonances, only the M and N signals can 
be d e f i n i t e l y assigned to the a position of the uncomplexed ring. 
At low temperature, the a position protons are equally d i s t r i b u t 
ed i n four magnetically different environments. 

A combination of slowing or effective stopping of several 
dynamic exchange processes could give r i s e to the observed changes 
i n the spectrum: 1) tub-tub interconversion of the uncomplexed 
cyclooctatetraene ring; 2) double bond reorganization i n the un
complexed cycloocatetraene ring; 3) rotation about the C r i n g - C a 

bond; 4) ring-ring rotation i n the uranocene moiety. The pres
ence of four different a position resonances i n the 'low temper
ature' spectrum requires that double bond reorganization be slow 
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C 

3 8 3 . 5 4 . 8 4 . 5 5 . a 5 . 5 6 . 8 

1/T x 1000 (70 

Figure 11. Isotropic shift vs. T'1 for the ring protons in l,l'-di-phenyluranocene 

D 

Figure 12. Conformations of the sub
stituent in substituted uranocenes shown 
in Newman projection form with the 
uranium atom below the plane of the 

ring in each figure 
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6. L U K E A N D S T R E I T W I E S E R , JR. NMR Studies of Uranocenes 123 

TABLE X 
Least Squares Regression Data for Alkyl Uranocene 

Substituent Proton Data vs T""1 

Proton 
Compound Resonance Slope Intercept r 

a-Protons 
27 methyl non-linear 
35 octamethy1 -5.53±0.04 11.1910.14 0.9993 

28 ethyl -12.6510.17 21.8410.61 0.9962 

29 n-butyl -12.22±0.10 18.1010.37 0.9995 

31 neopentyl -12.5 ±0.73 14.0210.28 0.9995 

30 isopropy1 -8.58±0.05 11.4710.20 0.9994 

3-Protons 
32 mono-t-buty1 -5.42±0.03 4.4210.10 0.9996 

33 t-buty1 -5.6010.07 5.3210.25 0.9979 

34 te tra-t-buty1 -5.0910.06 5.0310.22 0.9980 

29 n-butyl non-linear 
28 ethyl non-linear 
30 isopropy1 -4.6910.04 4.5110.14 0.9991 

T and °* Protons 
31 neopentyl 

t-buty1 1.14±0.01 -0.97*0.03 0.9992 

29 n-butyl 
" C H2 non-linear 

29 n-butyl 
non-linear 

re l a t i v e to the NMR time scale. This implies that i n the •high 
temperature' spectra, where double bond reorganization i s rapid, 
four rather than seven substituent resonances should be observed. 
Unfortunately, due to solvent and instrumental limitations, we 
could not obtain spectra above 100°C to confirm t h i s . The data 
do not permit further d i f f e r e n t i a t i o n between the other possible 
dynamic exchange processes. 

I l l . I d e ntification of Ring Proton Resonances i n Substituted 
Uranocenes. 

In a l l of the mono- and 1,1-disubstituted uranocenes prepared 
to date, the NMR resonances of the non-equivalent protons i n 
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the substituted rings are a l l well resolved singlets, three of 
area 2 and one of area 1. From Table VIII the t o t a l difference 
between the highest and lowest f i e l d resonances at 30°C i n such 
uranocenes varies from 0.9 ppm to 30.6 ppm. I t seems l i k e l y i n 
most cases that the difference i n ring proton resonances arises 
from differences i n the contact s h i f t at each of the non-equival
ent positions i n the 8-membered ring. One might therefore expect 
a correlation between the contact s h i f t and the spin density at 
the various ring positions. Attempting such correlation requires 
assigning a l l of the ring proton resonances i n 1,1'-disubstituted 
uranocenes. 

Integration readily differentiates the 5 position, of area 1, 
from the remaining three postions, of area 2. Inspection of 
Table VIII shows that there i s no apparent correlation between 
the electron-donating or withdrawing character of the substituent 
and the position of the 5 proton resonance r e l a t i v e to the other 
proton resonances. Figure 13 shows the patterns of ring proton 
resonances for some 1,1'-disubstituted uranocenes i n a more schem
a t i c form. The pattern of the results strongly suggests that for 
primary a l k y l substituents the assignments of the A,B,C, and D 
resonances are a l l the same. In a l l of these cases the B reson
ance i s i d e n t i f i e d with the 5-position. Important changes do 
occur, however, for isopropyl and t-buty1 substituents. For i s o -
propyl, the ring proton resonances are closely bunched together. 
For t-butyl, the 5-position i s now the D-resonance for both the 
mono- or disubstituted uranocenes. 

A tentative assignment of the other ring protons i n the t -
buty'lCOT ligand may be made i n the following way. The barrier to 
rotation i n tetra-t-butyluranocene, 34, suggests that conforma
tions of 1,1'-di-t-butyluranocene with the t-butyl rings close 
(Figure 14a) w i l l be r e l a t i v e l y unpopulated compared to popula
tions with the bulky t-butyl groups farther apart, Figure 14b, c, 
and d. Next, we note that the substituted ring protons i n mono-t-
butyluranocene, 32, show some s i g n i f i c a n t differences from 1,1'-
di-t-butyluranocene, 33. The A a values for the A,B,C, and D 
resonances are, respectively, -0.02, 0.94, 2.21, 2.83 (H5) ppm. 
The largest change i s associated with the known position H5 for 
which conformation (d) i n Figure 14 has a high population. This 
suggests that the presence nearby of a t-butyl group i n the other 
ring has a perturbing eff e c t to s h i f t the ring proton resonance to 
lower f i e l d . On this basis, H2, which rarely has such a "de-
shielding" perturbation, may be assigned resonance A. Similarly, 
conformation (c) i n Fig. 14 i s probably more highly populated than 
(b); hence, H4 i s assigned to resonance C and H3 to B. That i s , 
this argument provides assignments of resonances A,B,C, and D 
to positions 2,3,4, and 5, respectively. Although Figure 14 i s 
based on eclipsed conformations the same approach applies to anal
ogous staggered conformations. 

This approach finds confirmation i n the effect of the t-butyl 
group of one ring on the unsubstituted ring of mono-t-butyl-uran-
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- H 

- C H 3 _ J 

- C H 2 C H 3 

-CH(CH 3 ) 2 

"C(CH3)3 _ 

-31 - 3 3 -35 -37 -39 -41 - 4 3 

SHIFT {PPm) 

Figure 13. Pattern of ring proton resonances of l,l'-dialkyluranocenes. H5 is 
indicated by its reduced intensity. 

(c) R Figure 14. Several conformations of 1,1'-
disubstituted uranocenes about the cen
tral axis. The 1'-substituent is shown 

with the dotted line. 
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ocene, 32. In this compound, each hydrogen i s equally l i k e l y to 
have a t-butyl group nearby i n the other ring. The result i s an 
average s h i f t of 0.6 ppm having the appropriate direction and 
approximate magnitude. 

A more rigorous approach to assigning resonances to structure 
i s by deuterium labeling. Methylcyclooctatetraene-4-d was pre
pared via sulfone chemistry pioneered by Pacquette and co-workers 
(57), (Fig. 15). Lewis acid catalyzed addition of SO2 to COT gave 
the sulfone which was d i l i t h i a t e d with butyllithium and quenched 
with D20. The dideuterio compound was mono-metallated with butyl-
lithium and quenched witn methyl iodide. Attempted p r i o r a l k y l -
ation followed by introduction of deuterium was found to be far 
less successful. Pyrolysis of the deuteriosulfone by slow sublim
ation through a pyrex tube packed with glass helices at 400° gave 
the desired methylcyclooctatetraene-4-d i n 87% y i e l d . Reduction 
to the dianion with potassium metal and reaction with UC14 gave 
l,l'-dimethyluranocene-4,4'-d2- The nmr spectrum showed incorpor
ation of 1.5d. Only the A resonance was affected and can be r i g 
orously assigned the 4-position. 

We also prepared deuterated butylcyclooctatetraenes by brom-
ination of butylcyclooctatetraene followed by dehydrobromination, 
metallation with butyllithium and quenching with D2O. Location of 
the deuterium i n the product i s , however, not straightforward. 
Pacquette has studied the bromination of methylcyclooctatetraene 
and has i d e n t i f i e d different bromination products on diffe r e n t 
occasions (58,59). I t appears from his work that bromination-de-
hydrobromination of methylcyclooctatetraene can lead to a l l four 
possible methylbromocyclooctatetraenes. 

In our case with the butyl compound, various workup proce
dures were applied to the butylbromoCOT product; e.g., reduced 
pressure short path d i s t i l l a t i o n i n one run, s i l i c a gel chromato
graphy i n another. The deuterio-products were converted to the 
corresponding deuterated 1,1'-dibutyluranocenes giving the nmr 
results i n Table XI. Included are the t o t a l deuterium incorpora
tions by mass spectral analysis. The A resonance i s i d e n t i f i e d by 
analogy to dimethyluranocene (vide supra) as the 4-position. The 
B resonance i s established by integration to be the 5-position. Of 
the two remaining positions only the D resonance i s undeuterated 
i n a l l preparations. I t seems most l i k e l y by consideration of 
s t e r i c hindrance effects i n the reaction mechanism for dehydro
bromination that the undeuterated position must be the 2-position. 
Accordingly, the most probable assignment of the ring resonances 
in primary a l k y l uranocenes i s that A, B, C, D correspond to pos
it i o n s 4, 5, 3, 2, respectively. The corresponding A5 i n d i 
methyluranocene r e l a t i v e to uranocene i t s e l f i s , therefore, 2, 
-3.8 ppm; 3, +0.5 ppm; 4, +4.9 ppm; 5, 3.0 ppm. Only the 2-pos
i t i o n , adjacent to the a l k y l group, suffers an upfield s h i f t . 

Some comparisons suggest that these effects may be additive. 
For example, i n octamethyluranocene, 35, a given ring proton i s 
1,2 with respect to two methyls and 1,4 with respect to two more. 
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TABLE XI 

Proton NMR of Deuterated 1,1 1-Dibutyluranocenes 
Total d- % Deuterium Incorporation 

Run incorporation i n Ring Resonances 
A B C D 

1 1.59 69 20 0 0 
2 0.93 28 5 20 0 
3 a 1.74 61 0 14 0 

(a) Prepared e a r l i e r with somewhat different conditions 
by Dr. C. LeVanda. 

An additive effect would give A6=2 (-3.8) + 2 (4.9)=2.2 ppm. 
The actual A6 r e l a t i v e to uranocene i s 1.5 ppm (Table VIII) i n 
good agreement. Further development of this approach may prove 
useful i n other assignments. For example, i f the A6 values for 
l,l*-di-ethyluranocene (-3.1, +0.3, 3.7, 2,2 for the 2,3,4,5 
positions, respectively) are applied to the three ring positions 
of bis-cyclohexenouranocene, 44, we can assign the ring resonances 
A, B, C to positions 5,4,3, respectively, and obtain the following 
experimental and calculated A6 ppm, respectively, r e l a t i v e to ura
nocene: 3-, -2.1, -2.8; 4-, +4.1, +4.0; 5-, +6.0, +5.9. 

These correspondences help confirm the assignments made above., 
But now we can inquire why the 2-position i n primary a l k y l urano
cenes i s furthest upfield whereas i n t-butyluranocene i t i s fur
thest downfield. This marked difference suggests a s i g n i f i c a n t 
difference i n structure. In a l l uranocenes whose structures have 
been established by X-ray analysis so far, ring-carbon substit
uent bonds are t i l t e d towards the central uranium by several deg
rees. This eff e c t probably occurs to provide better overlap bet
ween ligand TT and central metal o r b i t a l s . With the t-butyl group, 
however, even for a ring-carbon bond coplanar with the ring, 
methyl hydrogens approach within van der Waals distance of the 
other ring. We suggest, therefore, that i n t-butyluranocenes the 
t-butyl group i s t i l t e d away from the uranium with a consequent 
perturbation of the Cg ring that shows up i n the nmr spectra. We 
hope to test this prediction by X-ray structure analysis of s u i t 
able compounds. 

IV. Factoring the "̂H Isotropic Shifts i n Alkyluranocenes. 

The discussions above have shown that the pseudocontact com
ponent of the isotropic s h i f t i n 1,1 1-dialkyluranocenes i s accur
ately given by the a x i a l l y symmetric form of eq. 3 and thus, these 
systems can be used i n evaluating both the assumptions employed i n 
deriving, and the value of the anisotropy term (x^ " Xj[ ) used, 
by previous workers i n factoring isotropic s h i f t s i n uranocenes. 
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In this section we present such an analysis comparing pseudo-
contact s h i f t s calculated assuming X fj - X J L =3Xav and assuming 
values of X|| - Xj_ derived from isotropic s h i f t and geometric data 
for protons which experience l i t t l e or no contact s h i f t . However, 
pr i o r to such analysis i t i s important to be cognizant of the 
accuracy of calculated pseudocontact and contact s h i f t s . I rres
pective of the method or the equation(s) used to calculate pseudo-
contact s h i f t s , three factors l i m i t their accuracy: a) errors 
i n measurement of the isotrop i c s h i f t ; b) errors i n the assumed 
geometry; c) errors i n the magnetic anisotropy. For uranocenes, 
the uncertainty associated with the isotropic s h i f t s i s small, l a r 
ger for the assumed geometries and largest for the assumed aniso
tropy difference. In calculating s h i f t s assuming Xii-X^. =^X a V' 
Table VII shows that to a good f i r s t approximation, A a v=2.4 ±0.2 
B.M. for a l l uranocenes. As a result of the 10% uncertainty i n 
this value, calculated pseudocontact s h i f t s w i l l have an uncer
tainty of at least 10%. Similarly, i n using a value of X|j-Xj_. 
derived from isotropic s h i f t and geometric data, the uncertainty 
associated with calculated pseudocontact s h i f t s w i l l depend upon 
the reference compound chosen and w i l l undoubtedly be of the same 
order of magnitude. Thus, the factored s h i f t s i n the following 
section w i l l have an error of at least 10%. 

In the following discussion, a l l calculated s h i f t s are deriv
ed assuming a temperature of 30°C. For numerical convenience, the 
anisotropy term Xjj ~ X j. w i l l be expressed in terms of yjj 2 - yj_2 . 

Fischer has proposed useful and important methods for factor
ing the isotropic s h i f t s of uranocenes into contact and pseudo-
contact components (15); values were reported for uranocene, 1,-
1*,3,3',5,5',7,7'-octamethyluranocene, and 1 l'- b i s ( t r i m e t h y l 
s i l y l ) uranocene using a non-zero value of Xj_- Fischer arrived at 
values of y^ 2 and y^ 2 a t several temperatures from the r a t i o of 
the geometry factor and the isotropic s h i f t for methyl protons i n 
bis(trimethylsilyl)-uranocene, and bulk magnetic s u s c e p t i b i l i t y 
data, assuming no contact contributions to the isotropic s h i f t of 
the methyl protons. From the published data of Fischer, the value 
of y 2 - y 2 at 30°C i s 8.78 BM2. 

His results show that yj_ i s small but not zero. The non
zero yj^ component has the effe c t of reducing the magnitude of 
pseudo-contact s h i f t s . There seems l i t t l e doubt that Fischer's 
result i s q u a l i t a t i v e l y correct but the several assumptions re
quired, especially of geometry, make them quantitatively suspect. 
For example, 1,1'-bis(trimethylsilyl)uranocene shows the same pat
tern of ring proton resonances as 1,1 *-di-t-butyluranocene; hence, 
the structure may involve a t r i m e t h y l s i l y l group bent away from 
the ring plane. Such a d i s t o r t i o n would change the calculated 
geometry factors and the derived value of y p 2 - y i 2 . 

In our approach we have determined y^ 2 - yj_ 2 by another ap
proach involving dicyclobutenouranocene, 38, and have compared 
the results for 1,1'-di-t-butyluranocene, 33, and 1,1 *-dineo-pen-
tyluranocene, 31. These three test systems contain a, 3 and y-
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6. L U K E A N D S T R E I T W I E S E R , JR. NMR Studies of Uranocenes 129 

protons constrained i n r e l a t i v e l y known geometric configurations 
r e l a t i v e to the uranium center. In the l a t t e r two compounds, con
tact contributions to the t-butyl isotropic s h i f t must be vanish-
ingly small, whereas i n the f i r s t compound, the fixed geometric 
relationship of the methylene group re l a t i v e to the 8-membered 
ring suggests that both hyperconjugation and the contact s h i f t 
must be e f f e c t i v e l y the same for the exo and endo protons, i f 
the contact s h i f t results from hyperconjugation transfer of spin 
density. 

The average geometry factor of the t-butyl group i n 1,1'-di-
t-butyluranocene was taken as 1/6 (A + 2C + 2E + G) (Fig. 12, 
R=CH3) i n Table XII and for the t-butyl group i n the neopentyl 
substitutent i t was taken as conformation A (Fig. 12, R=t-Bu) 
(Table XIII). While the methylene protons i n dicyclobuteno
uranocene are conformationally mobile, as evidenced by their temp
erature dependent NMR spectra, we assume that their average 
position i n solution i s given adequately by the average position 
of the methylene groups i n the X-ray c r y s t a l structure. Although 
atomic coordinates are reported for a l l of the atoms i n the X-ray 
structure, geometry factors calculated from these data are prob
ably in error for two reasons: 1) the reported coordinates are 
not thermally corrected, and thus, they r e f l e c t an average 
Cring - Cring bond length of 1.39 A rather than a thermally cor
rected value of 1.41 A; 2) the two reported H e x Q - C a - H e n d Q 

bond angles of 104° and 106° are certainly too small and r e f l e c t 
the large uncertainty associated with the location of hydrogen 
atoms by X-ray d i f f r a c t i o n . 

TABLE XII 

3cos 0-1 
Calculated Geometry Factors-

For 6 Methyl Group 
(R=CH3 i n Fig. 12) 

Conformation 
Planar 

Gi x 1021cm' Gi x 19 cm -3 

A 
B 
C 
D 
E 
F 

-0.7736 
-5.081 

-10.32 
-14.64 
-16.45 

2.563 
1.756 

-1.557 
-6.082 

-11.83 
-16.65 
-18.74 

1.793 
0.9977 

G 

(a) Figure 12. 
(b) Towards uranium. 
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Formally, the fused 4-membered ring i s similar to the 4-mem-
bered ring of cyclobutene or benzocyclobutene, and the methylene 
bond angle should be similar to the methylene bond angle i n these 
compounds. Gas phase electron d i f f r a c t i o n of cyclobutene gives 
this angle as 110° (60), whereas Jl3c-H coupling constants y i e l d 
a value of 114° (61). Similarly, JI3Q_ H coupling constant analy
sis predicts a bond angle of 112° i n benzocyclobutene (62). Thus, 
112° i s certainly a more r e a l i s t i c value for the H e x o - C a - Hendo 
bond angle. In calculating geometry factors for the exo and endo 
protons, we have used the idealized geometry i n Fig. 16, which 
more accurately describes the location of the methylene protons, 
rather than the coordinates of the atoms from the published X-ray 
cr y s t a l structure. The geometry factors for the exo and endo 
protons calculated with these data are -0.7097 x 10 2 1 cm"3 and 
-16.97 x 10 21 cm--'-, respectively. 

Considering f i r s t the Edelstein, et a l . (_5) , proposal that 
X| | — XJ^= 3 X A V ' t h e a verage U e f f of 2.4 ± 0.2 B.M. for uranocene 2 

and substituted uranocenes affords a value of 17.28 BM2 for y a v . 
The calculated pseudocontact s h i f t s for a t-butyl group and the 
t-butyl protons i n a neopentyl group, assuming coplanarity of the 
C r i n g - C a bond and the 8-membered ring, are -23.7 ppm and 14.3 ppm, 
respectively. With a tipped substituent the values are, respect
i v e l y , -28.8 ppm and 6.35 ppm. Comparison with the experimental 
isotrop i c s h i f t s of -13.29 ppm and 2.76 ppm shows that the c a l c u l 
ated values overestimate the magnitude of the pseudocontact s h i f t . 
Factoring the isotropic s h i f t s of the methylene protons i n the 
cyclobuteno group further reinforces this result. The calculated 
pseudocontact s h i f t s are: exo -2.80 ppm, endo -67.0 ppm. By d i f 
ference from the experimental isotropic s h i f t s of 15.19 ppm (exo) 
and -31.20 ppm (endo), the corresponding contact s h i f t s are 18.0 
ppm (exo) and 35.8 ppm (endo). The large difference i n the con
tact s h i f t s cannot result from s l i g h t differences i n hyperconjuga
tion, which may arise from the ca. 6° decrease i n the 180° dihed
r a l angle between the 4- and 8-membered rings, but c l e a r l y results 
from overestimation of the pseudocontact s h i f t . 

Reducing the magnitude of the calculated pseudocontact s h i f t s 
requires smaller values of the anisotropy term X J J - X J ^ , which can 
only result i f X J J ^ O . This result provides independent confirma
tion of the same result of Fischer c i t e d above. We noted also 
that both the electronic structure of uranocene proposed by Warren 
(63), assuming a J z= ±4 ground state, and a recent model proposed 
by Fischer (15) , assuming a J z=3 ground state, show that XjjLs 
non-zero, and less than X JJ, at 30°C. 

Using Fischer's value of lijj 2 - yj_2=8.78 BM2 the calculated 
pseudocontact s h i f t s for the t-butyl groups i n 1,1 *-di-t-butyl-
and 1,1'-dineopentyl uranocene are -12.1 ppm and 7.28 ppm, respec
t i v e l y , for coplanar substituents, and -14.6 ppm and 3.22 ppm, 
respectively, for tipped substituents. Agreement between the c a l 
culated pseudocontact s h i f t s and the observed isotropic s h i f t s i s 
rather good. Calculation of the pseudocontact s h i f t s for the eye-
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Figure 15. Preparation of methylcyclooctatetraene-4-d 
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Figure 16. Assumed structure of cyclo-
butenouranocene, 3 8 
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lobuteno substituent, however, gives values of -1.42 ppm (exo) and 
-34.0 ppm (endo) with corresponding contact s h i f t s of 16.6 ppm 
(exo) and 2.80 (endo). Again the difference i n contact s h i f t s for 
the two positions i s too large to be theoretically j u s t i f i a b l e . 
It can not arise from the difference between the reported atomic 
coordinates from the X-ray c r y s t a l structure data and our 'ideal
ized' geometry for cyclobutenouranocene. The calculated pseudo-
contact s h i f t s using geometry factors derived from the average 
position of the methylene groups i n the X-ray structure are -2.36 
ppm ( exo) and —28.5 ppm (endo), with corresponding contact s h i f t s 
of 17.5 ppm (exo) and -2.7 ppm (endo). Moreover, increasing the 
dihedral angle between the fused rings i n the cyclobuteno ligand 
from 173° to 180° results i n a larger discrepancy between the c a l 
culated contact s h i f t s for the two positions. 

The value of the contact s h i f t for the exo and endo protons 
can be derived i n d i r e c t l y from the calculated contact s h i f t for 
the methyl groups i n 1,1'-dimethyluranocene. Assuming a geometry 
factor for the methyl group (Table XIV) as 1/6(A + 2C + 2E + G) 
(R = H i n Fi g . 12) and Ll j p - Pj^ 2 = 8.78 BM2, the calculated 
pseudocontact s h i f t s for the coplanar and tipped substituent are 
-11.8 ppm and -12.8 ppm, respectively. From the experimental i s o 
tropic s h i f t of -10.00 ppm, the corresponding contact s h i f t s are 
1.8 ppm and 2.8 ppm. Contact s h i f t s for ot-protons are assumed to 
arise from hyperconjugative transfer of spin. Hyperconjugation 
between a carbon p o r b i t a l and a carbon-hydrogen bond i s a func
tion of the dihedral angle between the two. When unpaired spin i s 
transferred by hyperconjugation, the magnitude of both the hyper-
fine coupling constant i n ESR, and the contact s h i f t i n NMR, can 
be expressed by 

B = B cos2(<l>) (7) o 
where <J) i s the dihedral angle and B Q i s the magnitude of the hyper-
fine coupling constant or the contact s h i f t when (j)=0 (64-67) . 
Evaluation of B D from the contact s h i f t for the methyl group af
fords values of 3.54 ppm and 5.54 ppm, respectively, for a planar 
and a tipped substituent. 

The fixed o r b i t a l angle between the p-orbitals of the 8-mem
bered ring and the methylene C-H bonds i n the cyclobuteno substi
tuent permit evaluation of the contact s h i f t for the exo and endo 
protons from B Q. In our idealized structure of the ligand, the 
dihedral angle i s 25° which compares favorably with the average 
value of 22° from the X-ray data. With <f>=250, the calculated con
tact s h i f t i s 2.91 ppm when BQ=3.54 ppm and 4.5 ppm when BQ=5.54 
ppm. These values are s i g n i f i c a n t l y d i f f e r e n t from those obtained 
by difference from the isotropi c s h i f t s for the exo and endo prot
ons and the calculated pseudocontact s h i f t s assuming "M| | ~ y j _ 2 = 
8.78 BM2. The discrepancy between the calculated contact s h i f t s 
for the exo and endo protons i n 1,1'-dicyclobutenouranocene 
using Fischer's value of U| j 2 - y j ^ can only arise from 
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6. L U K E A N D S T R E I T W I E S E R , JR. NMR Studies of Uranocenes 133 

TABLE XIV 2 

3cos 0-1 
Calculated Geometry Factors 3 

For Ot Protons 
(R = H in Fig. 12) 

r -o • b 
Planar 5° Tip 

Conformation G i x i 0 2 1 c m - 3 Gi x 10 2 1
Cm" 3 

A 1.388 0.3599 
B 0.6717 -0.3653 
C -1.503 -2.604 
D -5.053 -6.357 
E -9.424 -11.14 
F -13.23 -15.46 
G -14.76 -15.55 

(a) Figure 12. 
(b) Toward Uranium 

underestimation of the pseudocontact s h i f t s resulting from under
estimation of yjj 2 - yj_ 2. 

The known geometry of the methylene protons i n the cyclobut
eno permits an independent calculation of y^ 2 - y_[ 2. Assuming 
that the contact s h i f t for both methylene protons i s equla, the 
relationship between X J J - X{, the isotropic s h i f t , 6/ and the geo
metry factor G for the exo and endo protons i s given by 

Xjt X i °exo *endo 
! ±- = (8) 3 G - G _ exo endo 

9 2 2 
This equation leads to a value of 12.5 BMZ for y fj - yj_ with 
corresponding pseudocontact s h i f t s of -2.03 (exo), -48.5 ppm 
(endo) and a contact s h i f t of 17.2 ppm. 

This value of ]A\? ~ \l£ yields respective pseudocontact s h i f t s 
of -17.2 ppm and 10.4 ppm for the t-butyl groups i n l , l ' - d i - t -
butyl- and 1,1'-dineopentyluranocene, assuming coplanar substit
uents, and -20.8 ppm and 4.59 ppm, assuming tipped substituents. 
Although agreement between the calculated and experimental s h i f t s 
for the neopentyl t-butyl group, assuming a tipped substituent 
i s good, agreement between the t-butyl calculated and experimental 
data i s poor for the coplanar and worse for the tipped substit
uent. I f we assume that the difference i n the observed and the 
calculated s h i f t s for the t-butyl substituent i s contact i n nat
ure, neither i t s sign nor i t s magnitude are consistent with the 
predicted sign based on transfer of spin by spin polarization, or 
the magnitude limi t s established from analysis of the temperature 
dependence of the methyl resonance i n 1,1 1-diethyluranocene. Thus, 
i f the difference i n calculated and observed s h i f t does not arise 
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from the anisotropy term, i t must result from inaccuracies i n the 
assumed geometry factor. 

We can now return to our conclusion i n the l a s t section where 
we deduced from the pattern of ring proton resonances and from 
s t e r i c considerations that t-butyl substituents i n uranocenes 
must be t i l t e d away from uranium. This argument does not apply 
to the neopentyl group which i s a normal primary a l k y l substi
tuent for which the ring-CH2 bond can be t i l t e d towards uranium 
without d i f f i c u l t y . 

Tipping the substituent away from the uranium center leads to 
better agreement between the calculated and observed s h i f t for the 
t-butyl group i n 1,1'-di-t-butyluranocene. With y n 2 - yj_ 2 = 12.5 
BM2, a t i p of 5° away from uranium affords a calculated pseudo-
contact s h i f t of -13.7 ppm, i n excellent agreement with the 
experimental isotropic s h i f t of -13.29 ppm. 

To further demonstrate the d i f f i c u l t i e s associated with s e l 
ecting an appropriate reference compound from which yj| 2 - y can 
be derived, we s h a l l derive y^ 2 - yj_ 2 from the geometry factor and 
the isotro p i c s h i f t of the t-butyl group i n 1,1 *-dineopentyl-
uranocene. Our conformational analysis showed that the substi
tuent i s locked i n conformation A i n Fig. 12. For a coplanar sub
stituent, the derived value of y j 2 - y^ 2 i s 3.33 BM2, while t i p 
ping the substituent 5° toward the uranium leads to a value of 
7.51 BM2. However, relaxing the r e s t r i c t i o n of exclusive pop
ulation of conformation A, and assuming an extremely small pop
ulation of any other conformation where the geometry factor 
and the pseudocontact s h i f t are negative, w i l l greatly increase 
the derived value of yjf 2 - yj^ 2. 

Thus, evaluation of the geometry factor i s extremely impor
tant i n deriving a value of yjj 2 - y^ 2 from geometric and isotropic 
s h i f t data. Two factors favor our approach to deriving a value 
of yji 2 - yj? from the methylene protons i n dicyclobutenouranocene: 
1) the single c r y s t a l X-ray data and the variable temperature 
"̂H NMR data provide an excellent estimate for the geometry factors 
for the two methylene protons; 2) calculation involves using the 
isotropic s h i f t and geometry factor of two magnetically non-equiv
alent protons rather than one. 

From the contact s h i f t of the exo and endo protons i n dicyc
lobutenouranocene, derived using y^ 2 - y j ^ = 12.5 BM2, a value of 
B 0, the maximum contact s h i f t for an a-proton, can be calculated 
from eq. 7. Taking (J)=25° leads to a value of 20.9 ppm for B 0-

Assuming a geometry factor of 1/6 (A + 2B + 2D + C) for the 
methyl group i n l^'-dimethyluranocene, the calculated pseudo-
contact s h i f t s are -16.8 ppm and -18.2 ppm, respectively, for a 
coplanar and a tipped substituent. By difference from the i s o 
tropic s h i f t , the contact s h i f t s are 6.76 ppm and 8.17 ppm, while 
calculation of the contact s h i f t from B Q affords a value of 8.71 
ppm. Agreement between the contact s h i f t s calculated by both 
methods i s excellent, p a r t i c u l a r l y for the tipped substituent. 

Considering the a-protons i n 1,1'-dineopentyluranocene, i f 
A i s the only populated conformation of the neopentyl substi-
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6. L U K E A N D S T R E I T W I E S E R , JR. NMR Studies of Uranocenes 135 

tuent, then the conformation of the a-protons i s EE (Fig. 12). 
The calculated pseudocontact s h i f t i s -26.9 ppm (coplanar), -31.8 
(tipped) and by difference from the experimental isotropic s h i f t 
of -23.97 ppm, the contact s h i f t s are 2.93 ppm (coplanar), and 
7.83 ppm (tipped). Calculation of the contact s h i f t from B Q 

affords a value of 5.23 ppm. 
Comparison of the calculated pseudocontact s h i f t s for the 

neopentyl t-butyl resonances with the isotro p i c s h i f t showed that 
the tipped geometry affords better agreement between the two 
values, but s t i l l the value of calculated s h i f t was approximately 
twice that of the experimental isotropic s h i f t . However, an 
extremely small population of any conformation other than A 
w i l l readily decrease the magnitude of the calculated pseudo-
contact s h i f t for the t-butyl resonance. Assuming an extremely 
small population of conformations other than A, how does this 
affect the factored s h i f t s of the a-protons? 

From the geometry factors i n Table XIV and eq. 7, the 
pseudocontact s h i f t for any conformation other than EE w i l l be 
less negative than that for EE, while the contact s h i f t w i l l be 
smallest i n magnitude for EE and larger for any other conformation. 
The magnitude of these changes i s such that the isotropic s h i f t 
w i l l be less negative as the population of conformations other 
than EE increase. Thus, assuming a tipped substituent and an 
extremely small population of conformations other than A for the 
neopentyl substituent i n 1,1'-dineopentyluranocene, leads to 
better agreement between the calculated pseudocontact and contact 
s h i f t s for both the a and t-butyl resonance, than assuming either 
exclusive population of conformation A or a coplanar substituent. 

This analysis also accounts for the observed trend i n the 
isotropic s h i f t s of the a-protons i n 1,1'-diethyl-, l , l ' - d i - n -
butyl-, and 1,1 1-dineopentyluranocene, respectively, -17.47 ppm, 
-19.03 ppm, and -23.97 ppm. The increase i n magnitude of the 
isotropic s h i f t d i r e c t l y p a r a l l e l s the increasing s t a b i l i t y of 
the preferred conformation of the substituent, ( i . e . , conformation 
A i n Figure 12). 

V. Summary. 

Previous attempts at factoring the isotropic "̂H NMR s h i f t s 
i n uranocene and substituted uranocenes have assumed that these 
systems can be viewed as having effective a x i a l symmetry. The 
temperature dependent 1H NMR spectra of uranocene and a variety 
of substituted uranocenes c l e a r l y v e r i f y this assumption and 
show that eq. 9 can be used to evaluate the pseudocontact c o n t r i 
bution to the t o t a l isotropic s h i f t i n uranocenes. In this 
equation x x = Xy f ° r substituted uranocenes and are replaced by Xj^. 

6. 3cos 2 6-l PSEUDOCONTACT (9) 3N 
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Early attempts to factor the isotro p i c s h i f t s i n a l k y l -
uranocenes using eq. 9 were not completely successful because 
of f a i l u r e to correctly assess the conformation of the substituent 
i n solution and overestimation of the value of the anisotropy 
term X J J - X J ^ (5f6,14) . 

In alkyl-substituted uranocenes, our conformational analysis 
shows that a primary a l k y l substituent populates p r i n c i p a l l y con
formations i n which the dihedral angle between the substituent 
C a " C3 bond a n d t h e ring plane i s close to 90° on the side of the 
ring away from the metal. X-ray structure analyses have shown 
generally that substituents have ring-C^ bonds t i l t e d several 
degrees towards uranium. The pattern of ring proton resonances 
and s t e r i c considerations suggest that t-butyl and related sub
stituents are t i l t e d away from uranium. 

Another important result of this study i s the confirmation 
of Fischer's demonstration that X j _ i s not equal to zero i n uran
ocene. Early attempts to factor isotropic s h i f t s i n uranocene 
have generally assumed that Xj_=0, and leads to overestimation of 
the anisotropy term. A precise value of X j _ i s d i f f i c u l t to deter
mine rigorously from analysis of available NMR data. We have 
found that y j j 2 - yj_ 2 = 12.5 BM2 leads to the best internal cons
istency factored isotropic s h i f t s for a wide variety of 1,1'-
dialkyluranocenes. Assuming y a v

2 = 5.76 BM2 and y j 2 - yj_ 2 = 12.5 
BM2, at 30°C, the corresponding values of y^ 2 and yj^ 2 are 14.09 
and 1.59 BM2, respectively. This implies that Xj|/X~L = 8 i n u r a n ~ 
ocene, a value substantilly larger than Fischer's r a t i o of X^/X^ = 
2.8 (15). 

As a result of X J J* 0, early work on factoring the i s o t r o p i c 
s h i f t of the ring protons i n uranocene underestimated the magni
tude of the contact s h i f t . Using our value of Uj 2 - yj_ = 12.5 
BM2, the pseudocontact and contact s h i f t s for uranocene ring pro
tons are -8.30 ppm and -34.2 ppm, (G^ = -2.34 x 1 0 2 1 cm"3), re
spectively. Thus, this study confirms that both contact and 
pseudocontact interactions contribute to the observed isotropic 
s h i f t s i n uranocenes. The contact component i s dominant for ring 
protons, but rapidly attenuates with increasing number of a~bonds 
between the observed nucleus and the uranium such that the contact 
s h i f t i s e f f e c t i v e l y zero for g-protons. 

The value of the contact s h i f t for ring protons i n uranocene 
i s of the same sign but about 10 to 15 ppm larger i n magnitude 
than the contact s h i f t for ring protons i n CP3U-X compounds. I f 
a direct correlation exists between the magnitude of the contact 
s h i f t and the degree of covalency i n ligand-metal bonding i n 
these systems, then the NMR data suggest a higher degree of 
covalency i n the ligand-metal bonds i n uranocene. 
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Specific Sequestering Agents for the Actinides 

KENNETH N. RAYMOND,1 WILLIAM L. SMITH, FREDERICK L. WEITL, 
PATRICIA W. DURBIN, E. SARAH JONES, KAMAL ABU-DARI, 
STEPHEN R. SOFEN, and STEPHEN R. COOPER 
Department of Chemistry and Divisions of Materials and Molecular Research 
and Biology and Medicine, Lawrence Berkeley Laboratory, 
University of California, Berkeley, CA 94720 

Abstract 
This paper summarizes the current status of a continuing pro

ject directed toward the synthesis and cha r a c t e r i z a t i o n of chela
ting agents which are specific for a c t i n i d e ions — especially 
Pu(IV). A biomimetic approach has been used that relies on the 
observation that Pu(IV) and Fe(III) have marked similarities that 
include t h e i r biological transport and distribution i n mammals. 
Since the n a t u r a l l y - o c c u r r i n g Fe(III) sequestering agents produced 
by microbes commonly contain hydroxamate or catecholate f u n c t i o n a l 
groups, these groups should also complex the actinides strongly, 
and several macrocyclic ligands incorporating these moieties have 
been prepared. We have reported the isolation and structure anal
ysis of an isostructural series of tetrakis(catecholato) complexes 
with the general stoichiometry Na 4[M(C 6H4O2)4]•21 H 2O (M = Th, U, 
Ce, Hf). These complexes are s t r u c t u r a l archetypes for the cavity 
that must be formed if an actinide-specific sequestering agent i s 
to conform ideally to the coordination requirements of the c e n t r a l 
metal ion. The [M(cat) 4]4- complexes have the D 2d symmetry of the 
trigonal-faced dodecahedron. The complexes Th[R'C(O)N(O)R] 4 have 
been prepared where R = isopropyl and R' = t-butyl or neopentyl. 
The neopentyl d e r i v a t i v e is also relatively close to an idealized 
D 2d dodecahedron, while the sterically more hindered t - b u t y l com
pound is d i s t o r t e d toward a cubic geometry. A series of 2,3-di-
hydroxybenzoyl amide de r i v a t i v e s of linear and cyclic tetraaza-
and diazaalkanes have been prepared. Sulfonation of these com
pounds improves the metal complexation and excretion of plutonium 
by test animals. At low dose levels, these results substantially 
exceed the capabilities of compounds presently used for the thera
peutic treatment of act i n i d e contamination. 

1To whom correspondence should be addressed at the Department of Chemistry, 
University of California. 

0-8412-0568-X/80/47-131-143$07.50/0 
© 1980 American Chemical Society 
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Introduction 

With the commercial development of nuclear reactors, the 
actinides have become important i n d u s t r i a l elements. A major con
cern of the nuclear industry i s the b i o l o g i c a l hazard associated 
with nuclear fuels and their wastes 01, 2). In addition to their 
chemical t o x i c i t y , the high s p e c i f i c a c t i v i t y of alpha emission 
exhibited by the common isotopes of the transuranium elements make 
these elements potent carcinogens (3, 5̂, j6, 7). Unlike organic 
poisons, b i o l o g i c a l systems are unable to detoxify metal ions by 
metabolic degradation. Instead, unwanted metal ions are excreted 
or immobilized (8). Unfortunately, only a small portion of ab
sorbed t e t r a - or tr i v a l e n t actinide i s eliminated from a mammalian 
body during i t s l i f e t i m e . The remaining actinide i s distributed 
throughout the body but i s especially found fixed i n the l i v e r and 
i n the skeleton (5, 7_, 9-12). While the a b i l i t y of some metals to 
do damage i s greatly reduced by immobilization, l o c a l high concen
trations of r a d i o a c t i v i t y are produced by immobilized actinides — 
thereby increasing the absorbed radiation dose and carcinogenic 
potential. Removal of actinides from the body i s therefore an 
essential component of treatment for actinide contamination. 

Conventional chelating agents as diethylenetriaminepenta-
acetic acid, DTPA (Figure 1), remove much of the soluble actinide 
present i n body f l u i d s , but are almost t o t a l l y i n e f f e c t i v e i n 
removing the actinide after i t has l e f t the c i r c u l a t i o n or after 
hydrolysis of the metal to form c o l l o i d s and polymers (13, 14, 
15). The i n a b i l i t y of DTPA to completely coordinate the t e t r a -
valent actinides i s shown by the easy formation of ternary com
plexes between Th(DTPA) and many bidentate ligands (16, 17_, 18). 
The hydrolysis of Th(IV) and U(IV) DTPA complexes at pH near 8 i s 
explained by the dissociation of H + from a coordinated water 
molecule (19, 20, 21, 22). In addition, the polyaminocarboxylic 
acids are toxic because they indiscriminately complex and remove 
b i o l o g i c a l l y important metals, especially zinc (23, 24, 25, 26). 
Thus there i s a need to develop new and powerful chelating agents 
highly s p e c i f i c for tetravalent actinides, p a r t i c u l a r l y Pu(IV). 

While not the most toxic, plutonium i s the most l i k e l y trans
uranium element to be encountered. Plutonium commonly exists i n 
aqueous solution i n each of the oxidation states from III to VI. 
However, under b i o l o g i c a l conditions, redox potentials, complexa-
tion, and hydrolysis strongly favor Pu(IV) as the dominant 
species (27, 28). It i s remarkable that there are many s i m i l a r i 
t i e s between Pu(IV) and Fe(III) (Table I ) . These include the 
similar charge per ionic-radius ratios for Fe(III) and Pu(IV) (4.6 
and 4.2 e/A respectively), the formation of highly insoluble 
hydroxides, and similar transport properties i n mammals. The 
majority of soluble Pu(IV) present i n body f l u i d s i s rapidly 
bound by the iron transport protein transferrin at the s i t e which 
normally binds Fe(III). In l i v e r c e l l s , deposited plutonium i s 
i n i t i a l l y bound to the iron storage protein f e r r i t i n and 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

7



Ta
bl

e 
I.

 
Si

mi
la

ri
ti

es
 
of

 P
u

4
+ 
an

d 
Fe

3
+ 

1)
 

Ch
ar

ge
 

Io
ni

c 
ra

di
us

a 
Pu
 
; 

0.
96

 
4-2 

Fe
3+
> 

oi
l= 4-

6 

2)
 

Fe
(0

H 3
) 
+ 

Fe
3

+ 
+ 
30
H 

Fe
3

+ 
+ 
H 2
0 

->
 F
e(

OH
)2

+ 
+ 

H
+ 

K 
~ 
10

 3
8 

(1
0 1

3 
pe

r 
OH
 )

 

K 
= 
0.
00
09
 

Pu
(O

H)
4 
->
 P
u

4
+ 
+ 
40
H 

P
u

4
+ 
+ 
H 2
0 

-*
 P
u(

OH
)3

+ 
+ 

H
+ 

K 
Z 
10

 5
5 

(1
0 1

4 
pe

r 
OH
")
 

K 
= 
0.
03
1 

(i
n 
HC

10
4)
 

4+
 

3)
 

Pu
 

i
s 
tr

an
sp

or
te

d 
i
n 
th

e 
bl

oo
d 

pl
as

ma
 
of

 m
am
ma
ls

 a
s 
a 

co
mp

le
x 
of

 
tr

an
sf

er
ri

n,
 

th
e 

no
rm

al
 
Fe

3
+ 

tr
an

sp
or

t 
ag

en
t.
 

Th
e 
Pu

1*"
1* 

bi
nd

s 
at

 t
he

 s
am
e 

si
te
 
as

 F
e3

+
. 

a
Re

f.
 7

4.
 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

7



146 L A N T H A N I D E A N D A C T I N I D E C H E M I S T R Y A N D S P E C T R O S C O P Y 

eventually becomes associated with hemosiderin and other long term 
iron storage proteins (9, 29_y 30). These s i m i l a r i t i e s of Pu(IV) 
and Fe(III) suggested to us a biomimetic approach to the design of 
Pu(IV) sequestering agents modeled after the very e f f i c i e n t and 
highly s p e c i f i c iron sequestering agents, siderophores, which were 
developed by bacteria and other microorganisms to obtain Fe(III) 
from the environment (31, 32, 33). 

The siderophores (Figure 2) t y p i c a l l y contain hydroxamate or 
catecholate functional groups which are arranged to form an octa
hedral cavity the exact size of a f e r r i c ion. Catechol, 2,3-di-
hydroxybenzene, and the hydroxamic acids, N-hydroxyamides, are 
very weak acids that ionize to form "hard" oxygen anions, which 
bind strongly to strong Lewis acids such as Fe(III) and Pu(IV). 
Complexation by these groups forms five-membered chelate rings, 
which substantially increases the s t a b i l i t y compared to complexa
tion by lone oxygen anions (34). That the hydroxamic acids 
strongly coordinate tetravalent actinides i s supported by the 
formation constants presented in Table II. Due to i t s higher 
charge and strong ba s i c i t y , the catecholate group forms even 
stronger complexes with the tetravalent actinides than the hydrox
amic acids. Thus our goal has been the incorporation of hydrox
amate or catecholate functional groups into multidentate chelating 
agents that s p e c i f i c a l l y encapsulate tetravalent actinides. 

The s i m i l a r i t y between Fe(III) and the actinide(IV) ions ends 
with their coordination numbers. Because of the larger ionic 
r a d i i of the actinide(IV) ions, their preferred coordination 
number found i n complexes with bidentate chelating agents i s 
eight. Occasionally higher coordination numbers are encountered 
with very small ligands or by the incorporation of a solvent 
molecule (43, 44). Theoretical calculations indicate that either 
the square antiprism (D4d) or the trigonal faced dodecahedron 
(D 2d) i s the expected geometry for an eight-coordinate complex. 
The coulombic energy differences between these polyhedra (Figure 
3) i s very small and the preferred geometry i s largely determined 
by s t e r i c requirements and ligand f i e l d effects. Cubic coordina
tion l i e s at higher energy, but may be s t a b i l i z e d i f f - o r b i t a l 
interactions were important. Another important eight-coordinate 
polyhedron, the bicapped trigonal prism (C 2v), corresponds to an 
energy minimum along the transformation pathway between the square 
antiprism and the dodecahedron (45-50). As seen i n Table III, a l l 
four of the above geometries are found i n eight-coordinate com
plexes of tetravalent actinides with bidentate ligands. However, 
the mmmm isomer of the trigonal faced dodecahedron i s the most 
prevalent i n the s o l i d state. 

Actinide Catecholates 

Two fundamental questions i n the design of an actinide-spe-
c i f i c sequestering agent are the coordination number and geometry 
actually preferred by the metal ion with a given ligand. The 
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H O O C C H 2 ^ Η 2 ° 0 0 Η JSH2COOH 
j v H C H o t e N i C H o î p N 7 , 

/ \ j Figure 1. DiethmenetriaminepentaaceUc 
H O O C C H 2

 X C H 2 C O O H / 6 acid (DTPA) 

0 0 0 

Figure 2. Representative siderophores 
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Table II. Formation Constants 

Metal Temp, °C log 0^ 

for Some Actinide(IV) 

log 32 log 33 

Hydroxamates 

log 64 Ref. 

Benzohydroxamaic acid, Ph-C(O)-•N(0H)-H 

U(IV) 25 9.89 18.00 26.32 32.94 35 

Th(IV) 25 9.60 19.81 28.76 35 

Pu(IV) 25 12.73 21 

N-phenylbenzohydroxamaic acid, Ph-C(O)--N(0H)-Ph 

Th(IV) 20 37.70 38 

Th(IV) 25 37.80 36 

Th(IV) 30 37.76 37 

Pu(IV) 22 11.50 21.95 31.81 41.35 39 

N-phenylcinnamohydroxamic acid, Ph-C=C--C(0)-N(0H)-Ph 

Th(IV) 20 12.76 24.70 35.72 45.72 40 

Catechol 

Th(IV) 30 17.72 41 

4-Nitrocatechol 

Th(IV) 25 14.96 27.78 36.71 40.61 42 

a l o g 3n = [ML n]/[M][L] n for the reaction M + nL •> ML^ where L 
i s the hydroxamate anion or the catecholate dianion. 
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complexes formed by Th(IV) or U(IV) and catechol, i n which the 
s t e r i c restraints of a macrochelate are absent, serve as struc
tur a l archetypes for designing the optimum actinide(IV) sequester
ing agent. Thus the structures of an isoelectronic, isomorphous 
series of tetrakis-catecholato s a l t s , Na 4 [M(C 6H t +0 2) n ] • 21H20; M = 
Th(IV), U(IV), Ce(IV), and Hf(IV), were determined by single crys
t a l X-ray d i f f r a c t i o n . Suitable crystals were isolated from the 
reaction of the metal chlorides or nitrates and the disodium salt 
of catechol i n aqueous solution under an inert atmosphere (66, 
67). Measurement of magnetic s u s c e p t i b i l i t y and electronic spec
tra of the cerium and uranium complexes v e r i f i e d the presence of 
the +4 oxidation state. 

It was somewhat surprising that the strongly oxidizing Ce(IV) 
ion (E Q = + 1.70 V) (68) did not react with the catechol dianion, 
a f a c i l e reducing agent (69). The a b i l i t y of catechol to coordi
nate without reduction of oxidizing ions as Ce(IV), Fe(III) (70), 
V(V) (71), and Mn(III) (72) i s a r e f l e c t i o n of i t s impressive co
ordinating a b i l i t y . The Ce(IV) complex was found by c y c l i c 
voltammetry to undergo a quasi-reversible one-electron reduction 
in strongly basic solution i n the presence of excess catechol 
(Figure 4). Using the Nernst equation (73) and the measured 
potential of the Ce(IV)/Ce(III)(catechol) 4 couple of - 448 mV vs 
NHE, the formation constant of the tetrakis Ce(IV) complex was 
found to be greater than the corresponding Ce(III) complex by a 
factor of 10 3 6. This enormous s h i f t of the redox potential of the 
Ce(IV)/Ce(III) couple i s dramatic evidence of the enormous a f f i n 
i t y of the catecholate anion for the tetravalent lanthanides and 
actinides. 

The c r y s t a l structure of this isostructural series of cate
chol complexes consists of discrete [M(catechol) i+]t+" dodecahedra, 
a hydrogen bonded network of 21 waters of c r y s t a l l i z a t i o n and 
sodium ions, each of which i s bonded to two catecholate oxygens 
and four water oxygens. Of the possible eight coordinate poly-
hedra, only the cube and the dodecahedron allow the presence of 
the crystallographic 4 axis on which the metal ion s i t s . As 
depicted in Figure 5 and v e r i f i e d by the shape parameters i n 
Table IV, the tetrakis(catecholato) complexes nearly display the 
ideal T>2d molecular symmetry of the mmmm isomer of the t r i g o n a l -
faced dodecahedron. 

The symmetry of the dodecahedron, which can be regarded as 
the intersection of one elongated and one compressed tetrahedron, 
allows for different M-0^ and M-Og bond lengths. As seen i n Table 
V, the experimental M-0 bond lengths are equal in the thorium and 
cerium complexes. However, the M-Og bond length i s s i g n i f i c a n t l y 
shorter than the M - O A bond length i n the uranium and hafnium com
plexes. The much smaller ionic radius of the hafnium pull s the 
catecholate ligands i n s u f f i c i e n t l y so that interligand contacts 
become si g n i f i c a n t ; the short oxygen-oxygen distance between A 
sites of 2.550 A, nearly 0.3 A less than that for the cerium s a l t , 
i s well within the van der Waals contact distance of 2.8 A (75). 
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/ 

\ 

Square Antiprism 
D4d 

Bicapped Trigonal Prism 
c2v 

Figure 3. Eight-coordinate polyhedra. The principal axes are vertical Edge 
labels are taken from Refs. 45 and 48. 
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Table IV. Shape Parameters 3 (deg.) for [ M C O ^ H ^ r , M = Hf, 
Ce, U, Th, Complexes 

Metal eA 6B 6 

Th 37.9 75.4 3.6 31.3 

U 37.1 75.2 3.0 31.1 

Ce 36.8 74.9 2.1 32.0 

Hf 35.2 73.3 0.4 32.2 

Dodecahedron^ 36.9 69.5 0.0 29.5 

Cubeb 54.7 54.7 0.0 0.0 

See Ref. 45 and 49 for definitions of shape parameters. 

Calculated using the Hard Sphere Model. 

Table V. Structural Parameters for Na [M(0 C H ) ]•21H 0 
Complexes 

Metal 
Ionic 

Radius 
A 

M-0A A 
o 
A 

M-0B 

o 
A 

V°A 
k 

V M-°B 
deg 

Th 1.05 2. 421(3) 2.418(3) 2.972(6) 66.8(1) 

U 1.00 2. 389(4) 2.362(4) 2.883(7) 67.7(1) 

Ce 0.97 2. 362(4) 2.357(4) 2.831(7) 68.3(1) 

Hf 0.83 2. 220(3) 2.194(3) 2.554(5) 71.5(1) 

aRef. 74. 
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7. R A Y M O N D E T A L . Sequestering Agents for Actinides 153 

This lengthens the M-Ô  bond of the hafnium complex r e l a t i v e to 
the others. However, since the ionic radius of uranium l i e s 
between those of cerium and thorium i t i s unlikely that the metal 
size explains the d i s t o r t i o n i n the uranium complex. As a l l four 
complexes are i d e n t i c a l i n a l l respects except for the metal ion, 
the lengthening of the M-Ô  bond i n the uranium complex i s a t t r i b 
uted to a ligand f i e l d effect from the f-electrons. A ligand 
f i e l d of D 2d symmetry w i l l s p l i t the 3Hi+ ground term for the 5f 2 

configuration of U(IV) into seven levels, two of which are doubly 
degenerate. The observed temperature-independent magnetic sus
c e p t i b i l i t y of 870 x 10~~6 cgs mol""1 i s consistent with a non-
degenerate ground state (76). A qualitative c r y s t a l f i e l d treat
ment of the D 2 cj complex predicts a nondegenerate ground state 
a r i s i n g from either the f x y z or f z 3 metal o r b i t a l . Thus from 
electron repulsion arguments, one expects the ligand oxygen that 
i s closer to the z axis, 0^, to interact more with the f i l l e d 
metal o r b i t a l resulting i n the observed lengthening of the M-0^ 
bond. 

Actinide Hydroxamates 

As with the actinide catecholates, we are interested i n de
termining the optimum structure of actinide hydroxamates for use 
i n the design of an octadentate actinide sequestering agent. 
Thus the structures of tetrakis(N-isopropyl-3,3-dimethylbutano-
and -2,2-dimethylpropano)hydroxamatothorium(IV) have been deter
mined by single c r y s t a l X-ray d i f f r a c t i o n (77). Keeping the pH as 
low as possible, these compounds precipitate upon the addition of 
an aqueous solution of thorium tetrachloride to an aqueous solu
tion of the sodium salt of the hydroxamic acid. The analogous 
uranium(IV) complexes were prepared s i m i l a r l y under an inert atmo
sphere using deaerated solvents. In addition to their hydrocarbon 
s o l u b i l i t y , the bulky a l k y l substituents impart other interesting 
properties to these complexes. They melt at 127-8 and 116-7°C 
and, under a vacuum of 10" 3 torr, sublime at 95 and 100°C, 
respectively! 

The a l k y l substituents are also very important i n determining 
the structures of the thorium hydroxamates. As i n the tetracate-
cholates^ the metal ion i n the t-Bu complex s i t s on a c r y s t a l l o -
graphic 4 axis, which l i m i t s the possible eight coordinate poly-
hedra to the dodecahedron and the cube (or tetragonal prism). In 
order to minimize s t e r i c interactions, the t-butyl groups situate 
themselves on the corner of a tetrahedron, resulting in the d i s 
torted cubic geometry of the complex shown in Figure 6. This 
s t e r i c s t r a i n also manifests i t s e l f i n the C(=0)-C(t-Bu) bond 
length of 1.547(5) A, which i s s i g n i f i c a n t l y longer than 1.506(5) 
A, the length normally found for an sp 2-sp 3 C-C bond (78). 
Because the hydroxamate anion i s an unsymmetrical ligand with most 
of the charge loc a l i z e d on the nitrogen oxygen, the Th-0^ bond, 
2.357(3) A, i s 0.14 A shorter than the Th-0 c bond, 2.492(3) A. 
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Figure 5. The [U(catechol)J4' (M = Hf, Ce Th, and U) anion viewed along the 
mirror plane with the taxis vertical 

Figure 6. Th[i-Pr-N(0)-C(0)'t-Bu]k viewed down the Taxis. In this figure and 
in Figure 8, the substituent carbon atoms are drawn at 1/5 scale, the hydrogen 
atoms are omitted for clarity, and the nitrogen and nitrogen oxygen atoms are 

shaded. 
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7. R A Y M O N D E T A L . Sequestering Agents for Actinides 155 

The average Th-0 bond, 2.425 A, i s v e r y c l o s e t o the average Th-0 
bond found i n [ T h ( c a t e c h o l ) k ] * " , 2.420 A. The 0 N-M-0 C (or b i t e ) 
a ngle observed i n the t-Bu complex o f 62.3(1)° i s s m a l l e r than the 
v a l u e r e q u i r e d t o s u c c e s s f u l l y span an edge of a cube, 70.53°, 
c a l c u l a t e d u s i n g a hard-sphere model. The d i s p a r i t y i n Th-0 bond 
l e n g t h s and observed b i t e a n g l e cause a d i s t o r t i o n towards the 
gggg-isomer o f a t r i g o n a l - f a c e d dodecahedron, accompanied by a 
10.3° t w i s t i n the BAAB t r a p e z o i d (see F i g u r e 4 f o r these d e f i n i 
t i o n s ) . As expected t h e o r e t i c a l l y (45, 4 6 ) , the more n e g a t i v e l y 
charged n i t r o g e n oxygens a r e l o c a t e d at the B s i t e s of the dodeca
hedron, but t h i s c o u l d a l s o be a s t e r i c e f f e c t o f the t - b u t y l 
groups. 

The r e l a t i o n s h i p o f the cube and the dodecahedron t o the co
o r d i n a t i o n p o l y h e d r o n of the t-Bu complex i s shown i n F i g u r e 7 and 
a d e t a i l e d shape parameter a n a l y s i s i s p r e s e n t e d i n Table V I . The 
s i m i l a r i t y of t h i s complex t o a cube i s shown by the e q u a l edge 
l e n g t h s of those not spanned by the l i g a n d s , the m and g T edges, 
and the d i h e d r a l a n g l e s , 6, which a r e c l o s e t o 90° about the m and 
g edges. The a and b edges a r e fa c e d i a g o n a l s i n the cube and the 
d i h e d r a l a n g l e s about these edges measure the d i s t o r t i o n towards 
the dodecahedron. S t e r i c r e p u l s i o n s dominate (45, 4 6 ) , s i n c e the 
b u l k y a l k y l s u b s t i t u e n t s d i r e c t the geometry o f the complex t o 
wards a cube. Because the l i g a n d s span a l t e r n a t e edges o f two 
p a r a l l e l square f a c e s , the complex i s b e s t d e s i g n a t e d as the s s s s 
isomer o f a cube [ a f t e r the d e s i g n a t i o n s f o r a s q u a r e - a n t i p r i s m 
made by Hoard and S i l v e r t o n (45) ] w i t h the o v e r a l l symmetry of the 
S 4 p o i n t group. 

The i n f l u e n c e o f the a l k y l s u b s t i t u e n t i n d e t e r m i n i n g s t r u c 
t u r e i s g r e a t l y reduced by the i n t r o d u c t i o n o f a methylene group 
between the c a r b o n y l carbon and the t - b u t y l group. C o n t r a r y to 
the p r e v i o u s complex, the n e o p e n t y l d e r i v a t i v e (shown i n F i g u r e s 
8 and 9) i s c l o s e t o the mmmm-dodecahedron found i n the t e t r a k i s -
( c a t e c h o l a t o ) t h o r i u m and the m a j o r i t y o f o t h e r e i g h t - c o o r d i n a t e 
a c t i n i d e complexes w i t h b i d e n t a t e l i g a n d s (Table I I I ) . W h i l e the 
l a c k of c r y s t a l l o g r a p h i c symmetry would a l l o w s t r u c t u r e s o t h e r 
than the dodecahedron (such as the square a n t i p r i s m or bic a p p e d 
t r i g o n a l prism) the s m a l l e s t d i h e d r a l a n g l e i s 35.5° and t h i s p r e 
c l u d e s the presence of any square f a c e s i n the c o o r d i n a t i o n p o l y 
hedron ( f o r which 6 = 0 ) . As seen i n Table VI the complex i s , 
however, d i s t o r t e d from an i d e a l dodecahedron. The b i t e o f the 
l i g a n d s , which governs the l e n g t h o f the m edges, i s s m a l l e r than 
the l e n g t h o f an i d e a l dodecahedral m edge. T h i s r e s u l t s i n the 
f l a t t e n i n g o f the B t e t r a h e d r o n as evidenced by the i n c r e a s e d 
a n g l e between the Th-Og v e c t o r and the pseudo 4 a x i s , 6g, and by 
the lengthened g edges. The bending o f the l i g a n d s seen i n F i g u r e 
8 i s due t o s t e r i c i n t e r a c t i o n s o f m o l e c u l a r p a c k i n g . As b e f o r e , 
the Th-0 N bond [ave = 2.36(2) A], i s s h o r t e r than the Th-0 c bond 
[ave = 2.46(4) A]. There i s no s i t e p r e f e r e n c e f o r the charged 
oxygen as the 0^ and 0Q are e q u a l l y d i s t r i b u t e d over the A and B 
s i t e s o f the dodecahedron, r e s u l t i n g i n a mmmm-dodecahedron w i t h 
C i symmetry. 
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Figure 8. Th[i-Pr-N(0)-C(0)-Neopentyl]k viewed down the pseudo Taxis 

Figure 9. Schematic structure of Th[i-
Pr-N(O)-C(O)-Neopentyl]k emphasizing 

its relationship to a dodecahedron 
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The c o o r d i n a t i o n c h e m i s t r y o f uranium(IV) w i t h hydroxamic 
a c i d s i s c o m p l i c a t e d by the e x i s t e n c e of the s t a b l e u r a n y l i o n . 
Uranium t e t r a c h l o r i d e i s q u a n t i t a t i v e l y o x i d i z e d v i a an oxygen 
t r a n s f e r r e a c t i o n w i t h two e q u i v a l e n t s o f N-phenylbenzohydroxamic 
a c i d a n i o n (PBHA) i n t e t r a h y d r o f u r a n (THF) to form an u r a n y l com
p l e x and b e n z a n i l i d e ( 7 9 ) . S u b s t i t u e n t s are known t o be impo r t a n t 
i n d e t e r m i n i n g the redox b e h a v i o r of hydroxamic a c i d s (80, 81, 82, 
83, 84), thus t h e i r e f f e c t on the o x i d a t i o n o f uranium(IV) was 
i n v e s t i g a t e d . R e a c t i o n o f U C l ^ w i t h benzohydroxamic a c i d a n i o n 
l e a d s t o the f o r m a t i o n o f t e t r a k i s ( b e n z o h y d r o x a m a t o ) u r a n i u m ( I V ) as 
the major p r o d u c t . However, t h i s compound undergoes the i n t e r n a l 
r edox r e a c t i o n upon h e a t i n g t o form an u r a n y l compound and benza-
mide. There was no evidence of o x i d a t i o n - r e d u c t i o n i n the s y n 
t h e s i s of the t e t r a k i s a l k y l h y d r o x a m a t e s d e s c r i b e d above, and o n l y 
s l i g h t d e c o m p o s i t i o n o c c u r r e d on h e a t i n g . The i n t e r n a l redox r e 
a c t i o n d i s p l a y e d by the hydroxamate and uranium(IV) i o n s i s a 
c h e m i c a l l i m i t a t i o n upon the use of hydroxamate groups i n an 
a c t i n i d e - s p e c i f i c s e q u e s t e r i n g agent. However, t h i s may be a v o i d 
ed by the proper c h o i c e o f s u b s t i t u e n t groups. 

A c t i n i d e S e q u e s t e r i n g Agents 

The s t r u c t u r e s determined f o r the a c t i n i d e ( I V ) c a t e c h o l a t e s 
and hydroxamates i n d i c a t e t h a t the mmmm-isomer of the dodecahedron 
i s the p r e f e r r e d geometry. For maximum s t a b i l i t y and s p e c i f i c i t y 
t h i s geometry s h o u l d be a c h i e v e d by the l i g a t i n g groups of an 
o p t i m i z e d s e q u e s t e r i n g agent t h a t e n c a p s u l a t e s the t e t r a v a l e n t 
a c t i n i d e i n a c a v i t y w i t h a r a d i u s near 2.4 A. An e x a m i n a t i o n o f 
m o l e c u l a r models showed t h a t t h i s c o u l d be accomplished by the 
attachment of f o u r 2 , 3 - d i h y d r o x y b e n z o i c a c i d groups t o the n i t r o 
gens o f a s e r i e s o f c y c l i c t e t r a a m i n e s v i a amide l i n k a g e s as shown 
s c h e m a t i c a l l y i n F i g u r e 10. The s i z e of the c a v i t y formed i s con
t r o l l e d by the r i n g s i z e o f the t e t r a a z a c y c l o a l k a n e backbone — 
such t h a t a 16 membered r i n g appeared most p r o m i s i n g f o r the 
a c t i n i d e s . Two t e t r a - c a t e c h o l c h e l a t i n g agents were s y n t h e s i z e d , 
as shown i n F i g u r e 11, by the r e a c t i o n of 2,3-dioxomethylene- or 
2,3-dimethoxybenzoyl c h l o r i d e w i t h 1 , 4 , 8 , 1 1 - t e t r a a z a c y c l o t e t r a -
decane or 1,5,9,13-tetraazacyclohexadecane f o l l o w e d by the depro-
t e c t i o n o f the h y d r o x y l groups w i t h B B r 3 / C H 2 C l 2 ( 8 5 ) . Subsequent 
b i o l o g i c a l e v a l u a t i o n i n mice showed t h a t these compounds reduced 
the a c c u m u l a t i o n of p l u t o n i u m i n bone and l i v e r . However, the 
a c t i n i d e complex a p p a r e n t l y d i s s o c i a t e d at low pH and the p l u t o n i 
um was d e p o s i t e d i n the a n i m a l s 1 k i d n e y s ( 8 6). T i t r i m e t r i c s t u d 
i e s of these l i g a n d s w i t h t e t r a v a l e n t a c t i n i d e s showed t h a t w h i l e 
they s t r o n g l y complex a c t i n i d e s , s i m p l e one-to-one complexes are 
not formed at or below n e u t r a l pH. 

The performance o f a l i g a n d at low pH can be improved by i n 
c r e a s i n g i t s a c i d i t y , thus r e d u c i n g the c o m p e t i t i o n w i t h p r o t o n s . 
The a c i d i t y o f the c a t e c h o l groups can be i n c r e a s e d by the i n t r o -
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Figure 10. Schematic structure of the tetracatechol actinide sequestering agents 
from a biomimetic approach based on enterobactin 

OH OH OH OH 

Figure 11. General synthesis and structure of catechoylamides. The cyclic cate-
choylamides, in which R = (CH2)P are abbreviated as n, m, p, m-CYCAM. The 
sulfonated and the analogous nitro derivatives are indicated by n, m, p, m-
CYCAMS and n, m, p, m-CYAM-N02, respectively. The linear sulfonated cate
choylamides are abbreviated as m, n, m-LICAMS. A prefix is added to indicate 

terminal N substituents. 
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duction of strongly electron-withdrawing groups to the aromatic 
rings. A more acidic analog of the above ligands was prepared 
from 2,3-dimethoxy-5-nitrobenzoic acid and 1,4,8,11-tetraazacyclo-
tetradecane. The nitro groups converted the ligand into an 
acutely active poison and substantially changed i t s s o l u b i l i t y 
characteristics such that a large amount of plutonium was found i n 
the soft tissues of the injected mice (86). In sharp contrast, 
sulfonation improved the water s o l u b i l i t y , s t a b i l i t y to a i r oxida
tion and the a f f i n i t y for actinide(IV) ions at low pH. Each 2,3-
dihydroxybenzoyl group i n the ligands prepared above was mono-
sulfonated r e g i o s p e c i f i c a l l y at the 5 position by direct reaction 
with 20-30% SO3 i n H2S0i+ at room temperature (87) . The increased 
ac i d i t y of the sulfonated derivatives prevented the deposition of 
plutonium i n the kidneys of mice and promoted si g n i f i c a n t plutoni
um excretion without any appreciable acute toxic affects (86). 

In order to examine the effect of greater stereochemical 
freedom, some tetra-2,3-dihydroxy-5-sulfobenzoyl derivatives of 
linear tetraamines, also shown i n Figure 11, have been prepared by 
similar methods (87). Maximum s t a b i l i t y and s p e c i f i c i t y towards 
the actinides, can be obtained by optimizing the length of the 
methylene bridges between the amine f u n c t i o n a l i t i e s . Butylene 
bridges between the nitrogens of the linear tetraamines gave 
better results i n animal studies than ethylene or propylene 
bridges. The linear derivatives are s i g n i f i c a n t l y more effec t i v e 
than the c y c l i c catechoylamides i n removing plutonium from mice 
(86). In accordance with the trans configuration of amine hydro
gens found i n the structure of 1,5,9,13-tetraazacyclohexadecane 
(88), adjacent catechoylamide groups are expected to l i e on op
posite sides of the macrocycle. While inversion about amides i s 
well known, i t may not be rapid enough i n these compounds to en
able coordination of the actinide by a l l four catechol groups. 

The catechoylamides were evaluated by their intraperitoneal 
administration to mice (20 to 30 ymole/kg) 1 hour after the i n j e c 
tion of 1.5 yCi/kg of 2 3 8Pu(IV) c i t r a t e (86). The mice were k i l 
led by ce r v i c a l dislocation 24 hours after the plutonium injec t i o n . 
The effectiveness of the ligands was obtained by measuring the 
plutonium i n tissues and excreta using L X-rays, and the results 
are presented i n Table VII (86). The 4,4,4- or 3,4,3-LICAMS were 
the most e f f i c i e n t of the catechoylamides tested; each promoted 
elimination of about 65% of the injected plutonium. In addition 
to sequestering the plutonium i n body f l u i d s , 3,4,3-LICAMS reduced 
skeletal plutonium to 22% of the 1 hour control value (the time 
of ligand i n j e c t i o n ) . Monomeric dimethyl-2,3-dihydroxy-5-sulfo-
benzamide, DiMeCAMS, and 2,3-dihydroxybenzoic acid removed very 
l i t t l e i f any plutonium. Similar results for 2,3-dihydroxy-
benzoyl-N-glycine were obtained by Bulman and co-workers (89). 

This dramatic difference between the monomeric catechols and 
the synthetic tetracatechol compounds confirm our o r i g i n a l design 
concept that a macrochelate would be most effective b i o l o g i c a l l y 
in Pu removal. Of the sulfonated catechoylamides only the 
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Table VII. Effect of Tetrameric Catechoylamides on the Distribu
tion of 2 3 8Pu(IV) i n Mice a 

Percent Absorbed Dose 

Compound Liver Skeleton Soft 
Tissue 

GI 
Tract Kidneys Whole 

Body 

3,4,3-LICAMS 22 7 1.8 3.3 1.2 35 

4,4,4-LICAMS 25 8 3.0 3.0 1.5 41 

3,3,3-LICAMS 41 9 2.8 3.3 1.0 56 

4,3,4-LICAMS 30 11 3.7 4.3 7.5 57 

2,3,3,3-CYCAMS 30 18 7 4.7 4.0 61 

2,3,2-LICAMS 26 13 12 8.1 3.9 63 

3,3,3,3-CYCAMS 32 14 10 4.7 4.7 65 

3,3,3,3-CYCAM 23 18 3 3.6 41 89 

3,2,3,2-CYCAM-N02 37 8 26 16 6.0 93 

CaNa^DTPA 17 11 3 5.2 0.5 37 

Desferrioxamine 23 20 4 4.2 1.6 52 

DiMeCAMS 49 30 7 5.9 1.5 94 

DBHA° 50 31 8 6.7 1.5 97 

1 hr Control 30 23 32 12 3.4 -100 

24 hr Control 51 31 5.1 4.6 2.6 94 

aLigands were administered 1 hour and the mice were k i l l e d 24 
hours after injection of 2 3 8Pu(IV) c i t r a t e , from Ref. 86. 

b F i v e mice per group except for 4,4,4-LICAMS, 10 mice; 1 hour 
control, 7 mice; and 24 hour control, 34 mice. 

2,3-Dihydroxybenzoic acid. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
00

7



7. R A Y M O N D E T A L . Sequestering Agents for Actinides 163 

4,4,4-LICAMS showed s i g n i f i c a n t acute t o x i c e f f e c t s i n mice. For 
comparison, DTPA, the most e f f e c t i v e c o n v e n t i o n a l c h e l a t i n g agent, 
was examined and found to remove 63% o f the i n j e c t e d p l u t o n i u m . 
However, the dose-response c u r v e , F i g u r e 12, shows t h a t 3,4,3-
LICAMS i s much more e f f e c t i v e than DTPA at lower doses — up to 
two o r d e r s o f magnitude d i f f e r e n c e (90). T h i s i s a good i n d i c a 
t i o n t h a t endogenous metals are not s t r o n g l y bound by 3,4,3-
LICAMS, w h i l e m e t a l s such as c a l c i u m and z i n c b i n d s t r o n g l y t o 
DTPA, r e d u c i n g the e f f e c t i v e c o n c e n t r a t i o n of the l i g a n d . Thus 
a much l a r g e r amount of DTPA i s r e q u i r e d t o a c h i e v e the same 
e f f e c t i v e c o n c e n t r a t i o n o f a s m a l l e r q u a n t i t y o f 3,4,3-LICAMS 
because of both a lower i n t r i n s i c a f f i n i t y f o r a c t i n i d e ( I V ) i o n s 
as w e l l as a lower s p e c i f i c i t y . 

The g r e a t e r e f f i c a c y o f p l u t o n i u m d e c o r p o r a t i o n by 3,4,3-
LICAMS compared t o DTPA has a l s o been observed i n b e a g l e s ( 9 1 ) . 
Beagles were t r e a t e d w i t h a s i n g l e i n t r a v e n o u s i n j e c t i o n of 30 
ymole/kg of e i t h e r Ca-DTPA or 3,4,3-LICAMS o r 30 ymole/kg o f both 
30 minutes a f t e r an i n t r a v e n o u s i n j e c t i o n o f 0.233 y C i 2 3 9 P u ( I V ) , 
0.087 y C i 2 3 7 P u ( I V ) and 0.575 y C i 2 l + 1 A m ( I I I ) i n a c i t r a t e b u f f e r . 
R e t e n t i o n of the r a d i o n u c l i d e s was determined seven days a f t e r 
t h e i r i n j e c t i o n . S e r i o u s t o x i c e f f e c t s were seen i n the k i d n e y s 
of a l l dogs t r e a t e d w i t h 3,4,3-LICAMS. The dose response curve 
of F i g u r e 12 would suggest t h a t s m a l l e r doses s h o u l d be n e a r l y as 
e f f e c t i v e , and a v o i d such t o x i c e f f e c t s . As seen i n Table V I I I , 
3,4,3-LICAMS removed about 86% o f the i n j e c t e d p l u t o n i u m , much 
b e t t e r than the 70% removed by DTPA. I n c o n t r a s t , DTPA was much 
more e f f e c t i v e i n americium d e c o r p o r a t i o n . T h i s was expected 
s i n c e the a f f i n i t y o f c a t e c h o l l i g a n d s f o r the l a r g e r and l e s s 
a c i d i c L n ( I I I ) o r A n ( I I I ) i o n s i s q u i t e low. The measured r a t i o 
o f the t e t r a k i s ( c a t e c h o l a t o ) C e ( I V ) / C e ( I I I ) f o r m a t i o n c o n s t a n t s o f 
1 0 3 6 i s an i n d i c a t i o n o f the decreased a f f i n i t y o f 3,4,3-LICAMS 
f o r t he t r i v a l e n t a c t i n i d e s ( 6 7 ) . 

Summary 

For the f i r s t time a c l a s s o f s e q u e s t e r i n g agents has been 
designed and s y n t h e s i z e d f o r the s p e c i f i c r o l e o f complexing 
p l u t o n i u m and o t h e r a c t i n i d e ( I V ) i o n s . T h i s has r e s u l t e d from 
the c o m b i n a t i o n o f two o b s e r v a t i o n s : (1) The c h e m i c a l p r o p e r t i e s 
o f Pu(IV) and F e ( I I I ) are s i m i l a r i n many r e s p e c t s and t h i s s i m i 
l a r i t y extends t o the b i o l o g i c a l t r a n s p o r t and d i s t r i b u t i o n 
p r o p e r t i e s of P u ( I V ) , which accounts f o r much o f the b i o l o g i c a l 
h a zard o f t h i s element. (2) The d e s i g n o f s p e c i f i c s e q u e s t e r i n g 
agents f o r F e ( I I I ) was s o l v e d by microbes a few b i l l i o n y e a r s ago 
w i t h the p r o d u c t i o n o f low m o l e c u l a r - w e i g h t c h e l a t i n g agents 
( s i d e r o p h o r e s ) t h a t i n c o r p o r a t e c h e l a t i n g groups such as hydrox
amic a c i d s and c a t e c h o l . 

S y n t h e t i c m a c r o c h e l a t e s have been designed such t h a t the 
c h e l a t i n g groups can form a c a v i t y t h a t g i v e s e i g h t - c o o r d i n a t i o n 
about the m e t a l and the dodecahedral geometry observed i n the 
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0.01 0.1 I 10 

Ligand dose ^ m o l e / k g 

Figure 12. Dose response comparison between LICAMS and CaNa3DTPA for 
238pu removai from mice. Percent retention = 100 — percent removed (90). 
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Table VIII. Effect of 3,4,3-LICAMS on Plutonium Retention i n 
Beagles a 

Percent Injected Dose D 

Whole Body Liver Non-liver 

Control 90 35 55 

LICAMS 14 6.3 7.4 

CaNa3 DTPA 30 9.9 20 

CaNa3 DTPA + LICAMS 12 4.9 6.7 

Ligands were administered 30 minutes and the dogs were k i l l e d 
7 days after injection of the radionuclides, from Ref. 91. 

Two dogs per group, except that the control values were taken 
from References 92_, 93_, 9*4. 

Table IX. Summary of Actinide Sequestering Properties of Tetra-
meric Catechoylamides 

Cyclic 

3,3,3,3-CYCAM 

3.2.3.2- CYCAM-NOn 

3.3.3.3- CYCAMS 

2,3,3,3-CYCAMS 

Linear 

2.3.2- LICAMS 

3.3.3- LICAMS 

4.3.3- LICAMS 

4.4.4- LICAMS 

3,4,3-LICAMS 

Mobilizes Pu but deposits i t i n kidneys. 

Acutely toxic. 

Sulfonation increases a c i d i t y and solubi
l i t y , prevents Pu deposition i n kidneys. 
Effective Pu removal. 

Least effective i n linear compounds. 

Longer chain length, s l i g h t improvement 

i n Pu removal, s t i l l not very e f f e c t i v e . 

S l i g h t l y toxic Longer central 
bridge gives 

K optimum geo
metry and 
maximum Pu 
remove 1 

Less constrained linear structures are superior to corresponding 
c y c l i c compounds. 

Derivative of spermine 
(a natural product) 
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unconstrained actinide complexes composed of monomeric ligands. 
The most promising actinide squestering agents yet prepared (Table 
IX) are the sulfonated catechoylamide derivatives of linear tetra
amines. These compounds appear to strongly bind tetravalent 
actinides, while only weak complexation has been observed for 
trivalent and divalent metals. A derivative of the natural 
product spermine, 3,4,3-LICAMS, is more effective in plutonium 
removal at low dosages than any other sequestering agent tested 
to date. 
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Inner- vs. Outer-Sphere Complexation of Lanthanide 
(III) and Actinide (III) Ions 

GREGORY R. CHOPPIN 
Department of Chemistry, Florida State University, Tallahassee, FL 32306 

Abstract 

The thermodynamic data f o r complexation of trivalent lantha
nide and act i n i d e cations with halate and haloacetate anions are 
reported. These data are analyzed f o r estimates of the relative 
amounts of inner (contact) and outer (solvent separated) sphere 
complexation. The halate data r e f l e c t e d increasing inner sphere 
character as the halic acid pK a increased. Use of a Born-type 
equation with the haloacetic a c i d pK a values allowed estimation 
of the effective charge of the carboxylate group. These values 
were, in turn, used to calc u l a t e the inner sphere stability con
stants with the M(III) ions. This analysis indicates increasing 
the inner sphere complexation with increasing pK a but relatively 
constant outer sphere complexation. 

Although the concept of outer sphere complexation was i n t r o 
duced by Werner (1) i n 1913 and the theory f i r s t given a mathema
t i c a l base by Bjerrum (2) i n 1926, progress i n understanding the 
factors involved i n the competition between inner and outer sphere 
complexation has been very slow. 

We use the term "outer sphere complex" to re f e r to species i n 
which the ligand does not enter the primary coordination sphere of 
the cation but remains separated by at le a s t one solvent molecule. 
Such species are known also as "solvent separated" ion pairs to 
di s t i n g u i s h them from inner sphere complexes i n which the bonding 
i s i o n i c ("contact" ion p a i r s ) . Mironov (3) offered some empirical 
rules f o r outer sphere complexation but these provide no in s i g h t 
i n t o the basis of the inner-outer sphere competition. Beck (4) 
and Gutmann (5) have reviewed outer sphere complexation and a t t r i 
bute a s i g n i f i c a n t r o l e to hydrogen bonding. This would agree 
with a c o r r e l a t i o n between the pK a of ligand acid ( i . e . , the ligand 
b a s i c i t y ) and the competition of inner vs outer sphere complexa
t i o n for Ln(III) cations (6). 

0-8412-0568-X/80/47-131-173$05.00/0 
© 1980 American Chemical Society 
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For l a b i l e complexes, i t i s often quite d i f f i c u l t to d i s t i n 
guish between inner and outer sphere complexes. To add to this 
confusion i s the fact that formation constants for such l a b i l e 
complexes when determined by op t i c a l spectrometry are often lower 
than those of the same system determined by other means such as 
potentiometry, solvent extraction, etc. This has led some authors 
to identify the former as "inner sphere" constants and the l a t t e r 
as " t o t a l " constants. However, others have shown that this can
not be correct even i f the o p t i c a l spectrum of the solvated cation 
and the outer sphere complex i s the same ( 4 , 7 ) . Nevertheless, 
the characterization and knowledge of the formation constants of 
outer sphere complexes are important as such complexes play a s i g 
n i f i c a n t role i n the Eigen mechanism of the formation of l a b i l e 
complexes (8). This model describes the formation of complexes 
as following a sequence: 

M, x + X, . EM(Ho0) X] = [M(Ho0)X] = MX (aq) (aq) 2 y n Jaq 2* Jaq ao 
The f i r s t step i s ditfusion controlled while the second represents 
the fast formation of the outer sphere complex. The f i n a l step 
involves the conversion of the outer to the inner sphere complex. 
This i s the rate determining step and i s dependent on the e q u i l i 
brium concentration of the outer sphere complex. Consequently, 
calculations of rate constants by the Eigen model involves e s t i 
mation of the formation constant of the outer sphere species. 

Trivalent lanthanide and actinide cations form l a b i l e , ionic 
complexes of both inner and outer sphere character. Consequently, 
they are useful probes to study inner-outer sphere complexation 
competition due to ligand properties. Two e a r l i e r papers have 
reported complexation of these cations by two series of related 
anions, the halates ( 9 ) and the chloroacetates ( 1 0 ) . In this 
paper we offer a more extensive analysis of the inner-outer sphere 
competition i n these complexes. 

Halates 

The data for formation of E u X 0 ^ a q ) complexes of the halates 
are given i n Table I. A number of authors ( 1 1 , 1 2 , 13) have pro
posed that enthalpy and entropy changes should be more positive 
for inner sphere complexation and, i n fact, outer sphere formation 
may be reflected by small enthalpy values and even negative entro
pies. Based on this concept, we interpreted the halates data as 
re f l e c t i n g e ssentially complete outer sphere complexation for 
E u C 1 0 + 2 ( H C I O 3 , pK a = - 2 . 7 ) and s i m i l a r l y complete inner sphere 
complexation for EuIO* 2 ( H I O 3 , pK a = 0 . 7 ) . We can attempt a crude 
estimate for EuBrO^2 by using AS Q = - 2 0 and AS ± = +60 J/m/K (the 
subscript o refers to outer sphere (e.g., $ 0, AHQ, etc.) and the 
subscript i to inner sphere (e.g., 3 i 9 AH-̂ , etc.)) as the entropy 
changes for outer and inner sphere complexation respectively with: 
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8. C H O P P I N Complexation of Ln(III) and An(IH) Ions 175 

a AS Q + (1-a) AS ± = A S e x p 

For A S e x p = 3 ± 5, we obtain an estimate of 65-75% of outer 
sphere f o r EuBrO"^2 (HBr03, pK a = -2.3). However, such a c a l c u l a 
t i o n of simple additive entropies i s probably too naive to be of 
much value. Morris, et a l (14) have used s i m i l a r reasoning to 
assign predominant outer sphere character to ScClO^ 2

 a n d ScBrO"5 . 
Fuoss (15) proposed an equation which has been used frequently 

to calc u l a t e outer sphere formation constants. The equation has 
the form: 

= 4irNa 3 y/kT 
o 3000 6 

o 
with a = 5 A and u = the e l e c t r o s t a t i c energy of a t t r a c t i o n be
tween cation and anion. This equation, when correction i s i n c l u 
ded f o r the i o n i c strength, gives a calculated s t a b i l i t y constant 
for EuClO^ 2 i n good agreement with the experimental value. A 
value f o r the d i e l e c t r i c constant of 70 was used i n t h i s c a l c u l a 
t i o n . 

In summary, the halate data r e a f f i r m the tendency of increased 
inner sphere character i n Ln(III) complexes as the ligand pK a i n 
creases. 
Chloroacetates 

As chlorine substitutes f o r hydrogen i n the methyl group of 
the acetate anion, the carboxylate b a s i c i t y decreases ( i . e . , pK a 

decreases). The thermodynamic data f o r the Eu(III) and Am(III) 
complexes and the ligand pK a values are l i s t e d i n Table I I . Data 
f o r 3-chloropropionate (16) are also included. 

Analysis of the entropy changes, indicates e s s e n t i a l l y 100% 
inner sphere formation f o r the Ac, $-ClPr and ClAc complexes, 50% 
inner sphere f o r the CI2AC complexes. However, a study of 139La 
nmr s h i f t s (18) was interpreted to show only 50% inner sphere 
character f o r LaClAc"1"2 and 20-25% f o r LaC^Ac* 2. In l i g h t of t h i s 
lack of agreement, we have analysed the complexation by another 
approach which would seem to be more j u s t i f i e d than the entropy 
based estimations. 

Munze (19) has used a Born-type equation to calc u l a t e s t a b i 
l i t y constants of Ln(III) and An(III) complexes of carboxylates as 
w e l l as other ligands which agreed w e l l with experimental values. 
His approach was modified by allowing the d i e l e c t r i c constant to 
be a parameter (the " e f f e c t i v e " d i e l e c t r i c constant, D e) i n an 
analysis of f l u o r i d e complexation by M(II), M(III) and M(IV) 
cations (20). A value of D e = 57 was found s a t i s f a c t o r y to c a l 
culate t r i v a l e n t metal f l u o r i d e s t a b i l i t y constants which agreed 
with experimental values f o r L n ( I I I ) , An(III) and group IIIB 
cations (except A l ( I I I ) . Subsequently, the equation was used 
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176 L A N T H A N I D E A N D A C T I N I D E C H E M I S T R Y A N D S P E C T R O S C O P Y 

Table I 

Thermodynamic Parameters for Halate Complexation 

T = 25.0°C; I = 0.1 M(NaC104) 

(9) 

Complex 

+2 EuCIO 

EuBrO 

3 
+2 

EuIO +2 

-AG (kJ mol X) 

0.25±0.42 

3.39±0.25 

6.5310.42 

AH (kJ mol ) AS (JK mol ) 

- 6.3±1.7 

- 2.5±1.3 

+11.010.8 

-2017 

+ 315 

+5916 

Table II 

Thermodynamic Parameters for Monocarboxylate Complexation 

T = 25.0°C; I = 2.0 M(NaC104) 

Ligand -AG 
(kJ mol" 1) 

AH AS 
(kJ mol" 1) (JK-^ol"" 1) ? K a Ref, 

a) Eu(III) 

Ac 10.92 0.04 5.9 0.4 62 4.80 16 

6-ClPr 9.17 0.04 9.97 0.21 63 4.13 17 

ClAc 6.15 0.20 12.35 0.20 62 2.73 10 

Cl 0Ac 4.32 0.20 7.54 0.17 40 1.1 10 
2 

7.54 0.17 40 

Cl 3Ac 1.84 0.22 0.25 0.02 7 -0.5 10 

b) Am(III) 

Ac 11.22 0.12 18.0 1.2 98 4.80 16 

ClAc 6.49 0.12 7.70 0.42 51 2.73 10 

Cl 0Ac 4.48 0.20 3.31 0.33 26 1.1 10 
2 

0.33 

Cl 0Ac 2.84 0.22 8.84 0.08 9 -0.5 10 
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8. C H O P P I N Complexation of Ln(III) and An(HI) Ions 177 

s u c c e s s f u l l y with D e = 57 to ca l c u l a t e s t a b i l i t y constants f o r 
complexation of Ln(III) by oxocarbon ligands (21). The equation 
has the form: 

Ne2Z Z 
AG = RTvln 55.5 + RTElnf (1) 

(4.187 x K T ) D e d 1 2 

where N = Avogadro's number 
e = unit charge, 4.80 x 10 esu 

Z^, Z 2 = i o n i c charge of cation and anion 
v = -1 

di2 = internuclear distance i n the ion p a i r M-X 
E l n f . "AZ 2 0,511 Ih _ Q1h _ M 

1 + Ba^ 
A Z 2 = C ZSx- ( Z M + Z ! ) ] 

B = 0.33, C = 0.75, D = -0.015, a = 4.3 

Our approach i s the following. We assume that v a r i a t i o n i n 
ligand pK a values as chlorine i s substituted f o r hydrogen i s due 
to differences i n the e f f e c t i v e charge on the carboxylate oxygens. 
We redefine Z 2 i n (1) as Z£, the e f f e c t i v e anion charge, i n con
t r a s t to Z 2, the formal anion charge of -1. In p r i n c i p l e ; use of 
equation (1) with the proper values of AG, D E, d^ 2, etc. allows 
c a l c u l a t i o n of Z£ the e f f e c t i v e anionic charge. For the system 
of ligands of Table I I , we found i t necessary to use values of 
D E = 15.5 and d^ 2 = 2.33 X to obtain p h y s i c a l l y reasonable values 
of Z£ f o r a l l 5 ligands ( i . e . , Z£ between -1 and 0) with the 
experimental AG^A (although both D E and d^ 2 could vary 10-20% 
with l i t t l e net e f f e c t ) . I t i s not possible to comment on pos
s i b l e p h y s i cal meanings f o r these values as we have no simple 
physical model f o r the protonation of carboxylate groups i n aqueous 
so l u t i o n . The values of Z\ obtained with these values are l i s t e d 
i n Table I I I . One b i t of support f o r these r e s u l t s i s found i n 
a pl o t of pK a vs Z 2 which indicates Z 2 = -1 at pK a - -1.5 which 
corresponds with the range of reported values of monocarboxylic 
acids (22). 

We assume that the e f f e c t i v e charge remains the same upon 
complexation by Ln(III) and A n ( I I I ) . Based on the success of the 
f l u o r i d e and oxycarbon c a l c u l a t i o n s , we use D E = 57. We also use 
d 1 2 = 2.38 X ( r + 3 = 1.0 X, r Q - * 1.83 A) and with equation (1) 
calc u l a t e inner sphere s t a b i l i t y constants. The numbers we ob
tained are l i s t e d i n Table I I I along with the values of $ 0 (based 
on Eu(III) complexing) and the per cent inner sphere complexation. 
The l a t t e r data i s obtained from the r e l a t i o n : $ T

 = $ 0
 + 3±-

In Figure 1, we compare the estimated per cent LnXi +2 from 
the nmr r e s u l t s and from the c a l c u l a t i o n s based on AS and on 
equation (1). For the AS cal c u l a t i o n s we used AS^ ̂  60, AS Q -
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178 L A N T H A N I D E A N D A C T I N I D E C H E M I S T R Y A N D S P E C T R O S C O P Y 

Table III 

Values Calculated by Equation (1) 

Ligand Zl g.(Eu)* g (Eu) % Inner Sphere z 1 o 

Ac -0.93 80 — 100 

3-ClPr -0.85 40 — 100 

ClAc -0.60 7.3 4.7 60 

Cl 2Ac -0.37 1.4 4.3 25 

Cl 3Ac -0.19 0.40 1.7 18 

Uncertainty estimated as 10-20%. 

100 

80 As / >' / 
/ ' Eq.{\)// 

60 •/nmr 
/ / o 

40 / 
/ 

20 - ¥/w 

0 1 r\'\ 1 i i i i 0 
-1 0 1 2 3 4 5 

P K A 

Figure 1. Dependency of the percentage of inner-sphere complexation on ligand 
pKa as estimated by AS, Equation 1, and NMR 
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8. C H O P P I N Complexation of Ln(III) and An(III) Ions 179 

0 1 2 3 4 5 

Figure 2. Variation of log fiT (experimental), log fi0, and log ft (estimated with 
Equation 1 with ligand pKa) 
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180 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

0 J/m/K. The agreement between the nmr estimates and those from 
equation (1) add weight to the estimates in Table III. In Figure 
2 the variation of log $i and log $Q as functions of pKa reflect 
the v i ta l role of ligand basicity in the inner-outer sphere com
petition. These curves indicate that the cross-over from predom
inantly outer sphere to predominantly inner sphere occurs near 
pKa values of 2. However, since the enthalpy and entropy changes 
for inner sphere complexation are larger than for outer sphere 
formation, both AH and AS would s t i l l be endothermic (characteris
t ic of inner sphere reaction). 

Summary 

Both the halate and chlorocarboxylate systems show a relation 
between ligand pKa and inner vs outer sphere complexation. For 
trivalent actinide and lanthanide cations i t seems that carboxy
late ligands form predominantly inner sphere complexes i f their 
pKa value exceeds 2 although the relative concentration of outer 
sphere complex is s t i l l significant for pKa - 3. Moreover, since 
inner-outer sphere competition also seems to be a function of 
cation charge density, (e.g., MSÔ  are predominantly outer sphere 
complexes while MSOt1 complexes are predominantly inner sphere 
(23)) inner sphere formation should remain dominant for M(IV) 
cations and ligands of lower values of pK a than 2. Whereas, Pu(III) 
would form roughly equal amounts of (PuClAc +2) i a n d (PuClAc +2) 0, 
Pu(IV) would be expected to form predominantly inner sphere com
plexes with ClAc" 1 and, perhaps, even with C^Ac" 1 . 

This research was supported through a contract with the 
Office of Basic Energy Sciences, U.S.D.O.E. 
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9 

Actinides: d-or ƒ-Transition Metals? 

W E R N E R MÜLLER 

Commission of the Europen Communities Joint Research Centre, 
Karlsruhe Establishment, European Institute for Transuranium Elements, 
Postfach 2266, D-7500 Karlsruhe, Federal Republic of Germany 

The chemical and physical properties of elements depend on 
their electron configuration and, i n particular, on the number and 
the nature of the bonds formed by the outer ("valence") electrons. 
Crystal structure and l a t t i c e parameters, as well as thermodynamic 
and electronic properties r e f l e c t the nature and strength of 
these chemical bonds. For instance, the crystal radii of elements 
are a function of their atomic number and oxidation number, hence 
of their electron configuration in the s o l i d state. Thermodynamics 
give access to the strength of the bond: melting temperatures, 
vapour pressures and enthalpies of dissolution are measures of 
the tendency of the elemental crystal to pass into the l i q u i d , 
gaseous or solution phase. Specific heat and electrical resisti
vity as well as magnetic s u s c e p t i b i l i t y furnish additional i n f o r 
mation on the electrons, their energy and their participation in 
bonding. F i n a l l y , spectroscopy (optical, photoemission) can 
provide information on the mixing of different quantum characters 
in the bond (hybridization). 

Actinide elements (Z = 89 - 103) include the heaviest natural 
and most of the synthetic transuranium elements. They form a 
series of transition elements, characterized by the f i l l i n g of 
an inner - the 5f-electron s h e l l . The elements from Ac (Z = 89) 
to Es (Z = 99) are available in quantities s u f f i c i e n t for s o l i d 
state studies. Elemental actinides are metallic. The methods of 
metal preparation and characterization have been improved to y i e l d 
samples of known purity and crystal structure, sometimes in the 
form of single crystals. Recent measurements of structural, thermo
dynamic and electronic properties have emphasized elements in the 
beginning and in the centre of the actinide series. 

In the following, methods for preparation, p u r i f i c a t i o n and 
characterization of actinide. metals are reviewed. Properties are 
presented, the theoretical interpretation of which underlines 
the special nature of the actinides in comparison with d or 4f 
(lanthanide) transition metals. 

0-8412-0568-X/80/47-131-183$05.00/0 
© 1980 American Chemical Society 
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184 L A N T H A N I D E A N D A C T I N I D E C H E M I S T R Y A N D S P E C T R O S C O P Y 

Metal Preparation Chemistry 

A v a i l a b i l i t y and Handling. Actinides are natural or synthe
t i c radioelements, in many instances with limited element or is o 
tope a v a i l a b i l i t y (Table I ) . H a l f - l i f e of the radioactive decay 
i s not always a su f f i c i e n t c r i t e r i o n for the choice of a nuclide 
for s o l i d state studies (1): For example, the handling ri s k of 
248cm(T-|y9 = 3 .6 x 105y) i s determined by neutron emission due 
to spontaneous f i s s i o n , that of 2^3Am (T. = 7.4 x 10%) by the 
gamma emission of the 2 3 9 ^ daughter nuclide. Safe handling of 
actinides, therefore, demands adequate containment and shielding; 
handling of the chemically reactive metals requires, in addition, 
an inert atmosphere. Preparation and investigation techniques have 
to be adapted to the mass and the form of the sample available; 
the removal of the decay heat of short-lived isotopes may pose 
a problem. 

Table I. Actinides for s o l i d state studies 

Nuclide H a l f - l i f e 
(years) 

A v a i l a b i l i t y Problems 

227A Ac 2.2x101 mg y(daughters), (a) 
2 3 U Pa 3.2x104 g a, y ( 2 3 1Ac) 

Np 2.1x106 g-kg (a) 

2 3 9 P u 2.4x104 g-kg a, beat 

2 A 2 P u 3.9x105 g n(sf) 

Am 4.3x102 g-kg a, y(60keV), heat 
243A Am 7.4x103 g ^239M ̂  y( Np), a 

2 A 4Cm 1.8x101 g a, y, n(a,n) , heat 

2 4 8Cm 3.6x105 mg n(sf) 

2 4 9 B k 0.9x10° mg (6) 

2 A 9 C f 3.5x102 mg ( a) 
252 
Z D Cf 2.6x10° mg-g n( s f ) , y, a , heat 
253^ Es 5.5x10~2 4>g a, heat 
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9. M U L L E R Actinides: d- or i-Transition Metals? 185 

P r e p a r a t i o n Methods. A c t i n i d e m e t a l p r e p a r a t i o n i s based 
on methods known or developed t o y i e l d h i g h p u r i t y m a t e r i a l by 
m e t a l l o t h e r m i c r e d u c t i o n or thermal d i s s o c i a t i o n of p r e p u r i f i e d 
compounds. E l e c t r o l y t i c r e d u c t i o n i s p o s s i b l e from molten s a l t s , 
but not from aqueous s o l u t i o n s . F u r t h e r p u r i f i c a t i o n of the metals 
can be ach i e v e d by e l e c t r o r e f i n i n g , s e l e c t i v e e v a p o r a t i o n or 
che m i c a l vapour t r a n s p o r t . 

1. M e t a l l o t h e r m i c r e d u c t i o n of compounds. M e t a l l o t h e r m i c 
r e d u c t i o n of h a l i d e s ( f l u o r i d e s ) , a method used f o r l a n t h a n i d e 
metal p r e p a r a t i o n , was among the f i r s t methods t o be s u c c e s s f u l l y 
a p p l i e d t o a c t i n i d e s : 

AnF + x L i = An + x L i F / * (An = Ac, Am, Cm, Bk, Cf) x 
Due t o i t s drawbacks ( d i f f i c u l t p r e p a r a t i o n of w a t e r - f r e e s t a r t i n g 
m a t e r i a l , n e u t r o n e m i s s i o n from ( a,n) r e a c t i o n s , presence of 
n o n - v o l a t i l e i m p u r i t i e s i n the p r o d u c t ) , methods i n v o l v i n g v apor
i s a t i o n of the a c t i n i d e metal a f t e r r e d u c t i o n of a compound 
( o x i d e , c a r b i d e ) are p r e f e r r e d . I f the vapour p r e s s u r e of the 
r e d u c t a n t and t h a t of the a c t i n i d e compound are markedly lower 
than t h a t of the metal formed, the l a t t e r can be removed from the 
r e a c t i o n m i x t u r e v i a the vapour phase and condensed i n h i g h 
p u r i t y : 

An 20 3+ 2La = 2An/+ L a 0 3 (An = Am, C f , Es) 

S t a r t i n g from p r e p u r i f i e d o x i d e s and u s i n g lanthanum m e t a l as 
r e d u c t a n t , v o l a t i l e Am, Cf or Es have been i s o l a t e d and p u r i f i e d 
by r e p e a t e d d i s t i l l a t i o n or s u b l i m a t i o n . Thorium was used 
s u c c e s s f u l l y as r e d u c t a n t f o r a c t i n i u m and curium o x i d e s ( 2 ) : 

A n 0 2 + Th = A n / + Th0 2 (An = Ac, Cm) 

A c t i n i d e m etals w i t h v e r y low vapour p r e s s u r e s (U,Np,Pu) have 
been o b t a i n e d by m e t a l l o t h e r m i c r e d u c t i o n of t h e i r c a r b i d e s by 
n o n - v o l a t i l e r e d u c t a n t s (Ta, W) ( 3 ) : 

AnC + Ta = An/» + TaC (An = U, Np, Pu) 

The t a n t a l o t h e r m i c r e d u c t i o n of PuC and UC r e q u i r e s r e a c t i o n 
temperatures of 1700 and 1900°C, r e s p e c t i v e l y . The s t a r t i n g 
c a r b i d e s are prepared by c a r b o r e d u c t i o n of t h e i r o x i d e s ; too low 
a CO p a r t i a l p r e s s u r e d u r i n g c a r b o r e d u c t i o n may l e a d t o a c t i n i d e 
l o s s e s by e v a p o r a t i o n . 

2. Thermal d i s s o c i a t i o n of compounds. S i m i l a r t o the removal 
of v o l a t i l e a c t i n i d e metals from a condensed r e a c t a n t m i x t u r e i s 
the thermal d i s s o c i a t i o n of compounds t h a t have components of 
ve r y d i f f e r e n t vapour p r e s s u r e s . 
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By thermal dissociation of intermetallic compounds with noble 
metals (Pt, Ir) , the v o l a t i l e metals americium, curium and c a l i 
fornium have been obtained in high purity (4,5): 

AnPt = An + Pt (An = Am, Cm, Cf) 

The intermetallic compounds are synthesized by heating mixtures 
of actinide oxides or halides with f i n e l y divided noble metal 
powders in pure hydrogen. Protactinium metal was prepared i n a 
modified version of the van Arkel-de Boer procedure; protactinium 
iodide, formed by reaction between iodine and protactinium carbide, 
was thermally dissociated on a resistance heated tungsten wire 
(6,7): 

AnI = An + x/2I (An = Th, Pa) x z 

Gramme quantities of protactinium could be deposited when the 
dissociation wire was replaced by an induction heated tungsten 
or protactinium sphere (3). Table II l i s t s selected methods of 
actinide preparation v i a the vapour phase. 

Table II. Examples of actinide preparation v i a the 
vapour phase 

An Starting compound Method Temperature 

Ac A c 2 0 3 reduction by Th 1750°C 
Pa PaC dissociation of Pal 

X 
1200-1400°C 

Pu PuC reduction by Ta 1700°C 
Am AmPt5 dissociation 1300°C 
Cf c f 2 o 3 reduction by La 1000°C 

Characterization. Actinide metal samples for the determina
tion of properties related to bonding have to be characterized 
for chemical purity and phase homogeneity. Purity i s checked by 
chemical or physical analysis, crystal structure i s determined 
by X-ray or neutron d i f f r a c t i o n techniques; phase heterogeneities 
can be observed by metallography. 
1. Purity. The use of evaporation methods for the preparation of 
actinide metals reduces the number and quantities of impurities. 
Nevertheless, possible chemical contaminations from reactions 
with reducing agents, container vessel or crucible material or with 
constituents of the atmosphere as well as the accumulation of 
products of radioactive decay have to be taken into account. 
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Spectral methods (spark source mass spectrometry SSMS, 
secondary ion mass spectrometry SIMS, inductively coupled argon 
plasma for emission spectroscopy ICAP-ES) which avoid separation 
steps are increasingly applied for multi-element analysis. Hot 
extraction i s used for 0, N, H determinations. Oxygen i s also 
determined by activation analysis, nitrogen after adaptation of 
c l a s s i c a l methods (micro-Kjeldahl). Combination and comparison 
of different, independent methods are desirable, but hampered 
by the often limited a v a i l a b i l i t y of samples of actinides. 

Very low impurity contents have been detected by the measure
ments of impurity sensitive properties l i k e residual r e s i s t i v i t y . 
Examples of impurity contents in less-common actinide metals are 
published for Pa (7), Am (8) and Cm (9). Isotope d i l u t i o n mass 
spectrometry i s expected to be increasingly applied to the accurate 
determination of selected elements, or to standardisation of 
routine methods or reference samples. 

2. Crystal structure and phase homogeneity. X-ray d i f f r a c 
tion i s routinely employed for the determination of the crystal 
structure of the metal samples. For the structure analysis of 
polycrystalline (powder) material, f i l m techniques involving the 
use of thin (breakable) glass or quartz c a p i l l a r i e s are increasing
l y replaced by diffractometer techniques. Single crystals are 
investigated by Weissenberg or Gandolfi techniques. Due to their 
low penetration depth i n heavy element samples, X-rays are unable 
to probe the bulk of actinide samples. Neutron d i f f r a c t i o n , 
however, has enabled the checking of the crystal structure of a 
curium sample at cryogenic temperatures despite i t s encapsulation 
in a double metal container (10). C l a s s i c a l metallography can be 
applied to detect phase transitions or phase heterogeneities, 
even with rare actinide metals (11). 

Properties 

Crystal Structure and Phase S t a b i l i t y . Crystal structure 
and (formal) valence of metals depend on the configuration of the 
outer ("valence") electrons (12). For simple metals of the main 
groups of the periodic table, e.g. Na ( I ) , Mg ( I I ) , or Al ( I I I ) , 
the electron configurations 3s, 3s3p, or 3sp 2 correspond to 
the highly symmetrical structures bcc, hep and fee respectively. 
It is more d i f f i c u l t to assign the crystal structures 
of d t r a n s i t i o n elements to d e f i n i t e electron configurations. 
The polymorphism of the lanthanide and actinide metals r e f l e c t s 
transitions between configurations of the outer electrons, and, 
hence, i s determined also by a possible p a r t i c i p a t i o n of f elec
trons in the chemical bonding. The bonding forces are evidenced 
also in the temperatures and heats of melting and of evaporation. 

1. Structure and metal r a d i i . Most of the trivalent lantha
nide metals display a close packed structure at room temperature. 
The l i g h t lanthanides c r y s t a l l i z e i n a dhep, the heavier lantha
nides in a hep form. The high temperature form i s , i n general, 
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bcc. In contrast to the lanthanides with their simple metal 
l a t t i c e s , the l i g h t actinides c r y s t a l l i z e in numerous, in part 
unusual modifications of highly directional bonding, but with 
bcc as the normal high temperature form. Transplutonium metals, 
however, have at room temperature the dhcp structures known from 
the lanthanides, while their high temperature forms are fee. 
Table III l i s t s structures of lanthanides and actinides. 

Table III. Crystal structures of lanthanides and actinides 

Lanthanides 

La dhcp fee bcc Ac 
Ce dhcp fee bcc Th 
Pr dhcp bcc Pa 
Nd dhcp bcc U 
Pm dhcp bcc(?) Np 
Sm a-Sm Pu 
Eu(II)bcc Am 
Gd hep bcc Cm 
Tb hep bcc Bk 
Dy hep bcc Cf 
Ho hep bcc Es 

Actinides 

fee 
fee bcc 
bet fee 
orth t bcc 
orth t bcc 
m bem fcrh fee f c t bcc 

? ? dhcp 6-Am<-L(fcc) —> y-Am 
dhcp f'cc 
dhcp fee 

dhcp fee fee (16) 
fee 

Recent work (7) has confirmed a previous observation of a 
fee phase (13) as the high temperature form of Pa; the bcc form 
predicted (14) by extrapolating the variation of the expansion 
coefficients in the different l a t t i c e directions was never detec
ted. Dilatometry and d i f f e r e n t i a l thermal analysis were used i n 
an attempt to clear up controversy i n the l i t e r a t u r e on the 
polymorphism of Am (15) . There seem to be at least 3 different 
phases, the dhcp ("a" -) phase stable up to about 650°C, a 
" g"-phase" existing u n t i l 1050°C, followed by the high temperature 
form between 1050°C and the melting point. It i s unknown which of 
the l a t t e r phases corresponds to the fee form observed. At variance 
with previous work, but according to recent results (16), the 
room temperature form of Cf i s dhcp (not hep), and there are two 
different fee forms above 600 and 725°C, respectively, with d i f f e 
rent l a t t i c e parameters. 

Caution i s indicated with regard to interpretations (or 
speculations) on the basis of fee high temperature modifications 
of the rare transplutonium metals; fee phases of similar l a t t i c e 
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parameters form also with constituents of the a i r ( n i t r i d e s , 
"monoxides" (2_)), and their unambiguous i d e n t i f i c a t i o n as a metal 
phase requires the observation of a reversible phase transforma
tion in a different, but well-known metal modification and/or 
elemental analysis of the sample. 

The polymorphism of the l i g h t e r actinides r e f l e c t s the 
existence of numerous bonding (including 5f) electron states of 
almost ident i c a l energies. The observation of dhcp structures for 
the transplutonium metals indicates only a sli g h t p a r t i c i p a t i o n 
of the predominantly localized 5f electrons in the bonding. 

Johansson (17) expects the transplutonium metals to transform 
to a bcc phase immediately before melting; in this bcc phase, the 
5f wave function overlap i s reduced, hence, also the 5f electron 
contribution to the bond. 

The metal r a d i i , calculated for the same coordination number, 
demonstrate the special position of the actinides: the r a d i i of 
the lighter actinides ( l i k e those of the d transition metals) pass 
through a minimum. However, when the middle of the series i s 
approached, the actinide r a d i i decrease again with increasing 
atomic number, as i s the case for the lanthanide series because 
of the 4f electron contraction (Figure 1). 

The metal r a d i i (table IV) have been correlated (18, 19) 
to formal valences, which, for the l i g h t e r actinides, are markedly 
higher than 3, and show some s i m i l a r i t y with those of d transition 
metals. The dhcp transplutonides are t r i v a l e n t ( l i k e most of the 
lanthanides); the larger fee r a d i i indicate a tendency for diva-
lency which seems to be attained with the high temperature forms 
of Cf and Es (r ̂  2.0 X). 

Table IV. Metal r a d i i of lanthanides and actinides ( i n X ) 

Lanthanides Actinides 

La 1.88 Ac 1 .88 
Ce 1.71 Th 1.79 
Pr 1.83 Pa 1.63 
Nd 1.82 U 1 .56 
Pm 1.81 Np 1.54 
Sm 1.80 Pu 1.58 
Eu 2.04 Am 1.72 1.73 
Gd 1.80 Cm 1.74 1.78 
Tb 1.78 Bk 1.70 1.77 
Dy 1.77 Cf 1.69 1.75 
Ho 1.76 Es 
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La Ce PrNd PmSmEuGd Tb Dy HoEr TmYb Lu 
Ac Tn Pa U Np PuAmCm BkCf Es 

Figure 1. Metal radii (coordination number 12) 
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The metal r a d i i of the tri v a l e n t actinides are equal (La/Ac) 
or smaller (Gd/Cm) than those of the corresponding lanthanides. 
The s i m i l a r i t y of the metal r a d i i of La and Ac had been expected 
by H. H i l l (20) because of the p o s s i b i l i t y of heavy element elec
trons attaining r e l a t i v i s t i c v e l o c i t i e s . As a consequence of 
the experimental confirmation (_2) of H. H i l l T s expectation, 
Zachariasen (21) reduced his predicted r a d i i of trival e n t actinide 
metals by 0.08 S. Recent calculations of the atomic volumes of the 
actinide metals (22) support the experimental values of the r a d i i 
of the lig h t e r actinides and account for the l o c a l i s a t i o n of the 
5f electrons taking place in Am. 

2. Thermodynamics of phase transitions. The conditions of 
phase transitions l i k e melting or sublimation r e f l e c t the cry s t a l 
s t a b i l i t y (Table V). 

Table V. Melting temperatures and sublimation enthalpies of 
lanthanides and actinides 

Lanthanides Actinides 
T f(°C) AH s(24) T f(°C) AH, (25) 

(kJ/mole) (kJ/mole) 

La 920 430 Ac 1050 ( X ) 420 
CeOUD 795 420 Th 1750 600 
Pr 935 355 Pa 1230 595 
Nd 1024 325 U 1130 530 
Pm 1027 330 Np 640 465 
Sm 1072 205 Pu 640 350 
Eu(II) 826 175 Am 1170 285 
Gd 1312 400 Cm 1350 385 
Tb 1356 390 Bk 990 295 
Dy 1407 290 Cf 9 0 0 ( X X ) 195 
Ho 1461 300 Es 8 6 0 ( X X ) 140 

x estimated from temperature dependence of metal preparation 
y i e l d (26) 

xx electron microscope observation of temperature at which vapour 
deposited metal particles coalesce (27, 28) 
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The melting temperatures of the triva l e n t lanthanides increase 
steadily with increasing atomic number, hence with decreasing 
metal radius. Melting temperatures are below the curve, when metal 
valences are higher (Ce) or lower (Eu, Yb) than three. The melting 
temperatures of the actinides vary in an irregular way. The sur
p r i s i n g l y low melting temperatures of some of the l i g h t actinides 
are ascribed to the fact (23) that in the l i q u i d phase the atoms 
are free to arrange themselves in such a way as to take maximum 
advantage of the 5f electron overlap - i n contrast to the supposed 
configuration of the bcc high temperature s o l i d phase. 

Vapour pressures and sublimation enthalpies are correlated 
to the strength of the bonding, hence to the number and nature 
of bonding electrons. During evaporation, a l l the bonds of the 
crystal are broken; the heat of sublimation i s identical to the 
bond strength, when the electron configurations in the s o l i d and 
in the vapour phase are i d e n t i c a l . For main group or d tr a n s i t i o n 
metals, sublimation enthalpies increase with the metal "valence" 
in a regular way; the sublimation heats are about 85, 170, 380 
590 kJ/mole for mono-, d i - , t r i - and tetravalent metals, respec
t i v e l y . For 4f metals, as well, the vapour pressures decrease 
with increasing valence; divalent Eu and Yb ( A H S <^ 170 kJ/mole) 
are more v o l a t i l e than the typical t r i v a l e n t lanthanides. In 
general, the vapour pressures of actinides show this expected 
behaviour. 

Selected thermodynamic properties (enthalpies of sublimation, 
of dissolution, and - i f required- the energy difference between 
the lowest level of the ground configuration of the gaseous atom 
and the lowest level of the excited configuration f n s 2 d of the 
gaseous atom) of a l l actinides have been used by Nugent et al.(25) 
to establish a correlation function P(M). This function P(M) was 
re-examined u t i l i z i n g new experimental data (26) . Correlation 
between physical properties and electronic structure of the a c t i 
nides have been discussed in a comprehensive approach by Fournier 
(29). 

Early predictions of sublimation enthalpies made by analogy 
to trends in the lanthanides (25) have not always been confirmed. 
The evaporation enthalpies of Am (30) and of Cf (31) were higher 
than anticipated. The experimental value for Am(AHg= 285 kJ/mole) 
could be interpreted taking into account a magnetic contribution 
during the transition from the condensed to the vapour phase; 
despite i t s high vapour pressure (AH g = 200 kJ/mole) Cf must be 
considered a trivalent metal. 

Mortimer (32) has reviewed data on s p e c i f i c heats of actinide 
metals. 

The spe c i f i c heat of Am was determined with vapour deposited 
samples of 2^Am and using an adiabatic technique (33). 
An anomaly in Cp of Am i s centred around 50-60 K, similar to the 
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anomaly of the speci f i c heat of Pu. The entropy of Am at room 
temperature i s close to the value obtained from vapour pressure 
measurements (30). Recently (34), the electronic s p e c i f i c heat 
coe f f i c i e n t of Pa has been determined as Y= 5mJ/mole K 2; that 
of Am seems to be smaller than 4 mJ/mole K 2 (35). The values and 
variations of the electronic s p e c i f i c heat coefficients of the 
lig h t e r actinides (Table VI) are ascribed to the partic i p a t i o n 
of the 5f electrons in the bonding of these elements. 

Table VI. Specific heats of actinides 

C p ( 2 9 8 ) ( J / m ° l e K ) 
Y(mJ/mole K 2) 

Th 27.3 4 
Pa 33*1 5 (34) 
U 27.6 10 
Np 29.6 14 
Pu 31.2 16 
Am 28 <4 (35) 

Electronic Structure. 

1. E l e c t r i c a l R e s i s t i v i t y . E l e c t r i c a l r e s i s t i v i t y i s compo
sed of contributions from imperfections and impurities, both 
temperature dependent and temperature independent (residual r e s i s 
t i v i t y ) , l a t t i c e scattering, magnetic interactions and electron-
electron interactions (36). 

Re s i s t i v i t y measurements in actinide systems are very sensi
tive to crystal imperfections from radioactive decay ( s e l f -
i r r a d i a t i o n damage), self-heat and impurities. Recent measurements 
on Pa (37), Am (33) and Cm (38), were, therefore, made with 
freshly prepared, vapour deposited samples. 

The e l e c t r i c a l r e s i s t i v i t i e s of most of the li g h t e r actinide 
metals - due to their f electron p a r t i c i p a t i o n i n bonding -
d i f f e r remarkably from those of "normal" metals. The r e s i s t i v i t i e s 
start to increase along the actinide series after Pa, and reach 
a maximum at Pu, before l o c a l i z a t i o n of 5f electrons sets i n . 
(Figure 2). 

A new measurement of the r e s i s t i v i t y of Pa (37) confirms 
the general features reported in a previous, preliminary p u b l i 
cation (39), but puts the r e s i s t i v i t y of Pa just below that of 
Th. The temperature dependence of Am r e s i s t i v i t y (31) has been 
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explained by assuming a s-d scattering mechanism; the occupied 
5f levels in Am are probably too low to influence the e l e c t r i c a l 
properties. The room temperature e l e c t r i c a l r e s i s t i v i t y i s around 
70 u S2 cm for 241 Am and 243Am, both bulk and f i l m samples. The 
low temperature power dependence of the r e s i s t i v i t y suggests a 
reduced f electron par t i c i p a t i o n i n the conduction process, as 
expected from the electronic s p e c i f i c heat c o e f f i c i e n t . The elec
t r i c a l r e s i s t i v i t y of Am r e f l e c t s the increasing l o c a l i z a t i o n of 
5f electrons when the centre of the actinide series i s approached. 
This tendency i s confirmed i n the r e s i s t i v i t y of 2 4 4 c m m e t a l (38). 

Superconductivity of actinides seems to be well understood 
(40) on the basis of recent progress in the calculation of their 
band structures and their vibrational spectra. Thorium and 
uranium are known to be superconductors. By using ac s u s c e p t i b i l i t y 
techniques, superconductivity could be detected i n both Am (41) 
and Pa (42). Vapour deposited Am was used as sample material; 
Pa had been prepared by the (modified) van Arkel - de Boer 
procedure (3). The transition temperatures are 0.79 K for Am, and 
0.42 K for Pa. 

2. Magnetism. Brodsky (36) has reviewed the magnetic proper
ties of actinides. The magnetic s u s c e p t i b i l i t i e s of Th, Pa, U, Np, 
Pu and Am, are almost temperature independent (Figure 3), whereas 
Cm, Bk, Cf show CURIE-WEISS temperature dependencies (43̂ , 44, 45), 
with effective moments of the order of 8, 8.5 and 10 uB respec
t i v e l y . The reciprocal s u s c e p t i b i l i t y of 244Qm m e t a l shows a 
minimum around 52 K which was confirmed by neutron d i f f r a c t i o n 
studies (10) to be due to antiferromagnetic ordering. The magne
tism of actinide metals confirms the band-like character of 5f 
electrons in the f i r s t half of the series (with p a r t i c i p a t i o n in 
the bond), and their lanthanide l i k e l o c a l i z a t i o n i n the heavier 
metals. 

3. Spectroscopy. The application of optical and photo-
electron spectroscopy to elucidate electron energy states of pure 
actinide metals i s s t i l l in the i n i t i a l stages (46). R e f l e c t i v i t y 
measurements on Th samples (mechanically polished, electropolished, 
or as grown from the vapour phase) demonstrate the importance of 
sample and surface preparation (47), and explain reasons for 
discrepancies in published results (48, 49). Preliminary measure
ments of the optical r e f l e c t i v i t y of Am films evaporated on 
different window materials (50) seem to indicate that the 5f levels 
are lying more than about 6 eV below the FERMI l e v e l , thus 
supporting the interpretation of the e l e c t r i c a l r e s i s t i v i t y results. 

4. Theory. The difference between the li g h t e r and heavier 
actinides i s supported by electronic structure calculations (51) 
permitting a comparison of the electron masses u (Table VII) which 
are inversely proportional to the bandwidth and a measure of the 
electron l o c a l i z a t i o n : U f of the early actinides i s similar to 

of the 3d transition metals Fe, Co, Ni; U f in the second half 
of the heavy actinides i s similar to U f of the l i g h t 4f lanthanides. 
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Table VII. Relative masses of d/f electrons (51) 

2 6 Ni 3s 3p Sc T i V Cr Mn Fe Co Ni 
"d 5.60 5.96 6.28 7.14 8.27 9.87 11.3 13.2 

4s 3d 4p Y Zr Nb Mo Tc Ru Rh Pd 
^d 3.62 3.60 3.68 3.96 4.44 5.13 6.21 7.57 

5s 4d 5p La Hf Ta W Re 0s Ir Pt 
^ d 3.29 3.24 3.22 3.40 3.71 4.10 4.82 5.74 

5s 4d 5p Ce Pr Gd Tb 
43.0 56.4 152.6 205.6 

os 5d op Th Pa U Np Pu Am Cm Bk 

u f 12.0 15.98 21 .00 19.02 23.78 29.30 36.76 45.52 

Conclusion 

The physicochemical properties of actinide metals confirm 
the presence of band-like 5f electrons up to Pu. The participation 
of these 5f electrons in the metallic bond i s assumed to begin 
with Pa. In the f i r s t half of the actinide series, 5f electrons 
are similar to d electrons in typical transition metals: the 5f 
electron orbitals are more extended than 4f o r b i t a l s ; for the 
l i g h t actinides, 5f electrons are "delocalized" and hybridized 
in a rather large band with 6d and/or 7s electrons. Starting with 
Am, the 5f electrons are localized again, l i k e 4f electrons in 
the lanthanides. 
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10 
Vapor Pressure and Thermodynamics of Actinide Metals 

JOHN W. WARD and PHILLIP D. KLEINSCHMIDT—Los Alamos 
Scientific Laboratory, Los Alamos, NM 87545 

RICHARD G. HAIRE—Oak Ridge National Laboratory, Oak Ridge, TN 37830 

DAVID BROWN—AERE Harwell, Oxfordshire, England OX11 ORA 

The chemistry of the actinides is easily the most complex of 
any grouping in the periodic table. Whereas reasonably self-con
sistent models (1,2,3) have been developed to describe the general 
properties of other elemental groups (e.g., tr a n s i t i o n metals, rare 
earths), such attempts have had only limited success for the acti
nide metals. The series begins apparently as another tra n s i t i o n 
metal group, Ac being quite similar to La (Y, etc.), Th following 
as the homologue of Hf, but here the effects of the broad f-bands 
lurking just above the Fermi l e v e l are seen already, as will be 
demonstrated l a t e r . With Pa we see the effect of the broad (~3 eV) 
f-band beginning to hybridize with the valence electrons, somewhat 
analogously to the beginning of the 3d tran s i t i o n metal series, but 
becoming enormously more complex. In the transition metals the d
-electrons also undergo progressive band-narrowing while remaining 
near the Fermi l e v e l as the shells are filled, but here the sym
metries are regular, the or b i t a l s not polarized. In the 5f series 
the multiple f-electron o r b i t a l symmetries are, in the broad-band 
situation, superimposed upon the metal valence o r b i t a l s , with the 
added complication of the polarization ( l i k e p-electrons) which 
produces added repulsive and attractive binding forces. 

The low-temperature phases of U, Np, and Pu exhibit tortuous 
cr y s t a l structures as the asymmetrical, polarized f - o r b i t a l s begin 
to f i l l , and each system seeks the lowest energy possible for a 
metallic bonding configuration. Relief i s provided by entropy ef
fects at higher temperatures, resulting i n simpler (less f-bonded) 
structures, but the effect of additional f-electrons i s s t i l l 
greater than that of progressive band narrowing, at least u n t i l Pu. 
The multi-phase behavior of Pu i s famous; however, even here, band-
narrowing results i n the high-temperature fee 6-phase becoming 
almost a normal t r i v a l e n t rare-earth-like metal (4). Nevertheless, 
the bonding forces eventually predominate, and the metal surrenders 
by melting at a low temperature (as i s also the case for Np, and to 
a lesser extent, U). The resultant l i q u i d has a high cohesive 
energy, abnormal v i s c o s i t y , and exhibits a very high b o i l i n g point, 
as the f-electrons can now freely adjust to bond i n optimum fashion. 

0-8412-0568-X/80/47-131-199$05.50/0 
© 1980 American Chemical Society 
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200 L A N T H A N I D E A N D A C T I N I D E C H E M I S T R Y A N D S P E C T R O S C O P Y 

Band-narrowing at Am (to ^0.6 eV (5)) results i n an abrupt 
s h i f t to rare-earth-like behavior, though this i s s t i l l hidden by 
the "magic" f° non-magnetic ground-state configuration. The dhcp 
low-temperature phase and higher-temperature phase tra n s i t i o n of 
Am, Cm, Bk, and Cf_ are reminiscent of the early lanthanides, where 
the progressive l o c a l i z a t i o n of (albeit far fewer) f-electrons 
starting near the Fermi l e v e l i s seen also for La, Ce, Pr, Ncl.... 
A very useful correlation has been noted by Johansson (6), i n which 
the loca l i z a t i o n s of the two series are compared as chemical and 
structural homologues, rather than i n the usual periodic fashion: 

Ce Pr Nd Pm Sm Eu 
Pu Am Cm Bk Cf Es. . .. 

Some of the close s i m i l a r i t i e s i n the physico-chemical properties 
of these pairs w i l l be noted below. This pairing i s not intended 
to be a l l - i n c l u s i v e ; the h a l f - f i l l e d s h e l l effect at Cm introduces 
a major perturbation, as does the facet that the f-electron energy 
levels retreat much more rapidly from the Fermi l e v e l i n the rare 
earths. Johansson has also t r i e d to assign some values to the part 
of the cohesive energy due to f-electron bonding i n the early a c t i 
nides (7), as an extension of the model developed by Nugent (3) and 
extended by David et a l (8). The Engel-Brewer treatment, which 
relates spectroscopically determined energy levels to spd bonding 
configurations and various types of structures, has no way of cop
ing with f-bonding i n the early actinides. Nugent (3) and David 
(8) have attempted to improve and extend these techniques by i n 
cluding additional information, p a r t i c u l a r l y heats of solution and 
entropy estimates, but with only limited success, the prediced 
values for Th through Am scattering i n random fashion (the schemes 
work quite well for compounds, e.g., the oxides). Johansson's (7) 
estimates shed l i g h t on the pa r t i c i p a t i o n of f-electrons i n metal
l i c bonding, but do not provide any improvement i n the modelling 
schemes for cohesive energies. We can only say that the early 
actinides are unique, non-magnetic because of f-electron bonding, 
and admit to no metallic valence that can be defined i n normal terms. 

The situation i s noticeably improved beyond Am, but the pro
gressive s t a b i l i z a t i o n of the divalent state soon introduces yet 
another complexity, beginning possibly already with Cf. In any 
case, an accurate number for the cohesive energy remains the single 
most important parameter that can be provided for both the experi
mentalist and theoretician. From this value the complete thermo
dynamics can be eventually derived, giving a firm data base from 
which to draw meaningful conclusions about the physics and chemis
try observed. 

Nature of the Thermodynamic Analysis 

From an accurate vapor pressure determination we derive a heat 
of vaporization, which i s then essentially the cohesive energy i f 
the phase tra n s i t i o n i s not accompanied by a change i n electronic 
structure or magnetism. In addition to this heat of vaporization 
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10. W A R D E T A L . Thermodynamics of Actinide Metals 201 

(the experimental value i s always for the mid-point of the temper
ature range of study), an entropy of vaporization i s produced, and 
since good spectroscopic data are fortunately now available for the 
actinide gases through Es, a condensed-phase entropy (at tempera
ture) can be obtained from the data. There remains then the extra
polation and calculations of the data to 298 K, and how this can be 
r e l i a b l y done i s described below. 

The Entropy C o r r e l a t i o n — M e t a l l i c Radius and Magnetism. Ward 
and H i l l (9) have established a correlation r e l a t i n g the c r y s t a l 
entropy S298 t o metallic radius, atomic weight, magnetic properties 
and electronic structure. This correlation permits calculating 
entropy values for unmeasured metals based on comparison with a 
closely similar metal that has been measured; the technique has 
been shown to be accurate to within a few-tenths of an entropy unit 
for most metals i n the periodic table. A comparison of metallic 
radius with c r y s t a l entropy i s shown i n F i g . 1. The general effect 
of valence and the smooth nature of both sets of curves i s apparent; 
both the radius effect and magnetic effects are far larger than the 
correction for atomic weight. The general formula i s 

S298 = [S298 1 [ r U / r k ] + [3/2]R£n[A U/A k] + Su (1) 

where u refers to the unknown metal, k to the known (they are not 
exponents), A i s the atomic weight, and Su i s the magnetic entropy 
term. An interesting result i s found i f the magnetic term i s d e l i 
berately subtracted; the "non-magnetic" rare-earth entropies de
crease smoothly as a function of radius. 

For the actinides the c r y s t a l entropies follow approximately 
the decreasing average radius produced by f-electron p a r t i c i p a t i o n 
i n metallic bonding. They are also c l e a r l y shown to be non-magne
t i c , as the f T s are i t i n e r a n t . However, the entropy correlation 
i t s e l f cannot predict these values, since there i s no model i n 
terms of a l i k e metal that can be used to compare these t o t a l l y 
unique early actinides. There are also of course perturbations 
due to the high electronic s p e c i f i c heats, caused by high densities 
of states at the Fermi l e v e l . 

At Am there i s an abrupt change as discussed above. The t r i -
valency of Am i s c l e a r l y shown i n i t s chemistry, heat of vaporiza
tion (10) and superconductivity (11). 

Part of the complexity of Am thermodynamics i s due to the very 
large magnetic entropy change (4.1 cal/mol-deg.) upon vaporization 
to the free divalent atom, which i s also seen i n the early a c t i 
nides, the free atoms being f u l l y magnetic with loc a l i z e d f-elec
trons. This i s shown i n F i g . 2, where the gaseous entropies S298 
of both the lanthanides and actinides r e f l e c t the changing magnetic 
entropies (lower p l o t ) . Note that here again, subtraction of these 
magnetic entropies results i n a r e l a t i v e l y smooth non-magnetic base 
l i n e for both gaseous series; perturbations can i n each case be 
shown to result from low-lying electronic levels. Even at 1400 K 
(upper plot) the behavior i s not remarkably changed, through many 
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Figure 1. Plots of metallic radii (lower) and crystal entropies S ° 2 9 8 (upper) for 
the metallic elements 
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W A R D E T A L . Thermodynamics of Actinide Metals 

Figure 2. Comparison of gaseous entropies for the lanthanides and actinides at 
298 K and 1400 K: (S7), Magnetic actinides; (^J), nonmagnetic actinides; (O), mag
netic lanthanides; (+), nonmagnetic lanthanides; (£)), low-lying levels removed. 
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new energy states have been introduced for the e a r l i e r metals. 
The importance of these observations l i e s i n the fact that the 

$ 2 9 8 value i s the basis point for the free-energy functions for both 
the s o l i d and the gas. With a reasonably accurate estimate of the 
s o l i d c r y s t a l entropy, the gaseous spectroscopic data and precise 
vapor pressure measurements, i t i s possible to calculate a l l the 
thermodynamic values for the metal, up to the highest temperatures 
of measurement. Also, a self-consistent heat capacity curve s t a r t 
ing at 298 K i s produced; for the intensely-radioactive and scarce 
trans-curium metals, normal calorimetry may never be possible, and 
these techniques become extremely important tools. A detailed ex
ample of a t y p i c a l calculation w i l l be given under Californium 
below. 

Experimental Techniques 

Of the several vapor pressure methods used, the Knudsen ef f u 
sion method i s the simplest and most accurate for high-temperature 
work with limited quantities of material. Although the principles 
of the method were based for many years on the tenets of the Kine
t i c Theory of gases, Ward and coworkers (12-17) established that 
Optical Theory actually describes the effusion process i n the 
Knudsen (no gaseous c o l l i s i o n ) region. This knowledge was turned 
to advantage i n the studies with Am (10) and Cm (18) and for several 
of the studies to be reported here. 

The method takes advantage of the op t i c a l line-of-sight from 
the sample to the target, and the geometry i s chosen so the s o l i d 
angle subtended by the collimated molecular beam impinging upon 
the target sees only the sample surface within the c e l l . Thus, 
p a r t i c u l a r l y for a metal where the evaporation/condensation coef
f i c i e n t i s considered to be unity, precise data can be obtained 
from a thin disk of sample weighing only a few milligrams, up to 
almost the moment of depletion. 

At Los Alamos a new Knudsen effusion apparatus has been con
structed to take s p e c i f i c advantage of the principles described. 
The equipment incorporates a 1200 £/sec Ultek ion pump, st a i n l e s s -
s t e e l chamber with cryopump and a n c i l l a r y turbomolecular pumpdown 
capability. This system i s mounted above an argon-inerted glove-
box; sample loading i s accomplished from below. Details are shown 
i n F i g . 3. In the center i s the effusion c e l l , machined by the 
spark-erosion process and usually made of W. Specific details are 
given i n Ref. (18). The sample i s contained i n an inner cup, var
iously made of single-crystal Ta, W, or W-coated Y 2 O 3 . Heating i s 
provided by radiation from a Ta s t r i p furnace. The effusion c e l l 
and furnace are surrounded by Ta radiation shields and a water-
cooled copper shroud and collimator. 

The effusing beam i s condensed on copper targets i n a water-
cooled target cassette mechanism. The cassette target holder w i l l 
contain up to 50 targets between loadings; exposed targets can be 
removed for analysis without disturbing the vacuum i n the main 
chamber. Radioactive target deposit analysis produces data 
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10. W A R D E T A L . Thermodynamics of Actinide Metals 205 

dependent only on the counting s t a t i s t i c s of the deposit, and thus 
only a function of exposure time, and nearly independent of pressure. 
Combination of these data with mass spectrometric i d e n t i f i c a t i o n of 
the gaseous species permits an exact evaluation of the vaporization 
process. In the mass spectrometer mode, the eff u s i n g beam passes 
through the cross-beam i o n i z e r of the Extranuclear quadrupole mass 
spectometer, allowing interchangeable target or mass spectrometric 
measurements to be made. This instrument has good r e s o l u t i o n and 
s e n s i t i v i t y to better than 10~ 9 atmospheres pressure i n the c e l l . 

Temperatures are measured with a Pyro o p t i c a l pyrometer, or, 
for temperatures below 750°C, a c a l i b r a t e d thermocouple. The en
t i r e c e l l assembly may be moved f r e e l y i n the x, y, and z dire c t i o n s 
during operations, for exact alignment. 

Results and Discussion 

The intent of the following section i s to consider the r e l a 
tionship of the thermodynamic heats and entropies to the m e t a l l i c 
state(s) of each a c t i n i d e , p a r t i c u l a r l y i n terms of e l e c t r o n i c 
structure and bonding. Detailed experimental content w i l l not be 
included, except to in d i c a t e the l a t e s t references and to describe 
new r e s u l t s , i n s o f a r as they are a v a i l a b l e . The reader i s espec
i a l l y referred to the compilation by Oetting, Rand, and Ackermann 
(19) f o r a thorough compilation of thermodynamic information on the 
act i n i d e metals, up to 1976. 

Before considering each metal, l e t us reexamine the entropy-
radius r e l a t i o n s h i p , t h i s time e n t i r e l y i n terms of non-magnetic 
entropies. This i s shown i n F i g . 4, and c l e a r l y delineates the 
progression of div a l e n t , t r i v a l e n t , t e t r a v a l e n t , etc. metals 
(dashed l i n e s ) ; the monovalent row i s f a r o f f to the r i g h t of the 
p l o t . The 6d row i s shown i n d e t a i l ( s o l i d curve) through Au, and 
the l a t e s t data on the acti n i d e s are pl o t t e d as t r i a n g l e s . These 
re l a t i o n s h i p s w i l l be considered i n the following discussions. 

Thorium. Though Th seems to be i n many respects a "normal 1 1 

tetravalent t r a n s i t i o n metal, the broad f-bands j u s t above the 
Fermi l e v e l already cause perturbations, as shown by K o e l l i n g and 
Freeman (20) and by G l d t z e l (21), who also considered the s i m i l a r 
s i t u a t i o n f o r La and the descent of the f-band below the Fermi 
l e v e l f o r Ce (which occurs a l s o , but without narrowing, for Pa). 
The heat of vaporization f o r Th has been d e f i n i t i v e l y measured by 
Ackermann and Rauh (22) as A H 2 9 8 = 142.7 +0.3 kcal/mol. This i s , 
however, a change i n the sequence of r i s i n g heats of vaporization 
fo r T i (112.3), Zr (143,4), and Hf (148.4). The melting tempera
ture i s also anomalously low. 

Even more s t r i k i n g i s the anomalous p o s i t i o n of Th i n the 
entropy-radius r e l a t i o n s h i p of F i g . 4. In following the IVA e l e 
ments, the s h i f t to smaller radius at Hf corresponds to the gross 
e f f e c t of the lanthanide contraction i n the previous row. Note 
that Th i s f a r over i n t o the t r i v a l e n t metal area, corresponding 
to a very large radius ( i . e . , lower valence f or a supposedly 
tetravalent metal). 
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TUNGSTEN 
SUPPORT 
RODS(4) 

RADIATION -
SHIELDS 

THERMOCOUPLE 

- HEATER ASS Y 

- TANTALUM TUBE 

(ARGON-INERT GLOVEBOX BELOW) 

Figure 3. Cross-sectional view of UHV target-mass spectrometer Knudsen effu
sion apparatus 

Figure 4. Plot of the nonmagnetic crystal entropy against metallic radius 
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The vaporization of Th shares the problems of several of the 
early actinides, where the great s t a b i l i t y of the monoxide gas 
drives the reaction 

M, v + M O 2 f \ + 2 M 0 M (2) (s) z ( s ) (g) 

when there are only a few ppm of oxygen present. For Th the r a t i o 
ThO/Th can approach 200 when s u f f i c i e n t oxygen i s present (23); for 
tunately for this system the dioxide vapor pressure i s s t i l l very 
small. 

Protactinium. In terms of e q u i l i b r i a with various oxygen-
bearing species, Pa. represents the worst possible si t u a t i o n . The 
PaO/Pa i s predicted to be of the order of 50 (23) with any oxygen 
present, and the Pa02 pressure i s very appreciable. In this re
spect the system i s similar to the uranium metal plus oxygen sys
tem, which took more than 20 years of careful work to solve properly. 

Preliminary results from work presently under way with a 50 mg 
sample of Pa-231, shows three gaseous species, Pa02, PaO, and Pa, 
i n the apparent rat i o 10/1/0.02, the Pa signal being very hard to 
measure. Data have been taken i n the temperature range 1800-2400 K 
at an electron energy of 17 eV; appearance potential curves taken 
for the three species c l e a r l y delineate various fragmentation pro
cesses above this energy. The scarcity and expense of Pa metal 
make waiting for the disappearance of the oxygen-bearing species 
a serious problem, i n contrast to the case for U, where sample 
a v a i l a b i l i t y i s no problem. A number of possible equations can be 
proposed: 

P a < « + ™ > 2 ( s ) — • 2PaO ( g ) (3) 

P A 0 2 ( S ) P A ° 2 ( G ) < 4 > 

P a 0 2 C s ) - + PaO ( g ) + 0 ( g ) (5) 

P a c « P a ( 8 ) ( 6 ) 

P a a ) P a 0 ( g ) ( 7 ) 

In the present work, Eq. 4 i s no doubt the major contributor to 
the vapor i n view of the smoothness and rep r o d u c i b i l i t y of the f i r s t 
data points; this implies a large amount of Pa0 2 present, perhaps 
floa t i n g on the surface of the molten metal. Possible contenders 
for the PaO signal are Eqns. 3 and 7. Again, i n view of the repro
d u c i b i l i t y of the data we have, i t i s hard to imagine Eqn. 7 as a 
serious contender. We believe that Eqn. 3 i s occurring at the 
metal-oxide interface, the PaO vapor leaving the surface under the 
influence of a d i f f u s i o n mechanism through the dioxide. Eqn. 7 
would imply large quanties of oxygen being supplied near the c e l l area. 
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Analysis of our preliminary data i n the manner of Ackermann, 
Rauh,and Chandrasekharaiah (24) gives a net t o t a l pressure of a l l 
species of 7.0 x 10~ 5 atm at 2412 K, about an order of magnitude 
lower than for the U O 2 system. 

The thermodynamic analysis for Pa i n Ref. 19 represents an ed
ucated guess with no measured values, except for spectroscopic 
data for the gas. The choice of 12.4 for the s o l i d entropy i s an 
average between Th and U; however, a recent though s t i l l somewhat 
preliminary measurement i n the UK (25) on the same metal we are 
using indicates the value may be of the order of 13.2. This could 
well be the result of electronic perturbations from the f i r s t (or 
at least p a r t i a l ) 5f electron below the Fermi l e v e l . This entropy 
value i s also shown i n F i g . 4, and has moved toward the unique 
position of the other f-bonded actinides. 

Uranium. The vaporization behavior of uranium and the uranium-
oxygen system has been car e f u l l y analyzed, and well documented i n 
Ref. 19. The e a r l i e r work before better instrumentation and good 
mass spectrometry was applied to the problem r e f l e c t s the trouble 
with the U0^g\ contribution, which i s now properly understood; the 
situation witn U i s similar to but somewhat less severe than that 
alluded to above with Pa. The entropy of 12.00 for the s o l i d shows 
the small-radius, highly f-bonded, nonmagnetic state of the room-
temperature metal; this value i s plotted i n F i g . 4. 

Neptunium. Here again the e a r l i e r work was compromised by the 
presence of NpO(g), which at the onset produces an NpO/Np r a t i o i n 
the gas of about 7. The more recent work of Ackermann and Rauh (26, 
27) gives excellent precision and second/third law agreement. The 
measured entropy for the s o l i d of 12.06 i s also plotted i n F i g . 4, 
and r e f l e c t s the even smaller radius of the orthorhombic room-
temperature phase. 

Plutonium. The famous multi-phase behavior of this trouble
some metal i s a result of many f-states combined with rapid band-
narrowing at the higher temperatures. Since the thermodynamic 
contribution of the monoxide gas i s now quite small (23), even the 
e a r l i e s t studies were l i t t l e d i fferent than l a t e r ones with much 
higher-purity metal. Troublesome second/third law problems were 
partly due to incomplete or inaccurate thermodynamic functions and 
questions about the real c r y s t a l entropy. The presently accepted 
value of 13.42 shows the effect of an abnormally large electronic 
s p e c i f i c heat, which i s a measure of the many complexities i n 
energy relationships near the Fermi l e v e l for this metal. 

The recent study by Bradbury and Ohse (28) extends measure
ments to 2219 K and 9.5 x 10 - t f atm, connecting smoothly to e a r l i e r , 
lower-temperature data. The second-law and third-law heats of 
vaporization of 82.25 and 81.66 kcal/mol, respectively, are i n quite 
good agreement with the summary assessment i n Ref. 19. 
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10. W A R D E T A L . Thermodynamics of Actinide Metals 209 

Americium. The physico-chemical properties of Am are c l e a r l y 
rare-earth-like and the gas i s quite simply divalent. Therefore 
the continuing discrepancy over the heat of sublimation between 
theoretical correlations and the experimental data i s s t i l l some
what puzzling. Ward and H i l l (9) correctly predicted the non
magnetic c r y s t a l entropy, l a t e r confirmed by experiment. Ward, 
Muller and Kramer (10) measured the vapor pressure with high pre
c i s i o n on very pure 241-metal, and calculated the complete thermo
dynamics of the element, from 298 K to the b o i l i n g point. The heat 
of vaporization of 67.9 + 0.5 kcal/mol and entropy data were com
bined to show the effects of the large magnetic entropy transition 
upon vaporization, upon the b o i l i n g point, and also the change of 
the heat of vaporization with temperature, through the F=H-TS term. 
Knowledge of these effects helps explain some (but not a l l ) of the 
discrepancies between the measured and predicted values. 

A recent study by Ward, Kleinschmidt,and Haire (29) has ex
tended measurements with the new apparatus at Los Alamos into the 
l i q u i d range, using the 243-isotope. The results of this work are 
given i n Fig. 5, which shows a smooth extension of the Am-241 data 
(heavy l i n e , l i m i t s indicated by small arrows) with the new r e s u l t s . 
An additional series of experiments were performed with various 
concentrations of Am dissolved i n La. The system showed nearly 
ideal behavior, giving the correct heat of vaporization, Raoult's 
law calculation of vapor pressure, and a c t i v i t y c o e f f i c i e n t s which 
show the effects of a small heat of mixing. 

The data from these experiments are summarized i n Table I. 
On the basis of these comparative studies, the thermodynamics of 
Am appears to be well-established, the heat of vaporization report
ed i n Ref. 10 being confirmed. It should be noted that the c r y s t a l 
entropy estimate for Am was based on La as a model. In terms of 
the rare-earth/actinide pairing of Johansson discussed e a r l i e r , 
the entropy for Pr with the magnetic contribution removed would 
have given a similar result. 

The f-electrons of Am, though quite lo c a l i z e d , are s t i l l very 
close to the Fermi l e v e l ( l i k e Ce) compared to most rare-earths, 
and the energy bandwidth i s comparable to that for Ce_. Therefore, 
we should s t i l l expect some complexities i n bonding and valence-
l e v e l interactions. The entropy position of Am i n F i g . 4 i s 
representative of a rather normal t r i v a l e n t metal exhibiting an 
"actinide-contraction" beginning at Ac. 

Curium. The vapor pressure of high-purity Cm-244 metal was 
measured by Ward, Ohse and Reul (18), i n both the s o l i d and l i q u i d 
phases. This work i s reported as d e f i n i t i v e i n Ref. 19; however, 
the Tables A1.14 are improperly calculated and the A H 2 9 8 value 
given i s incorrect. Their value quoted i n the discussion i s 
92.6 + 1.0 kcal/mol, and the thermodynamic data for Cm should be 
recalculated on the basis of the correct heats and entropies. 

The c r y s t a l entropy value for Cm used i n Ref. 19 i s 17.2+0.2 
and was calculated by Ward and H i l l 09) using Gd as a model, c i t i n g 
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I000/T(K) 

Journal of Chemical Physics 

Figure 5. Vapor pressure data for americium: (O, americium-243 data; (—), 
americium-241 data, upper and lower limits indicated by arrows (29), 
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10. W A R D E T A L . Thermodynamics of Actinide Metals 211 

Table I. Thermodynamic Data for Americium 
1. Am-243 l i q u i d 

Log P (atm) = 6.279 + 0.119 - (13935 + 180)/T 
AH° = 63776 + 824 cal/mol 
AS° = 28.73 + 0.54 cal/mol-deg. 

A H 2 9 8 = 70423 + 741 cal/mol (2nd law) 

A H 2 9 8 = 68073 + 50 cal/mol (3rd law) 

2. Am-243 s o l i d 
Log P (atm) = 6.296 + 0.0088 - (13983 + 114)/T 

AH° = 63986 + 522 cal/mol 

AS° = 28.81 + 0.40 cal/mol-deg. 

A H 2 9 8 = 67241 + 501 cal/mol (2nd law) 

A H 2 9 8 = 68205 + 30 cal/mol (3rd law) 

3. Am-241 s o l i d (Data from Ref. 10) 
Log P (atm) = 6.578 + 0.046 - (14315 + 55)/T 

AH° = 65503 + 250 cal/mol 

AS° = 30.07 + 0.21 cal/mol-deg. 

A H 2 9 8 = 67871 + 273 cal/mol (2nd law) 

[ 990-1358 K] 

AH| 9 8 = 68051 + 25 cal/mol (3rd law) 

many similar physico-chemical processes as the basis for comparison. 
Again, to emphasize the smoothly-changing nature of the entropy-
radius relationship, a metal l i k e Ce with a tri v a l e n t gas (plus the 
proper magnetic contribution) could have been used successfully i f 
the dhcp ground-state c r y s t a l structure i s considered important. 
However, the energies associated with phase changes are usually 
small, and the h a l f - f i l l e d s h e l l effect at Cm (and Gd) i s major. 

Berkelium. Theoretical correlations 035Z»_8) bave predicted a 
cohesive energy for Bk i n the range of 65-75 Kcal/mol. The metal 
i s supposedly a homologue of Tb, but would be placed under Nd or 
Pm i n the pairing of Johansson noted e a r l i e r . 

Bk-249 metal i s a very soft beta-emitter with a h a l f - l i f e of 
only 320 days and a f a i r l y high spontaneous f i s s i o n cross-section, 
so that the target counting of effusion samples i s quite d i f f i c u l t . 
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The soft betas are in themselves d i f f i c u l t to measure, and there 
are i n addition various other betas, gammas and alphas from daughter 
decay and f i s s i o n products. The data reported here are necessarily 
preliminary; after a number of months s u f f i c i e n t Cf-249 (an alpha-
emitter) w i l l grow i n to permit a much more accurate assay of our 
target re s u l t s . 

Approximately 1.5 mg of Bk-249 metal was loaded into a single-
c r y s t a l Ta cup within a Mo effusion c e l l . F i r s t time/temperature 
estimates based on a heat of vaporization i n the neighborhood of 
70 kcal/mol gave no detectable signals. Temperatures were f i n a l l y 
raised to more than 1300 K, and the data reported here cover the 
range 1326-1582 K. Even at these temperatures the signal to the 
mass spectrometer was very small, while the deposit reaching the 
targets i n terms of counts/min was very large. These preliminary 
data for Bk are from the direct beta-counts taken with a window-
less counter, and are plotted i n F i g . 6. Because of the complexi
ties noted above the precision i s not very high; the targets 
w i l l be re-counted when s u f f i c i e n t Cf-249 has grown i n . 

Nevertheless, i t i s quite clear the Bk i s much more l i k e Tb 
than was expected. The heat of vaporization from these data i s 
AH| 9 8 = 91.2 + 4.4 kcal/mol (1326-1582 K) . Tb gives by contrast 
a value of 90.6 (for the same temperature range) and Nd 73.5. The 
provisional vaporization equation i s 

Log P (atm) = 5.04 + 0.67 - (19926 + 969)/T . (8) 

We estimate the c r y s t a l entropy of Bk to be 18.4 + 0.3 c a l / 
mol-deg. based on either Tb or Nd, the proper atomic weight, radius 
and magnetic corrections being made according to Eqn. 1. The non
magnetic part of this value i s included i n F i g . 4, and f a l l s i n with 
the other rare-earth-like actinides. F i n a l thermodynamic tabula
tions must await proper counting of the target data. 

Californium. Ward, Kleinschmidt and Haire (30) have measured 
the vapor pressure of Cf-249 metal from 771-1026 K, using a 2 mg 
sample. The data are described by the equation 

Log P (atm) = 5.675 + 0.039 (9895 + 34)/T. (9) 

Second-law and third-law heats were i n close agreement, to give 
A H 2 9 8 = 46900 + 300 cal/mol as the heat of vaporization. The 
thermodynamic data clearly establish Cf as a t r i v a l e n t metal, though 
with a very high vapor pressure, actually midway between Sm and Eu, 
as shown i n Fig. 7. 

Californium i s the f i r s t element i n the sequence of actinides 
to show strong divalent tendencies. The progressive s t a b i l i z a t i o n 
of the divalent ground-state (7), which i s apparently complete at 
Fm and perhaps may occur already for Es_ (the estimated c r y s t a l en
tropy for Es_ i s plotted i n Figs. 1, 2, and 4 as being divalent). 
The properties of Of are closely similar to those of Sm, and we 
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IOOO/T (K) 

Figure 6. Preliminary vapor pressure data for berkelium-249 metal 
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have used Sm as our model to establish the cr y s t a l entropy value 
to be 19.25 cal/mol-deg. 

Several experiments at Oak Ridge and Los Alamos have indicated 
the possible presence of a divalent form of the metal, at least i n 
thin films (31,32). Divalent surface states have recently been 
demonstrated for Sm (33). A tentatively-observed temperature of 
transition of about 800°C implied that vapor pressure studies above 
this temperature might reveal divalent behavior (because of the 
scarcity of material and extremely high vapor pressure, direct stu
dies above 800°C are precluded). We have recently performed 
Raoult's-Law vaporization studies for a 1.5 a/o solution of Cf_ i n 
l i q u i d Eu over the temperature range 958-1140 K. The f i r s t data 
points f e l l d i r e c t l y upon the tr i v a l e n t l i n e of F i g . 7, slowly 
r i s i n g above the l i n e as the more v o l a t i l e Eu solvent evaporated 
faster than the Cf. We concluded from this experiment that vapor
i z a t i o n above 800°C of Cf from a divalent solvent does not induce 
the divalent state i n Cf. This phase may only be stable (as i n Sm) 
as a thin f i l m . 

Thermodynamic Calculations 

We w i l l use data from the Cf_ studies as an example of the meth
odology of calculations of thermodynamic values from entropy and 
vapor pressure data. As indicated i n the introduction, we have im
mediately established two major tie-points with the AS-f of vapor
iz a t i o n from the vapor pressure work, and from the estimate of 
cr y s t a l entropy at 298 K for the s o l i d . This gives us then (from 
the spectroscopic data) the entropy of vaporization at 298 K, and 
the condensed-phase entropy at TK; this i s i l l u s t r a t e d i n F i g . 8. 
Experience with measured values from other metal systems shows the 
AS V l i n e to be nearly straight. Similarly, the free-energy func
tion values for the condensed phase change smoothly with tempera
ture, starting with S^gs* The gaseous values come d i r e c t l y from 
the spectroscopic data. If one were to compare the data for Cf, 
for example, with the published data for Sm, the curves would 
s h i f t downward to new Sm t i e points, and the general curvature 
would change s l i g h t l y also, depending partly on the melting temper
ature for each metal (indicated on F i g . 8 as 1173 K for Cf). 

We then generate our thermodynamic heats and entropies s e l f -
consistently using the general formula for the free-energy function: 

The complete data compilation for Cf i s shown i n Tables II and I I I . 
Note, as a f i n a l point, that from the analysis a heat capacity for 
the condensed phase i s derived, from 298 K to the highest tempera
tures of measurements. These data are shown i n Table II and plotted 
i n Fig, 9. We believe this to be a h i g h l y - r e l i a b l e curve, and, for 
these exotic materials, not l i k e l y to be measured d i r e c t l y for some 

F £ ~ H 2 9 8 = (9) 
T 

time. 
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Figure 8. Entropy and free-energy function construction plots for the analysis of 
californium thermodynamic data 
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Figure 9. Derived heat capacity for californium, 298-1173 K 
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Table II. Thermodynamic Data for Californium 

Californium Gas Californium Solid 

T ( K ) S(£) 
- f e f , . (g) p(s) S ( s ) - f e f , v (s) H ; - H 5 9 8 

A H ° T 
298 48.07 48.07 6.70 19.25 19.25 46 900 
400 49.53 48.26 7.03 21.23 19.51 686 46 720 
500 50.64 48.63 7.42 22.83 20.00 1410 46 493 
600 51.54 49.04 7.86 24.29 20.59 2170 46 180 
700 52.31 49.46 8.40 25.48 21.21 2990 45 906 
800 52.97 49.85 8.94 26.65 21.83 3853 45 580 
900 53.56 50.23 9.53 27.74 22.43 4772 45 118 

1000 54.08 50.59 10.20 28.76 23.00 5757 44 640 
1100 54.55 50.93 10.86 29.76 23.57 6814 44 070 
1173 54.87 51.16 11.00 30.50 23.98 7617 43 630 

Table I I I . Pressure-Temperature Data for Solid Californium 

T(K) P(atm) 3rd-law A H ° Q F I 

771 6.83 x 10"" 8 46 926 
843 8.80 x 10"7 46 899 
895 4.22 x 10~ 6 46 902 
938 1.32 x 10~ 5 46 944 
989 4.64 x 10~ 5 46 921 
1026 7.64 x 10" 5 * 

^Sample depleting 

In summary, we have t r i e d to describe the most recent state 
of understanding for the cohesive energies of the actinide metals. 
New results show there are s t i l l some surprises, even beyond the 
f-bonded early actinides. Vapor pressure measurements on Ra, Ac, 
and Es are planned, along with completion of the Bk studies. The 
Pa and Pa-oxygen systems w i l l obviously require extensive work. 
Es vapor pressures w i l l probably be studied as Raoult fs-Law evap
orations from l i q u i d metal solvent. This w i l l complete the vapor 
pressure measurements possible on the actinide metals, as there 
are no isotopes stable enough beyond Es. 

Present best values of the c r y s t a l entropy and heats of vapor
i z a t i o n are given i n Table IV. Unknown values are l e f t blank, and 
tentative data are given i n parenthesis. 
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Table IV. Entropies and Heats for the Seventh-Row Metals 

S298> ca l /mol-deg . AHj?qa » kca l /mol 

Radium *16.4 + 0.2 
Act inium *14.8 + 0 . 2 
Thorium 12.76 142.7 
Pro tac t in ium (13.2) 
Uranium 12.00 127.0 
Neptunium 12.06 111.1 
Plutonium 13.42 82.0 
Americium *13.2 + 0.2 67.9 
Curium *17.2 + 0.2 92.6 
Berkelium *18.4 + 0 . 3 (91.2)[a t temp.] 
Cal i forn ium *19.2 + 0.2 46.9 

^Estimate from Eqn. 1. 

Summary 

Prec i se vapor pressure measurements by target co l lec t ion/mass 
spectrometric Knudsen ef fus ion techniques were combined wi th c r y s 
t a l entropy estimates to produce se l f -cons is ten t free-energy func
t i o n s , permi t t ing c a l c u l a t i o n of heats , entropies and free energies 
from 298 K to the highest temperatures of measurement. The vapor 
pressures and thermodynamics of vapor i za t ion of americium, curium, 
berkel ium, and ca l i fo rn ium are compared i n terms of e l e c t r o n i c 
s t ruc ture and bonding trends i n the t rans-plutonium elements. These 
r e su l t s are contrasted wi th the behavior of the ea r ly a c t i n i d e s , 
wi th a t t en t ion to energy s tates and poss ib le ef fec ts of f - e l ec t ron 
bonding. 
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T e c h n i q u e s of M i c r o c h e m i s t r y a n d Their A p p l i c a t i o n s to 

S o m e Transcurium Elements at B e r k e l e y a n d Oak R i d g e 

J. R. PETERSON 

Department of Chemistry, University of Tennessee, Knoxville, TN 37916 and 
Transuranium Research Laboratory, Oak Ridge National Laboratory, 
Oak Ridge, TN 37830 

Research on the transcurium elements requires s p e c i a l i z e d 
techniques. The inherent radioactivity of these elements often 
precludes otherwise rout ine manipulat ions , and the small amounts 
a v a i l a b l e requi re the development of novel techniques to facili
tate the study of their basic chemical and p h y s i c a l p rope r t i e s . 
Much of our present knowledge of the inorganic and p h y s i c a l 
chemistry of the transuranium elements was first obtained from 
the a p p l i c a t i o n of microchemical techniques to submicrogram 
quan t i t i e s of m a t e r i a l . Indeed, the primary justification for 
the techniques of microchemistry is found in t h e i r a p p l i c a t i o n 
to the i n v e s t i g a t i o n of rare m a t e r i a l s . P r i o r to 1942 these 
app l i ca t ions were chiefly i n the fields of organic and biochem
istry. With the production of the first few micrograms of 
plutonium in June 1942, it became necessary to develop a broad 
array of microchemical methods su i ted to submil l igram quan t i t i e s 
of m a t e r i a l . I t is not the purpose here to review all these 
techniques, but ins tead to focus on those which could be or have 
been used for the study of some proper t ies of Bk-249, Cf-249, and 
Es-253 on the microgram to milligram s c a l e . 

Excluded here are those techniques r e l a t i n g to t r a c e r - l e v e l 
work (below weighable quant i ty of sample; measurement by r a d i o -
assay o n l y ) , for the concern here w i l l be w i th the determination 
of bulk proper t ies of these elements. Tracer -sca le s tudies 
u sua l ly revea l d i r e c t l y only one property of the element under 
i n v e s t i g a t i o n , that i s , i t s r e l a t i v e preference for one env i ron
ment over another, or more s imply, i t s phase d i s t r i b u t i o n . Never
the less , as each new transuranium element was discovered and was 
a v a i l a b l e only i n t race q u a n t i t i e s , a great deal of chemistry was 
learned by inference from t r ace r - sca l e s tud ies , i nc lud ing the 
i d e n t i t y of ox ida t ion s ta tes , approximate values of ox ida t ion or 
reduct ion p o t e n t i a l s , the composition and s t a b i l i t y of complex 
ions , and r e l a t i v e v o l a t i l i t i e s . 

In an e f fo r t to provide both some h i s t o r i c a l perspect ive of 
the development and some current usage of microchemical t ech
niques, as w e l l as to provide some r e s u l t s of t h e i r respect ive 

0-8412-0568-X/80/47-131-221$05.50/0 
© 1980 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

1
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applications, the present discussion w i l l be limited to two main 
areas of research. The f i r s t , synthesis, i s the more important, 
since any program to study the bulk properties of the transcurium 
elements requires the synthesis of the particular metal or com
pound of interest. Treated here as examples w i l l be the prepara
tions of the metallic state and several binary compounds l i k e 
oxides, halides, chalcogenides, and pnictides. The second area, 
investigative methods, w i l l deal primarily with absorption spec
trophotometry but with some mention of the X-ray and electron 
d i f f r a c t i o n methods which have contributed much to the elucida
tion of the structural properties of Bk, Cf, and Es. 

C r i t e r i a for Selection of Microchemical Techniques 

Although space i s not available for a complete discussion, 
the reader should be aware of the following factors which i n 
fluence the choice of a particular technique for use i n trans
curium element research: 

1. A p p l i c a b i l i t y - the technique must be able to accom
p l i s h the desired goal on the scale of operation 
mandated by the available sample size. One proves 
out any new technique by using i t on a substitute 
sample (most often these are lanthanide materials) 
where confirmation of an already known property i s 
possible. 

2. Safety of experimenter and equipment - here containment 
of the radioactive sample i s the key feature; also 
important i s the ease of manipulation i n order to 
minimize the chances of radioactive contamination. 

3. Maintenance of sample purity - following the d i f f i c u l t 
task to synthesize samples of high purity, i t i s 
necessary to avoid their chemical contamination by 
the very application of some particular technique. 

Indeed, one of the most formidable problems encountered i n work
ing with very small samples i s that of maintaining a high degree 
of sample purity through a series of chemical and mechanical 
manipulations. Because of the great increase of the surface-to-
volume r a t i o [« (sample radius)" 1] on the microscale, as compared 
to that on the macroscale, "chance" contamination i s much more 
probable with small samples. A general guideline to use i n 
microscale research work i s to keep the actinide sample i n a con
centrated form and i n a small volume container. This l i m i t s the 
source of r a d i o a c t i v i t y and minimizes the effects of chemical 
contamination of the sample by "chance" contact of the sample 
with some impurity. 

Single Ion-Exchange Resin Bead Technique 

One of the pioneering microchemical techniques developed i n 
the laboratory of the la t e Professor Burris B. Cunningham at the 
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11. P E T E R S O N Techniques of Microchemistry 223 

(now) Lawrence Berkeley Laboratory was the si n g l e ion-exchange 
r e s i n bead technique f o r the concentration and manipulation of 
p u r i f i e d a c t i n i d e ions. I n d i v i d u a l r e s i n beads are loaded to 
saturation by e q u i l i b r a t i o n with a d i l u t e acid s o l u t i o n of the 
ac t i n i d e ion. Excess a c t i n i d e and surface contaminants are 
e a s i l y removed by washing the loaded bead i n water or d i l u t e 
a c i d . The amount of a c t i n i d e sorbed i s c o n t r o l l e d by the s i z e of 
the r e s i n bead chosen; f o r example, 1 yg of a t y p i c a l t r i v a l e n t 
a c t i n i d e ion i s sorbed by a Dowex 50 x 4 r e s i n bead whose a i r -
dried (from H 20) diameter i s 0.15 mm. An actinide-loaded bead 
i s e a s i l y manipulated on a quartz f i b e r , represents an a c t i n i d e 
concentration of about 2 M, and, being s p h e r i c a l , has only a 
sin g l e point of contact with i t s container, thus minimizing 
surface or "contact" chemical contamination. Examples of the use 
of the s i n g l e bead technique f o r the preparation of a c t i n i d e 
metal and compounds and f o r the study of spectroscopic and 
magnetic properties of t r i v a l e n t a c t i n i d e ions are found i n the 
l i t e r a t u r e (1».2>3>4^5) . Here the preparations of binary com
pounds and the pure metals are discussed f i r s t . Then the de
velopment of microtechniques f o r obtaining absorption spectra i s 
traced from the use of s i n g l e beads of ion-exchange r e s i n to our 
present-day microscope spectrophotometer f a c i l i t y at the Oak 
Ridge Transuranium Research Laboratory (TRL). 

Compound Preparation on the Microscale 

S t a r t i n g with an a i r - d r i e d , actinide-loaded, s i n g l e r e s i n 
bead, an oxide i s produced by c a l c i n i n g the bead i n a i r or oxygen 
at 1200 °C. At the TRL the apparatus shown diagrammatically i n 
Figure 1 i s used; the bead i s placed i n a Pt c r u c i b l e which i s 
heated by r a d i a t i o n from an e n c i r c l i n g Pt induction s h i e l d . The 
r e s u l t i n g oxide sample might be transferred to a s i l i c a c a p i l l a r y 
tube f o r attachment to a general preparation/vacuum system 
(Figure 2) for subsequent chemical treatment. A l t e r n a t i v e l y , i t 
might be used d i r e c t l y for study by an applicable p h y s i c a l 
property measurement technique, l i k e X-ray powder d i f f r a c t i o n , 
magnetic s u s c e p t i b i l i t y , s o l u t i o n calorimetry, etc. 

The chemistry required to convert the oxide to other binary 
compounds i s independent of the scale of operation. However, 
with microscale synthetic methods applied to radi o a c t i v e 
materials, successful preparations are achieved more r e a d i l y by 
carrying out the chemistry i n s i t u , that i s , i n such a manner 
that eliminates, or at l e a s t minimizes, the necessity of having 
to "handle" the sample during or following i t s synthesis. Thus, 
ac t i n i d e compounds are u s u a l l y prepared i n s i l i c a c a p i l l a r y 
tubes which can be flame sealed at the conclusion of a synthesis 
to provide the desired sample f o r study i n a small volume, quartz 
container. A s p e c i a l feature of the preparation/vacuum system 
i n the TRL i s the c a p a b i l i t y to int e r r u p t a synthesis, i s o l a t e 
(by means of a stopcock) and remove the sample, examine i t i n 
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Figure 1. Schematic of resin-head calcination apparatus 
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s i t u v i a absorption spectrophotometry and/or X-ray d i f f r a c t i o n , 
and then return i t to the preparation/vacuum system should 
additional chemistry be required. 

In Table I are summarized some generally useful chemical 
reactions for the preparation of transplutonium element metal 
and some compounds. For simplicity, and because of variable 
oxidation states, the equations are not necessarily balanced. 
The oxalate pr e c i p i t a t i o n and subsequent calcination to the oxide 
i s reserved for multimicrogram and greater quantities of actinides 
and for Es-253, whose intense radiation precludes the use of the 
resin bead technique. The preparation of fluoride compounds i s 
not carried out i n quartz but i n Monel (6). Details of the con
ditions of temperature, pressure, etc. to effect these chemical 
reactions are available i n the l i t e r a t u r e (1,3,6-11). 

Metal Preparation on the Microscale 

Two methods for producing transcurium element metal are 
l i s t e d i n Table I. In both routes the actinide compound, which 
might have been prepared using the single bead technique, and 
reductant metal are placed i n a metal crucible (usually Ta), 
which i s heated to promote the reduction reaction. The method 
of choice depends upon the quantity of actinide available and the 
physical form of the product metal required. For bulk product 
metal with only a limited amount of material (yg quantities), the 
fluoride reduction method i s better. The essential difference 
i n the two synthetic routes i s that i n the fluoride reduction, 
the product metal remains inside the crucible system (byproducts, 
excess reductant, and v o l a t i l e impurities leave), whereas i n 
the oxide reduction, the product metal leaves the heated crucible 
(along with any v o l a t i l e impurities) and deposits on a cooler 
surface, completely separated from the byproduct oxide, non
v o l a t i l e impurities, and excess reductant. Unless at least 
several hundred micrograms of metal are being produced, the 
metal product obtained by oxide reduction i s i n the form of a 
thin f o i l . Advantage has been taken of this form of metal pro
duct for structural studies by electron d i f f r a c t i o n (12). 

The apparatus used for the production of metal on the few 
microgram scale v i a fluoride reduction has been improved con
siderably between i t s use for the f i r s t preparation of Bk metal 
(2) and the more recent preparations of Bk metal on the h a l f -
milligram scale (13,14) and Cf metal on the <_ 10 ug scale (8). 
The interested reader i s referred to the l i t e r a t u r e cited for 
further details on this metal-making technique. 

Metal samples produced on the microscale have been studied 
mainly by X-ray powder and electron d i f f r a c t i o n methods, both as 
a function of temperature (8,12,15,16) and pressure (17). Re
cently a microsusceptometer incorporating a superconducting 
quantum interference device (SQUID) has been constructed at Oak 
Ridge that has s u f f i c i e n t s e n s i t i v i t y to determine the magnetic 
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11. P E T E R S O N Techniques of Microchemistry 227 

Table I. Preparative Chemistry for Transplutonium Element (An) 
Metal and Some Compounds 

Metal 

An fluoride + L i An metal + L i F + 

An oxide + La(Th) An metal + + La(Th) oxide 

Oxides 

An(III) (sorbed i n resin bead) + 0^ ~* An oxide 

An(III) + H 2C 20 4 -> A n 2 ( C 2 0 4 ) 3 + An oxide 

Halides 

An oxide + HX -> AnX 3 + H 20 (X = F,Cl,Br) 

An + HX -> AnX 3 + H 2 (An + X 2 -> AnX 3) 

AnX 3 + HI -> A n l 3 + HX 

An oxide (AnF 3) + F 2 AnF^ 

AnX 3 + H 2 + AnX 2 + HX 

Oxyhalides 
An oxide (AnXj + HX/Ho0 r > AnOX 3 2 gas 

Semimetallies 

An metal + H 2 -> An hydride 

An metal + VA element •> An pnictide 

An metal + VIA element -* An chalcogenide 
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properties of these small samples (18). Also the solution 
microcalorimeter (19) at Oak Ridge has s u f f i c i e n t s e n s i t i v i t y to 
measure the heats of reaction of these metal samples with aqueous 
acid. The precision of the results of the calorimetric and 
magnetic s u s c e p t i b i l i t y measurements i s severely limited on the 
microscale by the precision to which the samples can be weighed. 
Both investigative devices were s p e c i f i c a l l y designed for the 
capability of obtaining data from samples of transcurium elements 
and compounds. 

Absorption Spectrophotometry on the Microscale 

Techniques for obtaining absorption spectra from small 
samples of transcurium element species have advanced consider
ably over the l a s t twenty years. In a f i r s t attempt to observe 
the solution absorption spectrum of Bk(III) i n a " r i s k free" 
manner, Cunningham and colleagues (5) i n the late 1950s attached 
a c a p i l l a r y absorption c e l l (y 7 yL) to the lower end of the ion-
exchange column used i n the f i n a l p u r i f i c a t i o n step, so that the 
puri f i e d Bk(III) solution passed through the c e l l on i t s way to 
i t s f i n a l container. A bench spectrometer served as the l i g h t 
analyzer i n the v i s i b l e wavelength region of the spectrum. A l 
though no Bk(III) absorption bands were detected, these workers 
were able to set an upper l i m i t on the molar extinction coef
f i c i e n t ^ 20) of any Bk(III) absorption band i n this wavelength 
region from preliminary experiments with Am(III) and Nd(III) 
using the same c e l l . 

U t i l i z i n g the capability of a single ion-exchange re s i n 
bead to concentrate the sorbed actinide ion and to provide good 
op t i c a l transparency i n the v i s i b l e and near infrared wavelength 
regions, Cunningham and Wallmann attempted to obtain the absorp
tion spectra of Bk(III) and C f ( I I I ) . Their apparatus (Figure 
3) was tested using Am(III) and they observed the 503 nm Am(III) 
absorption band (e ̂  350) through a hand spectroscope with only 
1 ng of Am(III) sorbed i n the bead. Later improvements of this 
same basic technique included better masking of stray l i g h t 
(Figure 4), provisions for increasing the eff e c t i v e pathlength 
by stacking several actinide-loaded beads, inclusion of a quartz 
" l i g h t pipe" to gather more e f f e c t i v e l y the transmitted l i g h t , 
and automated recording of the spectrum v i a f i l m techniques. 
With this multibead-stack apparatus Green and Cunningham (4) 
recorded the Cf(III) absorption spectrum and demonstrated, using 
Pr(III), that the "bead" spectrum was very similar to an absorp
tion spectrum obtained i n acid solution. 

The next development took place during the course of the 
Ph.D. research of the author at Berkeley. With a t o t a l of only 
2 yg of Bk-249 with which to work, the f i r s t spectroscopic mea
surements were made using the single bead technique, but i n an ap
paratus (Figure 5) designed for use with a Cary Model 14 Record
ing Spectrophotometer. The Bk-loaded bead was placed i n the 
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ION E X C H A N G E B E A D 

C O V E R S L I P 

P L A T I N U M D I S K 

S L I D E 

Microchemical Journal Symposium Series 

Figure 3. Schematic of first single-bead microabsorption cell (1) 

Cation-exchange resin bead 0.002-in.-thick Pt disk 

Coverslips 
Lucite support 

Figure 4. Schematic of improved, single-bead microabsorption cell 
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To Cary detector 

Quartz 
light pipe. 

I v— 
Quartz capillary tubing.^^^ 1 | 

(silvered on outside) 

Zeiss Achromat UV-Kond 
0.8 condenser 

Quartz cover slip 

Aquadag coating 
over epoxy Quartz cover slip 

Zeiss ultrafluor 
UV objective 

Cary light beam 

Figure 5. Schematic of single-bead microabsorption cell for use in Cary spectro
photometer 
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c e l l and secured by the quartz l i g h t pipe making o p t i c a l contact 
with the bead. The d i f f i c u l t y w i th t h i s apparatus was i t s i n 
a b i l i t y to transmit more than a percent or two of the Cary l i g h t 
beam. Despite poor s p e c t r a l r e s o l u t i o n , repeated wavelength 
scans confirmed the observation of about s i x absorption peaks. 
Another d i s t i n c t disadvantage i n t h i s p a r t i c u l a r case was that 
the bead was l e s s transparent i n the near u l t r a v i o l e t wavelength 
region, where BkClII) seemed to have s i g n i f i c a n t absorption. 
These l i m i t a t i o n s on the s i n g l e bead absorption c e l l f o r the 
study of the s p e c t r a l properties of berkelium stimulated the de
velopment of a new experimental technique - one which had the 
c a p a b i l i t y of higher r e s o l u t i o n and also allowed i n v e s t i g a t i o n 
int o the u l t r a v i o l e t wavelength region. The chosen method 
centered around the suspension of a drop of Bk(III) s o l u t i o n 
between two tapered quartz rods. Prototype c e l l s loaded with 
drops of Nd(III) s o l u t i o n were found to y i e l d s i g n i f i c a n t l y 
improved spectra. The f i r s t "suspended drop" or " l i g h t - p i p e " 
c e l l constructed f o r berkelium work i s shown schematically i n 
Figure 6. A 1-mm diameter quartz rod was drawn down i n a flame 
to about 100 um i n diameter and mounted i n a brass disk. This 
"entrance l i g h t pipe" was aligned with and spaced about 200 um 
from the "catcher l i g h t pipe", a short (y 1 mm) section of quartz 
rod about 100 urn i n diameter. The Bk(III) s o l u t i o n was trans
ferred to the l i g h t - p i p e c e l l as a 50-60 nL drop suspended on 
the end of a micropipette. The c e l l also included water-soaked 
paper to maintain a wet atmosphere i n an e f f o r t to prevent 
vaporization of the droplet to the point where s o l i d formation 
would r e s t r i c t l i g h t transmission through the c e l l system. The 
l i g h t source and analyzer was again the Cary spectrophotometer. 
The Bk(III) spectrum obtained with t h i s l i g h t - p i p e c e l l was 
s i m i l a r to that obtained from the bead c e l l but provided new 
evidence f o r Bk(III) absorption i n the near u l t r a v i o l e t wave
length region. Unfortunately, however, only a small percentage 
of the Cary l i g h t beam was transmitted through the c e l l system. 

Improvement of the c e l l o p t i c s was the prime motivation f o r 
further developmental work on the l i g h t - p i p e c e l l design, but 
other considerations were drop s t a b i l i t y , c o n t r o l of drop s i z e , 
and ease of handling. The c e l l o ptics were eventually improved 
to the point where ^ 30% of the Cary l i g h t beam condensed by the 
objective lens was transmitted through the c e l l . These improve
ments were r e a l i z e d by shortening the length of the entrance 
l i g h t pipe, by coating the entrance l i g h t pipe with s i l v e r or 
aluminum, by p o l i s h i n g the ends of the l i g h t pipes, and by i n 
cluding a nearly s p h e r i c a l bulge i n the entrance l i g h t pipe to 
catch more of the incident l i g h t and to reverse the d i r e c t i o n of 
back-reflected l i g h t . 

The s i z e of the drop of s o l u t i o n i n the c e l l , which de
termined the concentration of the absorbing species, was con
t r o l l e d by the heating e f f e c t of the i n f r a r e d source lamp of the 
spectrophotometer and by the addition of d i l u t e , high p u r i t y acid 
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s o l u t i o n . This a d d i t i o n was accomplished by a pump, which con
s i s t e d of a closed r e s e r v o i r system operated by s o l u t i o n expan
sion induced by Pt wire resistance heating. A photomicrograph 
of the pump nozzle, positioned between the two l i g h t pipes, i s 
shown i n Figure 7. 

An improved c e l l design allowed greater ease i n the loading, 
drop observation, and o p t i c a l alignment procedures. A photograph 
of t h i s c e l l with i t s s l i d i n g cover i s shown i n Figure 8. With 
the receipt of an a d d i t i o n a l 28 yg of Bk-249 at Berkeley, t h i s 
c e l l system was used with droplets containing ^ 4 yg of B k ( I I I ) . 
Considering the usual operating volume of s o l u t i o n across the 
l i g h t - p i p e gap, the emerald green droplet represented a Bk(III) 
concentration of about 4 M. A t y p i c a l Bk(III) s o l u t i o n absorp
t i o n spectrum recorded over the wavelength range 320 to 680 nm 
i s shown i n Figure 9. The high background absorption i n the lower 
wavelength region i s probably caused by the presence of H 20 2 

and/or C l 2 , generated r a d i o l y t i c a l l y from the aqueous HC1 
s o l u t i o n . Later experiments with Es-253 i n an e s s e n t i a l l y 
i d e n t i c a l microabsorption c e l l have been reported i n the 
l i t e r a t u r e (20,21). 

The microscope spectrophotometer system i n routine use at 
the TRL i s described i n reference (7), so no d e t a i l s of the 
apparatus and i t s use are given here. Instead a b r i e f descrip
t i o n of the reason f o r developing and c o n t i n u a l l y r e f i n i n g the 
microscope spectrophotometer f a c i l i t y w i l l be presented. H i s 
t o r i c a l l y the way to characterize a s o l i d - s t a t e sample of a 
transplutonium element has been by standard X-ray powder d i f f r a c 
t i o n a n a l y s i s . When a systematic study of element 99, e i n s t e i n i 
um, was undertaken, i t was found that obtaining u s e f u l d i f f r a c t i o n 
data from Es-containing materials was a very d i f f i c u l t , i f not 
an impossible, task (22). The intensely radioactive Es-253 not 
only caused rapid blackening of the f i l m used to record the 
d i f f r a c t i o n pattern, but more importantly, i t degraded the 
c r y s t a l l i n i t y of the sample. 

In contrast to the necessity of having r e p e t i t i v e long-
range order f o r obtaining an X-ray powder d i f f r a c t i o n pattern, 
an absorption spectrum r e s u l t s from the summation of a l l the 
l o c a l a c t i n i d e ion environments i n the analyzing l i g h t path 
through the sample. Absorption spectrophotometric analysis i s 
also f a s t e r and has greater s e n s i t i v i t y f o r the detection of 
minor components than does X-ray a n a l y s i s . Because of t h i s 
s e n s i t i v i t y , s p e c t r a l studies of Es compounds can be, and have 
been, undertaken to investigate progeny growth i n Es compounds. 
This research also requires the knowledge of the absorption 
spectra of Bk and Cf compounds i n t h e i r respective pure st a t e s , 
because of the genetic r e l a t i o n s h i p 

253, 
99 Es 

a 
= 20.5 d 

249. 
97 ,Bk = 314 d 

249 
98 (Cf. 
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Figure 6. Schematic of first light-pipe microabsorption cell for berkelium solu
tion 

Figure 7. Light-pipe area of microab
sorption cell showing position of pump 

nozzle 
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Figure 9. Absorption spectrum of berkelium(lll) in aqueous HCl solution 
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With such s p e c t r a l data i d e n t i f i c a t i o n of the progeny species 
i n an Es compound can be made by assignment of the peaks i n i t s 
absorption spectrum. The change i n percentage composition of an 
i n i t i a l l y pure Es compound as a function of time i s shown i n 
Figure 10. Following an i n i t i a l i n t e r e s t i n j u s t c h a r a c t e r i z i n g 
t r i v a l e n t (23) and divalent (24,25) Es i n the s o l i d s t a t e , the 
more recent emphasis has been directed toward e l u c i d a t i o n of the 
chemical consequences of radioactive decay v i a studies of some 
halide compounds of Es (and Bk) over long time periods. Although 
bulk Bk(II) i s unknown i n the s o l i d s t a t e , does nature produce 
i t v i a the alpha decay of Es(II) compounds? The decay of the 
Es d i h a l i d e s has been monitored spectrophotometrically, and the 
granddaughter C f ( I I ) products have been i d e n t i f i e d on the basis 
of the knowledge of C f ( I I ) spectra obtained from d i r e c t synthesis 
of Cf diha l i d e s (26,27,28,29). No absorption peaks a t t r i b u t a b l e 
to Bk(II) have been observed. Can Cf( I I ) r e s u l t from the decay 
of Es(II) without going through Bk(II)? Are the c h a r a c t e r i s t i c 
absorption peaks of Bk(II) outside the use f u l wavelength range 
(300-1100 nm) of the microscope spectrophotometer, or are they 
masked by the absorption peaks of Es(II) and/or C f ( I I ) ? 

Current Attempts to Synthesize and Characterize Bk(II) 

At the present time t h i s problem i s being attacked by a t 
tempting to synthesize bulk Bk(II) d i r e c t l y (30). Because the 
microchemical techniques employed combine most of the ones 
discussed here, a b r i e f d e s c r i p t i o n of the experimental approach 
w i l l be presented. Although H 2 i s a s u f f i c i e n t l y strong reduc
tant to reduce the Cf and Es t r i h a l i d e s to the corresponding 
d i h a l i d e s , i t w i l l not reduce BkBr 3 to BkBr 2. Therefore Bk metal 
was chosen to be the reducing agent f o r the rea c t i o n Bk + 2BkBr 3 

-> 3BkBr 2. The BkBr 3 was prepared i n a quartz c a p i l l a r y by t r e a t 
ment of BkF 3 with anhydrous HBr. The Bk metal was prepared by L i 
metal reduction of BkF*». In an i n e r t atmosphere enclosure a 
piece of Bk metal was placed into the c a p i l l a r y containing the 
sample of BkBr 3, which was subsequently evacuated and flame 
sealed to an o v e r a l l length s u i t a b l e f o r mounting i n an X-ray 
powder camera. Following p o s i t i o n i n g of the piece of Bk metal 
on top of the sample of BkBr 3 (performed by v i b r a t i n g the sealed 
c a p i l l a r y ) , the bromide was melted and quenched. Absorption 
sp e c t r a l analysis confirmed the presence of Cf ( I I ) , the beta decay 
daughter of Bk, and X-ray d i f f r a c t i o n analysis produced a poor 
powder pattern d i f f e r e n t from those known f o r Bk metal and BkBr 3. 
Detailed analysis of these data i s curre n t l y i n progress. 

There are both advantages and disadvantages of these comple
mentary analysis methods. One advantage i s the possible con
firmation of the X-ray r e s u l t s by the r e s u l t s of the sp e c t r a l 
analysis and v i c e versa, lending support f o r the conclusions 
drawn on the basis of the r e s u l t s of eith e r analysis alone. A 
disadvantage i s that for obtaining high-quality powder d i f f r a c t i o n 
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ELAPSED TIME , days 

Figure 10. Ingrowth of berkelium-249 and calif ornium-249 from initially pure 
einsteinium-253 as a function of time 
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11. PETERSON Techniques of Microchemistry 237 

data the sample should be m i c r o c r y s t a l l i n e i n nature, whereas for 
obta in ing h i g h - q u a l i t y absorpt ion spec t r a l data the sample should 
be macroc rys t a l l i ne i n nature ( t h i s i s u s u a l l y achieved by mel t ing 
the sample). 

A d d i t i o n a l experiments to synthesize and charac te r ize Bk( I I ) 
i n bulk w i l l be c a r r i e d out by reduct ion of a Bk t r i h a l i d e w i th 
Bk metal and ana lys i s of the products by X-ray powder d i f f r a c t i o n 
and absorpt ion spectrophotometry. 
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Chemistry of the Heaviest Actinides: Fermium, 
Mendelevium, Nobelium, and Lawrencium 

E. K. H U L E T 

Lawrence Livermore Laboratory, University of California, P.O. Box 808, 
Livermore, C A 94550 

From data gathered i n a rather small number of experiments 
and limited by working with scarcely more than a few atoms, we 
can now discern that the chemical properties of the heavy acti
nides systematically deviate from those of their lanthanide 
counterparts. The differences between the l a t e r elements of the 
4f and 5f series can be generally interpreted on the basis of 
subtle changes i n electronic structure. The most important change 
i s a lowering of the 5f energy levels with respect to the Fermi 
le v e l and a wider separation between the 5f ground states and 
the first excited states i n the 6d or 7p l e v e l s . Thus, i n com
parison with analogous 4f electrons, the l a t e r 5f electrons 
appear more tightly bound to the atom. Our conclusions regarding 
these s h i f t s toward greater s t a b i l i z a t i o n of 5f o r b i t a l s with in
creasing atomic number are mainly supported by the appearance of 
the divalent oxidation state well before the end of the actinide 
series and the predominance of the divalent state i n the next to 
l a s t element i n the series. It i s these conclusions and the 
underlying experimental evidence that will be the main subject 
of this review. 

Because of the uniqueness of divalency within a series of 
elements that are commonly t r i v a l e n t , most of the chemical 
research concerning the heaviest actinides has been concentrated 
on studies of lower oxidation states. The chemical properties 
of the triv a l e n t ions of the lathanides and actinides are v i r t u 
a l l y the same throughout both series and, for this reason, there 
has been l i t t l e incentive to s p e c i f i c a l l y study this oxidation 
state i n Md, No, and Lr. This close relationship between the 
s c i e n t i f i c significance and the research completed up to now i s 
strongly correlated with the extraordinary e f f o r t required to 
produce experimental information concerning these elements. In 
a s c i e n t i f i c sense, the principle of cost-effectiveness has 
governed the selection of research topics. Beside the s c i e n t i f i c 
e f f o r t required, there are additional r e s t r i c t i o n s to obtaining 
extensive experimental data. 

0-8412-0568-X/80/47-131-239$06.25/0 
© 1980 American Chemical Society 
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Chemical studies of these elements must be performed with 
isotopes having not only a fleetin g existence but producible only 
i n atom quantities. In Table 1 we l i s t the most frequently made 
isotopes, their half l i v e s , and the atoms that have been synthe
sized for each data point. Except for 255p m > t n e n u c i i d e s l i s t e d 
can be created only by nuclear reactions between accelerated 
charged pa r t i c l e s and transplutonium target nuclei. For this 
reason and the short lifetimes of the isotopes, a l l chemical 
studies are carried out at large heavy-ion accelerators. Such 
research c a l l s upon nuclear physics for the methods of element 
synthesis and detection while the research goals are aimed toward 
atomic and chemical properties. Therefore, this f i e l d of re
search most eas i l y f a l l s into the domain of the nuclear chemist. 

Element Half L i f e 
Average 

At oms/Exper iment 

255 F m 20.1 h 1012 

256 M d 77 min 10 6 

255 N o 3.1 min 103 

256 L r 31 s 10 

Table 1. The isotopes commonly produced for chemical studies of 
Fm, Md, No, and Lr. Their half l i v e s and numbers of 
atoms available seriously l i m i t the information obtain
able by experiment. 

To insure that a s t a t i s t i c a l average behavior i s observed 
in the chemical experiments with No and Lr, i t has been necessary 
to make repeated measurements for each data point. Indeed, the 
determination of the d i s t r i b u t i o n coefficients for Lr i n a solv
ent extraction experiment required over 200 experiments to define 
the behavior of about 150 atoms of Lr (1). Experiments of this 
kind are exceptionally d i f f i c u l t and computer-controlled equip
ment has been devised to perform either a portion or a l l of 
operations needed for the chemical tests and the analysis of 
samples. Computer automation, although requiring a larger effort 
to implement, permits an experiment to be repeated many times i n 
rapid sequence with the added advantage of doing each quickly 
before the complete decay of the radioactive atoms of a short
l i v e d isotope. 

It i s clear that many fundamental and important physical 
constants, electronic and molecular structures, and magnetic and 
thermodynamic properties cannot be determined when only a few 
atoms of these elements are available. As an example, the 
energies of low-lying electronic l e v e l s , obtainable from optical 
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12. H U L E T Chemistry of the Heaviest Actinides 241 

emission spectroscopy, would provide information essential to 
understanding ionic and bonding properties and would allow the 
calculation of some thermodynamic constants. Yet, with a small 
number of atoms, we are presently unable to obtain this kind of 
basic knowledge. Nevertheless, many other measurements are f e a s i 
ble and these can provide qualitative and a detailed knowledge 
from the behavior of only a few atoms. Among the demonstrated 
p o s s i b i l i t i e s are the study of ionic properties i n aqueous and 
nonaqueous solutions, measurement of the magnetic moment of free 
atoms, and the v o l a t i l i t y of the halide compounds. The l i s t of 
feasible experiments w i l l undoubtedly expand in time as advance
ments are made i n technology and as we stretch our ingenuity. 

Undoubtedly, there i s some skepticism with regard to deduc
tions and conclusions about the true chemical properties of an 
element when they are based upon observing the behavior of less 
than one hundred atoms. This question has never been f u l l y 
addressed by any underlying theoretical treatment using thermo
dynamic and kinetic arguments. In some instances, a serious 
case could be made for a cautious view, and one that we can 
imagine, i s the vapor pressure of a metal. Since the v o l a t i l i t y 
of a metal i s dependent on the strength of bonds between l i k e 
atoms, i t seems l i k e l y that vapor pressures would be perturbed 
when there are too few atoms present to constitute a majority 
that are interbonded. However, there are a vast number of cases 
where the tracer chemistry of an element i s i d e n t i c a l to i t s bulk 
behavior. New actinide elements have been i d e n t i f i e d on the 
basis of the elution position of 17 atoms from an ion-exchange 
column (2). At least for actinide ions i n aqueous solutions, we 
would not anticipate any unusual behavior dependent on their con
centration u n t i l they become one of the major constituents. The 
pr i n c i p a l j u s t i f i c a t i o n for this view i s that i n any given solu
tion, every element on earth i s l i k e l y to be present at the l e v e l 
of one to a m i l l i o n atoms together with major concentrations of 
added reagents. The few atoms of heavy actinides introduced into 
the solution are not l i k e l y to be singled out for extraneous side 
reactions because of the presence of larger numbers of other 
metal cations with similar chemical properties. Thus, the behav
ior of a single actinide ion should be close to average because 
of the d i l u t i o n with greater numbers of chemically-similar ones. 
These intriguing aspects of "one-atom chemistry" are now being 
explored from a theoretical viewpoint and should be on firmer 
ground i n the future (3). 

Fermium 

Several Fm isotopes with half l i v e s of nearly a day to 100 
days are available i n amounts of at least 109 atoms. The 
nuclides 255p m a n ( j 257pm a r e conveniently used for chemical i n 
vestigation of Fm and they are obtainable as products from long 
neutron irradiations of 2^ 2Pu and 2^^Cm. The 20-h 2 5 5Fm is 
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generated by the beta decay of 40-d 255g s produced in the neu
tron i r r a d i a t i o n s . By chemically i s o l a t i n g the Es and periodi
c a l l y reseparating Fm from i t s parent, one can secure a f a i r l y 
long-term source of 255p m adequate for a l l tracer experiments. 

The ground-state electronic configuration of Fm i s 5f_^27s_2 

or an l e v e l (4). This was established by an atomic-beam 
measurement of the magnetic moment g^ of 3.24-h Fm. In this 
elegant measurement, F111F3 w a s reduced with ZrC2 i n an atomic-beam 
apparatus to produce a beam of neutral Fm atoms. Three magnetic 
resonances were detected and the best value for gj was calculated. 
To obtain the l e v e l term, i t was necessary to extrapolate the 
mixing due to intermediate coupling i n the electron spin-orbit 
interactions ( j - j and L-S). These extrapolations were made from 
lower actinides and supplemented by Hartree-Fock calculations 
for free atoms. From similar calculations, the next higher 
l e v e l i s predicted to be Gy starting about 20,000 cm" above 
the ground state and having the configuration 5_f^^6d7s^2

# How
ever, the f ^ s p and fH-s^j) configurations are very close i n 
energy (_5) to the f^-^-ds^so that i t i s impossible to unambigu
ously estimate the next l e v e l above the ground state. 

The electron binding energies of Fm have been measured for 
the K, L 1 - 3 , N j - 5 , N 6 > 7 , 0 3 - 3 , 0 4 j 5 , and P 2 , 3 shells (6). 
These were determined to an accuracy of ~10 eV by conversion-
electron spectroscopy i n the beta decay of 2^^mEs to 254p m # ^ 
surprisingly low binding energy for the P 2 3 (&21/2 3/2^ s h e l l 
of 2 4 + 9 eV was found. Predicted values derived either from 
extrapolations of those measured i n lower actinides or calculated 
by Hartree-Fock methods are about 20 to 60 eV higher i n energy. 
As the authors suggested, a binding energy of 24 eV might provide 
a p o s s i b i l i t y for 6j? involvement i n chemical and spectroscopic 
interactions. 

The properties of Fm metal and of i t s s o l i d compounds are 
for the most part unknown because there are i n s u f f i c i e n t quanti
ties to prepare even microsamples. In the numerous thermo-
chromatographic studies by Zvara and coworkers, the evaporation 
of Fm and Md tracer from molten La at 1150°C was compared with 
the behavior of other selected lanthanides and actinides (7). 
The v o l a t i l i t y of Md and Fm was found to be greater than that of 
Cf and Cf was about equivalent to Yb and Eu, and a l l were much 
more v o l a t i l e than Am. The v o l a t i l i t i e s are correlated by the 
number and energy of the valence bonds minus the energy needed to 
promote electrons to the valence bands i n the metals. Therefore, 
within the normally tr i v a l e n t lanthanides and actinides, the more 
v o l a t i l e elements are associated with the divalent metals. The 
unusual v o l a t i l i t y of Fm and Md was then construed by Zvara as 
evidence for divalency i n the metallic state. 

The separation methods for Fm are the same as those used for 
separating other tr i v a l e n t lanthanides and actinides. For separa
ting the adjacent elements, Es and Md, a high-resolution chromato
graphic method i s necessary. Either ion exchange, using strongly 
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12. H U L E T Chemistry of the Heaviest Actinides 243 

acidic resins (9), or extraction chromatography employing a l k y l -
phosphoric acids (8) i s strongly preferred. A complexing agent 
(a-hydroxyisobutyric acid) i s required to se l e c t i v e l y elute the 
actinides from cation-exchange resins. The separation factors, 
defined as the ra t i o of the di s t r i b u t i o n coefficients of two 
metal ions, are small for both cation exchange and extraction 
chromatography. These factors range from 1.7 to 2.04 for Es-Fm 
separations using a Dowex-50 cation exchanger (9) or extraction 
chromatography with HC1 as the eluant and bis(2-ethylhexyl)-
phosphoric acid diluted with heptane as the extractant (10). The 
Fm-Md separation factors obtained by these two methods were 1.4 
and 4.0, respectively (9,10). The major difference between these 
methods of chromatographic separation l i e s i n the elution sequ
ence. With alkylphosphoric acid extractants, the elements are 
eluted i n order of atomic number while i n cation exchange, the 
order i s reversed. 

The solution chemistry of Fm deals largely with the highly-
stable t r i p o s i t i v e oxidation state although the dipositive state 
i s also known. Formation constants for c i t r a t e complexes (11) 
and the f i r s t hydrolysis constant have been accurately determined 
for Fm 3 + (12,13). Since the formation and hydrolysis constants 
for Am, Cm, Cf, and Es were measured simultaneously with those 
for Fm, the complex strengths of many of the tri v a l e n t actinides 
can be compared (13). A l l constants were determined at an ionic 
strength of y = 0.1 i n a perchlorate medium by measuring the 
partitioning of the radioactive tracers between a t h i o n y l t r i -
fluoracetonate-benzene phase and the aqueous phase. The results 
for Fm may be expressed as follows: 

log K = -3.80 +0.2 

log 3 2 = 11-17 

log $2 = 1 2 - 4 0 

Compared to the other actinide ions investigated, Fm formed 
stronger complexes with c i t r a t e and hydrox^l ions because of i t s 
smaller ionic radius. The smaller radius i s a direct consequence 
of the increased nuclear charge and p a r t i a l shielding of the 
outermost 6_p electrons by the inner f_ electrons. 

The reduction of Fm 3 + to Fm 2 + was f i r s t reported i n 1972 by 
N. B. Mikheev and coworkers (14). The reduction was accomplished 
with Mg metal i n the presence of Sm 3 + which was coreduced in an 
aqueous-ethanol solution. Identification of the divalent state 
of Fm was established by determining the extent of i t s cocrystal-
l i z a t i o n with SmCl2 and this was compared to the amount of tracer 
Sr also carried with SmC^- A milder reductant, Eu , f a i l e d 
to reduce Fm 3 +, which placed the standard reduction potential of 
Fm 3 + between E u 2 + and Sm 2 + or -0.43 to -1.55 V re l a t i v e to the 
standard Pt,^!!!*" electrode. Later work (15) by these s c i e n t i s t s 

Fm 3 + + H20 ^± Fm0H 2 + + H+; 

Fm 3 + + 2H 3Cit ^ Fm(HCit 2) 2~ + 5H+; 

Fm34" + 2HoCit ^ FmCit2"" + 6H+; 
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narrowed the range to betweem -0.64 and -1.15 V and most recently, 
they were able to estimate the potential was the same as the 
Yb 3 +-> Y b 2 + couple within 0.02 V, or -1.15 V (16). The reduc
tion of Fm to a divalent ion with SmCl2 bas also been observed 
recently by Hulet et a l . (17). 

In further work related to the divalent state, the electrode 
potential for the reduction of Fm 2 + to Fm° has been measured by 
Samhoun and David (18). Over a period of years, they developed 
and refined a radiopolarographic technique for determining h a l f -
wave potentials at a dropping-Hg cathode. In addition to Fm, 
they have measured either the III -> 0 or II -> 0 potential for a l l 
transplutonium actinides except No and Lr (18,24). The polaro-
graph for Fm i s shown i n Figure 1. The electrochemical reaction 
taking place at a reversible electrode can be deduced from the 
slope of the polarographic wave. S p e c i f i c a l l y , the number of 
electrons exchanged at the electrode, based on the Nernst equa
tion, i s obtained from this slope. From their analysis of the 
polarograms, there were three electrons involved i n the electro
chemical reduction of the trivale n t ions of the elements Am 
through Es and only two electrons for the reduction of Fm. This 
implies that Fm 3 + was f i r s t reduced to Fm 2 + before being further 
reduced to the metal. The III -> II reduction step i s not detect
ed by this radiopolarographic technique because both the III and 
II ions are i n the solution phase; whereas, the measured para
meter i s the di s t r i b u t i o n of the tracer between the aqueous and 
Hg phase. 

The half-wave potentials measured by this method include the 
amalgamation potential of the metal-mercury reaction. The poten
t i a l for the over a l l process for Fm, i . e . 

Fm 2 + + 2e~ = Fm(Hg), 

was found to be -1.474 V with reference to the standard hydrogen 
electrode. The amalgamation potential was estimated to be 0.90 V 
by using the metal r a d i i as a correlating parameter and in t e r 
polating within a series of divalent elements with known amalga
mation potentials (19). This correlation i s shown in Figure 2. 
The standard electrode potential i s then given as -2.37 V for the 
Fm 2 + + 2e~ = Fm° reaction. The authors 1 estimated 5 mV accuracy 
for the measured half-wave potential seems reasonable, but there 
i s a much larger uncertainty i n the estimated amalgamation poten
t i a l . Because the amalgamation potential represents a large 
correction i n obtaining the standard potential, caution should be 
exercised i n combining this standard potential with other data to 
calculate additional thermodynamic properties. 

Mendelevium 

The isotope 2^Md ± s nearly always employed for chemical 
studies of this element. Besides having a convenient half l i f e 
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H U L E T Chemistry of the Heaviest Actinides 245 

-1.70 -1.75 -1.80 -1.85 

Potential relative to see (V) 

Figure 1. Distribution of fermium as a function of applied voltage between mer
cury in a dropping mercury cathode and 0.1M tetramethyl ammonium perchlorate 
at pH = 2.4. The slope of the logarithmically transformed line indicates the num

ber of electrons exchanged in the electrolysis reaction (24). 
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1.4 

Amalgamation potential A 2 

A 2 = ( E y 2 ) - E ° (0 - II) 
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Figure 2. Amalgamation potentials, A*, derived from experimental data are 
plotted as a function of the atomic (metallic) radii. The amalgamation potential 

for fermium is obtained by using an estimated radius (19). 
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12. HULET Chemistry of the Heaviest Actinides 247 

of 77 min, this nuclide can be made with m i l l i b a r n cross sections 
by a number of nuclear reactions between l i g h t and heavy ions 
with actinide target nuclei. We have found that the bombardment 
of fractions of a microgram of 254jrs w ^ t h intense alpha-particle 
beams w i l l produce ~1()6 atoms of 256^d ^ n o n e t o two hours of 
i r r a d i a t i o n time. The 256^ ^ s m o s t e a s i l y detected through spon
taneous f i s s i o n arising from the ingrowth of i t s electron-capture 
daughter 256jr m # ^ d i f f i c u l t y with using spontaneous-fission 
counting to determine the Md content of samples i s that the 
growth and decay of f i s s i o n r a d i o a c t i v i t y i n each sample must be 
followed with time i n order to resolve the amounts of Md and Fm 
i n i t i a l l y present. However, alpha-particles of a d i s t i n c t i v e 
energy coming from a 10% alpha-decay branch can also be used to 
identify 

256 M d 

i n a mixture of actinide tracers. 
Mendelevium metal was found to be more v o l a t i l e than other 

actinide metals as described i n the section on fermium (_7). 
There are no experimental v e r i f i c a t i o n s of the electronic struc
ture of Md, but this has been calculated by several methods to be 
5f_ 7£ i n which the ground state l e v e l i s F7/? (5)· 

The separation of Md from the other actinides can be accom
plished either by reduction of Md3+ to the divalent state (20) 
or by chromatographic separations with Md remaining i n the t r i -
positive state. H i s t o r i c a l l y , Md^+ has been separated in columns 
of cation-exchange resin by elution with α-hydroxyisobutyric acid 
solutions (9). This method i s s t i l l widely used even though 
extraction chromatography requires less e f f o r t and attention to 
technique. Horwitz and coworkers (10) developed a h i g h l y - e f f i c i 
ent and rapid separation of Md by employing HNÔ  elutions of 
columns of s i l i c a powder saturated with an organic extractant, 
bis(2-ethylhexyl)phosphoric acid. The separation of Md from Es 
and Fm could be completed i n under 20 minutes and had the advant
age of providing f i n a l solutions of Md free of complexing agents 
that might be an interference i n subsequent experiments. 

When the divalent state of Md was f i r s t discovered, extrac
tion chromatography was used to prove that the behavior of Md2+ 

was dissimilar to that of E s ^ + and Fm^+ (20). The extractant, 
bis(2-ethylhexyl)phosphoric acid (HDEHP), has a much lower a f f i n 
i t y for divalent ions than i t does for the t r i - and tetravalent 
ones. Thus, the extraction of Md2+ i s much poorer than the 
extraction of the neighboring t r i p o s i t i v e actinides as indicated 
by the results shown i n Table 2. This became the basis for a 
separation method i n which tracer Md i n 0.1 M HC1 i s reduced by 
fresh Jones' Reductor i n the upper half of an extraction column 
containing HDEHP absorbed on a fluorocarbon powder i n the lower 
half. Mendelevium, i n the dipositive state, i s rapidly eluted 
with 0.1 M HC1 whereas the other actinides are retained by the 
extractant. The separation i s quickly performed, but the Md con
tains small amounts of Zn2 + from the Jones' Reductor and also 
Eu2 +, which was added prior to the elution to prevent reoxidation 
of Md2+ by the extractant. 
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Table 2. Comparison of the extraction behavior of tracer einsteinium, fermium, and 
mendelevium after treatment with various reducing agents. The column-elution method 
of extraction chromatography was used with the extractant HDEHP adsorbed on a col

umn bed of a fluoroplastic powder (20) 

CONDITIONS FOR 
REDUCTION 

STANDARD POTENTIAL 
OF REDUCING AGENT 

(volts) 

% NON-EXTRACTED BY 
HDEHP COLUMN 

Md Es-Frr 

Zn(Hg) AMALGAM, 80° 
-20 min, 0.1 M HCI; 
Zn(Hg) AMALGAM IN 
UPPER HALF OF EXTRAC
TION COLUMN 

0.01 M E u 2 + , 0.1 M HCI, 
- 2 - 3 min, 80°; Zn(Hg) 
AMALGAM IN UPPER 
HALF OF EXTRACTION 
COLUMN 

+0.763 

+0.43 

77 

75 

<0.10 

<0.10 

0 . 6 M C r 2 + , 0.1 M HCI, 
~2 min, 25°C; EXTRAC
TION COLUMN PRE-
WASHED WITH 0.6 M 
Cr2+ IN 0.1 M HCI +0.41 99 0.56 

Science 
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12. H U L E T Chemistry of the Heaviest Actinides 249 

The solution chemistry of the triv a l e n t oxidation state has 
not been investigated beyond i t s behavior i n the separation pro
cedures described above. A l l observations indicate that Md 3 + 

i s a "normal" actinide with an ionic radius s l i g h t l y less than 
that of Fm. As might be expected, attempts to oxidize Md 3 + with 
sodium bismuthate f a i l e d to show any evidence for Md 4 + (20). 

The divalent oxidation state was the f i r s t found for any 
member of the actinide series (20,21) and, therefore, s t i r r e d a 
strong theoretical and experimental e f f o r t to establish the 
reasons for the unexpected s t a b i l i t y of this state i n Md, and 
subsequently, i n the adjacent actinides. We sh a l l summarize the 
interpretations for divalency i n the heaviest actinides i n a 
lat e r section of this review, but i n this section, only the known 
properties of Md 2 + w i l l be presented. 

In the e a r l i e s t experiments with Md 2 +, rough measurements 
were made of the reduction potential for the half-reaction 

Md 3 + + e" = Md2+. 

The f i r s t measurement gave a reduction potential of -0.2 V with 
respect to the standard hydrogen electrode (20). This value was 
obtained from determining the equilibrium concentration of each 
metal ion i n the reaction 

V 2 + + Md 3 + ^: V 3 + + Md 2 + 

and then calculating the equilibrium constant. After entering 
the equilibrium constant into the Nernst equation, i t was found 
that V 3 + was a better reducing agent than Md^+ by about 0.07 V. 
In other experiments, Maly observed the complete reduction of 
Md 3 + with but the reduction was incomplete when T i 3 + was used 
(21). From these observations, he concluded the standard reduc
tion potential of Md 3 + was close to -0.1 v o l t . The standard 
potentials obtained by both groups are in reasonable agreement 
and, most importantly, they conclusively show that the s t a b i l i t y 
of Md 2 + i s greater than any lanthanide(II) ion. This finding 
was surprising since divalency i n the lanthanides i s mainly 
associated with the special s t a b i l i t y given by the h a l f - f i l l e d 
and f u l l y - f i l l e d _f-electron s h e l l . Divalent Md ions are at least 
one electron short of the stable 5 f ^ configuration. 

Additional experiments which may not be c l e a r l y relevant to 
the divalent oxidation state, include the reduction of Md 3 + to 
Md(Hg) by sodium amalgams and by e l e c t r o l y s i s (22). Both the 
extraction experiments with Na amalgams and the e l e c t r o l y s i s at 
a Hg cathode indicated a large enrichment of Md i n the Hg phase 
rel a t i v e to that of Np, Pu, Am, Cm, and Cf. The percentages of 
Es and Fm i n the sodium amalgam were not greatly different from 
the percentage of Md. But a clear enrichment of Md was obtained 
in the e l e c t r o l y s i s experiments as shown i n Figure 3. The i n i t i a l 
rate of amalgamation i s much larger for Md than for Es and Fm. 
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i 1 — i — i 1 — i — I r 

0 | I I I I I I I I U '0 10 20 30 40 50 60 min 0 50 100 150 200 250 300 mA min 
Journal of Inorganic and Nuclear Chemistry 

Figure 3. Percentage of actinide tracers electrodeposited in mercury as a func
tion of time and passed charge. Current density used in this experiment was 

5 mA/cm2 (22). 
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12. H U L E T Chemistry of the Heaviest Actinides 251 

Recently, new electrochemical experiments were carried out 
with Md i n which controlled-potential e l e c t r o l y s i s was used to 
study the reduction of Md 3 + to the metallic state i n a Hg amalgam 
(23,24). Half-wave potentials were measured by radiocoulometry 
and radiopolarography in the presence of noncomplexing and weak 
and strong complexing agents. The radiopolarogram obtained for 
Md i n a noncomplexing media i s presented i n Figure 4. The ha l f -
wave potential for Fm was remeasured at the same time as that of 
Md because of i t s presence as a decay product of ̂ OMd. The 
results showed that the reduction potential of Md i s about 10 mV 
more negative than Fm and that no sig n i f i c a n t difference i s 
observed upon changing the medium from CIO^" to C l ~ . In c i t r a t e 
solutions, a s h i f t of 90 mV was obtained for Md which i s about 
the same s h i f t seen with Fm and Ba ions i n a c i t r a t e medium. The 
slope of the logarithmically transformed wave was 30 mV for Md 
and Fm and, for the reasons noted in the section on Fm, this 
slope corresponds to a two-electron exchange at the electrode. 
These results demonstrate that the electrochemical behavior of 
Md i s very similar to that of Fm and can be summarized in the 
equation 

Md2+ + 2e~ = Md(Hg); E° = -1.50 V. 

If a 0.90 V amalgamation potential i s assumed, then a standard 
reduction potential of -2.40 V i s obtained. 

In addition to the d i - and trivale n t ions of Md, a stable 
monovalent ion was reported by Mikheev et a l . i n 1972 (25). 
This oxidation state was indicated i n the c o c r y s t a l l i z a t i o n of 
Md with CsCl and RbCl after the coreduction of Md 3 + and Sm 3 + 

with Mg i n an ethanol-7 M HCI solution. Mendelevium was also 
found enriched i n Rb2PtCl5 precipitates, a sp e c i f i c c a r r i e r for 
the larger ions of the a l k a l i metals. These results were 
explained by a s t a b i l i z a t i o n of the monovalent ion due to com
pleting the _f s h e l l which would give the 5 f ^ electronic con
figuration. 

These experiments were recently repeated and a series of new 
ones were performed i n which attempts were made to prepare Md + by 
reduction with SmCl2 i n an ethanolic or fused KC1 medium (17). 
After the reductions, the coprecipitation behavior of Md was 
compared with the behavior of tracer amounts of Es, Fm, Eu, Sr, 
Y, and Cs. A large number of experiments showed that Md con
s i s t e n t l y followed the behavior of Fm 2 +, E u 2 + , and S r 2 + rather 
than the behavior of Cs +. The most t e l l i n g experiment was the 
precipitation of Rb 2PtCl^ after reduction of Md with Sm . 
The d i s t r i b u t i o n of the tracer elements between the precipitate 
and an ~85% ethanol solution i s given i n the form of a rat i o i n 
Table 3. These results c l e a r l y demonstrate that Md did not co-
precipitate with Rb2PtCl£, whereas v i r t u a l l y a l l of the Cs did so. 
The overall conclusion of this work was that Md cannot be reduced 
to a monovalent ion with Sm2+, and therefore, the e a r l i e r claim 
for Md + was unsubstantiated. 
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Potential relative to see (V) 

-1.85 

Figure 4. Distribution of mendelevium as a function of applied voltage between 
mercury in a dropping mercury cathode and 0.1M tetramethyl ammonium per-
chlorate at pH = 2.4. The slope of the logarithmically transformed line indicates 
the number of electrons exchanged in the electrolysis reaction. The slope of line a 

is SO mV and b is 60 mV, which corresponds to a one-electron reduction (24).  P
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12. H U L E T Chemistry of the Heaviest Actinides 253 

Table 3. Distribution of tracer elements after reduction 
with Sm + and coprecipitation with Itt^PtC^ in 
-85% ethanol. (Ref. 17). 

Distribution r a t i o for 
Fm Md Eu Sr Y Es Cs 

0.004 0.005 0.006 0.012 0.017 0.033 110 

This same conclusion was reached also by Samhoun et a l . (23) 
and David and coworkers (24) on the basis of their electrochemi
ca l investigations of Md, which we described e a r l i e r . If the 
potential for the reaction Md+ + e~" -> Md was more positive 
than -1.5 V, i t would have been observed in the electrochemical 
reductions. Furthermore, the logarithmic slope of the Md reduc
tion waves could not be f i t t e d to a slope of 60 mV expected for a 
one-electron change. And l a s t l y , the s h i f t s i n potential caused 
by complexing Md with either c i t r a t e or chloride ions were con
sistent with i t being a divalent ion and not with i t being either 
a cesium-like or s i l v e r - l i k e ion. 

The attempts to produce a monovalent state have the positive 
effect of setting l i m i t s on i t s s t a b i l i t y . From the l i m i t s 
obtained, we can then make an estimate of the s t a b i l i t y of the 
5 f l ^ configuration r e l a t i v e to the 5fl 37£. Presumably, the f^^s 
configuration l i e s lower i n energy than the fl~** because there i s 
no obvious s t a b i l i z a t i o n of a monovalent state due to a possible 
closing of the 5f_ s h e l l . The divalent ion i s at least 1.3 V more 
stable than the monovalent. 

Nobelium 

The principle isotope of nobelium produced for investiga
tions of i t s chemical properties i s 3.1-min 2^^No. In the e a r l i 
est studies (26), this nuclide was synthesized by i r r a d i a t i n g 
2 ^ P u with 97-MeV ^ 0 ions, but larger yields were la t e r obtained 
i n bombardments of 2 ^ 9 C f targets with 73-MeV 1 2 C ions (27). From 
the l a t t e r nuclear reaction, about 1200 atoms of 2^No were 
collected every ten minutes. Of these 1200 atoms, only 3 to 20% 
were detected after the chemical experiments because of losses by 
radioactive decay, losses i n the experiments, and a 30% geometry 
for counting alpha pa r t i c l e s emitted i n the decay of this isotope. 
To obtain results that were s t a t i s t i c a l l y s i g n i f i c a n t , the ex
periments were repeated u n t i l the required accuracy was attained. 

Future work with No may require techniques or procedures of 
greater complexity than the one-step chemical methods used i n 
past studies. The author believes that 2^^No, because of i t s 1-h 
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half l i f e , would permit these more extensive investigations of No 
chemistry. Approximately 700 atoms can be made i n a two-hour 
i r r a d i a t i o n of 2^Cm with 96-MeV ^ 0 ions. In combination with 
the long half l i f e , t his number of atoms i s s u f f i c i e n t to permit 
a broader range of experiments to be performed. 

A central feature i n the chemistry of No i s the dominance of 
the divalent oxidation state (26). In this respect, No i s unique 
within the lanthanide and actinide series, since none of the 
other twenty-seven members possess a highly-stable divalent ion. 
The electronic configuration of the neutral atom obtained from 
r e l a t i v i s t i c Hartree-Fock calculations i s 5 f 1 4 7 s 2 (5). Clearly, 
the special s t a b i l i t y of No 2 + must arise from the d i f f i c u l t y i n 
ionizing an _f valence electron from the completed 5f^ s h e l l . Thus, 
pairing of the l a s t electron, to close the s h e l l , results i n the 
f_ electron levels taking a rather abrupt drop i n energy below the 
Fermi surface. 

The separation of No from other actinide elements i s based 
ent i r e l y on the dissimilar behavior of No 2 + i n comparison with 
the t r i p o s i t i v e actinide ions. Without the addition of strong 
oxidants, No w i l l be present as No 2 + i n acidic solutions and w i l l 
have the general chemical properties of Group IIA elements i n the 
Periodic Table. We have found that the extraction chromato
graphic method described i n the section on Md provides an effec
tive separation from a l l other actinides and lanthanides. In 
contrast to Md, reducing agents are unnecessary i n separating No 
by this extraction chemistry. 

The solution chemistry of No was explored shortly after the 
discovery of divalent Md (26). Subsequent studies include an 
estimation of the III -> II reduction potential (28), aqueous 
complexing with carboxylate ions (29), and a determination of 
No 2 + extraction and ion-exchange behavior i n comparison with the 
alkaline earths (27). The f i r s t studies (26) indicated that the 
normal state of No i n aqueous solution was that of a divalent ion. 
Nobelium was coprecipitated with B a S 0 4 but not with L a F 3 . After 
oxidation with Ce 4 +, a large fraction of the No coprecipitated 
with L a F 3 » This behavior i s consistent with a change i n oxida
ti o n state from (II) to ( I I I ) . An elution position of No r e l a 
tive to tracer quantities of Es, Y, Sr, Ba, and Ra (Figure 5) 
showed that No did not elute before Es as would be expected of a 
t r i p o s i t i v e actinide ion. 

The standard reduction potential of the No 3 +/No 2 + couple i n 
aqueous solution was estimated by Silva and coworkers (28) from 
the e x t r a c t i b i l i t y of No after treatment with a variety of oxid
ants. The d i s t i n c t i o n between No2+ and No 3 + was made on the 
basis of the a f f i n i t y of the extractant, bis(2-ethylhexyl) 
phosphoric acid, for highly-charged cations. In 0.1 M acid, 
mono- and dipositive ions are poorly extracted, whereas the t r i -
and tetrapositive ions are strontly absorbed i n the extractant. 
In comparison with the behavior of the tracer ions of Ra, TI, Ce, 
Cm, and Cf i t was shown that No was not f u l l y extracted u n t i l 
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T 

101 1 1 i i i 1 1 —I 
0 20 40 60 80 100 120 140 

Drop number 
Science 

Figure 5. Elution of nobelium from a heated (80°C) Dowex 50 X 12 cation-
exchange column with 1.9M ammonium a-hydroxyisobutyrate (pH 4.8) (26)  P
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H 5 I O 5 (standard potential = 1.6 V) was used as an oxidant. 
Chromate and HBrO^ p a r t i a l l y oxidized No to No . From these 
observations, a potential of 1.4 to 1.5 V was estimated for the 
couple. 

The extraction behavior of No 2 + in a tri-n-octylamine-HCl 
system was compared with that of divalent Hg, Cd, Cu, Co, and Ba 
(27). This experiment provided a test of the chloride complex 
strength of No 2 + because the amine anion-exchanger w i l l only ex
tract anionic species. It was found that B a 2 + and No 2 + were not 
extractable over a range of 0.2 to 10 M HCI, while the other d i 
valent ions of Hg, Cd, Cu, and Co were strongly extracted. 
This implies noncomplexing of No in the chloride medium which i s 
a characteristic of the alkaline earths. 

The elution position of No 2 + from a cation-exchange resin 
with 4 M HCI eluant was compared with the elution positions of 
Be2+, Mg 2 +, C a 2 + , S r 2 + , Ba2+, and R a 2 + (27). The No 2 + ions 
eluted at exactly the C a 2 + position. Similar column elution 
experiments using bis(2-ethylhexyl)phosphoric acid adsorbed on 
an inert support material and 0.025 M HCI as the eluting acid, 
showed No 2 + eluting between C a 2 + and S r 2 + . These elution curves 
are i l l u s t r a t e d i n Figure 6. With the same extractant, the d i s 
t r i b u t i o n coefficients for No2"*" were measured as a function of 
hydrogen-ion concentration. From the mass-action expression for 
the ion exchange, a slope of +2 was obtained from the l i n e 
describing the log of the di s t r i b u t i o n coefficients vs_. pH. The 
extraction of No 2 + i s second power with respect to the IT** concen
tra t i o n , thus indicating a charge state of two for No because of 
the cation-exchange mechanism for extraction i n this system. 

Silva and coworkers (27) noted that other investigators had 
shown a linear correlation between the log of the di s t r i b u t i o n 
c o e f f i c i e n t s of the alkaline earths and their ionic r a d i i . This 
appeared to be the case wherever a pure cation-exchange mechanism 
governed the distributions between phases, and hence, was applic
able to distributions obtained with either cation-exchange resins 
or extractants. In Figure 7, log D i s plotted as a function of 
ionic radius for the extraction of various dipositive cations 
into 0.1 M HDEHP from aqueous solutions. The measured d i s t r i b u 
tion c o e f f i c i e n t for No 2 +, when placed on the correlation l i n e , 
gave an ionic radius of 1.1 A. If the di s t r i b u t i o n coefficients 
from their ion-exchange elutions were used, the ionic radius of 
No 2 + would be the same as that of C a 2 + (1.0 A), since both ions 
have the same elution position. An ionic radius of 1.1 A was 
also obtained by applying Pauling's correction to the radius of 
the outermost, 6p^/2 s h e l l , which was calculated from a r e l a t i v -
i s t i c r a d i a l wave function (Hartree-Fock-Slater). The calculated 
ionic radius i s i n agreement with the r a d i i derived from t h e i r o 

solvent-extraction and ion-exchange results. A radius of 1.1 A 
for No 2 + can be compared with 1.03 A found for Y b 2 + (30), the 
lanthanide^ homolog of No. Insertion of the No 2 + ionic radius 
into an empirical form of the Born equation gave a single-ion 
heat of hydration of -355 kcal(g-atorn)"-'-. 
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P L A T E N U M B E R 

Inorganic Chemistry 

Figure 6. Elution of No2+, Ca2\ and Sr2+ with 0.025M HCI from a column of 
HDEHP on an inert support (27) 
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 

IONIC RADIUS, A 

® Present work , aqueous phase H N 0 3 , pH 2.6 
• W.J. McDowell and C.F.Coleman, J I N C 28, 1 0 8 3 ( 1 9 6 6 ) 

aqueous phase 0.5 M N a N 0 3 , pH 4 

Inorganic Chemistry 

Figure 7. Log D vs. ionic radius for typical divalent cations in the HDEHP— 
aqueous nitrate system (27) 
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The a b i l i t y of No^+ to form complexes with c i t r a t e , oxyalate, 
and acetate ions i n an aqueous solution of 0.5 M NH4NO3 was i n 
vestigated by McDowell and coworkers (29). The complex strengths 
of C a 2 + and S r 2 + with these carboxylate ions were measured under 
the same conditions for comparison with the No results. The 
formation constants they obtained are given i n Table 4 and i n d i 
cate for each anion, the complexing tendency of No 2 + i s between 
that of C a 2 + and S r 2 + with S r 2 + being s l i g h t l y more favored. 

Table 4. Complex formation constants for No 2 +, C a 2 + , and S r ^ + 

from d i s t r i b u t i o n data. (Reprinted with the permission 
of 0. L. Ke l l e r , J r . and Pergamon Press (Ref. 29)). 

System Formation Constants 
Cation Ligand 6 l a a 

No 2 + Cit 151.9 18.5 
Ox 48 5.6 

Ca2+ 
Ac - 5 5 

Ca2+ Cit 333 11.2 
Ox 88.9 2.1 

Sr2+ 
Ac 5.5 0.7 

Sr2+ Cit 96.7 1.7 
Ox 25.3 0.5 
Ac 0.58 0.12 

aStandard deviation of f i t t i n g of 3̂ . 

The standard potential for the reduction of No 2 + to No(Hg) 
was measured by a modified radiopolarographic technique (31). 
Usually, the half-wave potential i s determined by measuring the 
di s t r i b u t i o n of an element between the mercury and aqueous 
phases as a function of applied voltage. The h a l f - l i f e of 255^ Q 

i s too short to allow time for the recovery of No from the Hg 
phase for assay, therefore Meyer et a l . measured the depletion 
of No in the aqueous phase as a function of a controlled poten
t i a l . They assumed that equilibrium was reached in 3 min of 
el e c t r o l y s i s and that the electrode reaction was reversible. A 
sharp drop i n No concentration i n the aqueous phase occurred 
between -1.8 and -1.9 V _vs. the saturated calomel electrode or 
-1.6 V vs. the standard hydrogen electrode. Thus, their best 
estimates are summarized in the following equation. 

No 2 + + 2e~ — No(Hg); E° = -1.6 + 0.1 V 

If this potential i s reduced by about the 1 V estimated for the 
amalgamation potential, then a value of about -2.6 V would be 
given for the II 0 couple. 
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Figure 8. Percent extracted into the organic phase as a function of the pH of the 
aqueous phase: a summary of earlier data by the same authors (1). 
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Lawrencium 

Element 103, lawrencium, is the last member of the actinide 
series and its chemical nature should be similar to its counter
part in the lanthanide series, Lu. However, confirming experi
mental information is nearly nonexistent because of the 35-s half 
l i f e of 2 ^^Lr and the great difficulty in producing a useful 
quantity for experiments. The bombardment of 249rjf w £ t h ions 
is probably the most favorable nuclear reaction for producing 
25°Lr. Even so, only about ten atoms have been made in each 
short irradiation and of these, only one or two were detected 
after completion of the chemical tests (1). 

Lawrencium is expected to have a 
5 f T 4 

6d7s2 electronic con
figuration (32) although Brewer computed a 5f^ 4 7£ 2 7pi configura
tion (5). The energy difference between the two possible ground 
states is no more than a few thousand wave numbers, which is 
slightly greater than the errors in the extrapolations. There 
appears to be no method for resolving this question by direct 
experiment. 

The ionization of Lr would be expected to stop with the 
core intact because of the enhanced binding energy of possible 
valence electrons in the f i l l ed _f shell . The stable valence 
state of Lr would then be the (III) state. Experiments to con
firm this oxidation state of Lr were undertaken by Silva and 
coworkers (1). They compared the extraction behavior of Lr with 
several t r i - and tetravalent actinides and with B a 2 + , R a 2 + , and 
No 2 + . A chelating extractant, thenoyltrifluoroacetone dissolved 
in methyl isobutyl ketone, was employed to extract the tracer 
ions from aqueous solutions that had been buffered with acetate 
anions. Their results, shown in Figure 8, very clearly demon
strate that Lr is extracted within the same pH range as the 
trivalent actinides, and therefore, proves that Lr is trivalent. 

Further studies of Lr have not been attempted. 
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Hypersens i t i ve Trans i t ions in ƒ-Electron Systems 

B. R. JUDD 

Physics Department, The Johns Hopkins University, Baltimore, MD 21218 

The sensitivity of the o p t i c a l absorpt ion spectra of rare-earth 
ions to their environment was d i s c u s s e d as long ago as 1930 by 
Selwood (1). It was not u n t i l the spec t ra l l i ne s cou ld be in te r 
preted as t rans i t ions between w e l l - d e f i n e d states of the rare-earth 
ions that the key feature of the phenomenon cou ld be e s t ab l i shed : 
the in t ens i t i e s of a few l i ne s are excep t iona l ly sensitive, and for 
these so-called hypersens i t ive l i ne s the s e l ec t ion rules on J, the 
to ta l angular momentum of the f e lectrons of the rare-earth ion, 
are the same as those for quadrupole r ad i a t i on . That is, the 
change i n J can be at most 2 . The effect was f i rs t no t iced when 
the absorpt ion spectra of aqueous so lu t ions of rare-earth nitrates 
and c h l o r i d e s , as found by Hoogschagen (2), were compared. For 
example , the only  t r ans i t ion of Er3+  exh ib i t ing an in tens i ty d i f fer 
ence i s 4I15/2-->2H11/2. A g a i n , the largest in t ens i ty change 

for so lu t ions of N d3+  occurs for 4I9/2-->4G5/2 (3). A couple of 
years l a te r , severa l more transitions for rare-earth ions were noted 
(4). 

H y p e r s e n s i t i v i t y is not confined to rare-earth i o n s . Pappa l -
ardo, Carnall, and F ie ld s (5) have iden t i f i ed two hyper sens i t ive 
t rans i t ions in Aml„ that correspond to a change of two uni ts i n J . 
It i s evident that m e re levant features of the 4f s h e l l carry over to 
the 5f s h e l l , and so i t i s convenient to cons ider both the rare-
earth and the ac t in ide ions at the same t i m e . 

1. Ions at Si tes of N o n - V a n i s h i n g E l e c t r i c F i e l d 

The natural react ion to the experimental resu l t s i s to conclude 
that the hypersens i t ive t rans i t ions are e l ec t r i c quadrupole. Such 
t rans i t ions invo lve no change in pari ty and are thus a l l owed w i t h i n 
configurat ions of the type f . The s e n s i t i v i t y to environment 
cou ld c o n c e i v a b l y depend on the v a r i a b i l i t y (due to covalency) of 

0-8412-0568-X/80/47-131-267$05.00/0 
© 1980 American Chemical Society 
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t h e a v e r a g e v a l u e o f r f o r a n f e l e c t r o n , w h i c h p l a y s a k e y r o l e 
i n t h e q u a d r u p o l a r i n t e n s i t i e s . U n f o r t u n a t e l y , a n a c t u a l c a l c u l a 
t i o n s h o w s t h a t t h i s m e c h a n i s m f a l l s s h o r t o f e x p e r i m e n t b y 
r o u g h l y f i v e o r d e r s o f m a g n i t u d e (4). 

I t i s n o w w e l l e s t a b l i s h e d t h a t a l m o s t a l l t r a n s i t i o n s w i t h i n 
t h e f s h e l l a r e e l e c t r i c d i p o l e i n n a t u r e . T h e b r e a k d o w n o f t h e 
L a p o r t e p a r i t y r u l e i s b r o u g h t a b o u t b y n o n - c e n t r o - s y m m e t r i c 
t e r m s i n t h e c r y s t a l - f i e l d H a m i l t o n i a n V , w h i c h h a v e t h e e f f e c t o f 
m i x i n g d a n d g s t a t e s i n t o t h e f s h e l l . T r a n s i t i o n s w h i c h a r e 
n o m i n a l l y f to f t a k e p l a c e b e c a u s e o f t h e p e r m i t t e d t r a n s i t i o n s 
f - * d a n d f - » g . A n e a r l y a t t e m p t (6) t o e x p l a i n t h e h y p e r s e n s i 
t i v i t y u s e d t h e f a c t t h a t f o r r a r e - e a r t h or a c t i n i d e i o n s a t s i t e 
s y m m e t r i e s o f t h e t y p e s 

c s, c 1 # c 2, c 2 v , c 3, c 3 v , c 4, c 4 v , c 6, c 6 v 

t h e r e a r e t e r m s i n V t h a t c o r r e s p o n d to t h e s p h e r i c a l harmc^nics 
Y., . W e c a n n o w u s e Y., t o c o n n e c t a n i n i t i a l s t a t e o f f to a 

l m l m 

v i r t u a l s t a t e o f f ^ * d , f ^ + * d * , o r f ^ * g ; a n d t h e e l e c t r i c - d i p o l e 
o p e r a t o r , i t s e l f a h a r m o n i c o f r a n k 1 , c o m p l e t e s t h e l i n k a g e to t h e 
f i n a l s t a t e o f f . S i n c e t h e c r y s t a l s p l i t t i n g s o f t h e t e r m s o f t h e 
e x c i t e d c o n f i g u r a t i o n s a r e s m a l l c o m p a r e d t o t h e e n e r g i e s o f e x c i 
t a t i o n , w e c a n c o n t r a c t t h e t w o h a r m o n i c s , w i t h t h e r e s u l t t h a t 
w e g e t a n o p e r a t o r w h o s e t r a n s f o r m a t i o n p r o p e r t i e s ( w h e n a s c a l a r 
i s s u b t r a c t e d out) a r e i d e n t i c a l to t h o s e o f Y ? . S u c h a n o p e r a t o r 
w o u l d y i e l d s e l e c t i o n r u l e s o n J i d e n t i c a l to t h o s e f o r q u a d r u p o l e 
r a d i a t i o n . A n y s t r u c t u r a l c h a n g e t h a t p r o d u c e s a n y o f t h e s i t e 
s y m m e t r i e s l i s t e d a b o v e w o u l d p r o v i d e a s o u r c e f o r a n e n h a n c e d 
t r a n s i t i o n s p r o b a b i l i t y . 

P l a u s i b l e t h o u g h t h i s m e c h a n i s m i s , i t c a m e u n d e r c r i t i c i s m 
(7) b e c a u s e , i n t e r a l i a , i t c o u l d n o t a c c o u n t f o r t h e i n t e n s e h y p e r 
s e n s i t i v e t r a n s i t i o n s o f t h e g a s e o u s r a r e - e a r t h t r i h a l i d e s (8). 
H o w e v e r , t h e r e i s r e c e n t e v i d e n c e t h a t t h e h a l i d e s a r e n o t p l a n a r 
(9, 10), a s h a d b e e n p r e v i o u s l y s u p p o s e d . If t h i s i s i n f a c t t h e 
c a s e , t h e i m p o r t a n c e o f t h e m e c h a n i s m b a s e d o n Y^ t e r m s i n V 
r e m a i n s u n d e c i d e d . 

It s h o u l d be p o i n t e d o u t t h a t t h e d e r i v a t i v e s o f t h e Y , t e r m s 
d o n o t a l l v a n i s h a t t h e o r i g i n . T h e r e a p p e a r s t o b e a n e l e c t r i c 
f i e l d a c t i n g o n t h e n u c l e u s o f t h e r a r e - e a r t h o r a c t i n i d e i o n - a n 
i m p o s s i b i l i t y i f t h e i o n i s i n e q u i l i b r i u m . T h e r e s o l u t i o n o f t h i s 
p a r a d o x l i e s i n t h e a d m i x t u r e s o f d a n d g s t a t e s i n t o t h e f s h e l l . 
T h e r e d i s t r i b u t i o n o f e l e c t r o n i c c h a r g e o f t h e r a r e - e a r t h o r a c t i n 
i d e i o n p r o d u c e s a s e c o n d e l e c t r i c f i e l d a t t h e n u c l e u s t h a t 
e x a c t l y c a n c e l s t h e f i r s t . 
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13. JUDD Hypersensitive Transitions in {-Electron Systems 269 

2 . I n h o m o g e n e o u s D i e l e c t r i c a n d D y n a m i c C o u p l i n g 

A n e a r l y s u r v e y o f t h e p o s s i b l e s o u r c e s f o r t h e h y p e r s e n s i 
t i v i t y c o n c l u d e d t h a t t h e m o s t l i k e l y c a n d i d a t e w a s a m e c h a n i s m 
b a s e d o n t h e i n h o m o g e n e i t i e s o f t h e d i e l e c t r i c s u r r o u n d i n g t h e 
r a r e - e a r t h o r a c t i n i d e i o n (4 ) . I t r u n s a s f o l l o w s . T h e r a d i a t i o n 
f i e l d i n d u c e s s i n u s o i d a l l y f l u c t u a t i n g d i p o l e m o m e n t s i n t h e 
l i g a n d s s u r r o u n d i n g t h e i o n . T h e s e i n d u c e d d i p o l e s n e c e s s a r i l y 
r a d i a t e , a n d t h e e m i t t e d f i e l d s i m p i n g e o n t h e r a r e - e a r t h o r a c t i n 
i d e i o n . B e c a u s e o f t h e p r o x i m i t y o f s o u r c e a n d r e c e i v e r , t h e 
p l a n e - w a v e c o n d i t i o n n o l o n g e r a p p l i e s ; t h e w a v e f r o n t s a r e s u f f i 
c i e n t l y d i s t o r t e d t o p r o d u c e s u b s t a n t i a l q u a d r u p o l e c o m p o n e n t s . 
I t s h o u l d b e s t r e s s e d , h o w e v e r , t h a t t h e r a d i a t i o n f i e l d s e e n b y 
t h e c e n t r a l i o n i s a s u p e r p o s i t i o n o f t h e f i e l d s p r o d u c e d b y a l l t h e 
l i g a n d s , a n d w i l l , i n g e n e r a l , b e q u i t e d i f f e r e n t f r o m t h e q u a d r u 
p o l e f i e l d p r o d u c e d b y a s i n g l e , d i s t a n t , s o u r c e . A l t h o u g h t h e 
q u a d r u p o l e s e l e c t i o n r u l e s h o l d f o r J , w e c a n n o t m a k e c o m p a r a b l e 
s t a t e m e n t s f o r t h e c o r r e s p o n d i n g m a g n e t i c q u a n t u m n u m b e r s M 
u n t i l a n a n a l y s i s o f t h e c r y s t a l s t r u c t u r e i s c a r r i e d o u t . 

T h e o r i g i n a l e s t i m a t e o f t h e i m p o r t a n c e o f t h e a b o v e m e c h a n 
i s m f a l l s s h o r t o f e x p e r i m e n t b y a f a c t o r o f 3 0 . A n a p p a r e n t l y 
m o r e s u c c e s s f u l m e c h a n i s m h a s b e e n i n t r o d u c e d b y M a s o n , 
P e a c o c k , a n d S t e w a r t (1_1, 7) . I n t h e i r m o d e l , t h e f e l e c t r o n s o f 
t h e r a r e - e a r t h or a c t i n i d e i o n p r o d u c e a f i e l d t h a t p o l a r i z e s t h e 
l i g a n d s . If t h e c o m p l e x o f c e n t r a l i o n p l u s l i g a n d s d o e s n o t 
p o s s e s s a c e n t e r o f i n v e r s i o n , t h e c o m p l e x e x h i b i t s a n e l e c t r i c 
d i p o l e m o m e n t t h a t c a n i n t e r a c t d i r e c t l y w i t h t h e e l e c t r i c v e c t o r 
o f t h e r a d i a t i o n f i e l d . T h i s m e c h a n i s m h a s b e e n r e f e r r e d t o a s 
d y n a m i c c o u p l i n g ( 7 , J J J . A l t h o u g h i t s e e m s t o be d i f f e r e n t f r o m 
t h e m e c h a n i s m b a s e d o n a n i n h o m o g e n e o u s d i e l e c t r i c , t h e t w o a r e , 
i n f a c t , i d e n t i c a l ( 1 2 ) . T h e y a r e s i m p l y d i f f e r e n t v e r b a l i z a t i o n s 
o f t h e s a m e m a t h e m a t i c s . T h e g o o d a g r e e m e n t t h a t M a s o n , 
P e a c o c k , a n d S t e w a r t f i n d w i t h e x p e r i m e n t i s s i m p l y a r e f l e c t i o n 
o f b e t t e r p o l a r i z a t i o n d a t a f o r t h e l i g a n d s a n d m o r e a c c u r a t e 
s t r u c t u r a l i n f o r m a t i o n , b o t h o f w h i c h s u b s t a n t i a l l y r e d u c e t h e d i s 
c r e p a n t f a c t o r o f 30 m e n t i o n e d a b o v e . 

H o w e v e r , n e i t h e r t h e i n h o m o g e n e o u s d i e l e c t r i c m e c h a n i s m 
n o r i t s e q u i v a l e n t , t h e d y n a m i c - c o u p l i n g m e c h a n i s m , m a k e s a l l o w 
a n c e f o r t h e p o l a r i z a b i l i t y o f t h e o u t e r s h e l l s o f t h e r a r e - e a r t h o r 
a c t i n i d e i o n . F o r a n e x t e r n a l q u a d r u p o l e f i e l d t o p e n e t r a t e t o t h e 
f e l e c t r o n s , w e m u s t i n c l u d e a s c r e e n i n g f a c t o r ( 1 - o^); t h e s a m e 
f a c t o r m u s t be i n t r o d u c e d i f w e t a k e t h e p o i n t o f v i e w o f d y n a m i c 
c o u p l i n g a n d a s k w h a t r e d u c t i o n t h e q u a d r u p o l e f i e l d o f t h e f 
e l e c t r o n s e x p e r i e n c e s a s i t p e n e t r a t e s o u t t o t h e l i g a n d s . F o r a 
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f r e e r a r e - e a r t h i o n , 0" c a n be a s l a r g e a s 0 . 7 Q _ 3 , L 4 ) . W h e n 
t h e s c r e e n i n g f a c t o r i s s q u a r e d t o o b t a i n t h e r e d u c t i o n i n i n t e n 
s i t y , i t i s f o u n d t h a t t h e h y p e r s e n s i t i v e t r a n s i t i o n i n t e n s i t i e s a re 
r e d u c e d b y a n o r d e r o f m a g n i t u d e . 

A l t h o u g h t h i s h a s t h e e f f e c t o f p u t t i n g i n d o u b t a l l t h e g o o d 
f i t s b e t w e e n t h e o r y a n d e x p e r i m e n t f o u n d b y P e a c o c k a n d h i s 
c o l l a b o r a t o r s , i t r e m o v e s t h e s o m e w h a t e m b a r r a s s i n g r e s u l t t h a t 
h y p e r s e n s i t i v e l i n e s i n t h e r a r e - e a r t h t r i c h l o r i d e s , w h i c h t h e 
t h e o r y w o u l d o t h e r w i s e p r e d i c t t o b e i n t e n s e , a r e e x p e r i m e n t a l l y 
u n e x c e p t i o n a l . 

It c o u l d w e l l t u r n o u t t h a t f o r i o n s i n c o n t a c t w i t h l i g a n d s , 
<T s h o u l d be s u b s t a n t i a l l y r e d u c e d . H o w e v e r t h a t m a y b e , i t 

s e e m s c l e a r t h a t w e c a n n o l o n g e r be c e r t a i n t h a t t h e i n h o m o g e n e 
o u s d i e l e c t r i c m e c h a n i s m (or i t s e q u i v a l e n t , t h e d y n a m i c - c o u p l i n g 
m e c h a n i s m ) p l a y s a d o m i n a n t r o l e . 

3 . V i b r o n i c C o n t r i b u t i o n s 

A c o m m o n f e a t u r e o f r a r e - e a r t h a n d a c t i n i d e s p e c t r a i s t h e 
a p p e a r a n c e o f v i b r o n i c c o m p a n i o n s t o t h e l i n e s t h a t r e p r e s e n t 
p u r e l y e l e c t r o n i c t r a n s i t i o n s . I n s o l u t i o n s , v a p o r s , a n d m e l t s , 
t h e s e t w o t y p e s o f l i n e s m a y b e c o m e b l e n d e d , a n d s e p a r a t e i n 
t e n s i t y m e a s u r e m e n t s b e c o m e i m p o s s i b l e . F o r i o n s a t s i t e s 
p o s s e s s i n g a c e n t e r o f i n v e r s i o n , a l l t h e i n t e n s i t y r e s i d e s i n t h e 
v i b r o n i c l i n e s . I t i s c l e a r t h a t a n y a n a l y s i s o f h y p e r s e n s i t i v i t y 
s h o u l d i n c l u d e t h e v i b r o n i c c o m p o n e n t s . 

O c t a h e d r a l c o m p l e x e s h a v e b e e n s t u d i e d b y F a u l k n e r a n d 
R i c h a r d s o n (1_5,_16) . T h e v i b r o n i c a n a l o g s o f t h e m e c h a n i s m s o f 
S e e s . 2 a n d 3 b o t h g i v e s i g n i f i c a n t c o n t r i b u t i o n s t o t h e i n t e n s i t i e s . 
T h a t i s , a n o d d v i b r a t i o n a l m o d e , w h e n e x c i t e d , l e a d s t o e l e c t r i c 
f i e l d s a t t h e n u c l e u s o f t h e c e n t r a l i o n t h a t p e r m i t s t h e m e c h a n i s m 
o f S e c . 2 t o f u n c t i o n : s i m i l a r l y , s u c h a m o d e a l l o w s t h e s i x l i 
g a n d s t o t a k e u p i n s t a n t a n e o u s p o s i t i o n s i n w h i c h t h e q u a d r u p o l e 
r a d i a t i o n t h a t t h e y p r o d u c e (as d e s c r i b e d i n S e c . 3) c a n c o h e r e n t 
l y c o m b i n e r a t h e r t h a n e x a c t l y c a n c e l , a s i t w o u l d f o r a r e g u l a r 
o c t a h e d r o n . T h e s e t w o m e c h a n i s m s h a v e b e e n r e - e x a m i n e d w i t h 
t h e a i d o f m o r e e l a b o r a t e t e n s o r i a l t e c h n i q u e s ( 1 7 ) , b u t t h e 
g e n e r a l c o n c l u s i o n s o f F a u l k n e r a n d R i c h a r d s o n r e m a i n u n a f f e c t e d . 
B o t h m e c h a n i s m s c a n b e e x p e c t e d t o p l a y a r o l e , t h e i r r e l a t i v e 
i m p o r t a n c e d e p e n d i n g u p o n t h e s p e c i f i c s y s t e m u n d e r i n v e s t i g a 
t i o n . 

O n e f e a t u r e o f t h e a n a l y s i s d e s e r v e s m e n t i o n . In t h e l i m i t o f 
l a r g e i o n - t o - l i g a n d d i s t a n c e s c o m p a r e d t o l i g a n d d i s p l a c e m e n t s 
f r o m e q u i l i b r i u m a n d t o f - e l e c t r o n r a d i i , a l l t h e v i b r o n i c i n t e n s i -
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13. JUDD Hypersensitive Transitions in {-Electron Systems 271 

t i e s s h o u l d r e s i d e i n j u s t t h o s e t r a n s i t i o n s a s s o c i a t e d w i t h h y p e r 
s e n s i t i v i t y . A g o o d e x a m p l e o f t h i s i s p r o v i d e d b y N d ^ M g ^ 
( N O g ) , 2 * 2 4 H 2 0 . T h e f a c t t h a t t w e l v e o x y g e n i o n s a r e p a c k e d 
a r o u n d t h e n e o d y m i u m i o n m a k e s t h e i o n - t o - l i g a n d s e p a r a t i o n 
u n u s u a l l y l a r g e . A g l a n c e a t t h e a b s o r p t i o n s p e c t r u m (18) r e v e a l s 
t h a t m o s t s h a r p e l e c t r o n i c l i n e s do n o t a p p e a r to h a v e n o t i c e a b l e 
v i b r o n i c c o m p o n e n t s : t h e o n l y c a s e w h e r e w e l l - d e f i n e d v i b r o n i c 
l i n e s a p p e a r i s i n g r o u p w h i c h ^ c o r r e s p o n d s t o p r e c i s e l y t h e 
h y p e r s e n s i t i v e t r a n s i t i o n I g / 2 ~ * G 5 / 2 a t 5 7 0 0 ^ * 

4 . C r y s t a l S t r u c t u r e s 

W o r k i s b e i n g c a r r i e d o u t i n c o l l a b o r a t i o n w i t h D r . W . T . 
C a r n a l l i n a n e f f o r t t o c o n n e c t h y p e r s e n s i t i v i t y t o t h e s t r u c t u r e s 
o f t h e c r y s t a l l a t t i c e s w h e r e i t i s e x h i b i t e d . T h e m e c h a n i s m 
b a s e d o n a n i n h o m o g e n e o u s d i e l e c t r i c l e a d s t o a n e x p r e s s i o n f o r 
t h e i n t e n s i t i e s o f h y p e r s e n s i t i v e l i n e s t h a t i s p r o p o r t i o n a l t o (12) 

Q 3 = I \ V \ 4 R L * P 3 ( ° O S W L L - ) ' 
L , L ' 

w h e r e a a n d a , a r e t h e p o l a r i z a b i l i t i e s o f l i g a n d s L a n d L ' , 
s i t u a t e a a t d i s t a n c e s R a n d R^, f r o m t h e n u c l e u s o f t h e r a r e - e a r t h 
o r a c t i n i d e i o n a n d s u b t e n d i n g a n a n g i ^ w to i t . T h e f u n c t i o n 
P (z) i s t h e L e g e n d r e p o l y n o m i a l | ( 5 z - 3 z ] r . F o r i d e n t i c a l l i g a n d s 
a t e q u a l d i s t a n c e s f r o m t h e c e n t r a l i o n , i t i s c o n v e n i e n t t o d e f i n e 

V V ^ Q 3 = I P 3 {coswLL^' 
L , L * 

S o m e c o r r e l a t i o n c a n b e e s t a b l i s h e d b e t w e e n Z ^ a n d h y p e r s e n s i 
t i v i t y . T h u s , f o r a n e a r l y p l a n a r m o l e c u l e N d l , w e f i n d i s 
r o u g h l y 6 , w h i l e f o r t h e c r y s t a l N d C l , i t i s o n l y 0 . 9 . I n t e n s e 
h y p e r s e n s i t i v e t r a n s i t i o n s o c c u r i n t\?e m o l e c u l e b u t n o t i n t h e 
c r y s t a l . ^ J o w e v e r , t h e p y r a m i d a l N d l ^ p r o d u c e s a n e l e c t r i c f i e l d 
a t t h e N d s i t e , w h i l e t h e c r y s t a l d o e s n o t ; s o t h e i n t e n s i t y 
c o r r e l a t i o n d o e s n o t e s t a b l i s h t h e p r e d o m i n a n c e o f t h e i n h o m o -
g e n e o u s - d i e l e c t r i c m e c h a n i s m . T h e i s s u e i s f u r t h e r c l o u d e d b y 
t h e v i b r o n i c c o n t r i b u t i o n s t h a t u n d o u b t e d l y o c c u r i n t h e m o l e c u l e . 

C o m p a r i s o n ^ b e t w e e n dif ferer i j t c r y s t a l s a r e e v e n m o r e a m b i g 
u o u s . T h u s E r i n Y C l ^ a n d A m i n A m l ^ e x h i b i t h y p e r s e n s i 
t i v i t y , w h i l e P u B r ^ d o e s n o t ( 1 9 ) . T h e c o r r e s p o n d i n g v a l u e s 
( for t h e r e l e v a n t l a t t i c e s t r u c t u r e s Y C 1 0 , B i l , a n d T b C l ) a r e 
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r o u g h l y 0 . 5 , 0 . 0 , a n d 0 . 4 . A l l t h r e e s y s t e m s p e r m i t e l e c t r i c 
f i e l d s a t t h e r a r e - e a r t h o r a c t i n i d e s i t e . 

I t i s i m p o r t a n t t o r e c o g n i z e t h a t i t i s e x p e r i m e n t a l l y m u c h 
e a s i e r t o c o m p a r e i n t e n s i t i e s t h a n m a k e a b s o l u t e m e a s u r e m e n t s . 
I t c o u l d e a s i l y h a p p e n t h a t a s p e c t r u m d o m i n a t e d b y a s i n g l e 
h y p e r s e n s i t i v e l i n e m i g h t h a v e a t o t a l i n t e n s i t y l e s s t h a n a s p e c 
t r u m i n w h i c h n o h y p e r s e n s i t i v e l i n e s s t a n d o u t . T h e o c t a h e d r a l 
s y s t e m s s t u d i e d i n a c e t o n i t r i l e s o l u t i o n s b y J 0 r g e n s e n ^ n d R y a n 
s e e m to f a l l i n t o t h i s c a t e g o r y ( 2 0 , 2JJ . T h e c a s e o f E r i n Y C I 
m e n t i o n e d a b o v e m a y d o s o t o o . 

5 . D i s t i n g u i s h i n g M e c h a n i s m s 

S e t t i n g a s i d e v i b r o n i c t r a n s i t i o n s , w e h a v e t h e t w o c o m p e t i n g 
m e c h a n i s m s d e s c r i b e d i n S e e s . 2 a n d 3 . A l t h o u g h t h e y p r o v i d e 
a d d i t i v e c o n t r i b u t i o n s t o t h e i n t e n s i t i e s o f t r a n s i t i o n s b e t w e e n 
l e v e l J a n d l e v e l J " , i n t e r f e r e n c e e f f e c t s t a k e p l a c e i f t r a n s i t i o n s 
b e t w e e n d i f f e r e n t M c o m p o n e n t s a r e c o n s i d e r e d . I n p r i n c i p l e , i t 
i s p o s s i b l e t o u s e t h i s f a c t t o s e p a r a t e t h e t w o m e c h a n i s m s . A 
d e t a i l e d a n a l y s i s w o u l d t a k e u s t o o f a r a f i e l d : b u t a f e e l i n g f o r 
what h a p p e n s c a n b e g a i n e d b y n o t i n g t h a t t h e e f f e c t i v e d i p o l e 
o p e r a t o r f o r thf* e l e c t r i c field m e c h a n i s m d e p e n d s o n t h e c o u p l e d 
t e n s o r (G; ' U ) , whileLthatior t h e i n h o m o g e n e o u s dielectric 
m e c h a n i s m d e p e n d s o n ( c £ I T V (11). T h e t e n s o r I T ' a c t s o n 
t h e f e l e c t r o n s a n d p r o v i d e s t h e q u a d r u r j o l e c h a r a c t e r o f t h e h y p e r 
s e n s i t i v e l i n e s ; t h e t e n s o r C a n d C_ a re p r o p o r t i o n a l t o s p h e r i 
c a l h a r m o n i c s o f r a n k s 1 a n d s i n which t h e p o l a r a n g l e s l e a d i n g 
o u t f r o m t h e n u c l e u s o f t h e r a r e - e a r t h o r a c t i n i d e i o n t o l i g a n d L 
a p p e a r . ? 

A s a n e x a m p l e , c o n s i d e r t h e t r a n s i t i o n s F Q - > D 2 f o r t h r e e 
l i g a n d s p r o v i d i n g a s i t e s y m m e t r y a t a E u i o n o f t h e t y p e C ~ . 
F o r v a r i o u s M c o m p o n e n t s o f t h e f i n a l s t a t e w e o b t a i n t h e f o l l o w 
i n g i n t e n s i t i e s : 

M = 0 : ((9/5)*cJ3) - P (2/5)2 c j 1 } ) 2 

M = ± l : ((3/5)2 c j 3 ) + p (3/10)* cj 1*) 2 

(TT p o l a r i z a t i o n ) 

(cr p o l a r i z a t i o n ) 

M = ± 2 : (cr p o l a r i z a t i o n ) 
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13. JUDD Hypersensitive Transitions in {-Electron Systems 273 
In these exp re s s ions , p i s an arbitrary coeff ic ient that measures 
the strength of the e l e c t r i c - f i e l d mechanism compared to^one 
based on an inhomogeneous d i e l e c t r i c . The va lues of C can be 
worked out once the polar angles of any one of the three^igands 
i s s p e c i f i e d . For example , C = cos Q . The components for 
w h i c h M = ± 1 are mixed wi th tnose for w h i c h M = T 2 i n C ^ v 

symmetry, but i f the re la t ive mixtures are known (as they cou ld 
be from Zeeman-effect data), a measurement of the three i n t e n s i 
t i e s w o u l d , i n p r i n c i p l e , determine p and a l so check the expres 
s ions above for c o n s i s t e n c y . 

It i s in teres t ing to note that the sum of the f ive in t ens i t i e s 
(for M = - 2 , - 1 , . . . , 2) above does not i nvo lve a term l inea r i n p . 
For to ta l i n t e n s i t i e s , the two mechanisms combine without in te r 
ference . 

6 . C o n c l u s i o n 

After almost twenty years of work on the hypersens i t ive t rans
i t i o n s , their o r ig ins are far from c l e a r . In addi t ion to the mechan
isms d i s c u s s e d here, others have been introduced from time to 
t ime . The effect of charge transfer may not be neg l ig ib l e (22), 
though i t s importance has been d iscounted by Peacock (23). If 
one were to hazard a g u e s s , i t would be that different mechanisms 
play roles of varying importance from system to system; but un t i l 
more experimental and theore t ica l work i s carr ied out the question, 
must remain open . 

Acknowledgements 

D r . W . T . C a r n a l l i s thanked for many s t imula t ing conve r sa 
t i o n s . The work was supported in part by a grant from the 
N a t i o n a l Sc ience Foundat ion . 

Li terature C i t e d 

1. Se lwood , P.W. J. Amer. C h e m . Soc., 1930, 52, 4308. 
2 . Hoogschagen , J . "De Absorpt iespect ra van de Zeldzame 

Aarden"; Noord -Ho l l andsche Ui tgevers M a a t s c h a p p i j , 
Amsterdam, 1947. 

3 . Judd, B.R. P h y s . Rev., 1962, 127, 750 . 
4 . Jørgensen, C h r . K.; Judd , B.R. Mol. Phys., 1964, 8, 2 8 1 . 
5. Pappalardo, R.G.; Carnall, W.T.; F i e l d s , P.R. J. C h e m . P h y s . 

1969, 51 , 1182. 
6 . Judd , B.R. J. C h e m . P h y s . , 1966, 44, 839 . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

3



274 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

7. M a s o n , S.F.; Peacock , R.D.; Stewart, B . Mol. Phys., 1975, 
30 , 1829. 

8. Gruen , D.M.; D e K o c k , C.W.; M c B e t h , R.L. A d v . C h e m . , 
1967, 71, 102 . 

9 . G i r i c h e v a , N.I.; Z a s o r i n , E.Z.; Girichev, G.V.; Krasnov , 
K.S.; Sp i r idonov , V.P. Zh. Strukt . K h i m . , 1967, 17 , 797 . 

1 0 . C h a r k i n , O.P.; D y a t k i n a , M.E. Zh. Strukt . K h i m . , 1964, 5, 
9 2 1 . 

1 1 . M a s o n , S.F.; Peacock , R.D.; Stewart, B . C h e m . P h y s . L e t t . , 
1974, 29, 149. 

1 2 . Judd, B.R. J. C h e m . P h y s . , 1979, 70 , 4830. 
1 3 . Newman, D.J.; Price, D.C. J. P h y s . C : S o l i d S t . Phys., 

1975, 8, 2985. 
14 . Ahmad, S.; Newman, D.J. J. P h y s . C : S o l i d S t . P h y s . , 1978, 

11 , L 2 7 7 . 
1 5 . Fau lkner , T.R.; R icha rdson , F.S. Mol. Phys., 1978, 3 5 , 1141 . 
16 . Faulkner , T.R.; R ichardson , F.S. Mol. Phys., 1978, 36 , 193 . 
17 . Judd, B . R . P h y s i c a S c r i p t a , 1979, 20 , 
18 . D i e k e , G.H.; E d s . C r o s s w h i t e , H.M.; C r o s s w h i te, H. 

"Spectra and Energy L e v e l s of Rare Earth Ions in Crystals" 
In tersc ience (John Wiley), New Yor k , 1968. 

19 . Carnall, W.T. private communica t ion . 
2 0 . Ryan , J.L.; J ø r g e n s e n , C.K. J. P h y s . C h e m . , 1966, 70 , 2845. 
2 1 . Ryan , J.L. Inorg . C h e m . , 1969, 8, 2053 . 
22 . H e n r i e , D.E.; F e l l o w s , R.L.; C h o p p i n , G.R. C o o r d . C h e m . 

Rev., 1976, 18, 199 . 
2 3 . Peacock , R.D. Mol. Phys., 1977, 33 , 1239. 

RECEIVED December 26, 1979. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

3



14 

Lanthanide and Actinide Lasers 

MARVIN J. WEBER 
Lawrence Livermore Laboratory, University of California, Livermore, CA 94550 

Lanthanides and actinides were among the very first 
elements used to demonstrate l a s e r action. Al though the first 
laser used an i r o n group e lement , Cr3+ i n A I 2 O 3 ( r u b y ) , l a s e r 
a c t i o n from an actinide ion (U3+) was a l s o r e p o r t e d (1) i n the 
same year, 1960. In the f o l l o w i n g y e a r s t i m u l a t e d emiss ion 
from both d i v a l e n t ( S m 2 + ) (2) and trivalent (Nd3+) (3) l a n t h a n i d e 
ions was observed . The f o l l o w i n g two decades wi tnessed an 
a s t o n i s h i n g proliferation o f lasing ions and media . Elements 
o f the l a n t h a n i d e s e r i e s c o n t r i b u t e d to this proliferation and 
i n one c a s e , t h a t o f solid-state l a s e r s , dominate the field. 

To date s t i m u l a t e d emiss ion has been o b t a i n e d from e leven 
trivalent and three d i v a l e n t l a n t h a n i d e i o n s ; in hosts in
cluding crystalline and amorphous solids, m e t a l l o - o r g a n i c 
and i n o r g a n i c aprotic liquids, and n e u t r a l and i o n i z e d gases 
and m o l e c u l a r v a p o r s ; at wavelengths r a n g i n g from the infrared 
to the ultraviolet; from l a s e r s o p e r a t i n g pu l sed and 
c o n t i n u o u s l y ; and from l a s e r s rang ing i n size from t h i n f i l m s 
and small fibers f o r i n t e g r a t e d o p t i c s applications to l a r g e 
d i s k s f o r high-power Nd:g las s l a s e r s f o r inertial confinement 
f u s i o n exper iments . 

The v e r s a t i l i t y and wide a p p l i c a b i l i t y o f l a n t h a n i d e ions 
f o r l a s e r s a r i s e s from severa l d e s i r a b l e s p e c t r o s c o p i c 
f e a t u r e s . The e l e c t r o n i c s t a t e s o f the ground 4 ί · Ί c o n f i g u r a 
t i o n s p r o v i d e complex and v a r i e d o p t i c a l energy l e v e l 
s t r u c t u r e s , thus many d i f f e r e n t l a s i n g schemes are p o s s i b l e . 
The l a r g e number o f e x c i t e d s t a t e s s u i t a b l e f o r o p t i c a l 
pumping and the subsequent decay to metas tab le s t a t e s having 
high quantum e f f i c i e n c i e s and narrow f * f emis s ion l i n e s are 
f a v o r a b l e f o r a c h i e v i n g l a s e r a c t i o n . Because the l o c a t i o n s 
o f the energy l e v e l s do not change g r e a t l y wi th h o s t , a g iven 
ion can be l a s e d i n many d i f f e r e n t h o s t s . The host can t h e r e 
f o r e be s e l e c t e d to o p t i m i z e performance f o r a s p e c i f i c ap-
p l i c a t i o n . 

The s p e c t r o s c o p i c p r o p e r t i e s o f the l a n t h a n i d e s and 
a c t i n i d e s as they r e l a t e to l a s e r a c t i o n are the p r i n c i p a l 

0-8412-0568-X/80/47-131-275$05.0O/0 
© 1980 American Chemical Society 
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t o p i c o f t h i s a r t i c l e . A f t e r a b r i e f r e v i e w o f l a s e r 
f u n d a m e n t a l s ( 4 ) , t h e e x t e n t t o w h i c h t h e s e e l e m e n t s h a v e 
b e e n e m p l o y e d f o r l a s e r s i n v a r i o u s m e d i a a r e s u r v e y e d . 
A c o m p r e h e n s i v e l i s t i n g o f a l l l a n t h a n i d e l a s e r i o n s a n d h o s t s 
i s b e y o n d t h e s c o p e o f t h i s p a p e r , h o w e v e r r e f e r e n c e s a r e 
g i v e n t o t a b u l a t i o n s c o n t a i n i n g r e f e r e n c e s t o t h e o r i g i n a l 
w o r k . T h e p a r t i c u l a r t r a n s i t i o n s u s e d f o r l a s i n g a r e shown 
a n d d i s c u s s e d . T h e s e i l l u s t r a t e how a n d why l a s e r a c t i o n i s 
o b t a i n e d a n d f o r m t h e b a s i s f o r c o n s i d e r i n g p o s s i b l e 
s t i m u l a t e d e m i s s i o n i n v o l v i n g o t h e r i o n s a n d t r a n s i t i o n s . 
R e c e n t w o r k , c u r r e n t a c t i v i t i e s , a n d f u t u r e d i r e c t i o n s a r e 
a l s o n o t e d . B e c a u s e o f s p a c e l i m i t a t i o n s , e n g i n e e r i n g d e t a i l s 
a n d a p p l i c a t i o n s o f l a n t h a n i d e a n d a c t i n i d e l a s e r s a r e n o t 
d i s c u s s e d , b u t a r e w e l l c o v e r e d i n a book by K o e c h n e r ( 5 J . 
L a s e r F u n d a m e n t a l s 

To o b t a i n s t i m u l a t e d e m i s s i o n b e t w e e n two e n e r g y l e v e l s , 
a p o p u l a t i o n i n v e r s i o n i s n e c e s s a r y . T h i s i s u s u a l l y a c h i e v e d 
by e x c i t a t i o n i n t o a t h i r d l e v e l o r l e v e l s w h i c h r a p i d l y a n d 
e f f i c i e n t l y t r a n s f e r e n e r g y t o a m e t a s t a b l e u p p e r l a s e r l e v e l . 
A g e n e r a l i z e d e n e r g y l e v e l scheme f o r l a s e r a c t i o n i s shown i n 
F i g . 1. I f t h e t e r m i n a l l a s e r l e v e l i s t h e g r o u n d s t a t e a n d 
t h e i n i t i a l a n d f i n a l l a s e r s t a t e s h a v e e q u a l d e g e n e r a c i e s , 
t h e n more t h a n o n e - h a l f o f t h e i o n s m u s t be e x c i t e d t o o b t a i n 
an i n v e r t e d p o p u l a t i o n a n d 3 - l e v e l l a s e r a c t i o n . I f , i n s t e a d , 
t h e t e r m i n a l l e v e l 2 i s a b o v e t h e g r o u n d s t a t e , t h e n o n l y an 
e x c i t e d - s t a t e p o p u l a t i o n i n l e v e l 3 s u f f i c i e n t t o o v e r c o m e 
t h e B o l t z m a n n p o p u l a t i o n i n l e v e l 2 i s n e e d e d f o r p o p u l a t i o n 
i n v e r s i o n . T h i s d r a s t i c a l l y r e d u c e s t h e p u m p i n g r e q u i r e m e n t s . 
P h o n o n - t e r m i n a t e d o r v i b r o n i c l a s e r s a r e t h o s e i n w h i c h l e v e l 2 
i s a v i b r a t i o n a l - e l e c t r o n i c s t a t e . 

When i t i s d i f f i c u l t t o e x c i t e i o n s i n t o l e v e l 3 o r t h e 
l e v e l d e c a y s v e r y r a p i d l y , a p o p u l a t i o n i n v e r s i o n a n d o s c i l l a 
t i o n may be o b t a i n e d u s i n g a c a s c a d e l a s e r scheme i n v o l v i n g 
two c o n s e c u t i v e l a s i n g t r a n s i t i o n s . An e x a m p l e i s shown a t 
t h e r i g h t o f F i g . 1. To l a s e t h e 3+2 t r a n s i t i o n , i o n s a r e 
f i r s t pumped i n t o l e v e l 4 an d t h e n s t i m u l a t e d t o e m i t t o 
l e v e l 3, t h e r e b y c r e a t i n g a p o p u l a t i o n i n v e r s i o n w i t h r e s p e c t 
t o l e v e l 2. H e r e o n e r e l i e s on a s t i m u l a t e d r a t h e r t h a n a 
s p o n t a n e o u s e m i s s i o n r a t e f o r t h e 4-K3 t r a n s i t i o n . T h e r a t e c a n 
t h e r e f o r e be made v e r y f a s t a n d c o n t r o l l e d v i a t h e beam 
i n t e n s i t y o r t h e Q o f t h e r e s o n a n t o p t i c a l c a v i t y . C a s c a d e 
l a s i n g s c h e m e s a r e a l s o u s e f u l when t h e t e r m i n a l l e v e l o f a 
l a s i n g t r a n s i t i o n r e l a x e s s o s l o w l y t h a t o s c i l l a t i o n s e l f -
t e r m i n a t e s b e c a u s e t h e p o p u l a t i o n i n v e r s i o n a n d a s s o c i a t e d 
g a i n d e c r e a s e t o a v a l u e i n s u f f i c i e n t t o o v e r c o m e t h e l o s s e s . 
I f t h e t e r m i n a l s t a t e i s s t i m u l a t e d t o e m i t t o a l o w e r l e v e l , 
o s c i l l a t i o n c a n be m a i n t a i n e d a n d t h e t o t a l e n e r g y s t o r e d i n 
t h e f i r s t u p p e r l a s e r l e v e l e x t r a c t e d 
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14. W E B E R Lanthanide and Actinide Lasers 277 

t 

4-level laser Cascade laser 

Figure 1. Representative energy-level diagram and transitions for four-level and 
cascade lasing schemes: vP and vL are the pump and laser frequencies; wavy lines 

denote nonradiative transitions. 
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C a s c a d e l a s i n g r e q u i r e s t h a t t h e h o s t be t r a n s p a r e n t 
a n d t h e r e be no d e l e t e r i o u s g r o u n d o r e x c i t e d - s t a t e a b s o r p t i o n s 
a t e i t h e r l a s e r w a v e l e n g t h . T r a n s i t i o n s L] a n d l_2 may be 
a s s o c i a t e d w i t h two d i f f e r e n t i o n s . I n t h i s c a s e t h e e n e r g y 
i n t h e t e r m i n a l l e v e l 3 o f t h e f i r s t l a s i n g i o n s m u s t be 
q u i c k l y a n d e f f i c i e n t l y t r a n s f e r r e d t o t h e u p p e r l a s e r l e v e l 3 
o f t h e s e c o n d i o n . 

T h e t h r e s h o l d c o n d i t i o n f o r l a s e r o s c i l l a t i o n i s g i v e n by 
R ] R 2 e x p ( 2 G £ ) = 1 , ( 1 ) 

wh e r e R] a n d R2 a r e t h e r e f l e c t i v i t i e s o f t h e m i r r o r s i n t h e 
o p t i c a l r e s o n a t o r c a v i t y , G i s t h e g a i n p e r u n i t l e n g t h , a n d £ 
i s t h e l e n g t h o f t h e a c t i v e l a s i n g medium. T h e g a i n i s d e 
t e r m i n e d by 

G = a - a s - a j , ( 2 ) 
whe r e a i s t h e g a i n c o e f f i c i e n t o f t h e l a s i n g medium, a n d a s 

a n d c q a r e l o s s c o e f f i c i e n t s due t o s c a t t e r i n g a n d i m p u r i t y 
a b s o r p t i o n . I f N3 a n d N2 a r e t h e p o p u l a t i o n s i n t h e u p p e r a n d 
l o w e r l a s e r l e v e l s i n F i g . 1, t h e n e t g a i n c o e f f i c i e n t o f t h e 
l a s e r medium i s 

a = N 3 a 3 2 - N 2 a 2 3 - H ^ . ( 3 ) 

In E q . ( 3 ) , 030 a n d 023 a r e t h e c r o s s s e c t i o n s f o r s t i m u l a t e d 
e m i s s i o n a n d a b s o r p t i o n . F o r n a r r o w - l i n e a b s o r p t i o n a n d 
e m i s s i o n s p e c t r a , t h e s e two c r o s s s e c t i o n s a r e e q u a l . F o r 
b r o a d b a n d s p e c t r a w i t h e m i s s i o n b a n d w i d t h g r e a t e r t h a n k T , 
t h e c r o s s s e c t i o n s a r e c o n n e c t e d b y a g e n e r a l i z e d E i n s t e i n 
r e l a t i o n ( 6 j . T h e f i n a l t e r m i n E q . ( 3 ) a c c o u n t s f o r p o s s i b l e 
e x c i t e d - s t a t e a b s o r p t i o n f r o m t h e u p p e r l a s e r l e v e l t o h i g h e r 
e x c i t e d - s t a t e s i n d i c a t e d b y t h e d a s h e d l e v e l i n F i g . 1. I f 
a e s a > a 3 2 > a b s o r p t i o n f r o m l e v e l 3 d o m i n a t e s s t i m u l a t e d 
e m i s s i o n a n d l a s e r a c t i o n i s n o t p o s s i b l e . 

T h e g a i n , f r o m E q . ( 3 ) , i s g o v e r n e d by a p r o d u c t o f t h e 
s t i m u l a t e d e m i s s i o n c r o s s s e c t i o n a n d t h e p o p u l a t i o n i n v e r s i o n 
( N 3 - N 2 ) . T h e l a t t e r i s d e p e n d e n t upon t h e a b s o r p t i o n s p e c t r u m 
a n d i t s s p e c t r a l m a t c h w i t h t h e pump s o u r c e , t h e l i f e t i m e o f 
t h e m e t a s t a b l e l e v e l 3 w h i c h d e t e r m i n e s t h e p u m p i n g r a t e r e 
q u i r e d , a n d t h e q u a n t u m e f f i c i e n c y . T h e l a s t q u a n t i t y i n 
c l u d e s t h e f l u o r e s c e n c e c o n v e r s i o n e f f i c i e n c y ( t h e number o f 
i o n s e x c i t e d t o t h e f l u o r e s c i n g l e v e l p e r i n c i d e n t pump p h o t o n ) 
and t h e q u a n t u m e f f i c i e n c y o f t h e f l u o r e s c i n g s t a t e ( t h e 
f r a c t i o n a l number o f p h o t o n s e m i t t e d p e r e x c i t e d i o n i n t h e 
u p p e r l a s e r l e v e l ) . 

T h e p e a k c r o s s s e c t i o n i s d e t e r m i n e d by t h e o s c i l l a t o r 
s t r e n g t h a n d t h e l i n e w i d t h o f t h e t r a n s i t i o n . T h e l i n e w i d t h 
may be ( 1 ) t h e n a t u r a l o r homogeneous w i d t h , g o v e r n e d b y 
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14. W E B E R Lanthanide and Actinide Lasers 279 

r a d i a t i v e a n d / o r n o n r a d i a t i v e t r a n s i t i o n s b e t w e e n S t a r k l e v e l s , 
o r ( 2 ) i n h o m o g e n e o u s l y b r o a d e n e d i n t h e c a s e o f d i s o r d e r e d 
m e d i a s u c h a s g l a s s e s o r m i x e d c r y s t a l s . In t h e l a t t e r c a s e 
t h e r a t e o f e n e r g y e x t r a c t i o n v a r i e s f r o m i o n t o i o n a n d 
s p e c t r a l h o l e b u r n i n g i n t h e g a i n p r o f i l e may o c c u r . 

B o t h f - f a n d f - d t r a n s i t i o n s h a v e b e e n u s e d f o r l a n t h a n i d e 
a n d a c t i n i d e l a s e r s . T h e s p e c t r o s c o p i c p r o p e r t i e s o f t h e s e 
t r a n s i t i o n s a r e c o m p a r e d i n T a b l e I . S i n c e t h e d s t a t e s h a v e 
s h o r t e r l i f e t i m e s , f a s t e r p u m p i n g a s w e l l a s h i g h e r e n e r g i e s 
a r e r e q u i r e d f o r e x c i t a t i o n . P o s s i b l e p u m p i n g s o u r c e s i n c l u d e 
u l t r a f a s t f l a s h ] a m p s , o t h e r l a s e r s , e l e c t r o n beams, o r 
s y n c h r o t r o n r a d i a t i o n , w i t h o n e e x c e p t i o n , a l l l a n t h a n i d e a n d 
a c t i n i d e l a s e r s h a v e b e e n o p t i c a l l y pumped. 

T a b l e I . C o m p a r i s o n o f s p e c t r o s c o p i c p r o p e r t i e s o f f - f a n d 
f - d t r a n s i t i o n s o f l a n t h a n i d e i o n s i n s o l i d s a t 300 K. 

4 f -> 4 f 5d -> 4 f 
O s c i l l a t o r s t r e n g t h ~ 1 0 " 6 - 1 0 " 8 -1 -2 

-10 -10 L 

I o n - l a t t i c e c o u p l i n g weak i n t e r m e d i a t e — s t r o n g 
F l u o r e s c e n c e w a v e l e n g t h - 2 0 0 - 5 0 0 0 nm -15 0 - 1 0 0 0 nm 
F l u o r e s c e n c e l i n e w i d t h -10 cm' 1 > 1000 cm" 1 

F l u o r e s c e n c e l i f e t i m e 1 0 " 5 - 1 0 " 2 s 1 0 - 8 - 1 0 - 5 s 
E x c i t e d - s t a t e 
a b s o r p t i o n 

f + f 
f + d 

d -> d 
d -> h i g h e r 

c o n f i g u r a t i o n s 

T a b l e I I l i s t s a l l l a n t h a n i d e a n d a c t i n i d e l a s e r i o n s a n d 
t y p e s o f t r a n s i t i o n s . 
T a b l e I I . E l e c t r o n i c t r a n s i t i o n s a n d i o n s u s e d f o r l a n t h a n i d e 

a n d a c t i n i d e l a s e r s . 
T r a n s i t i o n I o n s 

4 f -> 4 f n 3+ M .3+ c 2+ r 3+ P .3+ T k 3 + n 2+ P r , Nd , Sm , Eu , Gd , Tb , Dy 
n 3+ „ 3+ _ 3+ T 2+ _ 3+ v k 3 + Dy , Ho , E r , Tm , Tm , Yb 

5d •> 4 f C e 3 + , S m
2 + 

5 f + 5 f u 3 + 
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L a s i n g M e d i a 

S t i m u l a t e d e m i s s i o n h a s b e e n o b s e r v e d f r o m l a n t h a n i d e 
e l e m e n t s i n g a s e s , l i q u i d s , a nd s o l i d s . T h e l a n t h a n i d e s u s e d 
a n d t h e number o f i o n - h o s t c o m b i n a t i o n s l a s e d i n e a c h medium 
a r e g i v e n i n T a b l e I I I . F i g u r e 2 shows t h e s p e c t r a l r a n g e s 
c o v e r e d by l a n t h a n i d e l a s e r s i n t h e d i f f e r e n t m e d i a . Gas 
l a s e r s o p e r a t i n g f r o m t h e f a r i n f r a r e d t o t h e vacuum u l t r a 
v i o l e t a r e known ( 7 j , t h u s t h e l a n t h a n i d e s c o v e r o n l y a m o d e s t 
r a n g e f o r t h i s medium. L i q u i d l a s e r a c t i o n f r o m l a n t h a n i d e 
i o n s o r o r g a n i c d y e m o l e c u l e s i s l i m i t e d t o w a v e l e n g t h s 
b e t w e e n / t h e i n f r a r e d a n d u l t r a v i o l e t t r a n s m i s s i o n c u t - o f f s , 
t h e r e f o r e t h e s p e c t r a l c o v e r a g e s o f b o t h a r e c o m p a r a b l e . I n 
s o l i d s , l a n t h a n i d e s d o m i n a t e b o t h t h e number o f l a s e r s a n d 
T a b l e I I I . L a s i n g m e d i a a n d number o f i o n - h o s t c o m b i n a t i o n s 

u s e d f o r l a n t h a n i d e l a s e r s . 
L a n t h a n i d e s T o t a l 

G a s e s 
M e t a l v a p o r s Sm, E u ( I , I I ) , Tm, Y b ( I , I I ) 6 

3+ 
M o l e c u l a r v a p o r s Nd 1 

L i q u i d s 
C h e l a t e s N d 3 + , E u 3 + , T b 3 + 28 

3+ 
A p r o t i c s o l v e n t s Nd 8 

S o l i d s 
G l a s s e s N d 3 + , H o 3 + , E r 3 + , T m 3 + , Y b 3 + >100 
C r y s t a l s D i v a l e n t : S m 2 + , D y 2 + , T m 2 + 

T r i v a l e n t : a l l e x c e p t P m 3 + , S m 3 + >200 t h e w a v e l e n g t h r a n g e c o v e r e d . T h e o n l y o t h e r i o n s u s e d f o r 
s o l i d - s t a t e l a s e r s a r e a few i r o n g r o u p i o n s ( C r 3 + , V 2 + , 
N i 2 + , Co2"*}; s e m i c o n d u c t o r a n d c o l o r - c e n t e r l a s e r s c o m p l e t e t h e 
c a t e g o r y o f s o l i d - s t a t e l a s e r s . 

G a s e s . Gas l a s e r s a r e a t t r a c t i v e f o r h i g h - p o w e r , h i g h -
e f f i c i e n c y s y s t e m s a n d o f f e r a d v a n t a g e s o f l o w m a t e r i a l s c o s t , 
a b i l i t y t o f l o w t h e l a s i n g medium t o r e m o v e h e a t , and l o w 
s u s c e p t i b i l i t y t o damage a n d d i s t o r t i o n d u e t o h i g h i n t e n s i t y 
o p t i c a l f i e l d s . Two a p p r o a c h e s t o o b t a i n i n g l a n t h a n i d e l a s e r 
a c t i o n i n a g a s e o u s m e d i a a r e ( 1 ) l a n t h a n i d e m e t a l v a p o r s 
e x c i t e d i n a g a s d i s c h a r g e t u b e , a n d ( 2 ) l a n t h a n i d e m o l e c u l a r 
v a p o r s e x c i t e d o p t i c a l l y o r w i t h a n e l e c t r o n beam. 
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S t i m u l a t e d e m i s s i o n i n t h e i n f r a r e d w a v e l e n g t h r e g i o n h a s 
b e e n o b s e r v e d f r o m n e u t r a l a n d / o r s i n g l y - i o n i z e d a t o m s o f f o u r 
l a n t h a n i d e s : s a m a r i u m , e u r o p i u m , t h u l i u m a n d y t t e r b i u m . A 
l i s t i n g o f r a r e - e a r t h v a p o r l a s e r s , w a v e l e n g t h s , a n d r e f e r e n c e s 
i s g i v e n i n R e f . 7. B e c a u s e t h e e n e r g y l e v e l s t r u c t u r e s f o r 
l a n t h a n i d e v a p o r s ' a r e c o m p l e x and c o m p r e h e n s i v e s p e c t r o s c o p i c 
d a t a i s n o t a l w a y s a v a i l a b l e , i d e n t i f i c a t i o n o f some o f t h e 
l a s e r t r a n s i t i o n s a n d d e t a i l s o f t h e m e c h a n i s m s f o r p o p u l a t i o n 
i n v e r s i o n a r e u n c e r t a i n . E x p e r i m e n t a l l y , t h e l a n t h a n i d e m e t a l 
v a p o r t o g e t h e r w i t h a b u f f e r g a s i s e x c i t e d i n a s t a n d a r d 
g a s d i s c h a r g e t u b e e q u i p p e d w i t h w indows a n d p l a c e d w i t h i n an 
o p t i c a l r e s o n a t o r c a v i t y . P o p u l a t i o n i n v e r s i o n i s o b t a i n e d 
u s i n g c u r r e n t p u l s e s up t o s e v e r a l h u n d r e d a m p e r e s a n d 
d u r a t i o n s o f a few m i c r o s e c o n d s o r l o n g e r . T h e q u a n t u m 
e f f i c i e n c y o f t r a n s i t i o n s u s e d f o r s t i m u l a t e d e m i s s i o n t o n o t 
e x c e e d 40 p e r c e n t . T h e o v e r a l l e l e c t r i c a l e f f i c i e n c y o f t h e 
l a s e r i s c o n s i d e r a b l y l e s s . R e c e n t l y an a v e r a g e p o w e r o f 2W 
was r e p o r t e d ( 8 ) f o r a He-Eu i o n l a s e r o p e r a t i n g on t h e 
1.0019-ym Eu I I l i n e a t a p u l s e r e p e t i t i o n f r e q u e n c y o f 10 kHz. 

A n o t h e r a p p r o a c h t o g a s l a s e r a c t i o n i s t o u s e f - f 
t r a n s i t i o n s o f o p t i c a l l y - e x c i t e d l a n t h a n i d e m o l e c u l a r v a p o r s . 
The s p e c t r o s c o p i c p r o p e r t i e s o f s e v e r a l r a r e - e a r t h t r i h a l i d e -
a l u m i n u m c h l o r i d e c o m p l e x e s a n d v a r i o u s r a r e - e a r t h c h e l a t e s h a s 
b e e n s t u d i e d ( 9 j a n d o p t i c a l g a i n o b s e r v e d f o r a N d - A l - C l v a p o r 
c o m p l e x ( 1 0 ) . M e a s u r e m e n t s o f t h e f l u o r e s c e n c e k i n e t i c s show 
e v i d e n c e o f s t r o n g e x c i t e d - s t a t e e x c i t e d - s t a t e q u e n c h i n g . T h i s 
p l u s t h e l o w m o l e c u l a r d e n s i t i e s a c h i e v a b l e r e d u c e t h e 
a t t r a c t i v e n e s s o f t h e s e s y s t e m s f o r p r a c t i c a l l a s e r a p p l i c a t i o n s . 

L i q u i d s . L a n t h a n i d e l a s e r a c t i o n has b e en o b t a i n e d f o r 
two g r o u p s o f l i q u i d s : m e t a l l o - o r g a n i c a n d i n o r g a n i c a p r o t i c 
l i q u i d s . T h e f i r s t g r o u p i n c l u d e s c h e l a t e l a s e r s ( N d , E u , T b ) 
w h i c h a r e r e v i e w e d by L e m p i c k i a n d Samel s o n ( J J _ ) ; r e s e a r c h 
on a p r o t i c m a t e r i a l s and s y s t e m s f o r h i g h - p o w e r , p u l s e d l i q u i d 
l a s e r s a r e r e v i e w e d by Samel s o n a n d K o c h e r ( 1 2 ) . S t i m u l a t e d 
e m i s s i o n i n b o t h l i q u i d s o c c u r s b e t w e e n 4 f s t a t e s o f t r i v a l e n t 
l a n t h a n i d e s . T h e t u n i n g r a n g e s o f t h e s e l a s e r s a r e s m a l l 
c o m p a r e d t o t h a t o b t a i n a b l e f r o m o r g a n i c d y e l a s e r s ( 1 3 ) . 

T h e s p e c t r o s c o p i c p r o p e r t i e s o f l a n t h a n i d e s i n l i q u i d s a r e 
c h a r a c t e r i z e d by b r o a d a b s o r p t i o n a n d e m i s s i o n b a n d s w i t h l i n e -
w i d t h s t h a t a p p r o a c h t h o s e i n g l a s s e s . L a n t h a n i d e f l u o r e s c e n c e 
i n l i q u i d s i s l e s s p r e v a l e n t t h a n i n s o l i d s b e c a u s e h i g h 
f r e q u e n c y v i b r a t i o n s a s s o c i a t e d w i t h t h e s o l v e n t c a u s e n o n -
r a d i a t i v e r e l a x a t i o n o f e x c i t e d e l e c t r o n i c s t a t e s . In c h e l a t e s , 
t h e l a n t h a n i d e i o n i s c o m p l e x e d t o s e v e r a l o r g a n i c g r o u p s o r 
l i g a n d s . C h e l a t e s a r e s o l u b l e i n many o r g a n i c s o l v e n t s . 
L e m p i c k i (1_4) l i s t s s e v e r a l l i g a n d s , c a t i o n s , a n d s o l v e n t s 
commonly u s e d f o r r a r e - e a r t h c h e l a t e l a s e r s . As i n g l a s s e s , 
t h e w a v e l e n g t h s o f t r a n s i t i o n s e x h i b i t s m a l l s h i f t s w i t h 
c h a n g i n g l i g a n d o r c a t i o n ( 1 5 ) . 
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S t i m u l a t e d e m i s s i o n i s a c h i e v e d by o p t i c a l p u m p i n g w i t h 
x e n o n - f i l l e d f l a s h l a m p s i n o p t i c a l c a v i t i e s a n d r e s o n a t o r s 
s i m i l a r t o t h o s e u s e d i n s o l i d - s t a t e l a s e r s . T h e p r i n c i p a l 
p u m p i n g f o r Eu an d Tb c h e l a t e l a s e r s i s a s c r i b e d t o a b s o r p t i o n 
i n t o t h e s i n g l e t s t a t e o f t h e l i g a n d f o l l o w e d by i n t e r s y s t e m 
c r o s s i n g t o t h e t r i p l e t s t a t e and s u b s e q u e n t i n t e r m o l e c u l a r 
t r a n s f e r t o an e x c i t e d s t a t e o f t h e l a n t h a n i d e ( T J _ ) . B e c a u s e 
t h e s i n g l e t a b s o r p t i o n i s v e r y s t r o n g a t t h e c o n c e n t r a t i o n 
n e c e s s a r y f o r l a s i n g , o n l y s m a l l v o l u m e s o f a c t i v e m a t e r i a l c a n 
be pumped e f f e c t i v e l y . F o r t h e Nd c h e l a t e l a s e r , many a b 
s o r p t i o n b a n d s o f N d ^ + a r e b e l o w t h e l i g a n d b a n d s and a r e 
u t i l i z e d f o r o p t i c a l e x c i t a t i o n . 

T h e f l u o r e s c e n c e q u a n t u m e f f i c i e n c y o f e x c i t e d l a n t h a n i d e s 
i n m o s t l i q u i d s i s v e r y l o w . T o r e d u c e f l u o r e s c e n c e q u e n c h i n g 
du e t o i n t e r a c t i o n s w i t h h i g h - f r e q u e n c y v i b r a t i o n s i n l i q u i d s , 
s o l v e n t m o l e c u l e s s h o u l d h a v e no t i g h t l y b o n d e d atoms o f l o w 
a t o m i c mass (1_6). S o l v e n t s c o n t a i n i n g h y d r o g e n o r o t h e r l i g h t 
a t o m s a r e t h e r e f o r e u n d e s i r a b l e . A p r o t i c l i q u i d l a s e r m a t e r i a l s 
c o n s i s t o f s o l u t i o n s o f a r a r e - e a r t h s a l t a n d an i n o r g a n i c 
a p r o t i c s o l v e n t . 

T h e s p e c t r o s c o p i c p r o p e r t i e s a n d c h e m i s t r y o f a p r o t i c N d 3 + 

l a s e r l i q u i d s p l u s r e f e r e n c e s t o e a r l i e r s t u d i e s a r e d i s c u s s e d 
by B r e c h e r a n d F r e n c h (17_). T h e o s c i l l a t o r s t r e n g t h s a n d 
f l u o r e s c e n c e l i f e t i m e s a r e c o m p a r a b l e t o t h o s e i n s o l i d s w i t h 
q u a n t u m e f f i c i e n c i e s n e a r u n i t y . S i n c e f l u o r e s c e n c e l i n e -
w i d t h s a r e s m a l l e r t h a n i n g l a s s e s , t h e s t i m u l a t e d e m i s s i o n 
c r o s s s e c t i o n s a r e l a r g e r (18>), a l t h o u g h s t i l l l e s s t h a n i n 
c r y s t a l s . A p r o t i c l i q u i d l a s e r m a t e r i a l s a n d r e f e r e n c e s a r e 
l i s t e d i n R e f . 19. T h u s f a r o n l y Nd3+ has b e e n u s e d a s t h e 
l a s e r i o n a l t h o u g h o t h e r l a n t h a n i d e i o n s c o u l d a l s o be u s e d . 

S o l i d s . S o l i d s a r e t h e m o s t w i d e l y u s e d h o s t f o r l a n t h a n i d e 
a n d a c t i n i d e l a s e r a c t i o n . H o s t s i n c l u d e o v e r 200 d i f f e r e n t 
i o n - c r y s t a l c o m b i n a t i o n s a n d n u m e r o u s g l a s s e s . T h e number o f 
i o n - c r y s t a l l a s e r c o m b i n a t i o n s f o r e a c h i o n i s shown i n F i g . 3. 
L a n t h a n i d e i o n s a r e g e n e r a l l y i n t r o d u c e d i n t o s o l i d s a s a 
s u b s t i t u t i o n a l i m p u r i t y i n c o n c e n t r a t i o n s o f - 1 % . O s c i l l a t i o n 
has a l s o b e e n o b t a i n e d w i t h t h e l a n t h a n i d e a s a s t o i c h i o m e t r i c 
c o m p o n e n t o f t h e h o s t . Among t h e d e s i r e d p r o p e r t i e s o f a 
l a s e r h o s t , i n a d d i t i o n t o a b i l i t y t o i n c o r p o r a t e t h e l a n t h a n i d e 
i o n w i t h a homogeneous d o p i n g d i s t r i b u t i o n , a r e h i g h o p t i c a l 
q u a l i t y , t r a n s p a r e n c y t o t h e e x c i t a t i o n a n d l a s e r w a v e l e n g t h s , 
h a r d n e s s s u f f i c i e n t f o r g o o d o p t i c a l f i n i s h i n g , r e s i s t a n c e t o 
damage by l a s e r - i n d u c e d e l e c t r i c b r e a k d o w n , a n d , i n t h e c a s e 
o f h i g h r e p e t i t i o n r a t e o r c o n t i n u o u s o p e r a t i o n , g o o d t h e r m a l 
c o n d u c t i v i t y a n d s m a l l s t r e s s - o p t i c c o e f f i c i e n t s . R e c e n t 
r e v i e w s o f s o l i d - s t a t e l a s e r s a r e g i v e n i n R e f s . 2 0 , 2 1 , 22. 

M ore t h a n 140 d i f f e r e n t c r y s t a l l i n e h o s t s h a v e b e e n u s e d 
f o r l a n t h a n i d e l a s e r s . T h e s e i n c l u d e s i m p l e a n d m i x e d o x i d e s 
a n d f l u o r i d e s , a n d more c o m p l e x c o m p o s i t i o n s a n d s t r u c t u r e s ( 2 1 ) . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

4



14. WEBER Lanthanide and Actinide Lasers 283 

Figure 2. Spectral range of lanthanide lasers in various media 

Figure 3. Number of different ion-crystal laser combinations grouped by lasing 
ion 
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A l t h o u g h a l a r g e number o f c r y s t a l l i n e l a n t h a n i d e l a s e r s h a v e 
b e e n e x p l o r e d , o n l y a v e r y f e w h a v e a c h i e v e d a n y p r a c t i c a l 
a c c e p t a n c e , t h e p r i m e e x a m p l e b e i n g t h e g a r n e t Y3AI5O12 ( Y A G ) . 
T h i s m a t e r i a l h a s a p a r t i c u l a r l y f a v o r a b l e c o m b i n a t i o n o f 
b e i n g a v e r y h a r d , o p t i c a l l y i s o t r o p i c c r y s t a l w i t h s i t e s 
s u i t a b l e f o r t r i v a l e n t l a n t h a n i d e s u b s t i t u t i o n w i t h o u t c h a r g e 
c o m p e n s a t i o n . When t h e s u b s t i t u t i o n a l s i t e s f o r t r i v a l e n t 
l a n t h a n i d e o r a c t i n i d e i o n s a r e d i v a l e n t , s u c h a s i n a l k a l i n e 
e a r t h f l u o r i d e s , e x c e s s i v e f l u o r i n e o r o t h e r c h a r g e - c o m p e n s a t i n g 
i o n s a r e a d d e d t o m a i n t a i n c h a r g e n e u t r a l i t y . A t h o r o u g h 
d i s c u s s i o n o f t h e c h e m i s t r y a n d g r o w t h o f l a s e r c r y s t a l s i s 
g i v e n by N a s s a u ( 2 3 ) . 

I n g l a s s , l a s e r a c t i o n h a s b e e n o b s e r v e d o n l y f r o m 
t r i v a l e n t l a n t h a n i d e s (24-, 2 5 ) . H o s t s i n c l u d e o x i d e g l a s s e s 
( s i l i c a t e , p h o s p h a t e , b o r a t e , g e r m a n a t e , t e l l u r i t e ) , o n e 
f l u o r i d e g l a s s ( b e r y l l i u m ) , a n d m i x e d g l a s s e s s u c h a s 
b o r o s i l i c a t e a n d f l u o r o p h o s p h a t e . F o r a g i v e n g l a s s n e t w o r k 
f o r m e r , c h a n g e s i n t h e number a n d t y p e o f n e t w o r k m o d i f i e r 
i o n s a f f e c t t h e s p e c t r o s c o p i c p r o p e r t i e s o f t h e l a n t h a n i d e s . 
T h i s f e a t u r e i s a p p l i e d t o t a i l o r t h e g l a s s c o m p o s i t i o n s f o r 
s p e c i f i c l a s e r a p p l i c a t i o n s . I f e a c h c o m p o s i t i o n i s d e f i n e d 
a s a new g l a s s , t h e n t h e number o f i o n - g l a s s c o m b i n a t i o n s l a s e d 
b ecomes v e r y l a r g e a n d t h e number i n T a b l e I I I i s unknown a n d 
n o t v e r y m e a n i n g f u l . 

G l a s s e s a r e i n h e r e n t l y a d i s o r d e r e d medium, t h e r e f o r e , t h e 
l o c a l e n v i r o n m e n t a t e a c h l a n t h a n i d e s i t e i s s l i g h t l y d i f f e r e n t . 
T h i s a p p e a r s a s s p e c t r a l b r o a d e n i n g a n d s i t e - d e p e n d e n t t r a n s i 
t i o n p r o b a b i l i t i e s . One m a n i f e s t a t i o n o f t h i s i n h o m o g e n e i t y 
i s s p e c t r a l h o l e b u r n i n g i n t h e g a i n p r o f i l e (2(5, 2 7 j . B e c a u s e 
t h e s t i m u l a t e d e m i s s i o n c r o s s s e c t i o n s a r e d i f f e r e n t a t e a c h 
s i t e , t h e e n e r g y e x t r a c t e d f r o m an i n h o m o g e n e o u s s y s t e m i s 
a l w a y s l e s s t h a n t h a t o b t a i n a b l e f r o m a homogeneous s y s t e m o f 
t h e same a v e r a g e c r o s s s e c t i o n ( 2 8 ) . 

T h e v i b r a t i o n a l s p e c t r u m o f t h e h o s t i s p a r t i c u l a r l y 
i m p o r t a n t f o r d e t e r m i n i n g t h e r a t e o f n o n r a d i a t i v e d e c a y a n d 
f l u o r e s c e n c e q u a n t u m e f f i c i e n c y o f l a n t h a n i d e s i o n s . S t u d i e s 
show t h a t i n b o t h c r y s t a l s a n d g l a s s e s , t h e r a t e o f m u l t i -
p h o n o n e m i s s i o n i s d e t e r m i n e d p r i n c i p a l l y by t h e s i z e o f t h e 
e n e r g y gap t o t h e n e x t l o w e r l e v e l a n d t h e number o f p h o n o n s 
r e q u i r e d t o c o n s e r v e e n e r g y ( 2 9 ) . T h e r e f o r e h o s t s i n w h i c h 
t h e maximum p h o n o n s e n e r g i e s a r e r e l a t i v e l y s m a l l , e . g . , 
L a C l 3 , h a v e more n u m e r o u s a n d e f f i c i e n t f l u o r e s c i n g s t a t e s . 
U n f o r t u n a t e l y s u c h m a t e r i a l s f r e q u e n t l y h a v e p o o r p h y s i c a l 
p r o p e r t i e s f o r p r a c t i c a l l a s e r s . In g l a s s e s , t h e v i b r a t i o n a l 
f r e q u e n c i e s a s s o c i a t e d w i t h t h e g l a s s n e t w o r k f o r m e r , e . g . , 
t h e S i O 4 t e t r a h e d r a , a r e c o m p a r a t i v e l a r g e a n d t h e number 
o f f l u o r e s c i n g s t a t e s s m a l l . F o r t h i s r e a s o n t h e number o f 
l a n t h a n i d e l a s e r t r a n s i t i o n s i n g l a s s e s i s much l e s s t h a n i n 
c r y s t a l s . 
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T h e o p t i c a l p u m p i n g e f f i c i e n c y a n d o u t p u t power o f many 
l a s e r s i s i n c r e a s e d by c o d o p i n g t h e medium w i t h o t h e r i o n s 
w h i c h a b s o r b pump r a d i a t i o n a n d e f f e c t i v e l y t r a n s f e r t h e 
e x c i t a t i o n t o t h e u p p e r l a s e r l e v e l . T h i s t r a n s f e r may be 
e i t h e r r a d i a t i v e o r n o n r a d i a t i v e . In g e n e r a l , s e n s i t i z a t i o n 
s c h e m e s u s e d f o r p h o s p h o r s and o t h e r l u m i n e s c e n c e phenomena a r e 
a l s o a p p l i c a b l e t o l a s e r s (30_) • R e q u i r e m e n t s f o r t h e s e n s i t i z e r 
i o n i n c l u d e ( a ) no g r o u n d - o r e x c i t e d - s t a t e a b s o r p t i o n a t t h e 
l a s e r w a v e l e n g t h , ( b ) a b s o r p t i o n b a n d s w h i c h c o m p l e m e n t r a t h e r 
t h a n c o m p e t e w i t h a b s o r p t i o n b a n d s o f t h e l a s e r i o n ( b e c a u s e 
t h e f l u o r e s c e n c e c o n v e r s i o n e f f i c i e n c y u s u a l l y i s l e s s f o r t h e 
f o r m e r ) , ( c ) o n e o r more m e t a s t a b l e e n e r g y l e v e l s a b o v e t h e 
u p p e r l a s e r l e v e l , a n d ( d ) no o t h e r p a i r s o f l e v e l s w h i c h c a n 
q u e n c h t h e a c t i v a t o r f l u o r e s c e n c e . In a d d i t i o n , f o r e f f i c i e n t 
t r a n s f e r t h e c o n c e n t r a t i o n o f s e n s i t i z e r i o n s m u s t be s u f f i c i e n -
l y h i g h t o p r o v i d e s i g n i f i c a n t t r a n s f e r w i t h i n t h e f l u o r e s c e n c e 
l i f e t i m e o f t h e a c t i v a t o r . 

P o s s i b l e s e n s i t i z e r s f o r l a n t h a n i d e a n d a c t i n i d e i o n s 
i n c l u d e o t h e r l a n t h a n i d e a n d a c t i n i d e i o n s , o t h e r t r a n s i t i o n 
g r o u p i o n s , a n d m o l e c u l a r c o m p l e x e s . T h e s e may be p r e s e n t 
e i t h e r a s a d d e d i m p u r i t i e s o r a s a c o m p o n e n t o f t h e h o s t . O f 
t h e many s e n s i t i z a t i o n s c h e m e s r e p o r t e d , some o f f e r o n l y 
m a r g i n a l i m p r o v e m e n t . T h e m o s t e f f i c i e n t c r y s t a l l a s e r i s 
" a l p h a b e t " h o l m i u m : Ho3+ s e n s i t i z e d by E r 3 + , T m 3 + , a n d Y b 3 + 

( 3 1 ) . T h e a b s o r p t i o n b a n d s o f t h e s e i o n s c o m b i n e t o f o r m a 
q u a s i - c o n t i n u o u s s p e c t r u m . V i a a c o m p l e x c a s c a d e , e n e r g y 
a b s o r b e d by t h e v a r i o u s i o n s i s e v e n t u a l l y t r a n s f e r r e d t o t h e 
5 l 7 l a s i n g l e v e l o f H o 3 + . 

T h e c o n c e p t o f u p c o n v e r s i o n ( 3 2 ) i n w h i c h h i g h e r - l y i n g 
s t a t e s o f an a c t i v a t o r a r e e x c i t e d by s u c c e s s i v e e n e r g y 
t r a n s f e r s f r o m a l e s s e n e r g e t i c s e n s i t i z e r has a l s o b e e n 
a p p l i e d t o l a n t h a n i d e l a s e r s ( 3 3 ) . 

A l i s t o f s e n s i t i z e d l a n t h a n i d e l a s e r s i s g i v e n i n T a b l e IV. 
The l a s e r t r a n s i t i o n s a r e shown i n t h e n e x t s e c t i o n ; f o r f i g u r e s 
o f t h e e n e r g y l e v e l s a n d t r a n s i t i o n o f t h e s e n s i t i z e r a n d 
a c t i v a t o r i o n s a n d t h e o r i g i n a l r e f e r e n c e s s e e R e f s . 21 and 34. 
O t h e r s e n s i t i z a t i o n s c h e m e s a r e known, b u t o n l y t h o s e a c t u a l l y 
u s e d f o r l a s e r s a r e i n c l u d e d . T h e s e h a v e m o s t commonly u s e d 
f - f t r a n s i t i o n s o f l a n t h a n i d e s . P o s s i b l e d-d s e n s i t i z a t i o n 
s c h e m e s h a v e a l s o b e e n n o t e d ( 3 5 ) . 

S u r v e y o f L a n t h a n i d e I o n s 
W i t h t h e e x c e p t i o n o f p r o m e t h i u m , s t i m u l a t e d e m i s s i o n h a s 

b e e n r e p o r t e d f o r a l l o f t h e l a n t h a n i d e s . T h e t r a n s i t i o n s u s e d 
and t h e l a s i n g c h a r a c t e r i s t i c s o f e a c h a r e r e v i e w e d b e l o w . 
More d e t a i l e d d i s c u s s i o n s o f t h e s p e c t r o s c o p i c f e a t u r e s o f t h e 
i o n a n d t h e p r o p e r t i e s o f t h e h o s t t h a t i n f l u e n c e t h e p o t e n t i a l 
f o r l a s e r a c t i o n a r e p r e s e n t e d i n a r e v i e w a r t i c l e (1_9) a n d a 
book ( 3 6 ) d e v o t e d t o r a r e - e a r t h l a s e r s . 
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T a b l e IV. I o n s u s e d a s s e n s i t i z e r s f o r o p t i c a l l y - p u m p e d 
l a n t h a n i d e l a s e r s . 

L a s e r I o n L a s e r t r a n s i t i o n S e n s i t i z e r i o n ( s ) 

N d 3 + 4 p 3 / 2 ^ 4 l l l / 2 C e 3 + ' C r 3 + ' M n 2 + ' U ° 2 + ' ( V 0 4 ) 3 " 
T b 3 + 5 V ? F 5 G ( j 3 + 

D y 3 + \ 3 /A 5/2 E r 3 + 

H o 3 + 5 I r
5 I 8 E r 3 + , T m 3 + , Y b 3 + , C r 3 + , F e 3 + , N i 2 + 

Y b 3 + (*) 
C 3 + 4T Vh 3 + 

E r ITQ/Q-^ IIC/O Yb . 13 / 2 . 15/2 ~ 
T ->4I Yb (*) h 9 / 2 A 1 5 / 2 Y D v ; 

T m 3 + \ + \ E r 3 + , Y b 3 + , C r 3 + 

% + J H 5 C r J 

Y b 3 + 2 f 5 / 2 ^ F 7 / 2 N d 3 + ' C r 3 + 

* M u l t i s t e p u p c o n v e r s i o n p r o c e s s 

E n e r g y l e v e l d i a g r a m s a n d l a s i n g t r a n s i t i o n s f o r a l l 
t r i v a l e n t l a n t h a n i d e i o n s a r e shown i n F i g . 4 a n d 5 ( t o s i m p l i f y 
t h e d i a g r a m s , t h e e x t e n t o f t h e c r y s t a l l i n e S t a r k s p l i t t i n g , 
w h i c h v a r i e s w i t h h o s t , i s n o t i n d i c a t e d ) . R e f e r e n c e s t o t h e 
o r i g i n a l r e p o r t s a r e g i v e n i n R e f . 7 f o r g a s e s , i n R e f . 14 f o r 
l i q u i d s , a n d i n R e f . 21 f o r s o l i d s . 

T r i v a l e n t I o n s . E n e r g y l e v e l s a s s o c i a t e d w i t h t h e 4 f n 

g r o u n d e l e c t r o n i c c o n f i g u r a t i o n o f t h e t r i v a l e n t l a n t h a n i d e s 
a r e w e l l u n d e r s t o o d f o r s t a t e s up t o - 3 0 , 0 0 0 - 4 0 , 0 0 0 cnr" 1 b o t h 
e x p e r i m e n t a l l y ( 3 7 ) a n d t h e o r e t i c a l l y ( 3 8 , 3 9 ) . T h e l i g a n d o r 
c r y s t a l f i e l d o f t h e h o s t r e d u c e s t h e ( 2 J + 1 ) - f o l d d e g e n e r a c y 
o f t h e f r e e - i o n s t a t e s . B e c a u s e t h e 4 f e l e c t r o n s a r e s h i e l d e d 
by t h e o u t e r 5 s 2 a n d 5p6 e l e c t r o n s , t h e s h i f t i n t h e c e n t e r o f 
g r a v i t y o f t h e f r e e - i o n e n e r g y l e v e l s a n d t h e e x t e n t o f t h e 
c r y s t a l l i n e S t a r k s p l i t t i n g a r e s m a l l , on t h e o r d e r o f a few 
h u n d r e d cm-1, a n d v a r y w i t h t h e h o s t . L e v e l s o f 4 f n - 1 5d a n d 
o t h e r e x c i t e d c o n f i g u r a t i o n s a r e a t h i g h e r e n e r g i e s a n d h a v e 
b e e n i n v e s t i g a t e d f o r w i d e b a n d g a p f l u o r i d e h o s t s (40, 41_, 4 2 ) . 
In many m a t e r i a l s , h o w e v e r , t h e l a t t e r l e v e l s a r e n e a r o r a b o v e 
t h e f u n d a m e n t a l a b s o r p t i o n e d g e a n d t h e r e f o r e o f l i m i t e d u s e 
f u l n e s s f o r o p t i c a l p u m p i n g o r l a s i n g . 
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CeAlum. N e a r - u l t r a v i o l e t l a s i n g f r o m t h e l o w e s t 5d b a n d 
t o s t a t e s o f t h e 4 f 1 g r o u n d c o n f i g u r a t i o n o f C e 3 + i n L i Y F 4 was 
r e p o r t e d r e c e n t l y (43). E x c i t a t i o n was a c h i e v e d by p u m p i n g 
i n t o h i g h e r l y i n g 5d b a n d s a t 248 o r 193 nm u s i n g e i t h e r a 
K r F o r an A r F e x c i m e r l a s e r , r e s p e c t i v e l y . An e f f i c i e n t 
4 - l e v e l l a s i n g scheme i s f o r m e d by t r a n s i t i o n s t e r m i n a t i n g on 
t h e 2 F 7 / 2 s t a t e . O s c i l l a t i o n a l s o o c c u r s t o t h e ^ 5 / 2 g r o u n d 
s t a t e (44), t h e w a v e l e n g t h ( 3 0 8 nm) i s t h e s h o r t e s t o f a l l 
l a n t h a n i d e l a s e r s . B e c a u s e t h e C e ^ + f l u o r e s c e n c e b a n d i s b r o a d , 
t h e l a s e r a c t i o n i s t u n a b l e . T h e t u n i n g r a n g e a c h i e v e d t o 
d a t e f o r b o t h t r a n s i t i o n s i n C e : Y L F i s -500 cm""1 ( 4 4 ) . 

A l t h o u g h c k f l a s i n g o f C e 3 + a n d o t h e r l a n t h a n i d e s h a v e b e e n 
d i s c u s s e d f o r s e v e r a l y e a r s ( 4 5 , 46), t h i s was t h e f i r s t 
s u c c e s s f u l d e m o n s t r a t i o n s i n c e t h e v e r y e a r l y d->f l a s i n g o f 
Sm^ + i n CaF2- One d i f f i c u l t y i n o b t a i n i n g o s c i l l a t i o n i s 
p o s s i b l e e x c i t e d - s t a t e a b s o r p t i o n t o h i g h e r l y i n g s t a t e s . T h i s 
was shown t o p r e v e n t o s c i l l a t i o n o f C e 3+:YAG a t room t e m p e r a t u r e 
( 4 7 ) . S i n c e t h e n e p h e l a u x e t i c e f f e c t i s d i f f e r e n t i n o x i d e a n d 
f l u o r i d e h o s t s , t h e C e 3 + b a n d s i n L i Y F 4 a r e s h i f t e d s u f f i c i e n t l y 
t o r e d u c e e x c i t e d - s t a t e a b s o r p t i o n . L a s i n g f r o m C e 3 + i n o t h e r 
h o s t c r y s t a l s a n d g l a s s e s s h o u l d be p o s s i b l e . I f t h e c k f l i n e -
w i d t h i s p r e d o m i n a n t l y h o m o g e n e o u s , h o l e b u r n i n g a n d r e d u c e d 
e n e r g y e x t r a c t i o n c h a r a c t e r i s t i c o f g l a s s e s s h o u l d n o t o c c u r . 

PfKUzodymluun.The e n e r g y l e v e l scheme o f P r 3 + i n c l u d e s 
s e v e r a l f l u o r e s c i n g a n d t e r m i n a l s t a t e s f o r 4 - l e v e l o p e r a t i o n . 
A b s o r p t i o n b a n d s a r e few i n number, h e n c e t h r e s h o l d s a r e h i g h 
f o r b r o a d b a n d o p t i c a l pumps. P u l s e d l a s e r a c t i o n has b e en 
o b s e r v e d f r o m s e v e r a l e x c i t e d s t a t e s a t 300 K an d l o w e r 
t e m p e r a t u r e ( 2 1 , 34 ) . H o s t s i n c l u d e o x i d e a n d f l u o r i d e 
c r y s t a l s . L a s i n g f r o m t h e 3 P Q s t a t e s h o u l d be p o s s i b l e f r o m 
P r 3 + i n g l a s s e s a n d l i q u i d s g i v e n a d e q u a t e p u m p i n g . 

Th e 1SQ s t a t e l o c a t e d a t ^ 4 7 , 0 0 0 cm -! a l s o e x h i b i t s 
f l u o r e s c e n c e i n w i d e b a n d g a p h o s t s , s u c h a s f l u o r i d e c r y s t a l s , 
a n d has b e e n c o n s i d e r e d f o r l a s e r a c t i o n ( 4 8 ) . E x c i t a t i o n 
i n t o t h e 4 f 5 d a n d h i g h e r l y i n g b a n d s r a p i d l y d e c a y s t o ^ S g . 
T h e "ISQ->- G4 t r a n s i t i o n a t ~271 nm an d t h e 1 F 4 t r a n s i t i o n 
a t *250 nm a r e i n t e n s e a n d c o u l d p r o v i d e u l t r a v i o l e t l a s e r 
a c t i o n i f e x c i t e d - s t a t e a b s o r p t i o n i s n o t d o m i n a n t . 

In Y3AI5O-12 t h e l o w e s t 5d b a n d i s l o c a t e d b e l o w "ISo a n d 
f l u o r e s c e s w i t h h i g h q u a n t u m e f f i c i e n c y a t t e m p e r a t u r e s <300 K 
( 4 9 ) . S e v e r a l i n t e n s e 4 f 5 d - > 4 f 2 t r a n s i t i o n s i n t h e n e a r -
u l t r a v i o l e t c o u l d p r o v i d e t u n a b l e l a s e r a c t i o n b a r r i n g s t r o n g 
e x c i t e d - s t a t e a b s o r p t i o n . T u n a b l e l a s e r a c t i o n i n t h e 215-260 
nm r a n g e i n L i Y F 4 may a l s o be p o s s i b l e ( 5 0 ) . 

bl&odymium. As e v i d e n t f r o m T a b l e I I I a n d F i g . 3, N d 3 + 

i s t h e m o s t e x t e n s i v e l y e x p l o i t e d l a s e r i o n a n d i s t h e one 
t r i v a l e n t l a n t h a n i d e i o n l a s e d i n a l l s t a t e s o f m a t t e r . T h e 
many o p t i c a l a b s o r p t i o n b a n d s d i s t r i b u t e d t h r o u g h t h e v i s i b l e 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

4



290 L A N T H A N I D E A N D A C T I N I D E C H E M I S T R Y A N D S P E C T R O S C O P Y 

a n d n e a r - i n f r a r e d s p e c t r a l r e g i o n s c o m b i n e d w i t h r a p i d e n e r g y 
c a s c a d e t o t h e m e t a s t a b l e ^3/2 s t a t e p r o v i d e g o o d o p t i c a l 
p u m p i n g e f f i c i e n c y f o r b r o a d b a n d s o u r c e s . T h e 4 F 3 / 2 ^ I n / 2 
t r a n s i t i o n i s g e n e r a l l y t h e m o s t i n t e n s e t r a n s i t i o n a n d f o r m s 
a n e a r - i d e a l 4 - l e v e l l a s i n g scheme a t a m b i e n t t e m p e r a t u r e s . 
P u l s e d l a s e r a c t i o n has b e e n o b s e r v e d f r o m ^3/2 t o a l l 4 I j 
s t a t e s a n d cw l a s e r a c t i o n t o t h e I n / 2 a n c l ^13/2 s t a t e s 
( 2 2 ) . L a s i n g i n v o l v i n g 5d e m i s s i o n , w n i c h w o u l d De t u n a b l e 
i n t h e r e g i o n - 1 7 2 - 1 9 5 nm i n v a r i o u s f l u o r i d e h o s t s , h a s b e e n 
m e n t i o n e d (46J b u t n o t d e m o n s t r a t e d . 

S t i m u l a t e d e m i s s i o n has b e e n r e c o r d e d f o r N d 3 + i n more 
t h a n 100 d i f f e r e n t c r y s t a l s i n c l u d i n g d o p e d s i n g l e c r y s t a l s , 
m i x e d c r y s t a l s ( s o l i d s o l u t i o n s ) , a n d s e v e r a l c r y s t a l s i n 
w h i c h Nd i s a s t o i c h i o m e t r i c c o m p o n e n t o f t h e h o s t ( 2 1 ) . 
B e c a u s e t h e s p e c t r o s c o p i c p r o p e r t i e s a r e h o s t d e p e n d e n t , t h e 
s e l e c t i o n o f m a t e r i a l s p r o v i d e s v a r i a b i l i t y w i t h r e s p e c t t o 
c r o s s s e c t i o n s a n d l i f e t i m e s a s w e l l a s o t h e r p h y s i c a l 
p r o p e r t i e s . 

T h e m o s t w i d e l y u s e d s o l i d - s t a t e l a s e r i s Nd:YAG. T h e 
p r o p e r t i e s a n d o p e r a t i n g c h a r a c t e r i s t i c s o f t h i s l a s e r h a v e 
b e e n t h o r o u g h l y r e v i e w e d b y D a r n e l m e y e r ( 5 ] _ ) . A l l f l u o r e s c e n c e 
t r a n s i t i o n s f r o m F - / 2 t o t h e 4 I , s t a t e s h a v e l a s e d i n YAG. 
C o o l i n g l o w e r s t h e t h r e s h o l d f o r t h e 4 F ~ / 2 -^1 t r a n s i t i o n s ; 
t h e o t h e r t r a n s i t i o n s o p e r a t e a t a m b i e n t ' t e m p e r a t u r e s . L a s e r 
a c t i o n was a l s o o b s e r v e d f r o m e p i t a x i a l l y - g r o w n t h i n f i l m s 
( 5 2 ) a n d s i n g l e - c r y s t a l f i b e r s ( 5 3 ) o f Nd:YAG. 

O t h e r c o m m e r c i a l l y a v a i l a b l e N d - d o p e d l a s e r c r y s t a l s i n c l u d e 
Y A 1 0 3 , L i Y F 4 , L a 2 B e 2 0 5 , a n d L a F ^ . 

Neodymium i s a f s o t h e m o s t e x t e n s i v e l y d e v e l o p e d g l a s s 
l a s e r ( 2 5 ) . S y s t e m a t i c s t u d i e s h a v e shown t h a t s p e c t r o s c o p i c 
p r o p e r t i e s c a n be t a i l o r e d , w i t h i n l i m i t s , by s e l e c t i n g t h e 
g l a s s n e t w o r k f o r m i n g a n d n e t w o r k m o d i f y i n g i o n s ( 5 4 ) . Many 
d i f f e r e n t o x i d e , f l u o r i d e , a n d m i x e d g l a s s f o r m e r s h a v e b e e n 
i n v e s t i g a t e d ( 5 5 ) . T h i n f i l m w a v e g u i d e s o f N d r s i l i c a t e g l a s s 
h a v e b e e n f a b r i c a t e d ( 5 6 ) . A t t h e o t h e r e x t r e m e , l a s e r s f o r 
i n e r t i a l c o n f i n e m e n t f u s i o n e x p e r i m e n t s ( 5 7 ) e m p l o y l o n g c h a i n s 
o f N d - d o p e d g l a s s d i s k a m p l i f i e r s c o n t a i n i n g e l l i p t i c a l d i s k s 
i n s i z e s up t o 50 x 600 nm. 3 + 

V a r i o u s b r o a d b a n d s o u r c e s e m p l o y e d t o o p t i c a l l y pump Nd 
i n c l u d e t u n g s t e n , m e r c u r y , x e n o n , a n d k r y p t o n l a m p s . T h e l a s t 
s o u r c e p r o v i d e s an e s p e c i a l l y g o o d s p e c t r a l m a t c h t o t h e n e a r -
i n f r a r e d a b s o r p t i o n b a n d s o f N d 3 + i n YAG. To r e d u c e l a t t i c e 
h e a t i n g r e s u l t i n g f r o m t h e m u l t i p h o n o n e m i s s i o n d e c a y t o t h e 
F3/2 s t a t e , s e m i c o n d u c t o r d i o d e s a n d l a s e r s o u r c e s a t 0.8-0.9 

ym n a v e pumped Nd l a s e r s ( 5 8 ) . Sun-pumped Nd and c h r o m i u m -
s e n s i t i z e d Nd l a s e r s h a v e b e e n d e m o n s t r a t e d a n d c o n s i d e r e d 
f o r s p a c e a p p l i c a t i o n s ( 5 9 ) . L a s i n g o f N d 3 + by e l e c t r o n beam 
e x c i t a t i o n h a s a l s o b e e n r e p o r t e d ( b 0 ) . 

Neodymium c h e l a t e l a s e r a c t i o n a t 300 K was o b t a i n e d , b u t 
t o r e d u c e n o n r a d i a t i v e d e c a y o f F 3 / 2 , a l i g a n d c o n t a i n i n g 
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f l u o r i n e i n p l a c e o f h y d r o g e n was u s e d (61_). L a s e r a c t i o n h a s 
be e n o b s e r v e d f r o m s e v e r a l a p r o t i c l i q u i d s c o n s i s t i n g o f a 
s o l u t i o n o f a Nd s a l t a n d an i n o r g a n i c a p r o t i c s o l v e n t . A l i s t 
o f l a s e r s a n d s o l v e n t s i s g i v e n i n R e f . 19. 

G a i n was m e a s u r e d f o r t h e t r a n s i t i o n f r o m o n e 
m o l e c u l a r v a p o r , a NdCl 3-A1CI 3 c o m p l e x ( t u ) . I n t e n s e e x c i t e d 
s t a t e - e x c i t e d s t a t e q u e n c h i n g a n d l o w v a p o r p r e s s u r e s l i m i t t h e 
a t t r a c t i v e n e s s o f t h i s l a s i n g medium. T h e e x c i t e d - s t a t e k i n e t i c s 
f o r N d ( t h d ) 3 c h e l a t e v a p o r s h a v e a l s o b e e n i n v e s t i g a t e d a n d t h e 
p r o s p e c t s f o r l a s e r a c t i o n d i s c u s s e d ( 6 2 ) . 

P/iomoXhiam. T h i s i o n h a s no s t a b l e i s o t o p e s . T h e i s o t o p e 
Pm"l47 i s a b e t a e m i t t e r ( 0 . 2 2 MeV) w i t h a h a l f - l i f e o f 2.6 y e a r s . 
T h i s r a d i o a c t i v i t y p o s e s p r o b l e m s f o r t h e g r o w t h , f a b r i c a t i o n , 
o p e r a t i o n , a n d l i f e t i m e o f a s o l i d - s t a t e l a s e r . S t i m u l a t e d 
e m i s s i o n h a s n o t b e e n r e p o r t e d f o r a n y h o s t . 
~ T h e e n e r g y l e v e l s c heme o f Pm3+ i s v e r y s i m i l a r t o t h a t o f 

Nd a n d h e n c e i s a t t r a c t i v e f o r l a s e r a c t i o n . T h e r e a r e 
nu m e r o u s a b s o r p t i o n b a n d s f o r o p t i c a l p u m p i n g a n d f l u o r e s c e n c e 
f r o m s t a t e t o l e v e l s o f $1 o c c u r s a t w a v e l e n g t h s r a n g i n g 
f r o m 0.81 t o 1.72 ym. T h e l a r g e e n e r g y g a p f r o m 5F-| t o 5 j g 
i n s u r e s h i g h q u a n t u m e f f i c i e n c y i n m o s t h o s t s . T h e m o s t 
p r o m i s i n g t r a n s i t i o n f o r l a s i n g i s 5F] - > 5 l 5 w h i c h h a s a l a r g e 
b r a n c h i n g r a t i o a n d no c o m p e t i n g e x c i t e d - s t a t e a b s o r p t i o n . 
K r u p k e ( 6 3 ) c a l c u l a t e d f l u o r e s c e n c e i n t e n s i t i e s a n d t h e 
r a d i a t i v e l i f e t i m e o f 5F-j f o r Pm:YAG u s i n g J u d d - O f e l t i n t e n s i t y 
p a r a m e t e r s e x t r a p o l a t e d f r o m N d 3 + . T h e 5F] - > 5 l 5 t r a n s i t i o n a t 
0.92 ym had an o s c i l l a t o r s t r e n g t h w i t h i n 7 0 % o f t h e v a l u e 
f o r t h e 4 F 3 / 2 + 4 I - | i / 2 t r a n s i t i o n o f Nd:YAG. T h e 5 F ^ 5 I 6 o f t h e 
t r a n s i t i o n a n d t r a n s i t i o n s f r o m t h e t h e r m a l l y p o p u l a t e d 5 F 2 
s t a t e a r e a l s o i n t e n s e a n d l a s e r c a n d i d a t e s . 

T h e p o s s i b i l i t y o f l a s i n g P m 3 + i n LiY F 4 has a l s o b e e n 
c o n s i d e r e d ( 6 4 ) . T h e g r e a t e s t t r a n s i t i o n p r o b a b i l i t y 
c o r r e s p o n d s t o t h e i r - p o l a r i z e d e l e c t r i c - d i p o l e t r a n s i t i o n 

o f 0.94 ym. E x p e r i m e n t s s u g g e s t t h a t t h e b e t a - r a y a c t i v i t y 
o f P m 3 + may n o t h a v e a s e v e r e e f f e c t on t h e o p t i c a l p r o p e r t i e s 
o f LiY F 4 i n t h e w a v e l e n g t h r e g i o n s o f i n t e r e s t ( 6 4 ) . 

SamajLtum. S t i m u l a t e d e m i s s i o n h a s n o t b e e n r e p o r t e d f o r 
t r i v a l e n t s a m a r i u m i n a n y medium. T h e r e a r e n u m e r o u s a b 
s o r p t i o n b a n d s a t w a v e l e n g t h s <500 nm and e f f i c i e n t f l u o r e s c e n c e 
o c c u r s f r o m t h e ^ 5 / 2 l e v e l i n s o l i d s . T h e e m i s s i o n , h o w e v e r , 
i s d i v i d e d among many t e r m i n a l l e v e l s a n d s e v e r a l i o n - i o n 
s e l f - q u e n c h i n g t r a n s i t i o n s a r e p o s s i b l e . F l u o r e s c e n c e 
t r a n s i t i o n h a v i n g l a r g e b r a n c h i n g r a t i o s i n c l u d e ^^/Z^7/Z 
a n d 4G5/2->6Hg/2 ( 6 5 ) . B e c a u s e o f t h e h i g h d e n s i t y o f h i g h -
l y i n g s t a t e s , t h e p r o b a b i l i t y f o r e x c i t e d - s t a t e a b s o r p t i o n f r o m 
4G5/2 may, i n many c a s e s , be s t r o n g e r t h a n f o r s t i m u l a t e d 
e m i s s i o n . 

b e t w e e n w a v e l e n g t h 
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EuAopjjum. T h i s i s t h e m o s t e x t e n s i v e l y s t u d i e d c h e l a t e 
l a s e r i o n . T r i v a l e n t Eu h a s l a s e d i n 24 o r g a n i c c h e l a t e 
s o l u t i o n s a t t e m p e r a t u r e s r a n g i n g f r o m -150 t o 3 0 ° C . Some 
o f t h e l i g a n d s , c a t i o n s , a n d s o l v e n t s u s e d a r e g i v e n i n R e f . 
14. T h e p r i n c i p a l o p t i c a l p u m p i n g i s a s c r i b e d t o a b s o r p t i o n 
i n t o t h e s i n g l e t s t a t e o f t h e l i g a n d f o l l o w e d by i n t e r s y s t e m 
c r o s s i n g t o t h e t r i p l e t s t a t e a n d s u b s e q u e n t i n t e r m o l e c u l a r 
t r a n s f e r t o an e x c i t e d s t a t e o f E u 3 + ( 1 1 ) . 

In s o l i d s , o n l y p u l s e d 5D Q-> 7F2 l a s e r a c t i o n h a s b e e n 
o b s e r v e d . Low t e m p e r a t u r e s w e r e u s e d t o n a r r o w t h e l i n e w i d t h s 
a n d r e d u c e t h e p o p u l a t i o n i n t h e 7 F 2 t e r m i n a l s t a t e . S i n c e 
t h e r e a r e no i n t e n s e a b s o r p t i o n b a n d s i n t h e v i s i b l e , l a s i n g 
t h r e s h o l d s w e r e h i g h . F o r e f f i c i e n t u t i l i z a t i o n o f t h e h i g h e r -
l y i n g pumps b a n d s , a r a p i d n o n r a d i a t i v e c a s c a d e t h r o u g h t h e 5 D 
l e v e l s t o 5DQ i s n e c e s s a r y t o m i n i m i z e f l u o r e s c e n c e l o s s e s . 
A l t e r n a t i v e l y , l a s i n g c o u l d be o b t a i n e d f r o m m e t a s t a b l e b D ] 
and 5 D 2 s t a t e s t o v a r i o u s l e v e l s o f 7 F . 

Th e a b s o r p t i o n a n d e m i s s i o n c r o s s s e c t i o n s o f Eu3+ a r e 
r e l a t i v e l y s m a l l . T h e 5DQ-> 7F? l a s i n g t r a n s i t i o n i s a l s o a 
h y p e r s e n s i t i v e t r a n s i t i o n ( 6 6 ) a n d t h e r e f o r e v e r y h o s t d e 
p e n d e n t . No s y s t e m a t i c e f f o r t a p p e a r s t o h a v e b e e n made t o 
e x p l o i t t h i s f e a t u r e t o i m p r o v e l a s i n g p e r f o r m a n c e . 

B e c a u s e o f t h e a b s e n c e o f 5DQ q u e n c h i n g by s i m p l e i o n p a i r 
i n t e r a c t i o n s , h i g h Eu c o n c e n t r a t i o n s a n d s t o i c h i o m e t r i c 
m a t e r i a l s s h o u l d be u s a b l e f o r l a s e r a c t i o n . 

Gadolinium. E f f i c i e n t f l u o r e s c e n c e f r o m t h e l o w e s t e x c i t e d 
s t a t e 6 P 7 / 2 t o t h e g r o u n d s t a t e o c c u r s a t -0.31 ym a n d 
f o r m s a t h r e e - l e v e l l a s i n g s c h e m e . T h e h i g h t h r e s h o l d 
c h a r a c t e r i s t i c o f t h r e e - l e v e l o p e r a t i o n a n d t h e r e q u i r e m e n t s 
o f g o o d h o s t t r a n s p a r e n c y , l o w e x c i t e d - s t a t e a b s o r p t i o n , 
a n d an u l t r a v i o l e t s o u r c e ( £ 0 . 3 ym) f o r o p t i c a l p u m p i n g a r e 
a l l o b s t a c l e s t o o b t a i n i n g s t i m u l a t e d e m i s s i o n . O n l y two 
c a s e s o f l a s e r a c t i o n h a v e b e e n r e p o r t e d ; o n e i n a c r y s t a l -
Y 3 A 1 5 ° 1 2 ( 6 7 ) a n d one i n a s i l i c a t e g l a s s ( 6 8 ) . I n b o t h 
i n s t a n c e s p u m p i n g was v i a a xe n o n f l a s h l a m p a n d t h e t h r e s h o l d s 
w e r e v e r y h i g h . 

ToAbXum. T h e ̂ Dd-Jf^ t r a n s i t i o n h a s t h e l a r g e s t f l u o r e s 
c e n c e b r a n c h i n g f r o m ^ 4 a n d f o r m s a f o u r - l e v e l l a s e r scheme 
a t a m b i e n t t e m p e r a t u r e s . H o w e v e r , s t i m u l a t e d e m i s s i o n h a s b e e n 
o b s e r v e d i n o n l y o n e m a t e r i a l , c r y s t a l l i n e LiY F 4 ( 6 9 ) . A s i n 
t h e c a s e o f E u 3 + , t h e p r i n c i p a l a b s o r p t i o n b a n d s f o r o p t i c a l 
p u m p i n g l i e i n t h e n e a r - u l t r a v i o l e t . I f t h e s e a r e u s e d t o 
e x c i t e t h e 5D4 l e v e l , t h e 6000 cm-"1

 5D3+5D4 e n e r g y gap m u s t 
be e f f i c i e n t l y b r i d g e d . I n LiY F 4 t h i s was d o n e by u s i n g a 
h i g h T b c o n c e n t r a t i o n (>20%) s o t h a t t h e r e was r a p i d 5D3+5D4 
d e c a y by i o n - i o n i n t e r a c t i o n s a n d e n e r g y - c o n s e r v i n g 7F5-> 7FQ ] 
t r a n s i t i o n s . T h e 5d b a n d s o f Tb3+ a r e t h e l o w e s t - l y i n g o f ' 
t h e t r i v a l e n t l a n t h a n i d e s a n d , i f t o o l o w , t h e y c a n p r e v e n t 
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l a s i n g due t o s t r o n g , bD4 5d e x c i t e d - s t a t e a b s o r p t i o n . I n 
U Y F 4 , t h e n e p h e l a u x e t i c e f f e c t i s s m a l l a n d t h e 5d b a n d s a r e 
s u f f i c i e n t l y h i g h t o a v o i d t h i s d i f f i c u l t y ; t h i s i s n o t t h e 
c a s e i n many o t h e r c r y s t a l s , e s p e c i a l l y t h e o x i d e s . 

T h e r e i s o n e r e p o r t o f o p t i c a l l y - p u m p e d T b 3 + c h e l a t e l a s e r 
a c t i o n a t room t e m p e r a t u r e ; t h e t h r e s h o l d was v e r y h i g h ( 7 0 ) . 
THe e x c i t e d - s t a t e k i n e t i c s o f Tb3+ i n v a p o r - p h a s e t e r b i u m 
c h e l a t e s ( 6 2 ) a n d t e r b i u m a l u m i n u m c h l o r i d e c o m p l e x e s (71_, 72) 
ha v e b e e n i n v e s t i g a t e d b u t no l a s e r a c t i o n r e p o r t e d . 

Vyt>ph,ot>AMm. S t i m u l a t e d e m i s s i o n f r o m D y 3 + i n E r 3 + -
s e n s i t i z e d B a Y z F g a t 3.02 ym i s t h e l o n g e s t w a v e l e n g t h n o n -
c a s c a d e l a s e r ( 7 3 ) . L a s e r a c t i o n was o b t a i n e d a t 77 K a n d 
i n v o l v e d a H l 3 / 2 : ^ ' H 1 5 / 2 t r a n s i t i o n . F l u o r e s c e n c e a l s o o c c u r s 
f r o m t h e 4 F g / 2 l e v e l l o c a t e d a t -2 1 , 0 0 0 cm" 1 w i t h i n t e n s e 
e m i s s i o n t o H-|5/2 a n <^ ̂ H 1 3 / 2 ' b u t no l a s e r a c t i o n h a s b e e n 
r e p o r t e d . T h e comments made e a r l i e r ? b s u t t h e a b s e n c e o f 
s t i m u l a t e d e m i s s i o n f r o m S m 3 + a r e a g a i n a p r o p o s . S e v e r a l 
p o s s i b l e c a s c a d e l a s e r s c h e m e s f o r Dy3+ h a v e b e e n d e s c r i b e d ( 7 4 ) . 

Holmium. In t e r m s o f t h e number o f s o l i d - s t a t e h o s t s , 
Ho3+ i s t h e s e c o n d m o s t e x t e n s i v e l y e x p l o i t e d l a n t h a n i d e l a s e r 
i o n ; i n t e r m s o f d i f f e r e n t t r a n s i t i o n l a s e d , i t i s t h e m o s t 
e x p l o i t e d . S t i m u l a t e d e m i s s i o n i s o b s e r v e d f o r 12 t r a n s i t i o n s 
w i t h w a v e l e n g t h s r a n g i n g f r o m 0.55 t o 3.91 ym a n d i n h o s t s 
i n c l u d i n g c r y s t a l s , t h r e e s t o i c h i o m e t r i c m a t e r i a l s ( H o F 3 - L i H o F 4 , 
H o 3 A l 5 0 ] 2 ) 0 9 , 2 1 ) , t h i n f i l m s ( 5 2 ) , a n d s i l i c a t e g l a s s ( 7 5 ) . 
T h e m o s t common l a s e r t r a n s i t i o n , - " 5 i y + 5 i g 5 has o p e r a t e d b o t h 
p u l s e d a n d cw i n c r y s t a l s , h o w e v e r l o w t e m p e r a t u r e s a r e u s u a l l y 
r e q u i r e d . P h o n o n - t e r m i n a t e d l a s e r a c t i o n h a s a l s o b e e n 
r e p o r t e d f o r H o 3 + i n BaY2Fg ( 7 6 ) . 

R e c e n t l y 5s2-^l5+5l5 c a s c a d e l a s e r a c t i o n was o b s e r v e d 
f o r Ho3+ i n LiY F 4 ( 7 7 ) . T h e l a t t e r t r a n s i t i o n i s a t 3.914 ym 
and i s t h e l o n g e s t w a v e l e n g t h l a n t h a n i d e l a s e r r e p o r t e d t o 
d a t e . By u s i n g a 30 - n s pump p u l s e a n d a h i g h - Q c a v i t y , 
5 S 2 ~ > - 5 l 5 l a s i n g w a s - o b t a i n e d w i t h i n 0.5 y s . As a r e s u l t , 
s u f f i c i e n t p o p u l a t i o n b u i l d u p o c c u r r e d i n t o a c h i e v e 
515-^51^ o s c i l l a t i o n b e f o r e s i g n i f i c a n t s p o n t a n e o u s d e c a y f r o m 
t h e 5 i 5 s t a t e . C a s c a d e l a s i n g s c h e m e s o f H o 3 + i n Gd 3 G a 5 0 ] 2 
c r y s t a l s i n c l u d i n g 5 l 6 ^ l 8 t r a n s i t i o n s w e r e r e p o r t e d r e c e n t l y 
( 7 8 ) . 

Ehbium. T h e e n e r g y l e v e l d i a g r a m o f E r 3 + i s s i m i l a r t o 
t h a t o f H o 3 + a n d s t i m u l a t e d e m i s s i o n i n v o l v i n g a l i k e number 
o f t r a n s i t i o n s , w a v e l e n g t h r a n g e , a n d d i v e r s i t y o f h o s t 
m a t e r i a l s i s p o s s i b l e . T h e f i r s t c a s c a d e l a s i n g s c h e m e , 

s 3 / 2 ~ > 4 l ] 3 / 2 " > 4 l 1 5 / 2 ' w a s d e v e l o p e d f o r E r 3 + i n a C a F 2 - Y F 3 
c r y s t a l [Wj. E r o i u m was a l s o p a r t o f a c a s c a d e l a s e r scheme 
i n v o l v i n g two d i f f e r e n t i o n s . I n t h i s s cheme a $3/2^113/2 
l a s i n g t r a n s i t i o n o f E r 3 + was f o l l o w e d b y n o n r a d i a t i v e E r 3 + 
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4 I ] 3 > ( 2 - > 4 l 1 5 / ? : T m 3 + 3 H 6 + 3 H 4 t r a n s f e r a n d s u b s e q u e n t T m 3 + 

3H 4 + 5 H 6 l a s i n g ( 8 0 ) . 
Among p a r t i c u l a r l y u s e f u l l a s e r t r a n s i t i o n s o f E r 3 + a r e 

4 S 3 / 2 + 4 I l 3 / 2 a t ° - 8 5 ̂ m a n d 4 1 1 3 " ^ 4 1 1 5 / 2 a t % 1 - 6 y m* T h e l a t t e r 

w a v e l e n g t h i s a b s o r b e d b y t h e o c u l a r m e d i a o f t h e e y e . t h e r e b y 
o f f e r i n g p r o t e c t i o n f o r t h e r e t i n a . E r b i u m - d o p e d g l a s s 
l a s e r s w e r e d e v e l o p e d e x t e n s i v e l y f o r p o s s i b l e e y e - s a f e 
a p p l i c a t i o n s ( 2 7 ) . T h e s p e c t r o s c o p i c p r o p e r t i e s a n d r e 
l a x a t i o n o f E r ^ F i n a E r C l 3 - ( A T C I 3 > x v a p o r c o m p l e x h a v e b e e n 
s t u d i e d (81_) w i t h p o t e n t i a l a p p l i c a t i o n f o r s t i m u l a t e d 
e m i s s i o n . 

P o s s i b l e 5d->4f l a s i n g o f E r 3 + i n LiY F 4 t u n a b l e f r o m 
165-172 nm h a s b e e n m e n t i o n e d ( 4 6 ) . 

Tkutmm. S t i m u l a t e d e m i s s i o n h a s b e e n o b t a i n e d f r o m t h r e e 
s t a t e s o f T m 3 + : 3 H 4 , 3 F 4 , a n d 1 D p . O t h e r e x c i t e d s t a t e s h a v i n g 
h i g h q u a n t u m e f f i c i e n c y i n m o s t h o s t s i n c l u d e 'G4 a n d "Il6 
( n o t shown i n F i g . 5 b u t l o c a t e d a t -34,000 cm-" 1). W i t h 
s u i t a b l e p u m p i n g , o s c i l l a t i o n s h o u l d be r e a d i l y o b t a i n a b l e 
f r o m t h e s e s t a t e s t o v a r i o u s t e r m i n a l s t a t e s . T h e m o s t 
i n t e n s e t r a n s i t i o n s a r e l G 4 + 3 H 6 a n d l ^ - * 3 ^ . E m i s s i o n f r o m 
t h e l o w e s t 5d ban d t o 4 f s t a t e s i n LiY F 4 has b e e n s u g g e s t e d 
a s a s o u r c e o f t u n a b l e c o h e r e n t r a d i a t i o n i n t h e r a n g e 165-172 
nm ( 4 6 ) . 

T h e 3 H 4 + 3 H 5 t r a n s i t i o n a t w a v e l e n g t h s o f 1.9 t o 2.0 ym 
has b e e n u s e d f o r b o t h p u l s e d a n d cw l a s e r a c t i o n i n c r y s t a l s 
( 2 1 ) . P u l s e d 3HA-> 3 H5 l a s i n g h a s a l s o b e e n o b s e r v e d i n s i l i c a t e 
g l a s s ( 8 2 ) . T m 3 + has o n l y a f e w a b s o r p t i o n b a n d s i n t h e 
v i s i b l e a n d e n e r g y c a s c a d e i s i n e f f i c i e n t b e c a u s e o f t h e l a r g e 
e n e r g y g a p s b e t w e e n J s t a t e s . T h e d e t r i m e n t a l e f f e c t s o f 
t h e s e c o n d i t i o n s on o p t i c a l p u m p i n g e f f i c i e n t a r e a m e l i o r a t e d 
by c o - d o p i n g t h e m a t e r i a l s w i t h f l u o r e s c e n c e s e n s i t i z i n g i o n s 
( s e e T a b l e I V ) . 

R e c e n t l y ^ - ^ f y l a s i n g o f T m 3 + i n LiY F 4 was o b t a i n e d by 
d i r e c t e x c i t a t i o n i n t o t h e ID2 s t a t e u s i n g a X e F e x c i m e r 
l a s e r ( 8 3 ) . B e c a u s e t h e 3 H 4 s t a t e d e c a y s r a d i a t i v e , t h i s 
l a s i n g scheme r e s u l t s i n m i n i m a l h e a t i n g o f t h e h o s t by n o n -
r a d i a t i v e t r a n s i t i o n s . 

yttvibhxm. T h e r e i s o n l y o ne a b s o r p t i o n b a n d , ^ 5 / 2 , f o r 
o p t i c a l - p u m p e d 2 F 5 / 2 + 2 F 7 / 2 l a s e r a c t i o n ( t h e 5d b a n d s b e g i n 
a t e n e r g i e s >70,000 cm-';. T h e r e f o r e u n l e s s a n a r r o w b a n d 
r e s o n a n t s o u r c e s u c h a s a l i g h t - e m i t t i n g s e m i c o n d u c t o r d i o d e 
o r f l u o r e s c e n c e s e n s i t i z a t i o n a r e u s e d , t h e t h r e s h o l d s f o r 
o s c i l l a t i o n a r e h i g h . I n a d d i t i o n , b e c a u s e t h e l a s e r 
t r a n s i t i o n t e r m i n a t e s on a S t a r k l e v e l o f t h e g r o u n d - s t a t e 
m a n i f o l d , l o w t e m p e r a t u r e s a r e r e q u i r e d f o r l o w - t h r e s h o l d 
o p e r a t i o n . In a s i l i c a t e g l a s s , l a s i n g h a s b e e n o b t a i n e d a t 
1.015 ym a t 77 K ( 8 4 ) a n d 1.06 ym a t 300 K ( 8 5 ) . L a s e r a c t i o n 
s h o u l d a l s o be o b t a i n a b l e f o r Yb3+ i n s t o i c h i o m e t r i c m a t e r i a l s , 
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b e c a u s e s e l f - q u e n c h i n g i s a b s e n t , a n d i n a p r o t i c s o l v e n t s a n d 
c h e l a t e s s i m i l a r t o t h o s e u s e d f o r N d 3 + l a s e r s . 

D i v a l e n t I o n s . T h e 4 f n a n d 4 f n _ 1 5 d e n e r g y l e v e l s o f 
d i v a l e n t l a n t h a n i d e s h a v e b e e n s t u d i e d i n a l k a l i n e - e a r t h 
f l u o r i d e c r y s t a l s ( 8 6 , 8 7 ) . T h e 5d l e v e l s o c c u r a t l o w e r 
e n e r g i e s t h a n f o r t h e i s o e l e c t r o n i c t r i v a l e n t s t a t e a n d i n 
mos t c a s e s e x t e n d i n t o t h e v i s i b l e . B e c a u s e t h e s p i n - o r b i t 
p a r a m e t e r s a r e s m a l l e r f o r t h e d i v a l e n t i o n s , t h e s e p a r a t i o n s 
o f t h e J s t a t e s o f t h e 4 f n c o n f i g u r a t i o n a r e r e d u c e d . 

A l k a l i n e - e a r t h f l u o r i d e s h a v e b e e n t h e p r i n c i p a l h o s t s 
f o r d i v a l e n t l a n t h a n i d e l a s e r s . T h e s e a r e r e l a t i v e l y s o f t , 
o p t i c a l l y i s o t r o p i c m a t e r i a l s . L a n t h a n i d e s e n t e r t h e a l k a l i n e 
e a r t h s i t e s s u b s t i t u t i o n a l l y w i t h o u t c h a r g e c o m p e n s a t i o n . 
B e c a u s e t h e s e s i t e s h a v e i n v e r s i o n s y m m e t r y , o n l y m a g n e t i c -
d i p o l e o r v i b r o n i c t r a n s i t i o n s a r e a l l o w e d b e t w e e n 4 f s t a t e s . 
T h e s e a r e weak a n d t h e r e s u l t i n g r a d i a t i v e l i f e t i m e s a r e l o n g . 
In c o m p a r i s o n , t h e r a d i a t i v e l i f e t i m e s o f 5d-»4f t r a n s i t i o n s , 
w h i c h a r e p a r i t y a l l o w e d , a r e - s h o r t . T h e 4f->-5d t r a n s i t i o n s 
a r e b r o a d a n d t h u s p r o v i d e g o o d a b s o r p t i o n b a n d s f o r o p t i c a l 
p u m p i n g . 

L a s e r a c t i o n h a s b e e n r e p o r t e d f o r t h r e e d i v a l e n t l a n t h a n 
i d e s (21_, 3 4 ) . F i g u r e 6 s u m m a r i z e s t h e e n e r g y l e v e l s , t r a n s i 
t i o n s , a n d a p p r o x i m a t e w a v e l e n g t h s o f t h e s e l a s e r s . O n l y 
c r y s t a l s h a v e been u s e d a s h o s t s a n d r e d u c e d t e m p e r a t u r e s w e r e 
u s e d i n a l l c a s e s . 

O f t h e l a n t h a n i d e s , Eu and Yb c a n be r e a d i l y r e d u c e d t o 
t h e d i v a l e n t s t a t e a n d r e m a i n s t a b l e i n many m a t e r i a l s . T h i s 
i s t r u e t o a l e s s e r d e g r e e f o r Sm and Tm. S p e c i a l m e t h o d s a r e 
u s u a l l y r e q u i r e d t o r e d u c e t h e r e m a i n i n g t r i v a l e n t l a n t h a n i d e s 
t o t h e d i v a l e n t s t a t e ( 2 3 ) . T h e s e i n c l u d e i r r a d i a t i o n w i t h 
x - r a y s , b e t a a n d gamma r a y s , m e t a l d i f f u s i o n , e l e c t r o l y s i s , 
a n d p h o t o c h e m i c a l r e a c t i o n . F r e q u e n t l y , t h e r e s u l t i n g 
m a t e r i a l s a r e n o t s t a b l e w i t h r e s p e c t t o t h e r m a l a n d p h o t o 
c h e m i c a l e f f e c t s a n d t h e i o n s r e v e r t b a c k t o t h e t r i v a l e n t 
s t a t e . 

Smcuvuxm. D i v a l e n t Sm l a s e r a c t i o n h a s b e e n d e m o n s t r a t e d 
u s i n g b o t h d + f a n d f * f t r a n s i t i o n s . T h e f o r m e r was o b s e r v e d 
i n CaF2 ( 8 8 , 8 9 ) . A t o r b e l o w l i q u i d n i t r o g e n t e m p e r a t u r e s 
l a s i n g o c c u r s f r o m 708 t o 729 nm. F o r S m 2 + i n S r F 2 , t h e 5DQ 
s t a t e i s b e l o w t h e l o w e s t 5d ban d a n d 5DQ-> 7FI l a s i n g h a s t h e 
l o w e s t t h r e s h o l d a t l i q u i d h e l i u m t e m p e r a t u r e s ( 9 0 ) . S a m a r i u m 
l a s e r a c t i o n was p u l s e d u s i n g x e n o n f l a s h l a m p s o r a r u b y 
l a s e r f o r e x c i t a t i o n . 

Eu/iopium. B r o a d b a n d , S t o k e s - s h i f t e d 5d->4f e m i s s i o n i s 
o b s e r v e d f r o m Eu^+ i n many h o s t s . T h e f l u o r e s c e n c e o c c u r s 
i n t h e 4 0 0 - 5 0 0 nm r e g i o n a n d h as a l i f e t i m e o f a b o u t 1-2 y s . 
A t t e m p t s t o o b s e r v e l a s e r a c t i o n f r o m E u 2 + i n a c r y s t a l 
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Figure 6. Energy levels and laser transitions for divalent lanthanide ions. Ap
proximate wavelengths of transitions are given in micrometers.  P
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( C a F 2 ) (91_, 92) a n d a g l a s s ( 9 3 ) h a v e b e e n u n s u c c e s s f u l . T h i s 
i s d ue t o l o s s e s b y e i t h e r e x c i t e d - s t a t e a b s o r p t i o n o r c o l o r 
c e n t e r s b e c a u s e t r a n s i e n t a b s o r p t i o n h a s b e e n o b s e r v e d ( 9 2 ^ 9 4 ) . 
T h e e x c i t e d - s t a t e a b s o r p t i o n p e a k i n C a F 2 i s t e m p e r a t u r e 
d e p e n d e n t . 

VyApioAium. B o t h p u l s e d a n d cw i n f r a r e d l a s e r a c t i o n a r e 
r e p o r t e d a t l i q u i d n i t r o g e n a n d h e l i u m t e m p e r a t u r e s (21_, 3 4 ) . 
Pump s o u r c e s i n c l u d e x e n o n , m e r c u r y , a n d t u n g s t e n l a m p s a n d 
s u n l i g h t . B r o a d a b s o r p t i o n b a n d s t h r o u g h o u t t h e v i s i b l e a n d 
n e a r - i n f r a r e d p l u s t h e l o n g l i f e t i m e o f t h e m a g n e t i c - d i p o l e 
5 1 7 ~ ^ 5 1 8 t r a n s i t i o n i n C a F 2 a n d S r F 2 (>10 ms) a r e f a v o r a b l e f o r 
g o o d e n e r g y s t o r a g e . 

ThixLuxm. T h i s i o n has l a s e d b o t h p u l s e d ( 9 5 ) a n d cw i n 
CaF2 ( 9 6 ) , b u t t h e cw t h r e s h o l d a r e h i g h e v e n a t 4 K. E x c i t e d -
s t a t e a b s o r p t i o n f r o m 2Fs/2 t o 5d s t a t e s , w h i l e e n e r g e t i c a l l y 
c o m p a r a b l e t o t h e ^5/2*^7/? l a s e r t r a n s i t i o n , o b v i o u s l y i s 
n o t i n t e n s e e n o u g h t o p r e v e n t o s c i l l a t i o n . 
S u r v e y o f A c t i n i d e I o n s 

Q u a l i t a t i v e l y t h e r e a r e many s i m i l a r i t i e s b e t w e e n t h e 
e n e r g y l e v e l s a n d s p e c t r o s c o p i c f e a t u r e s o f l a n t h a n i d e a n d 
a c t i n i d e i o n s . H e n c e many o f t h e e a r l i e r comments a n d d i s 
c u s s i o n s o f l a n t h a n i d e l a s e r s a r e a l s o a p r o p o s t o p o s s i b l e 
a c t i n i d e l a s e r s . A s r e v i e w e d by H e s s l e r a n d C a r n a l ! ( 9 7 ) , 
o u r k n o w l e d g e a n d u n d e r s t a n d i n g o f t h e e n e r g y l e v e l s a n d 
s p e c t r a l i n t e n s i t i e s o f t h e 5 f " c o n f i g u r a t i o n s h a s i m p r o v e d 
s i g n i f i c a n t l y i n r e c e n t y e a r s . Many o f t h e i n t e r a c t i o n s 
g o v e r n i n g t h e s p e c t r o s c o p i c p r o p e r t i e s h a v e b e e n s u c c e s s f u l l y 
p a r a m e t e r i z e d . T h u s i t i s p o s s i b l e t o make s e m i - q u a n t i t a t i v e 
p r e d i c t i o n s a b o u t l a s i n g p r o s p e c t s . 

T h e p o s i t i o n s o f m o s t o f t h e l o w e r J s t a t e s o f t h e g r o u n d 
5 f n c o n f i g u r a t i o n s o f t h e t r i v a l e n t a c t i n i d e s a r e known a n d 
a r e g i v e n f o r L a C l 3 i n R e f . 9 7 . F i g u r e 7 shows s i m p l i f i e d 
e n e r g y l e v e l d i a g r a m s f o r t h e t r i v a l e n t a c t i n i d e s . T h e d e n s i t y 
o f s t a t e s i n t h e v i s i b l e i s v e r y h i g h . B e c a u s e o f t h e g r e a t e r 
d e g r e e o f i n t e r m e d i a t e c o u p l i n g , t h e J s t a t e s f o r t h e a c t i n i d e 
i o n o r d e r d i f f e r e n t l y t h a n f o r t h e c o r r e s p o n d i n g 4 f n l a n t h a n i d e 
i o n . L e v e l s a r e f r e q u e n t l y l a b e l e d by o n l y t h e J q u a n t u m 
number b e c a u s e t h e e i g e n s t a t e s h a v e s u c h m i x e d S,L c h a r a c t e r 
t h a t t h e s e a r e no l o n g e r m e a n i n g f u l q u a n t u m n u m b e r s . (We 
w i l l , h o w e v e r , s o m e t i m e s l a b e l s t a t e s u s i n g R u s s e l 1 - S a u n d e r s 
d e s i g n a t i o n s f o r p u r p o s e s o f c o m p a r i s o n w i t h l a n t h a n i d e 
t r a n s i t i o n s . ) 

We c o n s i d e r o n l y f - f t r a n s i t i o n s f o r l a s i n g . T h e a p 
p r o x i m a t e p o s i t i o n s o f t h e 6 d a n d c h a r g e t r a n s f e r b a n d s 
t h r o u g h o u t t h e a c t i n i d e s e r i e s a r e known ( 9 8 , 9 9 ) . T h e 6 d 
ba n d s a r e l o w e r t h a n a r e t h e c o r r e s p o n d i n g 5d b a n d s o f t h e 
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l a n t h a n i d e s a n d t h e y u s u a l l y o v e r l a p t h e 5 f l e v e l s . H e n c e 
e x c i t a t i o n i n t o t h e s t r o n g 6d b a n d s w o u l d be f o l l o w e d by 
r a p i d n o n r a d i a t i v e d e c a y t o l o w e r 5 f s t a t e s a s o c c u r s f o r t h e 
a n a l o g o u s c a s e o f l a n t h a n i d e 5d->4f r e l a x a t i o n ( 4 9 ) . I am n o t 
a w a r e o f a n y r e p o r t s o f 6d->5f e m i s s i o n o f a c t i n i d e i o n s i n 
s o l i d s . T h e p r e s e n c e o f l o w - l y i n g 6d b a n d s s h o u l d p r e v e n t 
l a s i n g o f many v i s i b l e a n d s h o r t e r w a v e l e n g t h t r a n s i t i o n s 
b e c a u s e o f i n t e n s e e x c i t e d - s t a t e a b s o r p t i o n . T h e r e f o r e 
m o s t p r a c t i c a l a c t i n i d e l a s e r a c t i o n w i l l be l i m i t e d t o t h e 
i n f r a r e d s p e c t r a l r e g i o n . 

T h e s h i e l d i n g o f t h e 5 f e l e c t r o n s o f t h e a c t i n i d e s i s l e s s 
a n d t h e r e f o r e t h e y a r e more s e n s i t i v e t o t h e i r e n v i r o n m e n t t h a n 
a r e t h e l a n t h a n i d e s . T h i s h a s s e v e r a l c o n s e q u e n c e s : ( 1 ) t h e 
e l e c t r o s t a t i c ( R a c a h ) p a r a m e t e r s a r e s m a l l e r a n d t h e s p i n -
o r b i t p a r a m e t e r C 5 f * % 4 f (97_), h e n c e t h e e n e r g y g a p s b e t w e e n 
J s t a t e s a r e r e d u c e d . ( 2 ) T h e c r y s t a l - f i e l d p a r a m e t e r s a r e 
a p p r o x i m a t e l y t w i c e a s l a r g e a s f o r t h e l a n t h a n i d e s ( 9 7 ) , 
t h e r e f o r e t h e S t a r k s p l i t t i n g i s l a r g e r a n d t h e a d m i x i n g o f J 
s t a t e s i s g r e a t e r ( t h e r e b y r e d u c i n g t h e e f f e c t s o f s e l e c t i o n 
r u l e s f o r t r a n s i t i o n s ) . ( 3 ) T h e a d m i x i n g o f o p p o s i t e - p a r i t y 
s t a t e s i n t o t h e 5 f n c o n f i g u r a t i o n s i s l a r g e r a n d e l e c t r i c -
d i p o l e t r a n s i t i o n s a r e more p r o b a b l e . T h i s i s r e f l e c t e d i n 
t h e a c t i n i d e J u d d - O f e l t i n t e n s i t y p a r a m e t e r s w h i c h a r e l a r g e r 
b e c a u s e o f t h i s e f f e c t a n d t h e l o w e r e n e r g i e s o f t h e 6d b a n d s . 
Th e p r o b a b i l i t y o f i o n - i o n e n e r g y t r a n s f e r by e l e c t r i c d i p o l e -
d i p o l e i n t e r a c t i o n s ( 1 0 0 ) w i l l a l s o be g r e a t e r . F o r s e l f -
q u e n c h i n g p r o c e s s e s t h i s i s d e t r i m e n t a l ; f o r f l u o r e s c e n c e 
s e n s i t i z a t i o n i t may be b e n e f i c i a l . 

T h e d y n a m i c c r y s t a l - f i e l d i n t e r a c t i o n s a n d i o n - p h o n o n 
c o u p l i n g a r e a l s o e x p e c t e d t o be s t r o n g e r f o r t h e a c t i n i d e s . 
T h e n a t u r a l l i n e w i d t h s o f o p t i c a l t r a n s i t i o n s a r e g o v e r n e d by 
o n e - a n d t w o - p h o n o n t r a n s i t i o n s b e t w e e n S t a r k l e v e l s . B r o a d e r 
l i n e s i n c r y s t a l s r e d u c e t h e p e a k c r o s s s e c t i o n s . In g l a s s e s , 
w h e r e i n h o m o g e n e o u s b r o a d e n i n g p r e d o m i n a t e s , an i n c r e a s e d 
n a t u r a l l i n e w i d t h c o n t r i b u t e s t o a more s p e c t r a l l y h omogeneous 
t r a n s i t i o n . O n l y r e c e n t l y h a v e s t u d i e s o f t h e h o mogeneous 
l i n e w i d t h s o f a c t i n i d e s b e e n made u s i n g f l u o r e s c e n c e l i n e 
n a r r o w i n g t e c h n i q u e s ( 1 0 1 ) . L a r g e r i o n - p h o n o n i n t e r a c t i o n 
s t r e n g t h s w e r e o b s e r v e d . I n c r e a s e d i o n - p h o n o n c o u p l i n g 
c o n t r i b u t e s , i n a d d i t i o n , t o i n c r e a s e d p r o b a b i l i t y f o r v i b r o n i c 
t r a n s i t i o n s . 

M u l t i p h o n o n p r o c e s s e s w h i c h i n v o l v e t h e i o n - p h o n o n 
c o u p l i n g t o h i g h e r o r d e r s h o u l d a l s o be more p r o b a b l e f o r 
a c t i n i d e t h a n f o r l a n t h a n i d e i o n s . S y s t e m a t i c s t u d i e s a n d 
q u a n t i t a t i v e d a t a on t h e r a t e s o f t h e s e p r o c e s s e s , s u c h a s 
e x i s t s f o r l a n t h a n i d e s (29), a r e s t i l l l a c k i n g f o r t h e 
a c t i n i d e s . B e c a u s e o f t h e l a r g e r p r o b a b i l i t y f o r n o n r a d i a t i v e 
d e c a y , e f f i c i e n t l a s e r a c t i o n i s f u r t h e r l i m i t e d t o t r a n s i t i o n s 
b e t w e e n t h e l o w e r - l y i n g J s t a t e s w h i c h h a v e l a r g e e n e r g y 
s e p a r a t i o n s . T h e s e t r a n s i t i o n s a r e g e n e r a l l y i n t h e i n f r a r e d . 
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T h e s e l e c t i o n o f h o s t m e d i a h a v i n g Tow v i b r a t i o n a l f r e q u e n c i e s 
i s a l s o more i m p o r t a n t f o r a c t i n i d e f l u o r e s c e n c e . 

A l l o f t h e a c t i n i d e s t h r o u g h C f h a v e i s o t o p e s w i t h h a l f -
l i f e s o f h u n d r e d s t o t h o u s a n d s o f y e a r s . T h e l o n g e s t h a l f -
l i f e s o f Es a n d Fm a r e m e a s u r e d i n t e n s o f d a y s ; Md an d h i g h e r 
a t o m i c number e l e m e n t s e x i s t f o r o n l y h o u r s o r l e s s ( 1 0 2 ) . 
B e c a u s e o f t h e r a d i o a c t i v e d e c a y , t h e s e l a t t e r e l e m e n t s a r e 
n o t c o n s i d e r e d f o r n o r m a l l a s e r a p p l i c a t i o n s . O t h e r c o n c e r n s 
f o r p r a c t i c a l l a s e r s a r e ( 1 ) t h e p r e s e n c e o f r a d i o a c t i v e 
i s o t o p e s w h i c h may c a u s e r a d i a t i o n damage a n d u n d e s i r a b l e 
a b s o r p t i o n b a n d s i n t h e h o s t a n d ( 2 ) t h e c o s t a n d a v a i l a b i l i t y 
o f a d e q u a t e q u a n t i t i e s o f t h e r e q u i r e d i s o t o p e . 

An e x a m i n a t i o n o f t h e t r i v a l e n t a c t i n i d e e n e r g y l e v e l 
s c h e m e s r e v e a l s s e v e r a l p o s s i b i l i t i e s f o r l a s e r a c t i o n . T h e s e 
a r e d i s c u s s e d i n l i g h t o f t h e g e n e r a l p r o p e r t i e s c i t e d a b o v e . 
O n l y c o n v e n t i o n a l b r o a d b a n d o p t i c a l pump s o u r c e s a r e c o n s i d e r e d . 
O b v i o u s l y w i t h s e l e c t i v e l a s e r e x c i t a t i o n a n d c a s c a d e l a s i n g 
s c h e m e s , s t i m u l a t e d e m i s s i o n f r o m many more s t a t e s s h o u l d be 
p o s s i b l e , b u t t h e s e s p e c i a l s i t u a t i o n s a r e t o o n u m e r o u s t o be 
c o n s i d e r e d i n d e t a i l h e r e . 

A c t i n i d e i o n s c a n be i r r a d i a t e d t o a c h i e v e o t h e r v a l e n c e 
s t a t e s . In CaF2 i t was f o u n d t h e t r i v a l e n t Am and Es c o u l d be 
r e d u c e d t o t h e d i v a l e n t s t a t e by gamma-ray i r r a d i a t i o n ; 
t r i v a l e n t U, Np, P u , a n d Cm, on t h e o t h e r h a n d , w e r e c o n v e r t e d 
t o t h e t e t r a v a l e n t s t a t e ( 1 0 3 ) . In t h e s u r v e y b e l o w , i o n s 
i s o e l e c t r o n i c w i t h t h e t r i v a l e n t i o n u n d e r c o n s i d e r a t i o n a r e 
i n c l u d e d i n p a r e n t h e s e s ; n o t e , h o w e v e r , t h a t d e p e n d i n g u p o n 
t h e e l e c t r o s t a t i c a n d s p i n - o r b i t p a r a m e t e r s , t h e o r d e r i n g o f 
t h e J s t a t e s a n d p o s s i b l e l a s i n g t r a n s i t i o n s may be d i f f e r e n t . 

Usumium. ( N p 4 + ) . U r a n i u m i s t h e o n l y a c t i n i d e w h i c h h a s 
l a s e d . T h e t r a n s i t i o n was ^ I - j i / 2 " > 4 l 9 / 2 a n d o s c i l l a t i o n o c c u r s 
a t 2.4-2.6 UTI. H o s t s i n c l u d e d C a F 2 , 5rr~z a t t e m p e r a t u r e s 
r a n g i n g f r o m 4-300 K. B o t h p u l s e d a n d cw o s c i l l a t i o n w e r e 
d e m o n s t r a t e d (1_, 1 0 4 - 1 0 9 ) . 

T r i v a l e n t u r a n i u m h a s many a b s o r p t i o n b a n d s i n t h e v i s i b l e 
a n d n e a r - i n f r a r e d s u i t a b l e f o r x e n o n f l a s h l a m p p u m p i n g ( s e e 
F i g . 7 ) . T h e s e l e c t i o n o f h o s t w i l l g o v e r n how many e x c i t e d -
s t a t e s f l u o r e s c e w i t h h i g h q u a n t u m e f f i c i e n c y . F o r e x a m p l e , 
f l u o r e s c e n c e i s o b s e r v e d f r o m s e v e r a l e x c i t e d s t a t e s o f 1)3+ 
i n L a C l 3 ( 9 7 ) . T h e r e f o r e 4 F 3 / 2 ^ 4 l 9 / 2 o s c i l l a t i o n may a l s o be 
p o s s i b l e . C a s c a d e 4 F 3 / 2 ^ 4 I i y 2 ^ 4 l 9 / 2 l a s i n g i s a n o t h e r p o s s i b i l 
i t y , a l t h o u g h f - f e x c i t e d - s t a t e a b s o r p t i o n may c o m p e t e i n t h e 
f i r s t s t e p . I n some h o s t s t h e 6 d b a n d s may o c c u r a t e n e r g i e s a s 
low a s 15,000 c m " 1 , t h u s p o s s i b l e f * d e x c i t e d - s t a t e a b s o r p t i o n 
s h o u l d l i m i t o s c i l l a t i o n t o i n f r a r e d w a v e l e n g t h s . 

Neptunium. E m i s s i o n f r o m ^ 5 a n d $1$ t o 5 I 4 

s h o u l d o c c u r w i t h h i g h e f f i c i e n c y i n m o s t c r y s t a l l i n e h o s t s . 
T h e 5 l 6 - > 5 I 4 t r a n s i t i o n i s p a r t i c u l a r l y p r o m i s i n g f o r l a s i n g a t 
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l o w t e m p e r a t u r e s s u f f i c i e n t t o r e d u c e t h e t h e r m a l p o p u l a t i o n 
i n t h e t e r m i n a l S t a r k l e v e l s o f ^14. T h e r e a r e n u m e r o u s 
a b s o r p t i o n b a n d s t h r o u g h o u t t h e v i s i b l e a n d n e a r - i n f r a r e d 
f o r o p t i c a l p u m p i n g , b u t no ba n d s f o r c o m p e t i n g e x c i t e d -
s t a t e a b s o r p t i o n f r o m S j g . ^15->^14 l a s e r a c t i o n i s a l s o 
p o s s i b l e p r o v i d i n g e x c i t a t i o n i n t o h i g h e r - l y i n g pump b a n d s 
c a n r a p i d l y b r i d g e t h e 515-^^15 e n e r g y g a p . C a s c a d e ^15-^^15^14 
l a s i n g i s a n o t h e r p o s s i b i l i t y . 

F l u o r e s c e n c e i s o b s e r v e d f o r s e v e r a l h i g h e r - l y i n g e x c i t e d 
s t a t e s o f N p 3 + i n L a B r 3 ( 1 1 0 ) . I n t e n s e e m i s s i o n a t *505 nm 
and 624 nm o r i g i n a t e s f r o m t h e s t a t e a t ^ 1 9 , 8 0 0 cm-1 t o ^ 4 
a n d 5 l 5 s t a t e s , r e s p e c t i v e l y . I n t e n s e f l u o r e s c e n c e was a l s o 
o b s e r v e d f r o m s t a t e s a t - 1 7 , 3 0 0 c m -! a n d 14,700 c n H t o t h e 
g r o u n d s t a t e . I n a l l t h e s e c a s e s , o s c i l l a t i o n may be p r e 
v e n t e d by f * d a b s o r p t i o n b e c a u s e t h e 6d b a n d s b e g i n a t 
^25 , 0 0 0 c n H . A more p r o m i s i n g p o s s i b i l i t y i s t h e 4 - l e v e l 
l a s i n g scheme f r o m t h e J=5 ( ^ 5 ) s t a t e a t 15,000 c n H t o ̂ i ^ . 
C o n c e n t r a t i o n q u e n c h i n g o f t h e ^ 5 f l u o r e s c e n c e i s p r o b a b l y 
l a r g e . 

When i r r a d i a t e d w i t h u l t r a v i o l e t l i g h t , a n a r r o w e m i s s i o n 
p e a k a t 1.95 ym was o b s e r v e d f r o m a r a d i a t i o n - d a m a g e d c r y s t a l 
o f 2 3 8 P u - d o p e d C a F p . T h i s f e a t u r e was a t t r i b u t e d t o P u ^ + 

( H I ) -
Plutonium. ( A m ^ + ) . T h e e n e r g y l e v e l s cheme a n d p o s s i b l e 

l a s i n g t r a n s i t i o n s f o r P u 3 + a r e v e r y s i m i l a r t o t h o s e o f N p 3 + . 
P r o s p e c t i v e t r a n s i t i o n s i n c l u d e 6 H g / 2 ^ 6 H 5 / 2 5 H g / ^ ^ / g * 
an d 6 h 7 / 2 - * 6 H C / 2 . F o r e f f i c i e n t f l u o r e s c e n c e a n d l a s e r a c t i o n 
f r o m e i t h e r ? n e 6 H g / 2 o r ^ 7 / 2 s t a t e s , h o s t s s h o u l d h a v e l o w 
phon o n f r e q u e n c i e s t o r e d u c e n o n r a d i a t i v e d e c a y by m u l t i p h o n o n 
p r o c e s s e s . D e p e n d i n g u pon t h e h o s t a n d t h e e x a c t p o s i t i o n s o f 
h i g h e r - l y i n g s t a t e s , e x c i t e d - s t a t e a b s o r p t i o n may r e d u c e o r 
p r e v e n t n e t g a i n . 

E m i s s i o n was o b s e r v e d f r o m P u 3 + i n CaF2 a t 1.78 ym 
c o r r e s p o n d i n g t o t h e ^9/2+^5/2 t r a n s i t i o n ( 1 1 1 ) . W h i l e 
t h i s t r a n s i t i o n s a t i s f i e d t h e A J = 2 r u l e f o r h y p e r s e n s i t i v e 
t r a n s i t i o n s , t h e U ( 2 ) m a t r i x e l e m e n t i s n o t l a r g e ( 1 1 2 ) a n d 
t h e r e f o r e s h o u l d be l e s s h o s t d e p e n d e n t . 

Kmznlcslum. ( C m ^ + ) . A t t e m p t s h a v e b e e n made t o l a s e t h e 
0.695 un 5 L 6 + 7 F 2 t r a n s i t i o n o f Am 3+ i n a POCI3 l i q u i d ( 1 1 3 ) 
a n d i n a CaW0 4 c r y s t a l ( 1 1 4 ) , b o t h a t 300 K. No o s c i l l a t i o n 
was o b s e r v e d . T h e $1.5 f l u o r e s c e n c e l i f e t i m e s i n CaW04 v a r i e d 
f r o m 50 t o 80 y s ; i n t h e POCI3 l i q u i d t h e f l u o r e s c e n c e was 
weak a n d t h e d e c a y t i m e was v e r y s h o r t w h i c h s u g g e s t s t h e 
p r e s e n c e o f q u e n c h i n g . T h e 6d b a n d s a r e l o c a t e d a t e n e r g i e s 
* 4 0 , 0 0 0 c n f l a n d t h e r e f o r e f-*d e x c i t e d - s t a t e a b s o r p t i o n s h o u l d 
n o t p r e v e n t o s c i l l a t i o n , a l t h o u g h f - f a b s o r p t i o n c o u l d . 

A l t h o u g h t h e 0.695 ym e m i s s i o n was a t t r i b u t e d t o t h e \ § 
s t a t e a n d h a s been s t u d i e d i n L a C l 3 ( 1 1 5 ) , n o n r a d i a t i v e 
d e c a y t o t h e J = 1 s t a t e a t ̂ 1 7 , 0 0 0 cm~l s h o u l d o c c u r i n 
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h o s t s w i t h h i g h f r e q u e n c y v i b r a t i o n s . T r a n s i t i o n s f r o m 
t h i s l e v e l t o l e v e l s o f 'F] a n d 7 F 2 a r e c a n d i a t e s f o r l a s e r 
a c t i o n . 

T r a n s i t i o n s b e t w e e n t h e l o w e r 7p s t a t e s a r e p o s s i b l e 
i n f r a r e d l a s e r c a n d i d a t e s i n h o s t s w i t h l o w v i b r a t i o n a l 
f r e q u e n c i e s . T h e ̂ F-J-^FQ t r a n s i t i o n i s o n l y m a g n e t i c - d i p o l e 
a l l o w e d a n d 7F2+'FQ s h o u l d be a h y p e r s e n s i t i v e t r a n s i t i o n , 
h o w e v e r s e l e c t i o n r u l e s a r e r e l a x e d b y J - s t a t e m i x i n g . 

CuAuim. ( A m 2 + , B k 4 + ) . L a s i n g o f t h e 6 ( p ,D ) 7 / Z * 8 $ J / Z 
t r a n s i t i o n s h o u l d be p o s s i b l e i n a h o s t w h e r e n o n r a d i a t i v e 
c a s c a d e t o ^Py/z i s e f f i c i e n t o r , a l t e r n a t i v e l y , f r o m t h e 
n e x t h i g h e r e x c i t e d s t a t e , J = 5/2. Pum p i n g w o u l d be v i a 
s e v e r a l v i s i b l e a n d n e a r - u l t r a v i o l e t b a n d s a t ̂ 1 7 , 0 0 0 cm"'. 
The b a n d s a r o u n d 2 5 , 0 0 0 - 2 7 , 0 0 0 c n r l a r e p a r t i c u l a r l y s t r o n g 
b e c a u s e o f t h e l a r g e m a t r i x e l e m e n t s . I n c o m p a r i s o n t o t h e 
l a n t h a n i d e a n a l o g G d ^ + , t h e o s c i l l a t o r s t r e n g t h s o f Cm3+ 
t r a n s i t i o n s a r e 10-100 t i m e s g r e a t e r ( 1 1 6 ) . T h e g r o u n d s t a t e 
o f Cm3 + i s an S s t a t e ; t h e s p l i t t i n g , w h i l e l a r g e r t h a n f o r 
G d 3 + , i s s t i l l o n l y a f e w t e n s o f cm~l ( 1 1 7 ) a n d l o w t e m p e r a 
t u r e s w o u l d be r e q u i r e d f o r q u a s i - f o u r - l e v e l l a s i n g . 

R a d i a t i o n - r e d u c e d A m 2 + i n CaF2 c r y s t a l s shows a b s o r p t i o n 
b a n d s b e g i n n i n g a t <650 nm i n a d d i t i o n t o r e s i d u a l ' A m 3 + 

l i n e s ( 1 1 8 ) . T h e c r y s t a l - f i e l d s p l i t t i n g o f t h e g r o u n d 
s t a t e i s >5 C I T H . 

BeAkeJLLum. T h e two v i s i b l e a n d o n e i n f r a r e d e m i t t i n g s t a t e s 
i n d i c a t e d i n F i g . 7 a r e c a n d i d a t e s f o r s t i m u l a t e d e m i s s i o n , b u t 
i n a l l c a s e s t h e number o f b a n d s s u i t a b l e f o r b r o a d b a n d p u m p i n g 
s o u r c e s i s l i m i t e d ( 1 1 9 ) . T h e r e f o r e l a s i n g t h r e s h o l d s w i l l be 
h i g h u n l e s s s e l e c t i v e e x c i t a t i o n i s u s e d . T h e l o w e s t - l y i n g 
6d b a n d s (-35,000 cm"') a n d c h a r g e t r a n s f e r s t a t e s s h o u l d n o t 
c a u s e e x c i t e d - s t a t e a b s o r p t i o n f o r m o s t t r a n s i t i o n s ( 9 9 ) . 
T r a n s i t i o n s f r o m t h e J=4 l e v e l a t -19 , 6 0 0 cm~l i n c l u d e 4 - l e v e l 
l a s i n g s c h e m e s . T r a n s i t i o n s f r o m J = 6 l e v e l a t 15,800 c n H 
a r e a l s o l a s e r c a n d i d a t e s , b u t p u m p i n g i s a g a i n l i m i t e d . THe 
t r a n s i t i o n f r o m t h e J=4 l e v e l a t 4500 c n H t o t h e 7 F 6 g r o u n d 
s t a t e s h o u l d p r o v i d e i n f r a r e d l a s i n g w i t h no c o m p e t i n g 
e x c i t e d - s t a t e a b s o r p t i o n . 

CaJUAosivUum. T h e t r a n s i t i o n f r o m t h e J = 11/2 s t a t e a t 
*6500 c m - ' t o t h e 5/2 ? r o u n d s t a t e i s a l a s e r c a n d i d a t e . 
T h e r e a r e s e v e r a l a b s o r p t i o n b a n d s i n t h e v i s i b l e a n d n e a r -
i n f r a r e d ( 1 2 0 ) w h i c h c o u l d be u s e d f o r o p t i c a l p u m p i n g i n 
h o s t s w i t h s t r o n g i o n - p h o n o n c o u p l i n g a n d e f f i c i e n t d e c a y t o 
t h e m e t a s t a b l e J = l l / 2 s t a t e . In some h o s t s , e f f i c i e n t 
e m i s s i o n a n d p o s s i b l e l a s e r t r a n s i t i o n s may a l s o o c c u r f r o m 
t h e h i g h e r J = l l / 2 s t a t e a t -11 ,500 c m - 1 a n d t h e J=5/2 s t a t e 
a t * 2 0 , 0 0 0 crrr"!. I n t e n s e a b s o r p t i o n b a n d s b e g i n a t - 3 3 , 0 0 0 
cm ~ l a n d h a v e b e e n a t t r i b u t e d t o c h a r g e t r a n s f e r s t a t e s 
r a t h e r t h a n f - d t r a n s i t i o n s ( 9 9 ) . 
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Eivibtelvuum. T h e m o s t p r o m i s i n g l a s i n g t r a n s i t i o n i n m o s t 
h o s t s i s 5 1 5 - ^ 5 1 8 a t -9800 cm-1. B e c a u s e t h e U ( 4 ) a n d U ( 6 ) 
m a t r i x e l e m e n t s f o r t h i s t r a n s i t i o n a r e n o t l a r g e , t h e r a d i a t i v e 
l i f e t i m e o f $1$ s h o u l d be r e l a t i v e l y l o n g . T h e r e a r e s e v e r a l 
pump b a n d s i n t h e n e a r - i n f r a r e d a n d v i s i b l e ( 1 2 1 ) . T h e J = 6 
s t a t e s a t *1 3 , 1 5 0 cm-1 a n c j 2 0,200 c m - 1 h a v e l a r g e U ( 2 ) m a t r i x 
e l e m e n t s f o r a b s o r p t i o n a n d a r e p r o b a b l y h y p e r s e n s i t i v e . T h e 
l o n g e s t l i v e d i s o t o p e 2 5 4 E s h a s a h a l f - l i f e o f o n l y 276 d a y s . 

F l u o r e s c e n c e S e n s i t i z a t i o n . T h e o p t i c a l p u m p i n g e f f i c i e n c y 
a n d t h e r e b y t h e p r o s p e c t s f o r o s c i l l a t i o n o f s e v e r a l a c t i n i d e s 
may be i m p r o v e d by c o d o p i n g w i t h s e n s i t i z e r i o n s u s i n g s c h e m e s 
s i m i l a r t o t h o s e e m p l o y e d f o r t h e l a n t h a n i d e s i n T a b l e I V . F o r 
e x a m p l e , t h e f i r s t e x c i t e d J s t a t e s o f l)3+, Np3+, a n d Pu3+ 
c o u l d be s e n s i t i z e d by e n e r g y t r a n s f e r f r o m l a n t h a n i d e c o -
d o p a n t s s u c h a s H o 3 + , E r 3 * , Tm 3*, a n d Yb3+ a s i n t h e 
" a l p h a b e t " H o 3 + scheme ( 3 1 ) . O t h e r s c h e m e s u s i n g a c t i n i d e s 
i n c l u d e C f 3 + - s e n s i t i z e d B P + ( 7 F 4 + 7 F 6 ) , U 3 + - s e n s i t i z e d N p 3 + 

(^1 5 ^1 4) a n d U 3 + p l u s N p 3 + - s e n s i t i z e d P u 3 + ( 6 H 7/2^ H5/2) > w h e r e 
t h e p o t e n t i a l l a s i n g t r a n s i t i o n i s i n p a r e n t h e s e s . D e p e n d i n g 
upon t h e h o s t a n d t h e r a t e s o f n o n r a d i a t i v e d e c a y , e n e r g y 
t r a n s f e r f r o m U 3 + c o u l d a l s o l e a d t o p o p u l a t i o n o f t h e N p 3 + 

6H9/2 l e v e l . O t h e r s e n s i t i z a t i o n s c h e m e s i n v o l v i n g l a n t h a n i d e 
a n d o t h e r t r a n s i t i o n g r o u p i o n s a r e r e a d i l y c o n c e i v a b l e . 

C o n c l u s i o n s 

T h e e n e r g y l e v e l s a n d r a t e s o f r a d i a t i v e a nd n o n r a d i a t i v e 
t r a n s i t i o n s i m p o r t a n t f o r a c h i e v i n g l a s e r a c t i o n a r e now w e l l 
e s t a b l i s h e d f o r m o s t l a n t h a n i d e a n d a c t i n i d e i o n s . W i t h t h e 
e x p e r i m e n t a l d a t a b a s e a c q u i r e d o v e r t h e p a s t two d e c a d e s , 
new l a s i n g s c h e m e s c a n be p r e d i c t e d u s i n g a c a l c u l a t i o n a l 
a p p r o a c h . K r u p k e ( 7 4 ) h a s g i v e n e x a m p l e s o f t h e u s e o f t h e 
J u d d - O f e l t t h e o r y a n d t h e p h e n o m e n o l o g i c a l t r e a t m e n t o f 
m u l t i p h o n o n r e l a x a t i o n t o p r e d i c t t r a n s i t i o n s f o r r a r e - e a r t h 
q u a n t u m e l e c t r o n i c d e v i c e s i n s o l i d s . W h e r e a s o u r s u r v e y 
has b e e n q u a l i t a t i v e , a s more d a t a b ecomes a v a i l a b l e 
p h e n o m e n o l o g i c a l p a r a m e t e r s c a n be d e r i v e d f r o m w h i c h e x 
c i t a t i o n a n d d e c a y modes c a n be p r e d i c t e d a n d t h e i r r a t e s 
e s t i m a t e d . T h i s a p p r o a c h p r o v i d e s a v a l u a b l e m e t h o d f o r 
p r e s c r e e n i n g p r o m i s i n g new i o n - h o s t c o m b i n a t i o n s a n d l a s i n g 
p o s s i b i l i t i e s . 

T h e f i e l d o f l a t h a n i d e l a s e r s i s m a t u r e b u t n o t e x h a u s t e d . 
A d d i t i o n a l l a s e r s c h e m e s a n d m a t e r i a l s w i l l u n d o u b t e d l y be 
e x p l o i t e d . T h e r e a r e 1639 f r e e - i o n e n e r g y l e v e l s a s s o c i a t e d 
w i t h t h e 4 f n e l e c t r o n i c c o n f i g u r a t i o n s o f t h e t h i r t e e n 
t r i v a l e n t l a n t h a n i d e s . Y e t , o f t h e 192,177 p o s s i b l e 
t r a n s i t i o n s b e t w e e n p a i r s o f l e v e l s , b y m i d - 1 9 7 9 o n l y 41 had 
be e n u s e d f o r l a s e r s . I t i s c e r t a i n t h a t g i v e n s u i t a b l e pump 
s o u r c e s a n d m a t e r i a l s , s t i m u l a t e d e m i s s i o n i n v o l v i n g many 
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more t r a n s i t i o n s w i l l be obtained. This i s e spec ia l l y 
true with the increasing a v a i l a b i l i t y of lasers at new wave
lengths for pump sources and of tunable lasers for s e l ec t ive 
exc i ta t ion of l e v e l s . 

The prospects for ac t in ide l a s e r s , based on ava i lab le 
spectroscopic data , is d e f i n i t e l y more l i m i t e d . Although 
there are a few prospects for v i s i b l e l a s e r s , the presence 
of low- ly ing 6d and e lectron trans fer states can cause 
intense exc i ted-s tate absorpt ion , thus l i m i t i n g o s c i l l a t i o n 
p r i n c i p a l l y to the i n f r a r e d . Strong ion-host in teract ions 
increase the p r o b a b i l i t i e s for rad ia t ive and nonradiat ive 
t r a n s i t i o n s and must be c a r e f u l l y considered with respect to 
the overa l l operation and e f f i c i e n c y of any p r a c t i c a l system. 
In view of the ease and success of la s ing lanthanide ions , 
only some compelling reason such as the requirement of a 
s p e c i f i c wavelength would warrant development of some of the 
ac t in ide l a s ing schemes discussed. Perhaps addi t ional 
spectroscopy w i l l reveal advantages of using ac t in ide ions 
in other valence states and hosts for e f f i c i e n t laser a c t i o n . 

Achieving laser act ion i s a re su l t of a favorable 
combination of many spectroscopic propert ies of an ion in a 
given host. The a b i l i t y to predict and demonstrate stimulated 
emission i s therefore a powerful confirmation of our under
standing of the spectroscopy of lanthanide and ac t in ide ions 
and a motivation for further study of these ions . 
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Abstract 
Stimulated emission has now been observed from twelve 

lanthanide ions and one ac t in ide ion . Host media have i n 
cluded c r y s t a l l i n e and amorphous so l ids ,meta l lo -organ ic and 
inorganic aprot ic l i q u i d s , and metal and molecular vapors. 
Laser act ion spans a spectral range from approximately 0.3 to 
4.0 μm and involves e l e c t r o n i c and phonon-assisted 4f -4f , 
5d-4f, and 5f-5f t r a n s i t i o n s . The lanthanides have enjoyed 
t h e i r greatest u t i l i z a t i o n in optically-pumped s o l i d - s t a t e 
l a ser s ; s izes range from thin f i lms and small f ibers for 
integrated opt ics appl icat ions to large rods and disks in 
high-power glass lasers for fusion experiments. The spectro
scopic propert ies which d i s t ingu i sh the operation of 
lanthanide and ac t in ide lasers in various hosts are reviewed. 
Recent resu l t s and possible future d irec t ions to exp lo i t the 
unique c h a r a c t e r i s t i c s of lanthanide and ac t in ide elements for 
lasers are also discussed. 
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Electronic Structure of Actinyl Ions 

R. G. DENNING, J. O. W. NORRIS, I. G. SHORT, T. R. SNELLGROVE, 
and D. R. WOODWARK 
Inorganic Chemistry Laboratory, South Parks Road, 
Oxford, OX1 3QR, United Kingdom 

The covalent bond in a c t i n i d e chemistry is seen in its 
simplest and most striking form in the actinyl ions, MO22+. These 
ions, therefore, provide the most straightforward t e s t of our 
understanding of the covalent bond in these elements. Although 
superficially similar to transition metal oxy-cations there are 
many striking differences. A useful example can be made of 
MoO 2Cl 2(PPh 3O) 2 and UO2Cl2(PPh 3O) 2 whose X-ray crystal structures 
have recently been reported ( 1, 2). The approximate geometries 
are shown in Figure 1. Apart from the larger radius of uranium, 
as observed i n the metal-chlorine distances, the most striking 
point is the change from cis-dioxo geometry in the molybdenum 
compound to trans-dioxo geometry in the uranium compound. Actual
l y these compounds are only prototypes of general stereochemical 
differences between dioxo compounds of the transition metals and 
of the a c t i n i d e s . From the examples i n Table 1 it seems that 
the principal f a c t o r determining the geometry is the nature of 
the lowest energy metal valence s h e l l and its occupancy. I t i s 
striking that the addition of 'd' electrons to the valence s h e l l 
causes a change in geometry, whereas the addition of 'f' electrons 
causes no change in the actinyl ions. 

Stereochemistry of dioxo compounds 

The stereochemistry of the t r a n s i t i o n metal compounds can be 
r a t i o n a l i s e d i n a simple way which i s i l l u s t r a t e d i n Figure 2. 
I f only the f d f o r b i t a l s are considered to be important i n the 
bond, the l i n e a r dioxo ions have metal o r b i t a l s of a , TT^ and 6 
symmetry while the oxygen bonding o r b i t a l s have a ,a , TT_, and 
symmetry. The argument may be i l l u s t r a t e d by coniidering only U 

the a - o r b i t a l s . The upper part of Figure 2 shows the r e s u l t of 
bending the M02 u n i t . In the d° ions the oxide o r b i t a l s are 
formally f u l l and the metal o r b i t a l s vacant. The system i s there
fore s t a b i l i s e d on changing from the l i n e a r configuration, where 
there are two bonding and two non-bonding electrons to the bent 
geometry for which a l l four electrons are i n bonding o r b i t a l s . 

0-8412-0568-X/80/47-131-313$05.00/0 
© 1980 American Chemical Society 
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Table I. Geometry and Metal Oxygen Bond Lengths of Some Metal Dioxo Compounds. 

d ° CJS d 2 t rans f ° < n t rans 

[V02 (oxalate)^] 1.6 3 A 

^ o C ^ C l J 2 - 1.71 A 

Mo0 2 Cl2(PPh 3 0)2 1.68 I 

Mo02(butanediotate)2 1.G6A 

[Mo0 2 (CN)^ A ~ 

^ u 0 2 X , ] 2 " 

^ s 0 2 X A ] 2 " 1.73A 

^ e 0 2 X A ] 3 " 1.87A 

[ U 0 2 C I ^ - 1.76 A 

[NpO^2* 

[ P u O j 2 * 
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2.2 

P P h 3 0 

P P h 3 0 

2.4' 

C l L68 
> ° 

M o = 0 

Cl 

Cl 

2.3 

P P h 3 0 - — U - O P P h 3 

0^1 
2.65 Cl 

t rans 

Figure 1. The geometry of transition metal and actinide dioxo cations 

Figure 2. The change in bonding characteristics and orbital energies in linear 
and bent transition metal dioxo species 
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An identical argument applies to the ir-orbitals and the lower 
part of Figure 2 shows a schematic energy level diagram (in the 
style of Walsh) for a l l the o r b i t a l s i n the linear and bent con
figurations. When there are no metal electrons the bent configu
ration i s favoured because no valence electrons are excluded, by 
virtue of their symmetry, from bonding. On the other hand the 
addition of two metal f d ! electrons occurs in non-bonding orbi t a l s 
in the linear geometry but i n anti-bonding o r b i t a l s in the bent 
geometry. In this way i t i s possible to understand the l i n e a r i t y 
of the d 2 ions. As i t stands this argument obviously f a i l s to 
predict the geometry of the a c t i n y l ions and so i t i s necessary 
to know more about their electronic structure. 

Energy levels in actinyl ions 

The new feature in the act i n y l ions is the probable import
ance of both ! f f and T d T o r b i t a l s in the bonding. In the linear 
geometry the p r i n c i p a l energy levels are those shown in the 
scheme in Figure 3. It i s clear from many lines of evidence that 
the f f f orbitals l i e below the f d f o r b i t a l s , and that the 6 , 6 u 

and <|>u orbitals are excluded from bonding to oxygen by symmetry; 
but the ordering of the a u , T T U , 0g and TTg bonding orbitals depends 
on the r e l a t i v e importance of a and ir-bonding on the one hand and 
f d ! and f f f o r b i t a l bonding on the other. A great variety of 
ordering schemes have been suggested, both on experimental and 
theoretical grounds (3-8). Because of the lack of agreement on 
this important point and i t s relevance i n characterising the 
bonding we have looked more closely at the experimental evidence 
and i n particular at the electronic spectra. 

Electronic spectra and structure 

Figure 4 gives a survey of the polarised single crystal 
spectrum of Cs^C^Cl^ at 4.2K. Much of the d e t a i l i n this 
spectrum has had to be omitted in the presentation but i t should 
already be clear why the analysis of the spectrum has proved 
d i f f i c u l t . The techniquesby which a spectrum li k e this can be 
analysed have been presented elsewhere (9-10) and are primarily 
of spectroscopic interest, but i t is valuable to outline here the 
type of information that is obtainable. Two general observations 
can immediately be made from the data in Figure 4. F i r s t , the low 
intensity of the absorption suggests that the transitions are 
forbidden. Because the spin-orbit coupling i s large in uranium i t 
i s not l i k e l y that a spin selection rule applies but rather a 
spatial selection rule must be operative. Second, the spectrum i s 
c l e a r l y composed of progressions in the U0^+ symmetric stretching 
frequency (^720cm"1). It i s possible to disentangle the pro
gressions based on different electronic origins by oxygen-18 
substitution which markedly lowers the progression frequency. 
Vibrational features associated with pure electronic states are 
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6d W/ >69 

5f I 1 6*,̂  

2 2 p Figure 3. Schematic orbital energies in 
actinyl ions 
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v i r t u a l l y unaffected by the substitution while those associated 
with the progressions are strongly shifted (10). 

Fortunately the crystal structure of Cs 2U0 C l ^ is p a r t i c u l a r 
ly simple, there being only one molecule per unit c e l l , the 
uranium atom lying at a C 2^ s i t e with inversion symmetry (11). In 
the monoclinic system i t proves possible to propagate the l i g h t in 
three orthogonal directions X, Y and Z with respect to the molecu
lar axis system (Figure 5) and to choose the e l e c t r i c vector of 
the radiation (x), (y) and (z) in such a way as to define six 
different experiments. The outcome i s shown in Figure 6. By 
comparing the X(y) and Z(y) spectra and the Z(x) and Y(x) spectra 
the bands labelled I and II in the figure are seen to be magnetic-
dipole allowed, while a careful study of band III (9) shows i t to 
be electric-quadrupole allowed. Similar evidence shows that a l l 
twelve electronic excited states observed in this spectrum (10) 
are parity forbidden. Since the lowest energy empty orb i t a l s are 
ungerade f f ! o r b i t a l s i t follows that the excitation must come 
from either a u or TT u f i l l e d o r b i t a l s . 

More evidence about the nature of the excited states comes 
from Zeeman effect measurements. In the C 2^ s i t e in Cs^O^Cl^ 
there is no degeneracy possible so that a l l Zeeman effects are 
second order, nevertheless the symmetry i s s u f f i c i e n t l y close to 
D ^ that the second order effects are easily measured. Figure 7 
shows some examples. The most important observation i s that the 
f i r s t excited state has a magnetic moment of 0.16 Bohr Magnetons. 
Apparently the magnetic moment of the hole in the oxygen orbitals 
almost cancels that of the f f f electron. Two states, with the 
rig ( D ^ ) symmetry implied by the magnetic dipole intensity, seem 
possible, with the wavefunctions | 5 u6 u

2 +> and |TT U

 1 ' i t

u

1 ^ 1 < 1 )

u

3 + > -
There i s no simple choice at this point between these p o s s i b i l i t 
i e s . Nevertheless the observed symmetries of the remaining 
excited states are better described in terms of the former config
uration. Figures 8 and 9 show the energies of the various 
excited states a r i s i n g from the a u 6 u and ^ u

3 ^ u configurations 
using r e a l i s t i c spin-orbit coupling parameters and varying the 
inter-electron repulsion parameters. Figure 8 predicts that the 
second excited state w i l l be of A (D^) symmetry while Figure 9 
predicts r g ( D ^ ) symmetry. The e l e c t r i c quadrupole intensity of 
band III i n Figure 6 is only consistent with B2g(Dlt|j) and A g(D^) 
symmetry suggesting that Figure 8 and the a u 6 u configuration give 
the best description. 

There are many additional pieces of evidence to support this 
assertion, the most powerful of which i s a theoretical argument 
f i r s t advanced by GtJrller-Walrand and Vanquickenborne (12) and 
s l i g h t l y recast by us (13) which shows that in a strong a x i a l 
f i e l d i t i s not possible to observe f i r s t - o r d e r equatorial f i e l d 
s p l i t t i n g s i n a two-open-shell system unless the configuration 
is of the type ay, where y i s a general representation. Since 
there i s ample evidence of f i r s t order equatorial f i e l d s p l i t t i n g s 
the excitation of a a„ rather than a IT electron i s strongly 
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15. D E N N I N G E T A L . Electronic Structure of Actinyl Ions 319 

Figure 5. Crystallographic axes, crystal habit, and molecular axes of Cs^t/O^C^ 
(9) 
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Molecular Physics 

Figure 6. Absorption spectrum of single crystals of C52C702CZ4 at 4.2K in six dif
ferent polarizations. Notation is explained in the text (9). 
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Molecular Physics 

Figure 8. Correlation diagram for the states arising from the o-S configuration (IS) 
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Molecular Physics 

Figure 9. Correlation digram for the states arising from the Tr3<f> configuration (13) 
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supported. For example, i n the approximately s i t e symmetry 
found in CsU0 2(N0 3) 3, axial f i e l d states of $ symmetry (arising 
from a ou$u configuration) should be s p l i t by the equatorial f i e l d 
into A 11 and A 11 components (14). The absence of f i r s t order 
Zeeman effects makes these states d i f f i c u l t to iden t i f y . Never
theless we have found that the nitrate internal modes couple 
appreciably to the electronic transitions in this compound (15). 
Figure 10 shows the nitrogen-15 isotope s h i f t of one such feature. 
The magnitude of the s h i f t i d e n t i f i e s the mode, whose frequency 
i s known from the pure vibrational spectrum, and the symmetry of 
the representations which i t spans in D^. Taken with the polar
is a t i o n data the symmetry of the electronic excited state to 
which this mode couples can then be constrained to either A 11 or 
E M(D 3h). The absence of a magnetic moment narrows the choice to 
Aj". The A 2" component of the $g (D^) state can also be i d e n t i 
f i e d v i a the similar isotope characterisation of a second nitrate 
internal mode. 

Using a variety of experimental techniques of this kind we 
have been able to f i x the energies and, with a few exceptions, 
the symmetries of twelve electronic excited states i n Cs 2U0 2Cl l f 

(10), and seven excited states in both CsU0 2(N0 3) 3 and NaUO 
(acetate) (14). S u p e r f i c i a l l y the states appear to arise from 
the excitation of a a u electron and so we have tested a simple 
theoretical model based on the au<5u and au<|>u excited configura
tions. To be convinced we should expect that similar values of 
the spin-orbit and inter-electron repulsion parameters should 
prevail i n each compound but that the equatorial f i e l d parameters 
may d i f f e r widely. Figure 11 and 12 show the results of these 
calculations. Their significance and limitations have been 
discussed elsewhere (13) but i t is easy to see that the agreement 
between the observed and calculated energies and magnetic moments 
is quite satisfactory for both Cs UO C l ^ and CsU0 2.(N0 3) 3, so that 
as a f i r s t approximation the model seems attr a c t i v e . 

The observation that the ou(j>u configuration l i e s 2900cm"1 

above the a u 6 u configuration i s important. This i s not the same 
as the difference between the <|>u and 6 U v i r t u a l orbitals on 
account of the attraction between the electron in these o r b i t a l s 
and the hole in the a u s h e l l . Making a reasonable estimate of 
this attraction sets the <|>u v i r t u a l o r b i t a l between 1500cm"1 and 
2700cm"1 above the 6 U v i r t u a l o r b i t a l (13). 

J^rgensen (16) takes the view, opposed to ours, that the 
f i r s t excited states of the uranyl ion stem from the ffu

3<(>u con
figuration. The implications for the re l a t i v e c|>u and 6 U v i r t u a l 
o r b i t a l energies have not been investigated but i t seems unlikely 
that this assignment i s consistent with a ^ o r b i t a l 2000cm"1 

above the 6 U o r b i t a l . The simplest way to independently i n v e s t i 
gate the energies of these two orbi t a l s i s through the properties 
of the single f f f electron i n the neptunyl ion. To this end we 
have confirmed, by Zeeman effect measurements, the peculiar ESR 
results, due to Leung and Wong (17), that inCsU(Np)0 Cl the 
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Figure 10. Nitrogen-15 isotopic shift in the ir-polarized, single-crystal absorption 
spectrum of CsU02(N03)3 at 4.2K 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

5



326 L A N T H A N I D E A N D A C T I N I D E C H E M I S T R Y A N D S P E C T R O S C O P Y 

Molecular Physics 

Figure 11. Calculated and observed energy levels for Cs2U02ClIf. Numbers on 
the diagram indicate magnetic moments (13). 
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Csuo2 (N03); 

u -

131 

Molecular Physics 

Figure 12. Calculated and observed energy levels for CsU02(N03)3. Numbers 
on the diagram indicate magnetic moments (13). 
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ground state f g f values are g„-gj.-1.32. The apparent isotropy of 
the *gf value seems to contradict the extreme anisotropy of the 
ligand f i e l d . The reason can be uncovered by a calculation of the 
T g ! values as a function of the energy difference of the 0 and 6 
o r b i t a l s (18). Figure 13 shows that when this difference i s large 
in either sense g x tends to zero and g u to the appropriate value 
for the ground state. Intermediate values can be seen to arise 
because of the mutual interaction of the <5g/2 a n c * ^ 5 / 2 s t a t e s > a s 

a consequence of both the tetragonal f i e l d and the second-order 
spin orbit coupling. The excellent agreement between the theoreti
cal prediction that gn-gi=1.4 and the experimental values sets 
tight limits on the o r b i t a l energy difference at 2100cm""1-. This 
is excellent support for the parameter choice used in our model of 
the uranyl excited states. 

A l l in a l l our work implies that the highest f i l l e d o r b i t a l s 
are of a symmetry. To anyone r e f l e c t i n g on the electronic 
structure of carbon dioxide i t i s extraordinary to find the a 
or b i t a l above the TT o r b i t a l , implying that the l a t t e r forms fee 
stronger bond. Nevertheless this state of a f f a i r s was anticipated 
many years ago i n the overlap calculations of Belford and Belford 
(4). They pointed out that the angular nodal properties of the f 
and f orbitals are such that at short distances the f -p overlap 
may actually be less than the f -p overlap; a result con?irmed in 
a calculation by Newman (5). 

The situation i s , however, more complicated than this argument 
implies because the ff-rr ) antibonding o r b i t a l energy i s observed, 
in the spectra of the neptunyl ion, to be about 15,000cm"1 above 
the 0 and 6. orbitals (18,19), while the f(a ) o r b i t a l , presum
ably at much uhigher energy i s not observed. ¥t seems l i k e l y , from 
recent comprehensive calculations (8), that the r e l a t i v e l y high 
energy of the f i l l e d (and empty) a o r b i t a l s arises from the role 
of the f i l l e d 6p(a ) o r b i t a l of the closed shell within the valence 
s h e l l ; i t s interaction with oxygen or b i t a l s being greater than 
that of 6p(7r ). Whatever the explanation i t i s clear from the drop 
of the uranyl symmetric stretching frequency in the excited states 
(from 835cm" to 710cm"1) that the a electron i s quite strongly 
bonding. Since the TT , a and IT orHitals must a l l be placed 
below the a o r b i t a l ¥hey^too mult be seen as strongly bonding. 

The best evidence therefore suggests an energy level scheme 
of the type shown i n Figure 14. The implication i s that a l l 
twelve valence electrons are i n bonding o r b i t a l s , offering an 
explanation for the extraordinary s t a b i l i t y and shortness of the 
act i n y l bond. Formally each metal oxygen bond is a t r i p l e bond. 
Moreover because the o and TT orbitals are already bonding in the 
linear geometry, by virtue of 1 1 their interaction with ! f f o r b i t a l s , 
there i s no tendency for the linear dioxo unit to bend as i s the 
case in the t r a n s i t i o n metal oxy cations. Addition of further 1 f f 

electrons leads to the f i l l i n g of o r b i t a l s which are non-bonding 
towards oxygen so that the remaining ac t i n y l ions are also linear. 
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5f 

— Oa 

— TIU 

ALL BONDING Figure 14. A possible energy-level 
scheme for actinyl ions 
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Summarising, there i s clear evidence that both f £ f and f d ? 

orbitals participate i n the actin y l bond and i t i s this j o i n t 
p a r t i c i p a t i o n which i s responsible for both the s t a b i l i t y and the 
l i n e a r i t y of the dioxo ions. 
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Synthesis and Characterization of Protactinium(IV), 
Neptunium(IV), and Plutonium (IV) Borohydrides 

RODNEY H. BANKS and NORMAN M. EDELSTEIN 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
Berkeley, CA 94720 and Department of Chemistry, University of California, 
Berkeley, CA 94720 

Abstract 

The actinide borohydrides of Pa, Np, and Pu have been pre
pared and some of their physical and optical properties measured. 
X-ray powder diffraction photographs of Pa(BH4)4 have shown that 
it is isostructural to Th(BH4)4 and U(BH4)4. Np(BH4)4 and 
Pu(BH4)4 are much more volatile than the borohydrides of Th, Pa, 
and U and are liquids at room temperature. Results from low
-temperature single-crystal x-ray diffraction investigation of 
Np(BH4)4 show that its structure is very similar to Zr(BH4)4. 
With the data from low-temperature infrared and Raman spectra, a 
normal coordinate analysis on Np(BH4)4 and Np(BD4)4 has been 
completed. EPR experiments on Np(BH4)4/Zr(BH4)4 and Np(BD4)4/ 
Zr(BD4)4 have characterized the ground electronic state. 

Four of the seven known metal tetrakis-borohydrides--Zr, Hf, 
Th, and U borohydrides (1,2)--were first synthesized about 30 
years ago during the Manhattan project. They were found to be very 
volatile and reactive compounds. In recent years, much structural, 
spectroscopic, and chemical studies were done on these molecules. 
New tetrakis-borohydrides of the actinides Pa, Np, and Pu have re
cently been prepared by analogous reactions used in the syntheses 
of U and Th borohydrides (3). The Pa compound, Pa(BH4)4, is iso-
morphous to and behaves like U(BH4)4 and Th(BH4)4 while x-ray 
studies on Np(BH4)4 and the isostructural Pu(BH4)4 have shown that 
they resemble the highly volatile Zr and Hf compounds both in 
structure and properties. All seven compounds contain triple 
hydrogen bridge bonds connecting the boron atom to the metal. 
The 14 coordinate Th, Pa, and U borohydrides (4), in addition, 
have double-bridged borohydride groups that are involved in link
ing metal atoms together in a low symmetry, polymeric structure. 
The structures of the other four borohydride molecules are mono-

0-8412-0568-X/80/47-131-331$05.00/0 
© 1980 American Chemical Society 
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meric and much more symmetrical; the 12 coordinate metal is sur
rounded by a tetrahedral array of BH̄4 groups (5,6,7). 

In an effort to understand the energy level structures of 
actinide 4+ ions in borohydride environments, optical and magnetic 
measurements have been initiated. Spectra of pure Np(BH4)4 and 
Np(BD4)4, and these compounds diluted in single-crystal host 
matrices of Zr(BH4)4 and Zr(BD4)4, respectively, have been 
obtained in the region 2500-300 nm at 2K. The covalent actinide 
borohydrides display rich vibronic spectra (8) and assignment of 
the observed bands depends on a knowledge of the vibrational 
energy levels of M(BH4)4 molecules. A normal coordinate analysis 
derived from low-temperature infrared and Raman spectra of Np(BH4)4 
and Np(BD4)4 was undertaken to elucidate the nature of their 
fundamental vibrations and overtones. Electron paramagnetic 
resonance (epr) spectra of Np(BH4)4 and Np(BD4)4 that characterize 
the ground electronic state have been obtained in a number of host 
materials. Optical spectra of Pa(BH4)4 and Pa(BD4)4 isolated in 
an organic glass were obtained in the near infrared and visible 
regions at 2K. This paper will summarize our progress to date 
on these studies. 

Experimental 

Preparation of Borohydrides. Metal borohydrides are very 
chemically reactive and most of them are pyrophoric in air. The 
syntheses of the compounds and all manipulations with Al, Zr, Hf, 
Np, and Pu borohydrides must therefore be performed in a grease-
free high-vacuum line. Work involving the less volatile Th, Pa, 
and U borohydrides can also be done in argon-filled dryboxes. 

All actinide borohydrides are made by reacting the anhydrous 
actinide tetraf luoride with liquid Al(BHi+) 3 in the absence of a 
solvent in a sealed glass reaction tube. The basic reaction 
equation is: 

AnFi+ + 2Al(BHtt)3 -> An(BHit) 4. + 2A1F2BHI,. 

Purification of the desired product is accomplished by sublimation 
where only the unreacted Al(BHif)3 and An(BHi+) i+ are volatile. The 
large difference in volatilities of these compounds permit easy 
separation. Th(BHtt)i+ and PaCBĤ ) ^ are obtained on a 0° cold 
finger by heating the solid reaction mixture to 120° and 55° , 
respectively. Uranium, neptunium, and plutonium borohydrides 
sublime at room temperature and are collected in a dry ice trap 
through which the Al(BHit)3 passes into a liquid nitrogen trap. 
The stabilities of the actinide borohydrides dictate the type of 
reaction conditions needed for successful preparation. The 
polymeric compounds are stable at room temperature and their 
syntheses are carried out at 25° for about five days. NpCBĤ K 
and Pu(BHttK are unstable at room temperature and require that 
the tetrafluorides react at 0° for only a few hours. These two 
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16. BANKS AND EDELSTEIN Pa(IV), Np(IV), and Pu(IV) Borohydrides 333 

borohydrides must be stored at dry-ice or liquid-nitrogen temper
ature i n a greaseless storage tube. Zr(BHit)i» used i n experiments 
described here was prepared s i m i l a r l y to U C B H O I * by reacting 
Na 2ZrF 6 with Al(BH l +) 3. 

Preparation of Borodeuterides. A l l glassware which contacts 
the borodeuterides had been previously passivated with B2D6 or 
treated with D2O and then baked out thoroughly under vacuum. The 
borodeuterides of Th, Pa, and U are prepared as described above 
using Al ( B D O 3 a s t n e source of BD^. The high v o l a t i l i t i e s of 
the covalent borohydrides allow their deuterated analogs to be 
prepared by a more satisfactory method that u t i l i z e s the H D 
exchange property of these molecules with deuterium (9). If the 
D2 gas i s maintained i n large excess, the extent of equilibrium 
w i l l give the f u l l y deuterated product i n high y i e l d . In a passi
vated glass bulb, a mixture of the borohydride vapor and 1 atm of 
D 2 gas was allowed to stand for a few days at room temperature. 
After freezing out the products at -78° and evacuating, another 
volume of D2 was added and the exchange reaction continued. Three 
cycles were s u f f i c i e n t to give the metal borodeuteride having an 
isotopic purity as high as that of the deuterium used (99.7%). 

An attempt to prepare Np(BTit)i* using the above method 
resulted i n the decomposition of the borohydride due to the 
extremely high radiation f i e l d of the T2 gas (66 Ci) and no vola
t i l e Np compound was recovered. 

The vapor pressure of Np(BHif)if was determined as a function 
of temperature using a Bourdon gauge (5). The data for the l i q u i d 
and s o l i d shown i n Figure 1 were used i n calculating thermodynamic 
quantities of the actinide borohydrides given i n Table 1. A 
single c r y s t a l x-ray study (5) was carried out for Np(BHtt)if at 
130K. Its structure i s shown i n Figure 2. 

Gas-phase infrared and low-temperature solid-state infrared 
and Raman spectra were obtained for Np(BHO«+ and Np(BDtf)if from 
2.5 to 50y. Assignments were made of the observed bands and the 
fundamental frequencies were f i t t e d to calculated values i n a 
normal coordinate analysis (10). 

Electron paramagnetic resonance spectra were taken of 
Np(BHtt)tt/Zr(BHit)1+ and Np(BD4) i*/Zr (BD^K mixed crystals at X, K, 
and Q bands. Spin Hamiltonian parameters were found by a lea s t -
squares f i t of the data. 

Electronic spectra of Pa(BHif)if and Pa(BDit)it i n an organic 
glass were obtained at 2K from 2200 nm - 300 nm. 

Results and Discussion 

The c r y s t a l structure of 1 1 ( 6 1 1 4 ) 4 has been examined by single 
c r y s t a l x-ray (4b) and neutron d i f f r a c t i o n techniques (4a). Much 
l i k e the bonding i n the well-known boron hydrides (11), this metal 
borohydride exhibits hydrogen bridge bonds that j o i n the boron 
atom to the metal. In U ( B H 4 ) i + , there are two tridentate and four 
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Figure 1. Vapor pressure vs. I/T for N p ( B H J 4 ; (O), data of the liquid; (%), 
data for the solid. 
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16. BANKS AND EDELSTEIN Pa(IV), Np(IV), and Pu(IV) Borohydrides 337 

bidentate BH4. groups. The tridenta t e bridge bond l i n k s the metal 
atom to the boron atom through a triple-hydrogen-bridge bond 
while the fourth hydrogen atom forms a terminal bond with the 
boron atom. The bidentate bridge bond l i n k s one boron atom to two 
metal atoms through two double-hydrogen-bridge bonds, r e s u l t i n g 
i n a h e l i c a l polymeric structure. 

Low-temperature x-ray powder d i f f r a c t i o n photographs(3) of 
NpCBHOit and Pu(BHitK revealed that they are i s o s t r u c t u r a l and of 
a unique structure type. The structure of NpCBIUK was determined 
by a low-temperature, s i n g l e - c r y s t a l x-ray study at 130K (5). The 
borohydride molecules are monomeric and c r y s t a l l i z e i n t o the 
tetragonal space group, P42/nmc, where a = 8.559(9) A, 
c = 6.017(9) A, and Z = 2. The four terminal, t r i p l y - b r i d g e d 
borohydride groups are bound to the Np atom with Np-B distances 
of 2.46(3) A. Although the hydrogen atoms were observed i n the 
Fourier maps and ref i n e d , values of the Np-I^ bond lengths, 
2.2(5) A, had large standard deviations. No evidence was found 
for symmetry lower than T d for Np(BHit)it. 

The molecular structure of Np(BHit)if i s i l l u s t r a t e d i n the 
ORTEP diagram shown i n Figure 2. 

St r u c t u r a l studies on Zr(BHi f)i t (6) and Hf(BHt t) t t (7) have 
shown that these molecules are monomeric and c r y s t a l l i z e i n t o a 
cubic l a t t i c e with molecular structures very s i m i l a r to those of 
Np and Pu borohydrides. 

Some of the phy s i c a l properties of metal tetrakis-boro
hydrides, which are p r i m a r i l y determined by t h e i r s o l i d - s t a t e 
s t r ucture, are l i s t e d i n Table 1. The polymeric Th, Pa, and U 
borohydrides are of much lower v o l a t i l i t y than the monomeric Zr, 
Hf, Np, and Pu compounds. The intermolecular bonds connecting 
molecules together decrease t h e i r v o l a t i l i t y s u b s t a n t i a l l y since 
these bonds break when the s o l i d vaporizes (12). A pl o t of 
log p(mmHg) vs 1/T y i e l d s the equation log p(mmHg) = -A/T + B, 
where T i s i n K. Values of A and B allow the c a l c u l a t i o n of the 
heats (AH) and entropies (AS) f o r phase-change processes as shown 
i n Table 1. The ac t i n i d e ions i n the polymeric compounds are 14 
coordinate; however, i n the gaseous state they are 12 coordinate 
(12). 

The free energy f o r the structure transformation at 290K 
described by the equation 

U(BH0 4 ( s o l i d , 14 coordinate, 4 double hydrogen bridge 
bonds, 2 triple-hydrogen-bridge bonds) 

U(BH)Oi* ( s o l i d , 12 coordinate, 4 t r i p l e hydrogen 
bridge bonds) 

can be estimated. AH and AS values for a 12 coordinate U(BHit)it 

structure were obtained by an extrapolation of the measured 
quantities f or Hf(BHi t)i f and Np(BHit)it vs metal i o n i c radius. 
Subtracting these derived U(BHtf)it values from the corresponding 
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measured ones gives the heat of transformation (4.5 Kcal/mol) and 
entropy of the transformation (6.5 cal/mol degree) of the 14 co
ordinate to the 12 coordinate structure for UCBHOu. Using the 
equation AG = AH - TAS, AG i s found to be +2.6 Kcal/mol. This 
value can be compared to the free energy of an exchange process 
involving the bridge and terminal hydrogen atoms i n solution for 
( C 5 H 5 ) 3U*BHtt where AG* * 5 Kcal/mol at the coalescence temperature 
of -140 ± 20° C (13). The calculated value for the spontaneous 
transformation of the 14 coordinate structure to the 12 coordinate 
structure i s V700K. 

In addition to low vapor pressure, high melting points and 
low s o l u b i l i t y i n noncoordinating organic solvents are character
i s t i c of the polymeric borohydrides. In contrast, Zr, Hf, and Np 
borohydrides melt around room temperature and are highly soluble 
i n pentane. 

Vibrational Spectroscopy. In spite of their complex molec
ular frameworks, the monomeric borohydrides display surprisingly 
simple vib r a t i o n a l spectra due to their high symmetry (T<j) , which 
requires that many fundamental vibrations be degenerate. Normal 
coordinate analyses have been carried out for Zr(BHi»)it (14) and 
Hf(BHit)tt (15) and a similar study was completed for Np(BHit)if i n 
order to compare vi b r a t i o n a l energy l e v e l structures and elucidate 
the nature of the fundamental vibrations of Np(BHit)it (10). 
Table 2 l i s t s the measured frequencies. The appendix compares 
our notation to that of e a r l i e r work (7b,15). Unless otherwise 
specified, the 1 XB isotope i s implied. 

A tetrahedral M(BHit)it molecule has 57 normal modes of 
vibration which are divided into f i v e symmetry types, 4Ai + A2 + 
5E + 5Ti + 9T2. The nine T 2 modes are infrared active and the 
4Ai (polarized), 5E, and 9T2 modes are Raman active. Those 
vibrations of Ti and A2 symmetry are both infrared and Raman 
inactive. 

VBHt stretching motions transform as Ai + T2 and these are 
seen i n the highest frequency regions 2600-2500 cm""1 (1950-1900 
cm""1) for the borohydride (borodeuteride). The 12 BH^ bonds 
(stretches) transform as Ai + E + Ti + 2T 2 and modes involving 
these coordinates occur at 2200-1900 cm - 1 (1600-1500 cm*"1). The 
next region of fundamental a c t i v i t y , 1300-1100 cm - 1 (1000-800 
cm ), consists of normal modes composed of VMĤ  stretches and 
SHBH bends, with each symmetry equivalent set c l a s s i f i e d as 
Ai + E + Ti + 2T2. Modes consisting mainly of VMB stretches occur 
at lower energies, 600-450 cm-1 (500-400 cm" 1). The lowest 
frequency vibrations are observed below 200 cm - 1 and involve 6HMH 
and SBMB bends. In addition to the fundamental vibrations, over
tones and combination bands are also seen. Peaks due to 1 0B and 
JH (in the deuteride spectra) are resolved i n the solid-state, 
low-temperature spectra. 

The gas-phase infrared spectra for Np(BHzt)it and Np(BDtt)it 

are shown i n Figure 3. The frequencies and assignments for the 
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16. BANKS AND EDELSTEIN Pa(IV), Np(IV), and Pu(IV) Borohydrides 339 

Table 2 

Observed Bands i n Gas-Phase IR Spectra of Np(BHi+) ̂  and Np(BD4)i+ 

Energy (cm l) Assignment Internal 
coordinates Comments 

Np(BH„) it 
2568 v?2 VBHt strong 
2480 2v? 2,2vJ 2 weak, v.br. 
2350 weak, br. 
2155 v i 2 

V B H b strong 
2130 2vT> 

V B H b 
sh on V 5 2 

2084 v i 2 VBH strong, sharp 
1280 

v i 2 , v i 2 

U sh on V ^ ^ v J 2 

1240 v i 2 , v i 2 
6 H B H , V M H B strong, broad 

1205 
6 H B H , V M H B 

T o 

sh on Vi* , V 5 

1122 v ? 6 H B H , V M H B medium, s l . b r . 
1080 v? 2 -v f 

6 H B H , V M H B 

T 2 

sh on V 6 
478 v i 2 

V M B , vm^ strong 

NpCBDO 
u T 2 sh on Vi 1930 V 1 0 B D u T 2 sh on Vi 

1922 v?2 
t 

V B D T 
strong 

1605 2 v l x * medium 
1562 V 1 0 B D U 

u T 2 sh on v 2 

1558 v? 2 * 
D 

VBD strong 
1526 v i 2 

D 

V B D , b strong,sharp 
1190 6HBD v.weak, br. 
928 6 D B D ,VMD, strong, sl.br 
845 v i 2 

D 

6D B D , V M D . weak, br. 
437 v? 2 b 

V M B , V M D , b strong 

In the table: br = broad, sh = shoulder, s i = s l i g h t l y , v = very, 
= bridging hydrogen, H t = terminal hydrogen. (See Appendix 

for description of notation) 
*These two bands are apparently i n Fermi resonance. 
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Figure 3. Gas-phase IR spectra of NpfBH^)^ and 'Np(BDjt)h 
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16. BANKS AND EDELSTEIN Pa(IV), Np(IV), and Pu(IV) Borohydrides 341 

bands are given i n Table 2. The solid-state spectra show many 
more bands and i t i s from these that a normal coordinate analysis 
was carried out. 

A modified valence force f i e l d using the force constants 
and internal coordinates l i s t e d i n Table 3 gave the calculated 
frequencies shown with the corresponding observed ones i n Table 4. 
The force constants are very similar to those used i n Zr(BH/+)it 
and Hf (BH<+) /+ even though the force f i e l d s are s l i g h t l y d ifferent. 
The s i g n i f i c a n t VMB force constant implies that there may be some 
direct metal-boron bonding i n these borohydrides. The force f i e l d 
obtained for Np(BHi+)»+ i s consistent for a molecule intermediate 
i n covalency between that i n diborane (16) and the a l k a l i boro
hydrides (17) . 

Electron Paramagnetic Resonance. EPR spectroscopy involves 
transitions within the magnetic sublevels of the ground electronic 
state of a metal ion i n the GHz energy region. The hl<$l2 ground 
state of the Npt++ ion i n a T d c r y s t a l f i e l d of the form 

V = B 4 [ c £ 4 )
+ (5/14) ̂ (cf>+ (:<£>) ] + B 6[C< 6 )- (7/2) ! 5(cfK C < f ) ] 

s p l i t s into an isotropic T$ doublet and two anisotropic TQ 
quartets. Isotropic spectra for Np(BH/+)i+ and Np(BDi+)i+ establish 
the Ys l e v e l as the ground state. The spin Hamiltonian describ
ing the system i s 

W = AI-S 1 + g3H*Sf - gI6H*I , 

where A i s the hyperfine coupling constant, I = 5/2 for 2 3 7Np, 
and S f = 1/2. The calculations were carried out. using |F, mp> 
basis sets where F = I + S 1. In zero magnetic f i e l d there are two 
states, F = 2 and F = 3, that are separated by 3A. When the 
magnetic f i e l d i s turned on, each of these two states s p l i t s into 
(2F + 1)|mF> levels as shown i n Figure 4 where A i s assumed posi
t i v e . The arrows i n Figure 4 represent observed allowed t r a n s i 
tions. 

Results of least-squares calculations of the data to the 
spin-Hamiltonian above are shown i n Table 5. The Np(BHi4) i+/Zr(BHi+) 1+ 
spectra gave r e l a t i v e l y broad resonances compared to the deuteride 
and a r e l i a b l e g^ value could not be found. Inclusion of a non
zero g-j. value i n the calculations of the deuteride data improved 
the f i t even though i t was calculated to be very small. However, 
the significance of this improved f i t must be tested further. 
Similar t r i a l s on the hydride data gave poorer f i t s . 

The experimental g value i s lower than calculated from LLW 
wavefunctions (17) (^2.7), which may indicate that covalency (19) 
or Jahn-Teller (20) effects may be important. 

Electronic Spectra of PaCBHz+K. Cary 17 spectra of Pa(BHi+K 
and Pa(BDi4)i+ i n an organic glass at 2K are shown i n Figure 5. 
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16. BANKS AND EDELSTEIN Pa(IV), Np(IV), and Pu(IV) Borohydrides 343 

Table 4 

Fundamental Vibrations (cm ) of Np(BH,), and Np(BD,) 

Np(BH ) N P(BD ) 
Mode Observed Calculated Observed Calculated 

2551 2557 1912 1911 
2143 2144 1548 1603 

v 3

T 2 2069 2078 1516 1485 
v j 2 1247 1266 926 897 
v 5

T 2 1225 1223 917 895 
v 6

T 2 1138 1104 860 824 
v 7

T 2 — 575 437 447 
v 8

T 2 475 488 — 415 
v 9

T 2 130 156 112 139 

Ai 
V i 2557 2554 1913 1905 
v 2

A l 2149 2147 1517 1523 
V s A l 1283 1284 955 953 

517 517 475 466 

v, E 2123 2117 1619 1589 
E 

v 2 

1260 1270 905 899 
1053 1089 795 807 
— 571 — 413 
168 142 154 125 

— 2116 — 1587 
Ti 

v 2 

— 1256 — 889 
V 3 T L — 1084 — 810 

— 565 — 405 
v 5

T l — 405 — 288 

v A 2 — 288 — 204 
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0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 

MAGNETIC FIELD (KG) 

NP(BH4)4 

Figure 4. Observed allowed EPR transitions for 'Np(BHh)it-Zr(BHIl)il: (— • — •), 
X band; ( ), K band; ( ), Q band. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

6



16. BANKS AND EDELSTEIN Pa(IV), Np(lV), and Pu(IV) Borohydrides 345 

Table 5 
237 237 Electron Paramagnetic Resonance of Np(BH^)^ and Np(BD^)^ 

K = AI-S 1 + g6H-Sf - g^H-I ^J^l 

Spin Hamiltonian Parameters 

Np(BD4)^ 

|A| (cm 1 ) g 8 I 

Np(BH 4) 4 .1140 ± .001 1.894 ± .002 'U) 

.1140 ± .001 1.892 ± .002 .0062 ± .002 

Observed and Calculated F i e l d Values (gauss) at K Band 

Np(BH 4) 4 Np(BD 4) 4 

V = 25.986GHz v = 24.238GHz 

Observed Calculated Observed Calculated 

6355.6 
7295.0 
8406.0 
9700.0 

11177.0 
12829.6 

6355.8 
7294.3 
8405.7 
9700.2 

11178.1 
12828.7 

5683.1 
6596.0 
7695.0 
8991.0 

10487.6 
12167.9 

5683.1 
6595.8 
7694.3 
8991.4 

10487.1 
12167.6 
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Figure 5. Optical spectra of PafBHj,)^ and Fa{BD,t)k in methylcyclohexane. S 
above a peak represents a solvent band. 
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16. BANKS AND EDELSTEIN Pa(IV), Np(IV), and Pu(IV) Borohydrides 347 

In l i q u i d solution at 25°C, the dissolved PaCBH^K i s monomeric 
and of symmetry. Under these conditions there are f i v e c r y s t a l 
f i e l d l e v e l s : Γ 7 , Γ 8 , and Γ 6 , Γ ^ , Γ 8 of the 2 F 5 / 2 (ground) and 
2 F 7 / 2 levels. Point charge calculations (20) give the Γ 8 ( F 5 / 2 ) 

l e v e l as the ground state. 
Keiderling (7b) has observed that when U(BHi + )« + dissolved i n 

an organic solvent i s cooled to 2K, the monomeric structure 
transforms back into the polymeric structure. Although i t i s 
tempting to assign the observed bands based upon the tetrahedral 
structure, d e f i n i t e conclusions must await comparison with pure 
PaiBHit)^ spectra. 

Near infrared and op t i c a l spectra have been obtained for 
Np(BHO i+ and Np(BDtt) 1+ diluted i n Ζ Γ(Β Η ^ ) ^ , Z r ( B D t t K and methy1-
cyclohexane at 2K. The spectra are dominated by vibronic 
transitions and the analysis of the data i s now underway. 

Summary 

The actinide borohydrides P a ( B H t t ) 4 , Νρ(ΒΗ^Κ, and Pu(BHtt)lf 

have been synthesized. The structure of Νρ(ΒΗι+Κ has been studied 
by si n g l e - c r y s t a l x-ray d i f f r a c t i o n and found to be similar i n 
structure to Hf(BHi+K. A normal coordinate analysis on ΝρίΒΗι^Κ 
was completed using IR and Raman spectra. The electronic ground 
state of Np(BHit)it has been characterized by EPR spectroscopy. 
The electronic spectra of Νρ(ΒΗι+) t* and Pa(BH i +)i t are under 
investigation. 
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Appendix 

In Tables 2 and 4, a fundamental or overtone i s denoted by 
the symbol nV^, where b i s the Mulliken symbol for the irreducibL 
representation of the mode and a i s the number of the mode s t a r t 
ing with 1 for the highest frequency, 2 for the second highest, 
etc. The n i s omitted for fundamentals, equals 2 for f i r s t 
overtones, 3 for second overtones, etc. 

The table given below relates our notation to that used i n 
e a r l i e r work (7b,15). 

This work Literature 

V i - vh 

v 6 - V i o 

V n - V i s 

V i e - V 2 i f 

RECEIVED January 7, 1980. 
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Optical Properties of Actinide and Lanthanide Ions 

J A N P. H E S S L E R and W. T. C A R N A L L 

Chemistry Division, Argonne National Laboratory, 9700 South Cass Avenue, 
Argonne, I L 60439 

The sharpness of many of the o p t i c a l absorption and emis
sion lines of the lanthanide ions in ionic crystals has in
trigued s c i e n t i s t s since 1908. We review some of the recent 
developments i n t h i s area of spectroscopy, emphasizing the 
o p t i c a l properties of the tripositive lanthanide and actinide 
ions. In p a r t i c u l a r , we s h a l l discuss the single ion properties 
of l i n e position, intensity, width, and fluorescence l i f e t i m e . 
Such effects as the application of external electric and mag
netic fields, hyperfine interactions, and cooperative effects 
such as long range ordering and energy transfer, although di r e c t 
extensions of the above properties, must be excluded i n such 
a short review. 

The o p t i c a l properties of the lanthanide and actinide ions 
are due to the unpaired electrons of the ion. The observed 
sharp transitions have been shown to be intraconfiguration 
transitions. The most widely studied systems have ground con
figurations (Xe, 4fn) and (Rn, 5fn) for the lanthanide and 
actinide ions respectively. The number of f-electrons, n, 
ranges from 1 to 13. The inert rare gas core allows us to 
discuss the systems i n terms of the f-electrons only. Even such 
a conceptually simple system i s complex enough to require a 
parameterization scheme. The physical significance of such a 
scheme and i t s role i n developing an understanding of complex 
systems has been discussed by Newman (1). Our goal i s not to 
u n c r i t i c a l l y accumulate parameters i n some standard scheme 
which has limited u t i l i t y , but instead to develop as comprehen
sive and universal a scheme as possible, one which can be 
applied to the energy le v e l structure, radiative t r a n s i t i o n 
p r o b a b i l i t i e s , temperature-dependent l i n e widths, fluorescent 
lifetimes, e l e c t r i c and magnetic s u s c e p t i b i l i t i e s , hyperfine 
structure, and cooperative phenomena. In p a r t i c u l a r , the param
eters we deduce should allow us to predict observables i n an 
unmeasured region, be consistent with appropriate ab initio 
calculations, and be useful as input data into other parameter
iza t i o n schemes. An example of the l a s t point i s the analysis 

0-8412-0568-X/80/47-131-349$05.00/0 
© 1980 American Chemical Society 
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of c r y s t a l - f i e l d parameters by an effective point charge or 
other model. 

We b r i e f l y summarize the parameterization schemes for f-
electron energy levels, intraconfiguration t r a n s i t i o n proba
b i l i t i e s , and the electron-phonon interaction, and review the 
current experimental situation for each area. We s h a l l also 
speculate on p o t e n t i a l l y f e r t i l e areas of future investigation. 

I. Line Positions 

A. Energy Level Parameterization Scheme. The param
eterization scheme to derive the free-ion properties of the 
f-electron system i s based upon di r e c t physical assumptions. 
The approximate Hamiltonian describing N-electrons moving about 
a nucleus of charge Ze, as discussed by Condon and Shortley (2^), 
can be written 

i=l i>j=l 

where the symbols have th e i r usual meaning. To treat a system 
of several equivalent f-electrons, Racah developed the concepts 
of tensor operators and the c o e f f i c i e n t s of f r a c t i o n a l parentage. 
These concepts have been reviewed by Judd (3_) . 

The f i r s t approximation to paramterize equation (1) i s to 
assume that a l l electrons move in a central potential. If we 
then l i m i t the analysis to a single configuration, we need d i s 
cuss only the Coulomb and spin-orbit interaction between the 
equivalent f-electrons. With the aid of tensor operators the 
Coulomb interaction can be expressed as 

^ c o u i = E ° e a + E \ + E \ + ES- ( 2 ) 

The E 1's are parameters which may be expressed as a linear 
combination of the Slater integrals, F ^ ) . k = 0, 2, 4, and 6. 
The e^'s are tensor operators. The spin-orbit interaction 
within a single configuration may be parameterized by a single 
spin-orbit r a d i a l i n t e g r a l , £ f, therefore 

n 

e o = 5 f 7 (3) 
s.o. r / > I I 

i=l 
The sum i s over the n equivalent f-electrons. 

Bethe (_4) pointed out that when the free-ion i s put into a 
c r y s t a l the e l e c t r i c f i e l d s d i s t o r t the isotropy of free space. 
This causes a s p l i t t i n g i n the free-ion energy le v e l s , with any 
residual degeneracy determined by the symmetry of the c r y s t a l . 
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17. HESSLER AND CARNALL Optical Properties of Ions 351 

In tensor operator notation the c r y s t a l - f i e l d interaction i s 
written 

k,q 1=1 
k (k) The B s are parameters and the C ^ s are tensor operators 

which are related to the spherical harmonics. 
This basic parameterization scheme, used at the time of 

the l a s t A.C.S. symposium on lanthanide and actinide chemistry 
(5) , has been discussed i n d e t a i l by Wybourne (6) . In applying 
the scheme, the free-ion Hamiltonian was f i r s t diagonalized and 
then the c r y s t a l - f i e l d interaction was treated as a perturbation. 
This procedure yielded free-ion energy levels that frequently 
deviated by several hundred cm~"-̂  from the observed energy 
l e v e l s . a In addition, the derived parameters such as the 
Slater r a d i a l i n t e g r a l , F ( 2 ) , and the spin-orbit r a d i a l i ntegral 
did not follow an expected systematic pattern across the lan
thanide or actinide series (7). 

These deviations are due to neglecting the Coulomb i n t e r 
action between diffe r e n t configurations. To boldly proceed to 
enlarge the basis set of wave functions to include additional 
configurations would have resulted i n an unmanageably large 
matrix. Instead, Rajnak and Wybourne (8) assumed that the 
Coulomb interaction between configurations was weak enough to 
be treated with perturbation techniques. They modified the 
Hamiltonian that operated within the ground configuration to 
include the greater part of the effects of a l l weakly perturbing 
configurations. This approach modifies the physical i n t e r 
pretation of the Slater r a d i a l integrals by introducing con
figuration interaction corrections and introduces additional 
parameters into the scheme. The additional parameters a, B, 
and y are required to complete the description of two-body 
el e c t r o s t a t i c configuration-interaction effects. The dominant 
contributions due to three-body interactions require an addition
a l six parameters, k = 2 , 3, 4, 6, 7, and 8, defined by 
Judd (9). 

Judd, Crosswhite, and Crosswhite (10) added r e l a t i v i s t i c 
effects to the scheme by considering the Breit operator and 
thereby produced effective spin-spin and spin-other-orbit 
interaction Hamiltonians. The reduced matrix elements may be 
expressed as a linear combination of the Marvin integrals, 
M^: k = 0, 2, and 4. They also considered the e f f e c t of 
additional configurations on the spin-orbit interaction to 
produce the e l e c t r o s t a t i c a l l y correlated spin-orbit interaction. 
t r a d i t i o n a l l y the spectroscopist has measured energy i n cm \ 
In t h i s system of units Plank's constant and the v e l o c i t y of 
l i g h t are equal to 1. To convert to SI units, multiply values 
i n cirri by he = 19.86484 x 10" 2 4 J-cm - 1. 
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Although this interaction has properties very similar to the 
spin-other-orbit interaction, i t i s d i s t i n c t enough to require 
the additional paramters : k = 2, 4, and 6 . 

This completes the current free-ion parameterization scheme. 
It involves twenty parameters which can be determined by com
parison to experimental observations. The most important 
parameters are the four Slater r a d i a l integrals, the spin-
orbi t r a d i a l i n t e g r a l , and the three two-body configuration 
interaction parameters. With these eight parameters the free-
ion levels can generally be f i t to within a hundred cm"^. The 
precise evaluation of the three-body configuration interaction 
parameters i s c r i t i c a l l y dependent upon the observation of cer
t a i n levels. Because i t i s often d i f f i c u l t to obtain a complete 
set of experimental l e v e l s , the three-body parameters are 
sometimes poorly defined. The Marvin integrals and the spin-
other-orbit parameters produce changes in the free-ion levels 
which are on the order of the c r y s t a l - f i e l d s p l i t t i n g . Their 
evaluation, therefore, requires both extensive experimental data 
and an adequate model for the c r y s t a l - f i e l d interaction. 
Unfortunately, there has been no systematic evaluation of 
the effect of adding parameters to the scheme. More importantly, 
only the root-mean-squared deviation between observed and 
calculated energy levels has been used to test the quality of 
the theoretical predictions. No study of the correlation 
between f i t t e d parameters has been undertaken. Such a study 
would be useful i n establishing the importance of individual 
parameters and the ove r a l l adequacy of the scheme. 

Ab initio calculations of the effective parameters are 
d i f f i c u l t because of the need to properly sum to i n f i n i t e 
order the various configuration interaction contributions to 
the parameters. Morrison and Rajnak (11) used perturbation 
theory and graphical methods to correct Hartree-Fock theory 
and thereby calculated the parameters, a, 3, Yf and corrections 
to the Slater r a d i a l integrals. Their work pointed out the 
need to properly include high angular momentum continuum states 
in any calculation of effective parameters. To include the 
continuum states, Morrison (12) used a perturbed-function 
approach to calculate the effect of core polarization on the 
two-body and Slater integrals. Newman and Taylor (13) modified 
the Hartree-Fock potential to change the form of the excited 
state spectrum and calculated Slater integrals and P k param
eters. Later, Balasubramanian, Islam, and Newman (14) i n t r o 
duced an i n f i n i t e l y deep potential well to calculate the three-
p a r t i c l e correlation paramters/T^. No systematic calculation 
has been published for either a f i n i t e number of parameters 
across an entire series or for a l l twenty parameters for a 
single ion. 

With the si g n i f i c a n t improvements i n high speed d i g i t a l 
computers which have occurred within the l a s t ten years, i t 
i s now possible to diagonalize a complete free-ion plus c r y s t a l -
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17. HESSLER AND CARNALL Optical Properties of Ions 353 

f i e l d Hamiltonian. This procedure reproduces the observed 
energy levels with a root-mean-squared deviation on the order 
of twenty-five cm"!. Because the c r y s t a l f i e l d i s not i n t r o 
duced as a perturbation, J-mixing of the wave functions i s 
properly accounted for. This i s especially important i n studies 
of the actinides because J-mixing d r a s t i c a l l y alters the 
properties of the wave functions. 

The virtues of the current scheme are r e l a t i v e l y r e l i a b l e 
predictions of the energy l e v e l positions, ef f e c t i v e parameters 
that vary systematically across a series, and wave functions 
that may be u t i l i z e d for additional calculations. The pre
di c t i o n of energy levels has aided the experimental study of 
new systems such as Gd 3 + i n CaF2 (15). The systematic var
i a t i o n of parameters across a series has been used to estimate 
parameters for the i n i t i a l analysis of an ion. The properly 
admixed wave functions w i l l improve the tr a n s i t i o n probability 
analysis of the actinides. 

3+ 3+ 
B. Current Status on Ln and An Ion Energy Levels. 

The free-ion energy levels up to approximately 30000 cm"l for 
a l l of the t r i p o s i t i v e lanthanide ions in LaCl3 single crystals 
are shown i n Figure 1. Crosswhite (16) has recently tabulated 
and discussed the free-ion and c r y s t a l - f i e l d parameters needed 
to describe the lanthanide data. The t r i p o s i t i v e actinide 
levels are shown i n Figure 2. Table I summarizes the free-ion 
parameters for the actinides which have been studied i n d e t a i l . 
The detailed analyses of the and Np 3 + ions have recently 
been completed , 18) . The analyses presented i n Table I 
for P u 3 + , Am3+, and Cm 3 + are based on published spectra (̂ 19, 20, 
21, 22) obtained by Conway and coworkers. 

Crosswhite (23) has used the correlated multiconfiguration 
Hartree-Fock scheme of Froese-Fisher and Saxena (24) with the 
approximate r e l a t i v i s t i c corrections of Cowan and G r i f f i n (25) 
to calculate the Slater, spin-orbit, and Marvin r a d i a l integrals 
for a l l of the actinide ions. A comparison of the calculated 
and effective parameters i s shown i n Table I I . The r e l a t i v e l y 
large differences between calculation and experiment are due 
to the fact that configuration interaction effects have not 
been properly included i n the calculation. In spite of thi s 
fact, the differences vary smoothly and often monotonically 
across the series. Because the Marvin r a d i a l integral M° agrees 
with the experimental value, the calculated ratios M 2(HRF)/M° 
(HRF) =0.56 and M4 (HRF)/M°(HRF) =0.38 for a l l t r i p o s i t i v e 
actinide ions, are used to f i x M̂  and M4 i n the experimental 
scheme. 

The analysis of c r y s t a l - f i e I d components has remained at 
the s i n g l e - p a r t i c l e l e v e l introduced by Bethe (4). Crystal-
f i e l d parameters for the actinide ions i n lanthanum t r i c h l o r i d e 
are shown in Table III. They are approximately twice as large 
as the values found for the lanthanides. Although the values 
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Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb 

Figure 1. Energy-level structure of the tripositive lanthanide ions in LaCl3 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

7



17. HESSLER AND CARNALL Optical Properties of Ions 355 

x 10 cm FREE ION ENERGY LEVELS OF THE +3 ACTINIDES 

Np' 

_ Hi 
H 5 / 2 % 8S \ n l 5 / 2 

4I 
A 1 5 / 2 

2F 
r 7 / 2 

Pu Am Cm Bk Cf Es Fm Md No 

Figure 2. Energy-level structure of the tripositive actinide ions in LaCl3 
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Table I. Free-Ion Parameters for Trivalent Actinide Ions i n 
Lanthanum Tr i c h l o r i d e . Units are cm"-*-. 

Param. u 3 + Np 3 + PU 3 + _ 3+ Am Cm 3 + 

19544 29999 39631 53700 64124 

F ( 2 ) 39715 44907 48670 [51800] a 55109 

F ( 4 ) 33537 36918 39188 [41440] 43803 

23670 25766 27493 [30050] 32610 

1623 1938 2241 [2580] 2903 

a 27.6 31.5 29.7 [29] 28.3 

e -772 -740 -671 [-660] [-650] 

Y [1000] 899 1067 [1000] 825 
ip2 217 278 186 [200] [200] 

ip3 63 44 48 [50] [50] 

T 4 255 64 38 [40] [40] 

T 6 -107 -361 -364 [-360] [-360] 

T7 617 434 364 [390] [390] 

T 8 [350] 353 332 [340] [340] 

[0.67] 0.68 0.95 [0.99] [1.09] 

p2 O 1276 894 822 [850] 912 

A [] indicates that the parameter was estimated and held 
constant for a l l f i t t i n g . 
For a l l cases: M 2/M° = 0.56 and M 4/M° = 0.38. 

?For a l l cases: P 4/P 2 =0.75 and P 6/P 2 = 0.50. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

7



17. HESSLER AND CARNALL Optical Properties of Ions 357 

Table II. Comparison of R e l a t i v i s t i c Hartree-Fock Integrals 
for (Rn, 5f n) and Effe c t i v e Parameters for T r i p o s i t i v e Actinide 
Ions i n Lanthanum Trich l o r i d e . Units are cnT^. 

Param. XT 3+ Np _ 3+ Pu _ 3+ Am Cm 

A F ( 2 ) a 31727 30037 29553 29546 29222 

AF ( 4> 12833 11815 11754 11604 11246 

A F ( 6 ) 10248 9918 9842 8855 7793 

A? 275 244 238 212 216 

M°(exp) 

M°(HRF) 
1.00 0.88 1.08 1.00 0.99 

a A F ( k ) = p <k>(HRF) - F<k> (exp). 

Table I I I . Cr y s t a l - F i e l d Parameters for Trivalent Actinide Ions 
i n Lanthanum T r i c h l o r i d e . Units are cm"1 

• 

Param. u 3 + Np 3 + Pu TV 3 + 

Am 
Cm 3 + 

260 163 226 [230] a 246 

»5 -533 -632 -543 [-610] -671 

»S -1438 -1625 -1695 [-1590] -1410 

1025 1028 1000 [980] 921 

A [] indicates that the parameter was estimated and held 
constant for a l l f i t t i n g . 
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are approximately constant across a series, there are s i g n i f 
icant variations that d i s t o r t the monotonic behavior. This 
may be indicative of an incomplete parameterization scheme for 
the c r y s t a l - f i e l d interaction, just as the non-systematic 
behavior of the Slater and spin-orbit integrals indicated the 
need for the addition of the configuration interaction. 

3+ 
C. Advances i n Experimental Techniques. The ions U 

through Cm J + have been studied by c l a s s i c a l photographic 
techniques, which may also be applied to the study of Bk3+ and 
C f 3 + . The ion E s 3 + i s too radioactive to u t i l i z e these tech
niques. To overcome t h i s problem and to extend the experimental 
c a p a b i l i t i e s into the time domain, we have applied pulsed dye 
laser technology. Selective excitation of a s p e c i f i c ion 
within the background of daughter ions i s used to discriminate 
against the radioactive induced fluorescence. Time resolved 
detection of fluorescence i s used to i d e n t i f y groups of 
fluorescing levels with a single upper l e v e l . By monitoring 
a known fluorescence l i n e as a function of the dye laser 
wavelength, the equivalent of an absorption spectrum may be 
obtained. With these techniques (26) , both absorption and 
fluorescence data may be obtained for E s 3 + . The precision of 
the data i s comparable to that obtained with c l a s s i c a l methods. 
Similar techniques may also succeed i n locating some levels i n 
Fm 3 +. 

II. Line Intensities 

A. Transition Probability Parameterization Scheme. As 
early as 1937 Van Vleck (27) referred to the "puzzle of the 
i n t e n s i t i e s of the absorption lines of the lanthanide ions". 
Later Broer, Gorter, and Hoogschagen (28) showed that the 
observed i n t e n s i t i e s were too large to be accounted for by 
magnetic dipole or e l e c t r i c quadrupole radiation, but that 
induced e l e c t r i c dipole transitions could account for the i n 
tensity. The central problem with e l e c t r i c dipole transitions 
within a configuration i s that they are LaPorte (or parity) 
forbidden. To obtain non-vanishing matrix elements for the 
e l e c t r i c dipole operator requires that opposite parity con
figurations be admixed into the states of the f n configuration. 

Judd (29), i n his c l a s s i c paper of 1962, used the odd 
parity terms of the ligand f i e l d to accomplish t h i s admixture. 
After applying second order perturbation theory and several 
simplifying assumptions, he showed that the e l e c t r i c dipole 
l i n e strength between J-manifolds may be expressed as the sum 
of three terms, each being the product of an intensity parameter 
and a reduced matrix element of the tensor operator \jM of 
rank X. The e l e c t r i c dipole l i n e strength, S e (j, can be written 
i n the form 
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17. HESSLER AND CARNALL Optical Properties of Ions 359 

S (aJ,a'J') = e 2 X! ^ < f n y j | | u ( X ) | | f n y ' J ' > 2 . (5) 
A=2,4,6 

The fi-^ s are the intensity parameters. The li n e strength for 
the magnetic dipole transitions i s given by 

S ^(aJ,a'J') = y 2 < f n y j | |L + 2 S I I f ^ ' J ^ 2 (6) md B 

where u B = eh/4iT mc. 
The wave functions used in the expressions for the l i n e 

strengths are precisely those deduced by an analysis of the 
free-ion energy l e v e l structure. Therefore, only three new 
parameters, the 9,-^ s, have been introduced to account for the 
li n e strengths. This scheme has been remarkably successful i n 
modeling experimental observations i n both c r y s t a l and solution 
environments. It also accommodates the existence of the "hyper
sensitive" transitions. Peacock (30) has recently reviewed 
the f i e l d with regard to lanthanide f - f transitions. The 
simplicity of thi s scheme has been u t i l i z e d by Krupke (31) and 
Caird (32) to predict potential laser transitions i n the 
lanthanides. 

B. Current Status of A n 3 + Ion Line Strengths. As with 
the lanthanides, solution spectra were the f i r s t to be i n v e s t i 
gated i n terms of the Judd parameterization scheme. The li g h t 
actinides U 3 +, Np3+, and Pu have a rather high density of 
states i n the o p t i c a l region, therefore the free-ion J-manifolds 
overlap and analysis i s d i f f i c u l t . Am 3 + i s a special case. 
Only transitions between the ground J = 0 and even J-manifolds 
are allowed i n the context of the free-ion approximation. For 
Cm 3 + and the heavier actinides Bk 3 +, C f 3 + , and E s 3 + a number 
of the free-ion J-manifolds are well resolved as can be seen i n 
the absorption spectra shown i n Figure 3. The intensity param
eters for these systems are given i n Table IV. For Cm 3 + and 
Cf3+ the parameterization scheme yields a good f i t to the exper
imental observations. For the case of Bk 3 + the large value of 
&2 i s n o t consistent with neighboring values of the series. 
The source of thi s discrepancy has not yet been i d e n t i f i e d . We 
note, i f l i g a n d - f i e l d interactions are not included i n the 
determination of free-ion wave functions, then J-mixing between 
the manifolds w i l l not occur. This J-mixing w i l l be very 
important i n the calculation of tr a n s i t i o n p r o b a b i l i t i e s i n the 
actinide systems. 

C. Line Intensities Between Individual Stark Components. 
Simultaneously with Judd's work, Ofelt (33) independently 
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II I I 
n 1— 

B k + 3 

ii 
c f 

11 II II II 1 

Es+ 

M i l l M i l 

Fm + 

II I I 

28 26 24 22 20 18 16 14 12 10 8 6 4 2 0 
c m - 1 x I03 

Figure 3. Intraconfiguration absorption spectra of the heavier tripositive actinide 
ions in aqueous solution. The vertical lines are the calculated positions of the 
free-ion energy levels. A broad background absorption has been subtracted from 

the data. No measurements have been obtained for fermium. 
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17. HESSLER AND CARNALL Optical Properties of Ions 361 

Table IV. Intensity Parameters for the Heavier Actinides i n 
Dilute Acid Solution. Units are pm2, 1 pm2 = 10""2Q c m 2 < 

Ion 
°2 fi4 No. Bands 

F i t 

^ 3 + a 

Cm 15.2 16.8 38.1 17 

B k 3 + 100 40.4 12.4 6 

C f 3 + 3.8 12.5 21.3 11 

Es 
°2 

<< 
fi4 > 

W. T. Carnall and K. Rajnak, J. Chem. Phys. 63_, 3510-3514 
(1975). 

Ŵ. T. Carnall, D. Cohen, P. R. Fie l d s , R. K. Sjoblom, and 
R. F. Barnes, J. Chem. Phys. 59, 1785-1789 (1973). 

analyzed the e l e c t r i c dipole coupling mechanism. Ofelt actually 
parameterized the tr a n s i t i o n probability between the c r y s t a l -
f i e l d s p l i t components of two J-manifolds. In dealing with the 
individual Stark component transitions we can not sum over the 
odd c r y s t a l - f i e l d components to obtain the simple three param
eter scheme used for solutions. Therefore, a rather large set 
of empirical odd c r y s t a l - f i e l d parameters, which are c r i t i c a l l y 
dependent on the point symmetry of the ion, remain, to be deter
mined. For C3h symmetry there are six empirical parameters, but 
for D 3h there can be as few as three. Newman and Balasubramanian 
(34) have recently obtained the most general description of 
tran s i t i o n p r o b a b i l i t i e s between c r y s t a l - f i e l d l e vels. In 
general, the absorption and fluorescence spectra are used to 
deduce a set of empirical parameters such as for E u 3 + i n euro
pium ethylsulfate (35) and in KY3F1Q (36). Good,Jr. and his 
colleagues (37) have deduced the ratios of the odd c r y s t a l -
f i e l d parameters for erbium ethylsulfate by the application of 
a transverse magnetic f i e l d . Esterowitz et oil. (38) have 
calculated the odd c r y s t a l - f i e l d parameters for P r ^ + i n L 1 Y F 4 
using an effective point charge model and performing a l a t t i c e 
summation. They then predict the r e l a t i v e magnitude of tran
s i t i o n s between two J-manifolds. They studied both S 4 and D 2 (j 
point symmetries and obtained qualitative agreement. 
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III. Line Widths and Lifetimes 

A. Electron-Phonon Interaction Parameterization Scheme. In 
observing the fluorescence decay rate from a given J-manifold, 
i t i s generally found that the decay rate i s independent of both 
the c r y s t a l - f i e l d l e v e l used to excite the system and the l e v e l 
used to monitor the fluorescence decay. This observation i n 
dicates that the c r y s t a l - f i e l d levels within a manifold attain 
thermal equilibrium within a time short compared to the fluo
rescence decay time. To obtain this equilibrium, the electronic 
states must interact with the host l a t t i c e which induces tran
s i t i o n s between the various c r y s t a l - f i e l d levels. The i n t e r 
action responsible for such transitions i s the electron-phonon 
interaction. This interaction produces phonon-induced e l e c t r i c -
dipole t r a n s i t i o n s , phonon side-band structure, and temperature-
dependent line widths and fluorescence decay rates. It i s also 
responsible for non-resonant, or more s p e c i f i c a l l y , phonon-
assisted energy transfer between both similar and different ions. 
Studies of these and other dynamic processes have been the focus 
of most of the spectroscopic studies of the t r a n s i t i o n metal 
and lanthanide ions over the past decade. An introduction to 
the lanthanide work i s given by Hufner (39). 

The simplest electron-phonon interaction i s the direct one-
phonon process that induces a t r a n s i t i o n between two electronic 
levels that are separated by less than the maximum phonon energy 
of the c r y s t a l . The f i r s t successful parameterization of the 
electron-phonon interaction was given by Orbach i n his paper on 
the s p i n - l a t t i c e relaxation i n rare-earth salts (40). McCumber 
and Sturge (41) extended these ideas to o p t i c a l transitions i n 
so l i d s . The parameters describing single-phonon transitions be
tween c r y s t a l - f i e l d levels are products of the phonon energy, the 
electron-phonon coupling constant, and a matrix element between 
the c r y s t a l - f i e l d levels. The d e t a i l s are given i n a lecture by 
Orbach (42). Two-phonon processes are much more d i f f i c u l t to 
treat quantitatively. Both higher order perturbation theory and 
higher order terms i n the electron-phonon interaction must be 
considered. 

To d i r e c t l y measure the t r a n s i t i o n rate between various 
c r y s t a l - f i e l d components would be very d i f f i c u l t because of the 
r e l a t i v e l y low fluorescence t r a n s i t i o n p r o b a b i l i t i e s and the high 
phonon-induced t r a n s i t i o n rates. Instead, the temperature de
pendence of the homogeneous l i n e width of o p t i c a l transitions i s 
measured and related to the t r a n s i t i o n rate by the Heisenberg 
uncertainty r e l a t i o n . By measuring the temperature dependence of 
the homogeneous l i n e width for several transitions between two J-
manifolds and modeling the results i n terms of one- and two-
phonon processes, the effe c t i v e parameters involving the electron-
phonon coupling may be deduced. Because these parameters depend 
on the de t a i l s of the phonon density of states and the properties 
of the electronic states, detailed analysis of the parameters has 
not been undertaken. 
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B. Experimental Line Widths for L n 3 + and A n 3 + Transitions. 
The f i r s t detailed quantitative study of the temperature depen
dence of the l i n e width i n a lanthanide system was done on P r 3 + 

i n LaFo by Yen, Scott, and Shawlow (43). Since that time l i n e 
widths as low as 15 kHz have been observed for the -LD2 to 
t r a n s i t i o n of P r 3 + i n LaF 3 at 2 K (44). To observe such narrow 
homogeneous l i n e widths within the st r a i n broadened inhomoge
neous l i n e width found i n s o l i d systems, experimental techniques 
involving tunable dye lasers are usually employed. These 
techniques have been reviewed by Selzer (45) while s p e c i f i c 
results for the lanthanide systems have been reviewed by Yen 
(46). 

The f i r s t measurement of the temperature dependence of an 
o p t i c a l l i n e width i n an actinide system, Np 3 + i n LaC^, was 
recently completed (47). The fluorescence transitions at 671.4 
and 677.2 nm were studied from 10 to 200 K. The 
low temperature l i m i t for the li n e width of the 677.2 nm tran
s i t i o n i s 16.5 GHz and i s a measure of the width of the f i r s t 
excited c r y s t a l - f i e l d l e v e l of the ground manifold. The 671.4 
nm t r a n s i t i o n has a li n e width of 0.55 GHz at 10 K. Its tem
perature dependence i s described i n terms of an effe c t i v e three-
le v e l scheme for the excited manifold. The parameters are 
comparable to those found for P r 3 + i n LaF^. Further comparison 
depends upon the de t a i l s of the phonon spectrum and the elec
tronic states. At low temperatures, the residual width of the 
671.4 nm t r a n s i t i o n was limited by the laser l i n e width. This 
i s consistent with the very narrow l i n e widths observed i n P r 3 + . 
Additional detailed studies of this type and proper contrast 
and comparison between lanthanides and actinides may provide 
the additional information needed to describe the electron-
phonon and electron-ligand interactions of the actinides. 

C. Many-phonon Processes. The experimental observation 
that only certain manifolds fluoresce and that the fluorescence 
lifetime i s temperature-dependent, indicates that there i s non
radiative relaxation between manifolds. Because the energy 
difference between manifolds greatly exceeds kT, the effe c t i v e 
energy range for one- and two-phonon processes, multiphonon 
processes are required to account for the relaxation. From 
measurements of the temperature dependence of excited state 
lifetimes and quantum e f f i c i e n c i e s , a theoretical model involving 
multiphonon t r a n s i t i o n rates has been developed. The f i r s t 
systematic study of the multiphonon o r b i t - l a t t i c e relaxation of 
lanthanides i n single crystals was given by Reisberg and Moos 
(48). The salient feature of the model and the experimental 
results i s that the spontaneous t r a n s i t i o n rate for multiphonon 
excitation i s independent of the p a r t i c u l a r lanthanide ion or 
J-manifold of the ion and depends solely on the host c r y s t a l 
and the energy gap between manifolds. This model, although 
naive, works very well for weakly coupled systems. The results 
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for s p e c i f i c lanthanide ions i n various hosts have been reviewed 
by Riseberg and Weber (49). 

The situation for actinide ions i s ambiguous due to a lack 
of experimental data. Because of the larger c r y s t a l - f i e l d 
parameters of the actinides, one would anticipate that the ion-
l a t t i c e coupling i s stronger. This assumption was not obviously 
shown to be true i n the recent l i n e width measurements of 
neptunium (47). Experimental measurements of the temperature 
dependence of the fluorescence lifetimes and quantum e f f i 
ciencies w i l l provide a direct test for the multiphonon coupling 
and the universality of the energy gap dependence of the multi
phonon spontaneous t r a n s i t i o n rate. 

IV. New Directions 

At a symposium of t h i s type i t i s appropriate to speculate 
on where s i g n i f i c a n t advances may be anticipated i n the future. 
The free-ion energy l e v e l structure of t r i v a l e n t 4 f n and 5 f n 

configurations i s f a i r l y well understood. Some additional work 
on the s t a t i c c r y s t a l - f i e l d interaction i s needed. Although 
the o r i g i n a l idea of Bethe (4̂ ) properly accounts for the number 
and symmetry of the individual Stark l e v e l s , s i g n i f i c a n t devi
ations remain between experimental and calculated energy levels. 
One straightforward improvement i s to introduce an additional 
potential which represents the two-particle correlation induced 
by the ligand f i e l d s (50). This unfortunately introduces as 
many as 637 new parameters for very low point symmetry or 41 
parameters for octahedral symmetry. The problem i s then to 
devise physical models to reduce the number of free parameters. 
Examples of such reduction schemes have been discussed by Judd 
(51, 52) and Newman (53). A systematic evaluation of such 
schemes i s needed along with experimental tests of the physical 
mechanisms proposed to reduce the number of parameters. 

It i s well known that the f i r s t excited configuration of 
the t r i v a l e n t actinides, (Rn, 5 f n _ 1 , 6d), occurs at a much 
lower energy than i n a corresponding lanthanide. With new 
laser techniques i t i s possible to investigate t h i s configura
t i o n . Such studies w i l l provide direct information on the 
structure of the configuration and the more important information 
on the interaction of the two configurations. The corresponding 
two-photon studies can probe configurations of the same parity 
as the ground configuration. This w i l l provide a direct test 
of the assumptions needed to formulate the effective Hamiltonian 
scheme. 

The very recent measurement of the electron-phonon i n t e r 
action i n actinide systems w i l l be followed by additional 
measurements along the lines developed for studies of the lan
thanide and t r a n s i t i o n metal systems. I n i t i a l studies to 
contrast the various sytems w i l l be important i n establishing 
the r e l a t i v e magnitude of the electron-phonon coupling strength 
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i n the actinides. If th i s coupling turns out to be intermediate 
between the lanthanide and tr a n s i t i o n metal systems, as i s 
now assumed, t h i s intermediate coupling may allow new studies 
of the many phonon-induced reactions that govern the dynamical 
properties of o p t i c a l l y excited ions. 

In an attempt to define a central issue for future inves
t i g a t i o n , we propose the following question, "to what extent 
can the wave functions deduced i n the effec t i v e Hamiltonian 
approximation and constrained to produce only the energy l e v e l 
structure of the ion, be used to predict and model other 
physical properties of the ion?" In pa r t i c u l a r , why 
i s there such a large discrepancy between observed and c a l 
culated Zeeman s p l i t t i n g factors? Hyperfine properties 
may now be measured in metastable states 
with the same precision as ground state measurements. Can 
the same wave functions be used to parameterize the e l e c t r i c 
and magnetic hyperfine interactions? The electron-phonon 
interaction governs the dynamic processes. To what extent 
can the s t a t i c wave functions be used to discuss these dynamic 
processes? F i n a l l y , the wave functions are single-ion wave 
functions. What changes are required to discuss the ion-ion 
interactions that lead to the energy transfer of an o p t i c a l l y 
excited ion? If a scheme can be obtained which i s applicable 
to a l l of the above properties, we w i l l have achieved our 
i n i t i a l goal. 
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18 
Photochemistry of Uranium Compounds 

R O B E R T T. P A I N E and M A R C I A S. K I T E 

Department of Chemistry, University of New Mexico, Albuquerque, NM 87131 

The c h a r a c t e r i z a t i o n and utilization of photochemical pro 
cesses are r a p i d l y developing in to one of the major areas o f 
activity in modern inorgan ic and phys ica l chemis try . In the past, 
the photochemistry o f classical metal coord ina t ion complexes has 
rece ived the greates t amount o f a t t e n t i o n , but r e c e n t l y the 
photochemistry o f organometa l l i c compounds has a t t r a c t e d not i ce 
(1,2,3). In particular, the photochemistry and photophysics o f 
uranyl compounds have been i n v e s t i g a t e d f o r more than four 
decades and a great deal has been learned about the primary 
photoprocesses and the photo- induced r e a c t i o n mechanisms d i s 
played by these complexes (3,4). The p o p u l a r i t y o f uranyl com
pounds in photochemical s tudies is der ived from t h e i r ready 
availability and stability, t h e i r facile redox chemistry and 
p h o t o s e n s i t i v i t y and t h e i r r i c h exc i t ed s ta te chemis try . Since 
current reviews of uranyl photochemistry are expected to appear 
in the near f u t u r e , vide infra, f u r t h e r d i s c u s s i o n of t h i s t o p i c 
here will be limited. 

Instead, we wish to draw a t t e n t i o n to the developing photo
chemistry o f other c lasses o f uranium compounds which, u n t i l 
r e c e n t l y , have rece ived relatively little n o t i c e . Historically, 
much of the apparent lack of i n t e r e s t i n the photochemistry o f 
uranium (nonuranyl) compounds has been a r e s u l t o f the diffi
culties found i n obta in ing s t a b l e , wel l def ined complexes. Few 
nonuranyl uranium compounds known p r i o r to 1970 are volatile or 
s tab le i n air and many compounds are not particularly so lub le or 
s tab le i n common optically transparent s o l v e n t s . The recent 
surge in the development o f new nonaqueous uranium c o o r d i n a t i o n 
chemistry and organouranium chemistry (5,6,7), the renewed 
i n t e r e s t i n photochemical ly d r i v e n i sotope separat ion schemes 
and the maturation of o r g a n o t r a n s i t i o n metal photochemistry (1, 
2,8) have, however, provided s t i m u l i to the initiation o f a 
broader spectrum of photochemical and photophysical s tudies of 
uranium compounds. Here we will review the limited, u n c l a s s i f i e d 
progress which has been made toward d e f i n i n g the scope o f photo
chemistry i n v o l v i n g uranium compounds. The subjec t i s still i n 

0-8412-0568-X/80/47-131-369$05.00/0 
© 1980 American Chemical Society 
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370 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

a n e a r l y s t a g e o f d e v e l o p m e n t . A t t h i s p o i n t f e w q u a n t i t a t i v e 
p h o t o m e c h a n i s t i c s t u d i e s h a v e b e e n r e p o r t e d a n d few s y s t e m a t i c 
t r e n d s o f s y n t h e t i c u t i l i t y h a v e b e e n d e r i v e d . T h e p r o g r e s s 
w h i c h h a s b e e n made, h o w e v e r , c l e a r l y i n d i c a t e s t h a t f u r t h e r 
a c t i v i t y i n t h e f i e l d w i l l r e s u l t i n t h e d e s c r i p t i o n o f u s e f u l , 
t r a n s f e r a b l e p h o t o p h y s i c a l d a t a a n d a w e a l t h o f s y n t h e t i c p h o t o 
c h e m i c a l a p p l i c a t i o n s . 
U r a n i u m H e x a f ! u o r i d e 

The p h o t o c h e m i s t r y a n d s p e c t r o s c o p i c p r o p e r t i e s o f UF5 h a v e , 
o f c o u r s e , a t t r a c t e d much a t t e n t i o n . T h e g a s a n d l i q u i d p h a s e 
p h o t o c h e m i s t r y w e r e f i r s t e x p l o r e d i n t h e p r e s e n c e o f s e v e r a l 
f l u o r o c a r b o n compounds d u r i n g t h e M a n h a t t a n p r o j e c t {9). M i x 
t u r e s w e r e i r r a d i a t e d a t 366 nm f o r 20 h and u r a n i u m p r o d u c t s 
w e r e p r o d u c e d w i t h a r e p o r t e d q u a n t u m y i e l d r a n g e o f 2.4-3.4. 
F o l l o w i n g t h i s w o r k , p u b l i s h e d a c t i v i t y on t h i s m o l e c u l e was 
d o r m a n t f o r some t i m e u n t i l a s t u d y b y H a r t m a n s h e n n a n d B a r r a l 
a p p e a r e d i n a b r i e f c o m m u n i c a t i o n i n 1971 (10J. U r a n i u m h e x a -
f l u o r i d e v a p o r s a n d m i x t u r e s o f UF5 w i t h H2, CO, S02, 02, a n d Xe 
we r e e x p o s e d t o b r o a d b a n d UV r a d i a t i o n ; 3-UF5 was f o r m e d a s t h e 
p h o t o d e c o m p o s i t i o n p r o d u c t i n e a c h c a s e . T h i s w ork was f o l l o w e d 
by f u r t h e r s t u d i e s o f t h e p h o t o r e d u c t i o n o f g a s e o u s UF5 a n d 
g a s e o u s m i x t u r e s o f UF6 a n d H2 o r CO (1 J _ ) . T o g e t h e r t h e s e s t u d i e s 
l e d t o t h e d e s c r i p t i o n o f h i g h l y e f f i c i e n t p h o t o c h e m i c a l s y n t h e s e s 
o f 5 -10 g q u a n t i t i e s o f 3-UF5 i n w h i c h H2 o r CO a c t as f l u o r i n e 
a t o m s c a v e n g e r s i n t h e p h o t o r e d u c t i o n r e a c t i o n s ( 1 2,13). T h e 
r e s u l t i n g UF5 was r e p o r t e d t o be q u i t e s o l u b l e i n s e v e r a l n o n 
a q u e o u s s o l v e n t s i n c l u d i n g CH3CN, DMF, a n d DMSO a n d t h e s o l u b l e 
UF5 h a s b e e n u s e d a s a s t a r t i n g m a t e r i a l f o r t h e p r e p a r a t i o n o f 
U(V) c o o r d i n a t i o n compounds a n d o r g a n o m e t a l l i c compounds ( 1 4 ) . 

T h e e a r l y s y n t h e t i c r e p o r t s on t h e p h o t o r e d u c t i o n o f UF6 
l e d t o a new f l u r r y o f g a s a n d c o n d e n s e d p h a s e s p e c t r o s c o p i c a n d 
p h o t o p h y s i c a l s t u d i e s o f UF5 a n d i t s r e d u c t i o n p r o d u c t s . 
M c D o w e l l a n d c o w o r k e r s (J5J s t u d i e d t h e h i g h r e s o l u t i o n i n f r a r e d 
s p e c t r u m o f UF5 a t a m b i e n t a n d low t e m p e r a t u r e s . T h i s w o r k was 
f o l l o w e d by a s e r i e s o f v i b r a t i o n a l a n d e l e c t r o n i c s p e c t r o s c o p i c 
s t u d i e s o f m a t r i x i s o l a t e d U F 6 (16_,1Z_>1§_J9,20). I n t h e f i r s t 
e x p e r i m e n t s , UF6 d e p o s i t e d i n A r o r CO m a t r i c e s was v i b r a t i o n a l l y 
c h a r a c t e r i z e d by i n f r a r e d s p e c t r o s c o p y a n d t h e n e x p o s e d t o b r o a d 
b a n d UV r a d i a t i o n a t 10°K. I n a r g o n , p h o t o r e d u c t i o n p r o c e e d e d 
r a p i d l y ; t h e 619 c n H UF5 i n f r a r e d p e a k d e c r e a s e d i n i n t e n s i t y 
w h i l e two new p e a k s grew i n a t 584 CITH a n d 561 OTH . T h e new 
p e a k s w e r e a s s i g n e d t o t h e e x p e c t e d UF5 p h o t o l y s i s p r o d u c t a n d a 
t e n t a t i v e C4 V s t r u c t u r e a s s i g n m e n t was made. T h e w a v e l e n g t h 
d e p e n d e n c e o f t h e p h o t o r e d u c t i o n was s t u d i e d u s i n g a monochroma-
t i z e d UV s o u r c e (1 kw Hg-Xe l a m p , S c h o e f f e l 6M-250 m o n o c h r o m a t o r ) . 
T h e r e l a t i v e q u a n t u m e f f i c i e n c y o f t h e UFs d i s s o c i a t i o n p e r u n i t 
a b s o r b a n c e ^ o f UF6 was f o u n d t o be r e l a t i v e l y c o n s t a n t i n t h e 
a l l o w e d B-X a b s o r p t i o n b a n d ( 2 5 0 - 3 0 0 nm) (17_). R a d i a t i o n i n t h e 
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18. PAINE AND KITE Photochemistry of Uranium Compounds 371 

f o r b i d d e n A-X b a n d ( 3 4 0 - 4 1 0 nm) was f o u n d t o be 1 0 - 4 as e f f i c i e n t 
i n e f f e c t i n g c o n v e r s i o n o f UF6 t o UF5 t h e r e b y e x p l a i n i n g t h e l o w 
s y n t h e t i c y i e l d s f o u n d i n e a r l y p h o t o l y s i s s t u d i e s [9). P h o t o 
l y s i s o f C0/UF6 m a t r i c e s ( 1 0 ° K ) l e d t o a v e r y r a p i d p r o d u c t i o n 
o f UF5 a n d t h e b a c k r e a c t i o n UF5 + F -> UF5 f o u n d i n t h e a r g o n 
m a t r i x was r e t a r d e d by CO s c a v e n g i n g o f t h e f l u o r i n e a t o m s . P r o 
l o n g e d UV i r r a d i a t i o n o f t h e s e m a t r i c e s l e d t o t h e f o r m a t i o n o f 
a new, b r o a d i n f r a r e d b a n d c e n t e r e d a t 499 c r r H . I t was p r o 
p o s e d t h a t t h i s b a n d be a s s i g n e d t o m a t r i x i s o l a t e d UF4 o r 
p o l y m e r i z e d UF5. J o n e s (1_7) e x t e n d e d t h e s e m a t r i x r e s u l t s b y 
o b t a i n i n g b o t h h i g h r e s o l u t i o n i n f r a r e d a n d Raman s p e c t r a . T h e 
i m p r o v e d s p e c t r o s c o p i c d a t a a l l o w e d J o n e s t o f i r m l y d e d u c e t h e 
m a t r i x i s o l a t e d s t r u c t u r e o f UF5 ( C 4 V ) a n d d e t e r m i n e t h e UF 
f o r c e c o n s t a n t s . 

More r e c e n t m a t r i x s t u d i e s ( 1 9 , 2 0 ) h a v e a t t e m p t e d t o e x t e n d 
t h e UF^ p h o t o c h e m i s t r y t o i n c l u d e i n f r a r e d s t i m u l a t e d p h o t o 
r e d u c t i o n . C a t a l a n o , e t a l . ( 1 9 J r e p o r t e d no r e a c t i o n b e t w e e n 
g a s e o u s UF5 a n d SiH4 a t 1 0 0 ° C ; h o w e v e r , i r r a d i a t i o n o f a 
UF5/SiH4 m a t r i x ( 1 2 ° K ) w i t h p h o t o n s (^ 16 ym) p r o d u c e d by an 
i n c o h e r e n t b r o a d b a n d N e r n s t g l o w e r ( 1 0 uW cm-2) o r a t u n a b l e 
d i o d e l a s e r (^ 25 mW c m - 2 ) a p p a r e n t l y i n d u c e d a r e d u c t i o n r e a c 
t i o n t h r o u g h e x c i t a t i o n o f t h e UF6 V 3 mode. B o t h UF5 a n d UF4 
w e r e i d e n t i f i e d i n t h e m a t r i x i s o l a t e d p r o d u c t s . Some d o u b t 
h a s b e e n c a s t on t h e r e s u l t s o f t h e b r o a d b a n d i n f r a r e d p h o t o 
c h e m i s t r y . J o n e s (20) h a s o b s e r v e d t h a t UF5/SiH4 m a t r i c e s a r e 
u n e f f e c t e d by i n f r a r e d i r r a d i a t i o n f r o m a N e r n s t g l o w e r r i g o r 
o u s l y f i l t e r e d o f a l l UV c o m p o n e n t s . T h e s e c o n f l i c t i n g r e s u l t s 
r e q u i r e t h a t a d d i t i o n a l w o r k be c o m p l e t e d b e f o r e m a t r i x p h o t o 
r e d u c t i o n t h r o u g h i n f r a r e d s t i m u l a t i o n i s v e r i f i e d . 

T h e e a r l y b r o a d b a n d UV m a t r i x p h o t o c h e m i s t r y a n d t h e s e a r c h 
f o r p h o t o c h e m i c a l i s o t o p e s e p a r a t i o n s c h e m e s d i r e c t e d c o n s i d e r 
a b l e r e n e w e d a t t e n t i o n t o t h e d e t a i l e d i n v e s t i g a t i o n s o f g a s 
p h a s e UF5 p h o t o c h e m i s t r y . F a r r a r a n d S m i t h p r e v i o u s l y r e v i e w e d 
t h e p r o g r e s s , up t o 1 9 7 2 , i n p h o t o c h e m i c a l l y i n d u c e d u r a n i u m 
i s o t o p e s e p a r a t i o n ( 2 ] _ ) . P r o p o s e d p h o t o c h e m i c a l s c h e m e s w e r e 
o u t l i n e d i n t h i s r e p o r t i n c l u d i n g two p h o t o n ( i n f r a r e d a n d UV) 
p r o c e s s e s , b u t l i t t l e s p e c i f i c p h o t o c h e m i c a l o r p h o t o p h y s i c a l 
d a t a w e r e p r e s e n t e d . I n 1976 E e r k e n s p u b l i s h e d f u r t h e r s p e c t r o 
s c o p i c d a t a p e r t i n e n t t o l a s e r - d r i v e n UF5 i s o t o p e s e p a r a t i o n 
( 2 2 ) . T h e a u t h o r a l s o s t a t e s t h a t l a s e r - d r i v e n p h o t o c h e m i c a l 
u r a n i u m i s o t o p e s e p a r a t i o n u s i n g a UF5 -HCI m i x t u r e was a c h i e v e d 
i n 1972-73 a t A i R e s e a r c h M a n u f a c t u r i n g Company u s i n g a CO2 
l a s e r l i n e c o i n c i d e n t w i t h t h e V3 + V4 + V5 c o m b i n a t i o n b a n d o f 
UF5. An e n r i c h m e n t f a c t o r o f 1.1 was a l s o c l a i m e d . To d a t e 
a r e p o r t v e r i f y i n g t h i s w o r k h a s n o t a p p e a r e d i n t h e u n c l a s s i 
f i e d l i t e r a t u r e . 

F u r t h e r l i t e r a t u r e d e s c r i p t i o n s o f l a s e r i n i t i a t e d p h o t o -
d i s s o c i a t i o n o f UF5 i n t h e g a s p h a s e a r e f e w . L e t o k h o v a n d 
M o o r e h a v e o u t l i n e d v a r i o u s g e n e r a l a s p e c t s a n d p r o b l e m s d e a l i n g 
w i t h UF5 l a s e r p h o t o c h e m i s t r y a n d i s o t o p e s e p a r a t i o n ( 2 3 J . I n 
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372 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

1978, W i t t i g (24) d e s c r i b e d m u l t i p l e p h o t o n p h o t o d i s s o c i a t i o n o f 
UF5 i n i t i a t e d b y t h e o u t p u t f r o m a CF4 l a s e r o p e r a t i n g a t 615 
cm-1 (5-25 mJ f l u e n c e ) a n d b y t h e c o m b i n e d o u t p u t s f r o m a CF4 
l a s e r (615 crrr"!) a n d a CO2 l a s e r (1077 cnH , 0.7 J ) . T h e 
e x p e r i m e n t s i n d i c a t e d t h a t t h e o n e c o l o r CF4 l a s e r o u t p u t a t 5 
mJ f l u e n c e was s u f f i c i e n t t o c a u s e p h o t o d i s s o c a t i o n t h r o u g h 
e x c i t a t i o n o f V 3 a l o n e . T h e a d d i t i o n o f t h e s e c o n d c o l o r (CO2 
l a s e r ) d r a m a t i c a l l y e n h a n c e d t h e d i s s o c i a t i o n r a t e . B a s e d upon 
t h e s e e x p e r i m e n t a l r e s u l t s , W i t t i g c o n c l u d e d t h a t t h e CF4 l a s e r 
o u t p u t l e a d s t o v i b r a t i o n a l l y e x c i t e d UF5 m o l e c u l e s h a v i n g a 
b r o a d e n e d a n d f r e q u e n c y s h i f t e d V2 + V3 c o m b i n a t i o n b a n d 
(̂  1157 c m ' l ) . I t was p r o p o s e d t h a t t h e CO2 l a s e r e f f e c t i v e l y 
d r o v e t h e p h o t o d i s s o c i a t i o n o f t h e e x c i t e d UF5 t h r o u g h i r r a d i 
a t i o n o f t h e b r o a d c o m b i n a t i o n b a n d . P h o t o d i s s o c i a t i o n was n o t 
o b s e r v e d f o r UF5 i n i t s v i b r a t i o n a l g r o u n d s t a t e u s i n g t h e one 
c o l o r CO2 e x c i t a t i o n a t 1077 OTH . 

A t t h e same t i m e K a l d o r , e t a l . (Z5) r e p o r t e d t h e o b s e r v a 
t i o n o f i n f r a r e d m u l t i p h o t o n p h o t o d i s s o c i a t i o n o f UF5 u s i n g a 
one c o l o r CF4 l a s e r i r r a d i a t i o n s o u r c e (16 ym) c o i n c i d e n t w i t h 
V 3 . A d i s s o c i a t i o n t h r e s h o l d a n d y i e l d w e r e e s t i m a t e d t o be i n 
t h e r a n g e o f t h o s e f o u n d f o r SF5. T h e p r e l i m i n a r y r e p o r t was 
r e c e n t l y f o l l o w e d by a more e x t e n s i v e p a p e r f r o m t h e E x x o n g r o u p 
(26) i n w h i c h i n f r a r e d m u l t i p h o t o n e x c i t a t i o n a n d d i s s o c i a t i o n 
i n t h e V3 mode was f u r t h e r d e s c r i b e d . I n a d d i t i o n , two c o l o r 
e x c i t a t i o n (16 ym) a n d d i s s o c i a t i o n (10.6 ym) e x p e r i m e n t s s i m i l a r 
t o t h o s e d e s c r i b e d by W i t t i g w e r e d e s c r i b e d . 

O t h e r U r a n i u m H a l i d e s 

L i t t l e p h o t o c h e m i c a l w o r k h a s b e e n a c c o m p l i s h e d f o r o t h e r 
u r a n i u m h a l i d e s . I n 1954, F r e e d a n d S a n c i e r (45) r e p o r t e d t h e 
b r o a d b a n d UV p h o t o d i s s o c i a t i o n o f UCI4 d i s s o l v e d i n 10% n - p r o -
p a n o l a n d 1:1 p r o p a n e / p r o p e n e m i x t u r e s . T h e r e s u l t i n g p u r p l e 
s o l u t i o n was a s s u m e d t o c o n t a i n UCI3 b a s e d upon s i m i l a r s p e c t r o 
s c o p i c f e a t u r e s i n s p e c t r a o f a u t h e n t i c s a m p l e s o f UCI3 i n t h e 
same s o l v e n t . More r e c e n t l y , Donohue (46J r e i n v e s t i g a t e d t h e 
p h o t o c h e m i s t r y o f UCI4 i n s o l u t i o n . I r r a d i a t i o n o f a l c o h o l i c 
s o l u t i o n s a t 254 nm ( l o w p r e s s u r e Hg lam p ) ' p r o d u c e d q u a n t u m 
y i e l d s e s t i m a t e d t o be i n t h e r a n g e o f 3 t o 10%. P r e l i m i n a r y 
s t u d i e s u s i n g 308 nm ( X e C l l a s e r ) e x c i t a t i o n s h o w e d no c h a n g e 
i n t h e v i s - U V s p e c t r u m o f UCI4. A d d i t i o n o f 18-crown-6 p o l y -
e t h e r t o t h e a l c o h o l i c UC14 s o l u t i o n s f o l l o w e d b y i r r a d i a t i o n 
a t 254 nm r e s u l t e d i n a n i n c r e a s e d q u a n t u m y i e l d a n d p r e c i p i t a 
t i o n o f a U ( I I I ) c r o w n e t h e r c o m p l e x . T h e i d e n t i t i e s o f t h e 
U ( I V ) a n d U ( I I I ) s p e c i e s i n t h i s s t u d y a r e n o t y e t c l e a r , a n d 
f u r t h e r w o r k on t h i s i n t e r e s t i n g s y s t e m i s n e e d e d . 

Moody (47J has r e c e n t l y r e p o r t e d t h e r m a l c h e m i s t r y w h i c h i s 
r e l a t e d t o D o n o h u e ' s p h o t o c h e m i c a l o b s e r v a t i o n s . I t was f o u n d 
t h a t UCI4 c a n b e r e d u c e d t o U C l 3 ( T H F ) x i n THF s o l u t i o n a n d t h e 
UCI3 f o r m s a THF i n s o l u a b l e UC13 c r o w n e t h e r c o m p l e x . A t t e m p t s 
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18. PAINE AND KITE Photochemistry of Uranium Compounds 373 

t o p r e p a r e a U ( I I I ) a l k o x i d e h a v e l e d t o o x i d i z e d U ( I V ) p r o d u c t s . 
I n o u r own l a b o r a t o r y we h a v e b r i e f l y i n v e s t i g a t e d t h e p h o t o 
r e d u c t i o n o f UCI4 i n THF s o l u t i o n . U n d e r UV s t i m u l a t i o n (medium 
p r e s s u r e Hg lamp ) s m a l l y i e l d s (^ 1%) o f U ( I I I ) a r e i d e n t i f i e d 
b y v i s - U V s p e c t r o p h o t o m e t r y . We h a v e a l s o n o t e d t h a t a d d i t i o n 
o f a c r o w n e t h e r e n h a n c e s t h e U ( I I I ) p r o d u c t i o n . F u r t h e r w o r k 
on t h i s s y s t e m w i l l be f o r t h c o m i n g . 

C o n d o r e l l i , e t a l . , ( 4 8 ) h a v e s t u d i e d t h e UV p h o t o c h e m i s t r y 
o f [ ( C 2 H 5 ) 4 N ] 2 U C l g i n a c e t o n i t r i l e u n d e r a v a r i e t y o f c o n d i t i o n s . 
I r r a d i a t i o n a t 3 1 3 , 3 3 3 , 4 0 5 , o r 436 nm l e f t t h e s o l u t i o n s 
u n e f f e c t e d ; h o w e v e r , i r r a d i a t i o n a t 254 nm p r o d u c e d p h o t o c h e m i c a l 
r e a c t i o n s . I n t h e p r e s e n c e o f a i r , t h e p h o t o p r o d u c t was i d e n t i 
f i e d a s UO2CI42". In t h e a b s e n c e o f a i r more c o m p l e x c h e m i s t r y 
was f o u n d a n d t h e a u t h o r s p r e s e n t a m e c h a n i s m d e s c r i b i n g t h e 
o v e r a l l c h e m i s t r y . 

C l a s s i c a l C o o r d i n a t i o n C o m p l e x e s 
Few p h o t o c h e m i c a l i n v e s t i g a t i o n s o f c l a s s i c a l n o n u r a n y l 

c o m p l e x e s h a v e b e e n a c c o m p l i s h e d . Adams a n d S m i t h ( 4 9 ) r e p o r t e d 
p h o t o l y s e s o f u r a n i u m ( I V ) c i t r a t e a q u e o u s s o l u t i o n s . I n t h e 
a b s e n c e o f o x y g e n , t h e c o m p l e x was a p p a r e n t l y s t a b l e t o w a r d 
p h o t o c h e m i c a l o x i d a t i o n ; h o w e v e r , i n t h e p r e s e n c e o f o x y g e n , 
i r r a d i a t i o n f r o m a t u n g s t e n lamp s o u r c e l e d t o t h e f o r m a t i o n o f 
a u r a n y l c i t r a t e c o m p l e x . T h e u r a n i u m ( V I ) c i t r a t e u n d e r g o e s 
p h o t o r e d u c t i o n t o a U ( I V ) c i t r a t e s p e c i e s i n t h e a b s e n c e o f a i r . 
T h e a u t h o r s a l s o c l a i m t h a t r e l a t e d c h e m i s t r y i s f o u n d f o r a 
u r a n i u m ( I V ) t a r t r a t e c o m p l e x . D a i n t o n a n d James ( 5 0 J h a v e 
r e p o r t e d p h o t o c h e m i c a l e l e c t r o n t r a n s f e r r e a c t i o n s i n v o l v i n g 
U ( I I I ) a n d U ( I V ) i n a q u e o u s s o l u t i o n s . T h e r e s u l t s d e a l i n g w i t h 
p h o t o s e n s i t i z a t i o n r e a c t i o n s a r e i n t e r e s t i n g a n d t h e y w a r r a n t 
f u r t h e r a t t e n t i o n . 

We h a v e r e c e n t l y e x a m i n e d t h e p h o t o - r e a c t i v i t y o f 
U [ N ( S i ( C H 3 ) 3 ) 2 ] 3 C l i n THF s o l u t i o n . A l t h o u g h t h e s t u d y i s n o t 
c o m p l e t e a t t h i s d a t e , t h e c o m p l e x i s r e d u c e d by b r o a d b a n d UV 
r a d i a t i o n f r o m a medium p r e s s u r e Hg l a m p . T h e m a j o r p r o d u c t i n 
e a c h c a s e a p p e a r s t o be U [ N ( S i ( ^ 3 ) 3 ) 2 1 3 w h i c h h a s b e e n s y n t h e 
s i z e d by t h e r m a l t e c h n i q u e s a n d s u b j e c t e d t o e x t e n s i v e c h a r a c 
t e r i z a t i o n by A n d e r s e n a n d c o w o r k e r s (51_). D e t a i l e d p h o t o c h e m i c a l 
s t u d i e s o f t h i s s y s t e m a r e i n p r o g r e s s . 
U r a n i u m A l k o x i d e s 

I n 1976 S o s t e r o , e t a l . (52^) r e p o r t e d p h o t o c h e m i c a l p r e p a r a 
t i o n s a n d r e a c t i o n s o f s e v e r a l o x o c h l o r o u r a n i u m c o m p o u n d s . I t 
was n o t e d t h a t p h o t o l y s i s o f (C5H5NH)2U0C15 i n d r y e t h a n o l w i t h 
a Hg UV s o u r c e l e d t o t h e f o r m a t i o n o f U ( 0 C 2 H 5 ) 5 . T h e e t h o x i d e 
was i d e n t i f i e d by i t s e l e c t r o n i c s p e c t r a l p r o p e r t i e s a n d a p r o 
p o s e d m e c h a n i s m f o r t h e p h o t o r e a c t i o n was p r e s e n t e d . Quantum 
y i e l d a n d p r o d u c t y i e l d d a t a w e r e n o t g i v e n . M a r k s , e t a l . ( 5 3 ) 
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374 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

h a v e r e c e n t l y r e p o r t e d a l a s e r i n d u c e d m u l t i p h o t o n g a s p h a s e 
p h o t o d e c o m p o s i t i o n r e a c t i o n o f U ( 0 C H 3 ) 6 u s i n g t h e o u t p u t f r o m a 
CO2 l a s e r a t t h e 0 0 ° 1 - 1 0 ° 0 t r a n s i t i o n w h i c h i s n e a r l y c o i n c i d e n t 
w i t h an i n f r a r e d a b s o r p t i o n o f t h e u r a n i u m m e t h o x i d e a t 931 c n H . 
T h e a u t h o r s r e p o r t i s o t o p i c 2 3 5 y e n r i c h m e n t i n t h e s a m p l e s 
t r e a t e d u n d e r t h e s e c o n d i t i o n s , b u t l i t t l e s p e c i f i c i n f o r m a t i o n 
i s g i v e n r e g a r d i n g t h e o b s e r v e d p h o t o c h e m i s t r y a n d p h o t o p h y s i c s . 
F u r t h e r s t u d i e s o f t h e p h o t o c h e m i c a l r e a c t i o n s o f u r a n i u m a l k o -
x i d e s i s c e r t a i n l y w a r r a n t e d b a s e d upon t h e s e two i n v e s t i g a t i o n s . 
O r g a n o m e t a l l i c Compounds 

U n l i k e o r g a n o t r a n s i t i o n m e t a l c h e m i s t r y , p h o t o c h e m i c a l 
t e c h n i q u e s h a v e n o t b e e n w i d e l y a p p l i e d t o o r g a n o a c t i n i d e 
c h e m i s t r y . M a r k s a n d c o w o r k e r s ( 5 4 ) h a v e o b s e r v e d t h a t C p 3 T h ( i -
C3H7) u n d e r g o e s t h e r m o l y s i s a t 1 7 0 ° C i n t o l u e n e s o l u t i o n . T h e 
p r o d u c t s i s o l a t e d f r o m t h e r e a c t i o n a r e C3H8 a n d [ C p 2 T h ( C 5 H 4 ) ] 2 , 
a n d no e v i d e n c e i s f o u n d f o r 3 - h y d r i d e e l i m i n a t i o n r e a c t i o n 
p r o d u c t s . When t h e same compound i s p h o t o l y z e d a t 5 ° C i n a 
b e n z e n e s o l u t i o n 3 - h y d r i d e e l i m i n a t i o n i s o b s e r v e d . The p r o 
d u c t s a r e p r o p a n e , p r o p e n e , a n d C p q T h . T h e m e c h a n i s m o f t h e 
p h o t o c h e m i c a l r e a c t i o n i s d i s c u s s e d i n some d e t a i l by t h e 
a u t h o r s , a n d t h e s y s t e m a p p a r e n t l y r e p r e s e n t s t h e f i r s t e x a m p l e 
o f a p h o t o - i n d u c e d 6 - h y d r i d e e l i m i n a t i o n r e a c t i o n w h i c h i s 
t h e r m a l l y b l o c k e d . T h i s o b s e r v a t i o n i s i n o p p o s i t i o n t o 
o b s e r v a t i o n s i n o r g a n o t r a n s i t i o n m e t a l c h e m i s t r y , w h e r e 3 - h y d r i d e 
e l i m i n a t i o n i s a t h e r m a l l y o b s e r v e d b u t p h o t o c h e m i c a l l y h i n d e r e d 
p r o c e s s . A s i m i l a r r e a c t i o n o c c u r s w i t h t h e u r a n i u m a n a l o g ( 5 5 ) . 
A d d i t i o n a l p h o t o c h e m i c a l i n v e s t i g a t i o n s o f o r g a n o u r a n i u m com
p o u n d s a r e w a r r a n t e d . I t may be h o p e d t h a t w h a t e v e r s t u d i e s a r e 
i n i t i a t e d w i l l c o n t a i n b o t h s y n t h e t i c a n d p h o t o p h y s i c a l compo
n e n t s . 

U r a n i u m B o r o h y d r i d e 
P h o t o c h e m i c a l d e c o m p o s i t i o n o f U ( B H 4 ) ^ was n o t e d b y i n v e s t i 

g a t o r s d u r i n g t h e M a n h a t t a n p r o j e c t , b u t l i t t l e d e t a i l i s 
a v a i l a b l e (19). I n 1974 E n g l e m a n ( 5 6 ) n o t e d t h a t t h e UV f l a s h 
p h o t o l y s i s o f U ( B H 4 ) 4 p r o d u c e d a h i g h d e n s i t y o f e m i s s i o n l i n e s 
w h i c h c o u l d be a s s i g n e d i n p a r t t o U I , U I I a n d p e r h a p s BH. I t 
was t h e n c o n c l u d e d i n t h e p r e l i m i n a r y s t u d y t h a t U ( B H 4 ) 4 c o u l d 
s e r v e a s a c o n v e n i e n t s o u r c e o f u r a n i u m a t o m s . S u b s e q u e n t l y , 
we h a v e r e p o r t e d g a s a n d s o l u t i o n p h a s e p h o t o c h e m i s t r y o f U ( B H 4 ) 4 
a n d U ( B D 4 ) 4 ( 5 7 ) . G a s e o u s s a m p l e s o f b o t h compounds w e r e s u b 
j e c t e d t o b r o a d b a n d UV p h o t o l y s i s f o r two h o u r s u s i n g a 100 w a t t 
H a n o v i a l a m p . T y p i c a l l y 1 0 - 2 0 % o f t h e s a m p l e d e c o m p o s e d a n d 
f o r m a t i o n o f H 2 ( D 2 ) a n d 6 2 ^ ( 6 2 0 5 ) was n o t e d a l o n g w i t h a brown 
s o l i d . I n d r y THF o r m e t h y l c y c l o h e x a n e p h o t o d e c o m p o s i t i o n was 
a l s o r e a l i z e d a n d U ( B H 4 ) 3 ( U ( B D 4 ) 3 ) was i s o l a t e d a n d i d e n t i f i e d 
a s a p r o d u c t . T h e w a v e l e n g t h d e p e n d e n c e o f t h e UV p r o m o t e d 
p h o t o c h e m i s t r y h a s n o t y e t b e e n d e t e r m i n e d . . 
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I n f r a r e d i n d u c e d p h o t o c h e m i s t r y o f U(BD4) 4 was a l s o e x p l o r e d 
by us u s i n g a CO2 l a s e r t r a n s i t i o n n e a r l y c o i n c i d e n t w i t h t h e 
924 o r H mode o f t h e m o l e c u l e ( 5 7 ) . I n a s t a t i c s y s t e m , t h e 
m o l e c u l e was i r r a d i a t e d by one IR p u l s e ( 0 . 8 J / c m 2 ) a n d t h e 
g a s e o u s p r o d u c t s c o l l e c t e d i n a c o l d t r a p . A f t e r 25 p u l s e -
c o l l e c t i o n s e q u e n c e s t h e v a p o r s w e r e f o u n d t o c o n t a i n B2D6 a n d 
D2. An i n c r e a s e i n t h e p u l s e r e p e t i t i o n r a t e ( 0 . 5 Hz) w i t h o u t 
v o l a t i l e p r o d u c t c o l l e c t i o n r e s u l t e d i n t h e a p p e a r a n c e o f an 
i n t e n s e v i s i b l e l i g h t e m i s s i o n a f t e r t h e s e c o n d a n d s u c c e e d i n g 
p u l s e s . 0 T h e e m i s s i o n was a n a l y z g d a n d f o u n d t o be a b r o a d 
(^ 100 A) b a n d c e n t e r e d a t 5914 A . T h e s e r e s u l t s s u g g e s t e d t h a t 
t h e f i r s t p u l s e l e a d s t o d i s s o c i a t i o n o f t h e U(BD4)4 w i t h t h e 
f o r m a t i o n o f U(BD4)3 w h i c h t h e n i n t e r a c t s w i t h t h e s u c c e e d i n g i r 
p u l s e s . T h e s e c o n d a b s o r p t i o n l e a d s t o t h e o b s e r v e d e m i s s i o n . 
A t t e m p t s t o m e a s u r e t h e r e a c t i o n t h r e s h o l d a n d q u a n t u m y i e l d s 
w e r e u n s u c c e s s f u l . F u r t h e r l a s e r i n d u c e d p h o t o c h e m i s t r y on t h i s 
m o l e c u l e i s w a r r a n t e d . 

U r a n y l Compounds 
A l t h o u g h we h a v e c h o s e n t o o m i t m o s t o f t h e l a r g e b o d y o f 

u r a n y l p h o t o c h e m i s t r y f r o m t h i s s h o r t r e v i e w , i t i s w o r t h p o i n t 
i n g o u t r e c e n t r e s u l t s f r o m t h e E x x o n g r o u p ( 5 8 , 5 9 , 6 0 ) . T h e 
l a s e r i n d u c e d g a s p h a s e p h o t o d i s s o c i a t i o n o f l T J 0 2 T h f a c a c ) 2 - T H F ] 
has b e e n e x p l o r e d , a n d e v i d e n c e f o r i s o t o p i c s e l e c t i v i t y i n 
b o t h t h e u r a n i u m a n d o x y g e n i s o t o p e s was p r e s e n t e d . T h e s e p a p e r s 
a r e p a r t i c u l a r l y i n t e r e s t i n g , a n d t h e y show a n e m e r g i n g t r e n d 
t o w a r d d e t a i l e d p h o t o c h e m i c a l c h a r a c t e r i z a t i o n o f u r a n i u m com
p l e x e s . 

D u r i n g t h e c o u r s e o f t h e c o l l e c t i o n o f m a t e r i a l f o r t h i s 
r e v i e w i t was f o u n d t h a t two o t h e r r e v i e w s a r e f o r t h c o m i n g w h i c h 
w i l l s u m m a r i z e r e c e n t a d v a n c e s i n t h e p h o t o c h e m i s t r y o f u r a n y l 
s p e c i e s . I n t e r e s t e d i n v e s t i g a t o r s s h o u l d l o o k f o r p a p e r s by 
C. K. J o r g e n s e n a n d R. R e i s f e l d i n S t r u c t u r e a n d B o n d i n g a n d 
H. G l i s t e n i n G m e l i n . 
C o n c l u s i o n s 

O u r e x a m i n a t i o n o f t h e p h o t o c h e m i c a l l i t e r a t u r e o f u r a n i u m 
c l e a r l y shows t h a t e x t e n s i v e a t t e n t i o n h a s b e e n g i v e n t o UF5, 
w h i l e o t h e r c o m p o u n d s , u n t i l r e c e n t l y , h a v e b e e n a l m o s t i g n o r e d . 
T h e a t t e n t i o n g i v e n t o UF5, o f c o u r s e , r e l a t e s b a c k t o t h e g r e a t 
i n t e r e s t i n a c h i e v i n g a low c o s t l a s e r i n d u c e d i s o t o p e s e p a r a t i o n 
p r o c e s s f o r u r a n i u m i s o t o p e s . T h e e c o n o m i c s o f i s o t o p e s e p a r a 
t i o n , w h i c h h a v e b e e n b r i e f l y d i s c u s s e d b y L e t o k h o v a n d M o o r e 
( 6 1 ) , h a v e c o n s e q u e n t l y d i c t a t e d t h e d i r e c t i o n o f much o f t h e 
a p p l i e d p h o t o c h e m i c a l r e s e a r c h on u r a n i u m c o m p o u n d s . N o n e t h e 
l e s s , f r o m t h e e x i s t i n g s p e c t r o s c o p i c a n d p h o t o c h e m i c a l d a t a 
o u t l i n e d h e r e i t w o u l d be e x p e c t e d t h a t c o o r d i n a t i o n a n d 
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o r g a n o m e t a l l i c c o m p l e x e s s h o u l d d i s p l a y f u n d a m e n t a l l y i n t e r e s t 
i n g , f a c i l e p h o t o c h e m i s t r y , a n d t h e f e w s t u d i e s w h i c h h a v e b e e n 
c o m p l e t e d i n d i c a t e t h a t t h i s i s t r u e . I t i s a p p a r e n t t h a t t h i s 
f i e l d n e e d s a d d i t i o n a l f u n d a m e n t a l p h o t o c h e m i c a l a t t e n t i o n . I n 
p a r t i c u l a r , t h o s e i n t e r e s t e d i n p u r s u i n g t o p i c s i n u r a n i u m 
p h o t o c h e m i s t r y s h o u l d g i v e a t t e n t i o n t o t h e f o l l o w i n g : 
1. O p t i c a l s p e c t r o s c o p y : more d e t a i l e d i n f r a r e d , v i s i b l e - U V 

a n d MCD s t u d i e s , i n c l u d i n g a s s i g n m e n t s o f o b s e r v e d t r a n s i 
t i o n s , a r e n e e d e d . 

2. S y n t h e s i s : m o r e w i d e s p r e a d a p p l i c a t i o n o f p h o t o c h e m i c a l 
t e c h n i q u e s n e e d s t o be made i n t h e s y n t h e s i s a n d c h a r a c t e r i 
z a t i o n o f new c o m p o u n d s . 

3. S y s t e m a t i c s : a t t e m p t s s h o u l d be made t o s y s t e m a t i z e p h o t o 
c h e m i c a l r e a c t i o n s o f u r a n i u m c o m p o u n d s . 

4. P h o t o p h y s i c s : t h e s y n t h e t i c c h e m i s t s h o u l d w o r k i n c o n c e r t 
w i t h p h o t o c h e m i s t s i n o r d e r t h a t a g r e a t e r c h a r a c t e r i z a t i o n 
o f p h o t o c h e m i c a l r e a c t i o n m e c h a n i s m s o c c u r s . 
I n v e s t i g a t o r s b e g i n n i n g new s t u d i e s i n t h i s f i e l d s h o u l d be 

r e w a r d e d w i t h r e s u l t s o f e q u a l i n t e r e s t t o d a t a t h a t h a v e b e e n 
o b t a i n e d i n o r g a n o t r a n s i t i o n m e t a l p h o t o c h e m i c a l r e s e a r c h . 
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19 
Multistep Laser Photoionization of the Lanthanides and 
Actinides 

E. F. WORDEN 
Lawrence Livermore Laboratory, University of California, Livermore, CA 94550 
J. G. CONWAY 
Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
University of California, Berkeley, CA 94720 

Multistep laser photoionization has been applied to deter
mine a number of important physical properties of heavy atoms 
with complex spectra including ionization 
potentials,(1,2,3,4,5,) energy levels,(4,6) lifetimes of 
levels,(1,2,4,6,7) branching ratios,(7,8) oscillator 
strengths,(2,5,7,8) isotope shifts,(9,10,11) hyperfine 
structure(9,12,13) and autoionization.(2,3,4,5,14) Ion
ization potentials are useful in the description of systematic 
trends of the elements and in understanding chemical bonding in 
gaseous molecules. They are used in the calculation of ion 
densities in high temperature metal vapors and gaseous mixtures 
of known temperature. Oscillator strengths are employed for 
obtaining concentrations of elements in high temperature media 
and plasmas that emit the spectral lines of the elements. The 
latter two uses are frequently made by astronomers. 

Energy levels are used in determining the electronic struc
ture of atoms. For most of the lanthanides and actinides, this 
has been accomplished by conventional spectroscopy. However, 
additional levels in the neutral atoms of these elements are 
easily found by laser techniques, especially at high excitation 
energy or near the ionization limit where conventional sources 
usually fail because of the very low absorption intensities for 
these levels and their low population in emission sources. 

Lifetimes, o s c i l l a t o r strengths, branching r a t i o s , isotope 
s h i f t s , hyperfine structure and autoionization structure are 
a l l c r i t i c a l parameters i n atomic vapor laser isotope separa
t i o n , (2,6,10,15,16,17) while the f i r s t three are important i n 
pote n t i a l laser excited atomic vapor processes. Isotope s h i f t s 
and hyperfine structure are useful i n determining energy 
l e v e l s , i n assigning these energy levels to the d i f f e r e n t e l e c 
tronic configurations of an element and i n determining nuclear 
properties of isotopes of the elements, but we w i l l not discuss 
these applications here. We should mention that 

0-8412-0568-X/80/47-131-381$11.25/0 
© 1980 American Chemical Society 
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382 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

lifetimes, ̂ _L£'iz.>±2̂  branching r a t i o s , o s c i l l a t o r strengths, 
energy levels, (18*21) i s o t 0 p e shifts(±2) and hyperfine 
structure(^>2^>.23 >24) have been or can be determined by 
laser techniques that do not use photoionization for detec
tion. Laser induced fluorescence, absorption and the 
optogalvonic effect are some of the methods used, (.25.) D u t 

they are not a subject of this review. 
We w i l l discuss the application of multistep laser excita

tion and ionization to determine the physical properties 
mentioned above in the lanthanides and actinides with emphasis 
on the determination of accurate ionization potentials. The 
discussion w i l l point out how the laser techniques can circum
vent many of the experimental obstacles that make these 
measurements d i f f i c u l t or impossible by conventional spectro
scopy. The experimental apparatus and techniques described can 
be employed to measure a l l the properties and they are typical 
of the apparatus and techniques employed generally in multistep 
laser excitation and ionization. We do not claim completeness 
for l i t e r a t u r e cited, especially for laser techniques not 
involving photoionization detection. 

Ionization Potentials 

Ionization potentials of atoms are usually obtained by the 
determination of a photoionization threshold or more accurately 
by the observation of long Rydberg progressions. With the 
exception of a few of these elements with simple spectra, 
obtaining such measurements for lanthanides and actinides i s 
d i f f i c u l t i f not impossible by conventional spectroscopy. 
Therefore, very accurate ionization limits were not available 
for the majority of these elements.(26). 

The d i f f i c u l t y in observing Rydberg series arises from the 
extreme complexity of the electronic structure which results in 
very dense spectra characterized by weak absorptions into 
Rydberg levels with large principal quantum numbers. The pre
sence of a number of thermally populated low-lying levels in 
most of the atoms of these elements together with the great 
density of potentially perturbing valence levels at high energy 
so complicates most of the single photon absorption spectra 
that Rydberg series cannot be i d e n t i f i e d . Indeed, the only 
lanthanides where Rydberg series have been observed by conven
tional spectroscopy(27,28,29,30) have r e l a t i v e l y simple 
spectra and very few low-lying energy levels. (.31) The ele
ments lanthanum, (27.) europium, (28) thulium, (29) 
ytterbium,(30) and lutetium(2^) a l l have only one or two 
well-isolated low levels that are thermally populated at the 
temperatures needed to produce an atomic vapor and have only a 
few well-separated ion levels to serve as Rydberg convergence 
l i m i t s . For the remaining elements with complex spectra, we 
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19. WORDEN AND CONWAY Multistep Laser Photoionization 383 

have applied the more sensitive and f l e x i b l e methods of multi-
step laser spectroscopy. (,2 >_3 >3̂ 3) 

The same arguments apply to the study of ionization thres
holds. While some success has been possible for the elements 
with simpler electronic structure (ytterbium, europium, and 
thulium), (34,35.) f o r t h e remainder of the lanthanides i t is 
nearly an impossible task to unravel the spectra originating 
from the many populated metastable levels to accurately deter
mine the ionization potential with confidence.(36) 

Recently, stepwise laser photoexcitation and ionization has 
been used to identify Rydberg series in atomic uranium.^1) 
They allow levels connected by optical transitions to the 
ground level or to any of the low-lying thermally populated 
metastable levels to be selectively excited. The excitation 
may take place in one, two or three steps to reach the desired 
l e v e l . Spectra obtained from these laser prepared excited 
levels are not subject to the ambiguities associated with con
ventional absorption and ionization spectra. One cl e a r l y 
avoids the d i f f i c u l t y of sorting out which of the thermally 
populated low-lying levels is associated with a s p e c i f i c 
feature of the spectrum. When required, time delaying the ion
ization step can be used to discriminant and preferentially 
detect the long-lived Rydberg levels. These methods are sim
i l a r to those used by Dunning and Stebbings.(37) 

The Rydberg series and photoionization thresholds obtained 
have permitted the accurate determination of ionization limits 
for uranium, (JL) neptunium, (̂ ) and ten lanthanides. (3) 
When these results for the lanthanides are combined with a v a i l 
able l i t e r a t u r e values, accurate experimental ionization 
potentials become available for a l l the lanthanides except 
promethium. These ionization l i m i t s , when normalized to 
correspond to the energy between the lowest level of the 
f^s2 configuration of the neutral and the lowest level of 
the fN s configuration of the ion, and when plotted against N, 
display a connected two-straight-line behavior with a slope 
change at the h a l f - f i l l e d s h e l l . Theory predicts such a 
behavior for lowest level to lowest level ionization potential 
for f Ns2 - fN s configurations.(38) 

Experimental. A multistep laser photoionization apparatus 
is shown schematically in Fig. 1. It has been described in 
d e t a i l previously. (i>d»^t»^.) Other investigators have used 
basically the same type of instrumentation. B r i e f l y i t is a 
crossed beam spectrometer in which the atoms in the atomic beam 
are irradiated and eventually ionized by the output of either 
two or three pulsed, nitrogen laser-pumped tunable dye lasers. 
The r e s i s t i v e l y heated tungsten tube oven is usually operated 
at a temperature s u f f i c i e n t to give an atomic vapor pressure of 
roughly 10"" 3 Torr (10~1 Pa). The vapor effuses through a 
s l i t into an interaction chamber where, at an atom density of 
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19. WORDEN AND CONWAY Multistep Laser Photoionization 385 

approximately 10 y to l O 1 1 atoms/cnr*, i t is irradiated by 
the dye laser pulses. The detector is a channeltron p a r t i c l e 
m u l t i p l i e r contained in quadrupole mass analyzer that is tuned 
to the mass of the atom under study to discriminate against 
detection of oxide or other impurities. The vacuum chamber 
background pressure is t y p i c a l l y 10"? Torr (10~^ Pa). 

The interaction chamber-quadrupole setup can be replaced by 
a f i e l d ionization chamber and channeltron ion detector. The 
channeltron detects the ions produced and deflected by the 
pulsed e l e c t r i c f i e l d . For most of these studies, a pulsed 
e l e c t r i c f i e l d of 5 kV per cm delayed by 5 p.s with respect to 
the f i n a l laser was used. 

The nitrogen pump lasers are triggered by a common master 
control unit with delay lines arranged so that each laser f i r e s 
at predetermined and well-controlled times with respect to the 
others. The dye laser pulses were monitored by a fast vacuum 
photodiode and oscilloscope. The dye lasers provided 5-10 ns 
pulses having 0.5-2.0 cm--'- spectral linewidths with less than 
5 ns j i t t e r . A boxcar integrated the signal received from the 
par t i c l e m u l t i p l i e r . 

The f i r s t and/or second dye lasers were tuned to the 
specific wavelength(s) to populate the desired l e v e l ( s ) . The 
f i n a l laser in the excitation sequence (either the second or 
third laser) was then continuously scanned to obtain the 
Rydberg or autoionization spectrum. The spectrum and wave
length calibrations were recorded simultaneously on a two pen 
recorder. Wavelength cal i b r a t i o n was obtained by directing a 
portion of the scan laser radiation to a monochromator that was 
preset at known U or Th emission lines from an electrodless 
lamp. 

The excitation schemes employed to obtain photoionization 
and Rydberg spectra are indicated in Fig. 2. A time delay of 
10-20 ns was introduced between laser outputs to provide an 
unambiguous excitation sequence. The primary excitation (\\) 
was always a known transition from the ground or low-lying 
thermally populated l e v e l . (In our notation \^ is the wave
length of the ith laser in the excitation sequence.) In the 
three-step experiments \j was usually a known transition, but 
occasionally i t was necessary to use a transition obtained by 
laser spectroscopy techniques where \\ was fixed, \2 was 
scanned, and ^3 was set so the energy of \| + ^2 + ^3 exceeded 
the ionization potential of the element. Ion current was 
obtained when X2 coincided with an allowed transition from the 
level populated by \ j . A more detailed description of this 
method has been given previously.^) Background peaks could 
occur in a l l spectra obtained and the details of how these were 
eliminated are given in references (3) and (6). 

The photoionization threshold from one or more excited 
levels of the atom under study was determined f i r s t using the 
excitation schemes of Fig. 2. This involved scanning a 
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M++ e 

A2 
Scanned 

A l 
Fixed 

Autoionization 
Field or 

collisional 
ionization 

•~3 eV 

Time —-
Thermally 
populated 
levels 

Excited level 
of M+ 

-IP- 6 eV 

Scanned 
4 eV 

Fixed 

-2 eV 
A l 
Fixed 

Time—-
b 

Journal of the Optical Society of America 

Figure 2. Excitation schemes used to obtain Rydberg and autoionization spectra 
( 3 ; 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

9



19. WORDEN AND CONWAY Multistep Laser Photoionization 387 

considerable wavelength range (~100&) estimated from the 
available l i t e r a t u r e values*^6,3^,40) Q f t h e ionization 
potentials that had as their best quoted uncertainties ±200 
cm _ i . In most cases the thresholds were found within the 
ranges estimated from these values. The photoionization 
threshold limits obtained were accurate to about 30 c n f l . 
From these values, wavelength ranges to search for bound 
Rydberg series with f i e l d or c o l l i s i o n a l ionization or to 
search for autoionizing series converging to excited states of 
the ion were estimated for various parent levels that could be 
conveniently populated by one or two-step excitation. The 
threshold determinations reduced the search ranges for Rydberg 
levels to reasonable values. Scans were made from various 
parent levels u n t i l series were obtained. 

Photoionization Threshold Results. The photoionization 
spectra of Nd for two different parent levels are shown in 
Fig. 3. The excitation schemes are shown on the figure; the 
thresholds are marked by the onset of strong autoionizing tran
s i t i o n s . The photoionization threshold for neptunium is shown 
in Fig. 4. Representative photoionization threshold results 
are given in Table I for two and three-step measurements. The 
wavelength(s) in the columns headed "Excitation Wavelengths" in 
Table I correspond to transitions from the ground or a ther
mally populated metastable level to the excited levels in 
column 4. The last three columns in the table give the 
observed wavelength in Angstroms of the scanned laser at the 
onset of photoionization and the corresponding value of the 
ionization threshold from the ground state of the element in 
wave numbers and in eV. 

Because the ionization potentials obtained from Rydberg 
convergence limits are much more accurate, the photoionization 
thresholds served mainly to limit the search range to find 
Rydberg series. The praseodymium threshold value is an excep
tion because no Rydberg series were obtained for that element. 
The photoionization threshold of 5.464*^• e v- is t h e o n i y 
experimental value available for praseodymium. 

Janes et a l . w e r e the f i r s t to apply multistep photo
ionization to the study of uranium. Their result for the 
photoionization threshold of 6.187(2) eV is in good agreement 
with the photoionization result of 6.1912(25) eV obtained by 
Solarz et al.(D (Throughout this paper, numbers in 
paranthesis following a numerical value indicate the 
uncertainty in the last d i g i t of the number.) 

Rydberg Series Results. A dysprosium autoionizing Rydberg 
spectrum is shown in Fig. 5. This is a double series con
verging to the 4 f i 0 6 s ^115/2 limit 828.3 cm"1 above the 
ground level of the ion. Fig. 6 shows a three-step Rydberg 
spectrum of neptunium with two series converging to two d i f f e r 
ent l i m i t s . F i e l d ionization was used in this case so the 
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4100.3 A 

X X 
4115.8 A 4138.0 K? 

4̂127.4 A / 

JL_JL 
Nd+ + e 

(a) 

4335.7 A r 4346.4 A r 4359.4 

1/ ./ 4365.9 1 

Nd++e 

Scanned 

4634.2 
4352.5 A 

(b) 

Wavelength A 

Journal of the Optical Society of America 

Figure 3. Photoionization threshold spectra for neodymium. The excitation 
scheme used in each case is shown on the figure. The scanned laser wavelength 
calibration is shown at the top of each spectrum. In (a) the 20 300.8 cm'1 level is 
populated and in (b) the 21 572.6 cm'1 level is populated. The threshold wave
lengths indicated yield the same ionization limit value of 5.523 eV. The arrows 

labeled R. L. indicate the position of the Rydberg convergence limit (&). 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

9



19. WORDEN AND CONWAY Multistep Laser Photoionization 389 

Journal of the Optical Society of America 

Figure 4. Neptunium photoionization threshold spectrum. The excitation 
scheme is shown at the left. The threshold at 4593 A is marked by the onset of 
very strong autoionization peaks. It yields an ionization potential of 50 518 cm1 

(6.2624 eV) (4). 
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19. WORDEN AND CONWAY Multistep Laser Photoionization 393 

spectrum includes Rydberg levels located below and above the 
ionization l i m i t in energy (bound and autoionizing Rydberg 
levels, respectively). The bound Rydberg series levels gener
a l l y converge to the ground state of the ion while autoionizing 
Rydberg series converge to excited states of the ion. Thus to 
obtain ionization potentials, the convergence limits for auto
ionization series must be corrected by the energy of the 
excited level relative to the ground state of the ion. 

The convergence limits were obtained from the series data 
using the c r i t e r i a that the quantum defect (n-n*) is a con
stant (.27) for the correct l i m i t . To do this we determine 
the effective quantum number n* of each observed Rydberg level 
using the rel a t i o n 

" 1/2 R 
(assumed l i m i t ) - (level) 

(1) 

for a number of assumed limits and make plots of n-n* vs. n 
l i k e in Figs. 7 and 8. The assumed li m i t that gives the 
smoothest and most constant n-n* (zero slope) is taken as the 
convergence li m i t for the series. In equation (1), R is the 
Rydberg constant for the element in cm--'- and level is the 
energy of the observed Rydberg level in cm""1. The intergers 
n are not necessarily the principal quantum number of the 
Rydberg levels. Equation (1) i s derived from the well-known 
formula, 

(Ionization limit) - (level) = 
( n * ) 2 (n-A)2 

where A is the quantum defect. 
As can be seen from Figs. 7 and 8, the constancy of n-n* i s 

quite sensitive to the value of the assumed l i m i t . A change of 
one wavenumber from the assumed lim i t of 48731 cm"1 (the 
li m i t giving nearly constant n-n*) for dysprosium causes a per
ceptible slope in the plot. 

In the case of cerium, Fig. 8, a greater s e n s i t i v i t y to 
change in assumed li m i t is shown. This results because the 
values of n* (and n) are larger for the observed members of the 
cerium series and the effect is more pronounced at higher n or 
as the li m i t is approached. Thus the method works best when 
applied to the higher members of observed series. 

Some lanthanide Rydberg convergence limits derived from 
observed series by this method are given in Table II. The 
excitation wavelengths and levels from which the series were 
observed and the ion levels that they converge to are indicated 
in the table. Information on ionic states was obtained from 
the l i t e r a t u r e for Eu,(itl) D y , ^ ) and H o , ^ ) where 
autoionizing series were observed. The fact that perturbations 
do not affect the measured limits by more than the quoted 
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2|- {Denotes e r r o r l i m i t s 
on the quantum defect 

Assumed l i m i t value 

^ • ^ ^ • - - • - - • ^ . ^ • ^ 8 ^ 3 2 cm" 
..^•^7Z31 cm" 

. -^.J^'^'^S, 730 cm" 
^ 48.729 cm 

48,728 cm 

28 32 36 40 44 48 

Journal of the Optical Society of America 

Figure 7. Variation in quantum defect (n — n*) vs. n with change in assumed 
limit for one of the dysprosium double series shown in Figure 5 (n and n* are 
defined in the text). The assumed limit 48 730 cm'1 gives the most constant (n — 
n*) value and when corrected by 828.31 cm'1 yields the ionization limit for dys

prosium (3). 

44,671 cm 1 

Assumed 
i o n i z a t i o n l i m i t 

44,673 cm'l^ 

' 44,672 cm"1 

44,670 cm 

\ 4 4 , 6 6 9 cm' -1 

JDenotes error l i m i t s on the quantum defect 
I I I I 

42 46 50 54 58 62 

Journal of the Optical Society of America 

Figure 8. Variation in quantum defect (n — n*) vs. n with change in assumed 
limit for a cerium Rydberg series obtained by field ionization. The assumed limit 
giving the most constant (n — n*) value is (44 671 cm'1) and it is taken as the 

ionization limit since the series converges to the ground state of the ion (3). 
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396 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

uncertainties is v e r i f i e d by the agreement of the limits deter
mined from different parent levels (different series) of a 
given element. In some cases, the series are of different par
i t y . In addition, the ionization limits obtained in holmium 
from series converging to different limits agree well within 
the quoted uncertainty. The r e l i a b i l i t y of the method is also 
substantiated by the excellent agreement between our value of 
45 734(2) cm~"l for the ionization potential for europium and 
the more accurate value of 45 734.9(2) cm"-'- determined by 
Smith and Tomkins^^) using conventional high-resolution 
absorption spectroscopy. 

Ionization potentials of 6.1941(5) eV for uranium^) and 
6.2657(6) eV for neptunium^) have been derived from observed 
Rydberg series using laser techniques and the method described 
above. These are the most accurate ionization potentials 
available for actinide elements. Series converging to the 
f i r s t excited state and to the ground state of the ion were 
observed for both elements. In the case of neptunium, the pre
sence of two series converging to limits 24 cm~l apart (see 
Fig. 6) helps to confirm the unpublished value^^.) for the 
interval between the two lowest levels of neptunium. 

Discussion of Lanthanide Ionization Potentials. A summary 
of accurate ionization potentials of the lanthanides is given 
in the last two columns of Table III. For comparison, values 
from electron impact and the semi-emperical spectroscopic 
values are given in columns 2 and 3. Although their 
uncertainties are much larger, the agreement is quite good. 
The exceptions are the electron impact value for erbium and the 
spectroscopic values for cerium, praseodymium and neodymium 
that are a l l low. 

The photoionization threshold values l i s t e d in column 4 are 
a l l lower by some 0.002 to 0.005 eV (15-30 cm""1). Similar 
differences were found in uranium and neptunium and remain 
unexplained. E l e c t r i c f i e l d s from the ion optics ( f i e l d ion
ization) and c o l l i s i o n a l effects are possible explanations. In 
a l l cases, the Rydberg convergence limits are the most accurate 
and they are the preferred values. 

No Rydberg series were found for praseodymium, so the 
threshold value is the most accurate experimental value. No 
measurements were made for promethium. In Table III, interpo
lated values (in brackets) in the Rydberg convergence column 
were obtained for praseodymium and for promethium from an equa
tion derived from a least-squares f i t of the experimental 
fN s2 _ fN s ionization potentials, see below. We believe 
these are the most accurate values for the ionization 
potentials of these two elements. The gadolinium ionization 
potential of 6.1494(6) eV determined from Rydberg convergence 
by Bekov et alAl) using the same laser technique developed 
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19. WORDEN AND CONWAY Multistep Laser Photoionization 397 

Table III. Summary of lanthanide f i r s t ionization potentials. 
Values are in eV (1 eV = 8065.479 cm"1) 

Laser Spectroscopy LLL Laser Spectroscopy LLL 
Rydberg 

Rydberg Conver
Electron Spectro Photoion. Conver- gence , 
Impact 3 scopic 0 Threshold gence Others 

Ce 5 . 4 4 ( 1 0 ) 5 . 4 6 6 ( 2 0 ) 5 . 5 3 7 ( 5 ) 5 . 5 3 8 7 ( 4 ) 
Pr 5 . 3 7 ( 1 0 ) 5 . 4 2 2 ( 2 0 ) 5 . 4 6 4 ( + 1 2 ) [5.473(10)] 
Nd 5 . 4 9 ( 1 0 ) 5 . 4 8 9 ( 2 0 ) 5 . 5 2 3 ( - 2 ) 5 . 5 2 5 0 ( 6 ) 
Pm 5 . 5 5 4 ( 2 0 ) [5.582(10)] 
Sm 5 . 5 8 ( 1 0 ) 5 . 6 3 1 ( 2 0 ) 5 . 6 3 9 ( 2 ) 5 . 6 4 3 7 ( 6 ) 
Eu 5 . 6 8 ( 1 0 ) 5 . 6 6 6 ( 7 ) 5 . 6 6 6 ( 4 ) 5 . 6 7 0 4 ( 3 ) 
Gd 6 . 2 4 ( 1 0 ) 6 . 1 4 1 ( 2 0 ) 6 . 1 5 0 2 ( 6 ) 
Tb 5 . 8 4 ( 1 0 ) 5 . 8 5 2 ( 2 0 ) 5 . 8 6 3 9 ( 6 ) 
Dy 5 . 9 0 ( 1 0 ) 5 . 9 2 7 ( 8 ) 5 . 9 3 6 ( 3 ) 5 . 9 3 9 0 ( 6 ) 
Ho 5 . 9 9 ( 1 0 ) 6 . 0 1 8 ( 2 0 ) 6 . 0 1 7 ( 3 ) 6 . 0 2 1 6 ( 6 ) 
Er 5 . 9 3 ( 1 0 ) 6 . 1 0 1 ( 2 0 ) 6 . 1 0 4 ( 2 ) 6 . 1 0 7 7 ( 1 0 ) 
Tm 6 . 1 1 ( 1 0 ) 6 . 1 8 ( 2 ) 
Yb 6 . 2 1 ( 1 0 ) 6 . 2 5 ( 2 ) 

, 6 7 0 4 5 ( 3 ) c 

, 1 4 9 4 ( 6 ) d 

,18436(6)e 
, 2 5 3 9 4 ( 2 5 ) e 

( ) = error in last d i g i t [ ] = extrapolated value 

aRef. ( 4 0 ) . This reference also contains a co l l e c t i o n of 
limits determined by other techniques up u n t i l 1975. 

^Ref . ( 2 6 i ) . This reference is a col l e c t i o n of the best 
available limits derived by spectroscopic techniques up to 
the date of publication in 1974. 

c R e f . ( ^ 8 ) , conventional absorption spectroscopy. 

d R e f . ( _ 5 ) , by multistep laser excitation and ionization. 

eRef . ( 2 9 ) and ( 3 0 ) , by conventional absorption 
spectroscopy. 
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398 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

by Solarz et alAl) is in good agreement with our results of 
6.1502(6) eV. 

Regularities in Ionization Potentials. Except for cerium 
and gadolinium, the ionization potential in the lanthanides is 
the energy required to remove an s electron from an atom in the 
lowes t level of 4 f N 6 s 2 configuration and produce an ion in 
the lowest level of the 4f^6s configuration. Using the known 
energy levels in cerium and gadolinium i t is possible to 
calculate the energy for this ionization process for these 
elements. The ionization potential for the process 
fN g2 fN s + e - £ s plotted in Figure 9 as a function 
of N. The plot shows cle a r l y a connected two-straight-line 
behavior with a change in slope at the h a l f - f i l l e d shell (N = 
7). The s o l i d line is an unweighted least-squares f i t of the 
experimental data using a connected two-straight-line. The 
resulting numerical f i t is shown at the bottom of the figure. 
The difference in slope of the two curves is equal to 
G3(f,s), the exchange integral expressing the el e c t r o s t a t i c 
repulsion between electrons. These regularities have been 
theoretically treated for p, d, and f electrons by Rajnak and 
Shore.(38) j n t n e c a s e Q f the actinide series, there are 
only two published accurate experimental values (U and Np) and 
as Rajnak and Shore point out the uranium value is unreliable 
for use in determining regularities because of the influence of 
configuration interaction between the low levels. The 
neptunium value is also subject to some configuration 
interaction. 

Experimental values for heavier actinides where configura
tion interaction is less important (americium and higher) would 
be very valuable as they would y i e l d the slope for the 
5f^7s2-5fN7s ionization potentials for the second half of 
the series, N>7. This would allow the determination of extra
polated values for the ionization potentials of actinides 
beyond einsteinium where experimental values cannot be obtained 
because materials with s u f f i c i e n t l y long h a l f - l i v e s are not 
available. 

Discussion of Actinide Ionization Potentials. The 
ionization potentials of actinides determined by laser 
techniques are given in Table IV together with values deter
mined by surface ionization, appearance potential and 
semi-emperical methods. For uranium, a l l values are low 
compared with the values determined by laser techniques with 
the exception of the surface ionization value by Smith and 
Hertel.(it^) The spectroscopic values by Sugar(^i) were 
obtained from the 5 f N 7 s 2 - 5f N7s8s intervals interpolated 
from intervals known for the higher actinides. Except for 
Sugar's value, a l l the neptunium ionization potential values 
are low re l a t i v e to the more accurate values determined by 
laser methods. The Rydberg series values are the preferred 
ionization potentials. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
01

9
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O O 
o 

IP 
441N + 42822 cm"1 f o r N < 7 

661N + 41280 cm"1 f o r N > 7 

Journal of the Optical Society of America 

Figure 9. Normalized ionization potentials of the lanthanides plotted as a func
tion of number of f electrons. Only the cerium and gadolinium points required 

normalization to the 4f N 6V -» 4fN6s + e~ process (3). 
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400 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Table IV. Ionization potentials of uranium and 
neptunium determined by various methods. 

Uranium Neptunium 
Method (eV) Ref. (eV) Ref. 

Surface Ionization 6.08(8) 47 6.16(6) 48 
Surface Ionization 6.19(6) 48 
Appearance Potential 6.1(1) 49 6.1(1) 52 
Appearance Potential 6.11(5) 50 
Spectroscopic 6.05(7) 26,51 6.19(12) 26,51 
Semi-emperical 6.00 38 6.193 38 
Photoionization; 
two-step,laser 6.187(2) 2 6.2633(30) 4 

Photoionization; 
three-step,laser 6.1912(25) 1 

Rydberg series; 
laser 6.1941(5) 1 6.2657(5) 4 

Second Ionization Potentials. The determination of 
accurate second ionization potentials of the lanthanides and 
actinides (ionization potentials of the singly ionized 
elements) should be possible by laser techniques. This would 
be considerably more d i f f i c u l t than for the neutral elements 
for several reasons. Known second ionization potentials for 
the lanthanides are in the 10.5 to 14 eV range^ 2^) and the 
actinides should have roughly similar values. Thus the laser 
energy requirements to photoionize or to populate Rydberg 
levels in the singly ionized atoms are roughly twice that 
required for the neutral atoms so shorter wavelength lasers or 
more steps are necessary. New Raman shifted dye lasers and 
eximer lasers (at normal frequencies or Raman shifted) could 
prove useful for these studies. Production of a large 
population of singly ionized atoms in the ground state or other 
known state(s) is necessary. Laser ionization either single-
step, multi-step or multiphoton would be preferred. Eximer 
lasers operating in the u l t r a v i o l e t should be useful for this 
application. Mass spectrometer detection of the photoionized 
product (M 2 +) at the correct mass/charge should be straight 
forward. 

Energy Levels 

Energy levels may be determined by numerous variations of 
the schemes shown in Fig. 2. For two-laser photonization, \\ 
can be fixed at any known transition and X2 scanned to find new 
high lying energy levels with energies greater than the known 
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19. WORDEN AND CONWAY Multistep Laser Photoionization 401 

level energy plus one-half the energy difference between ion
ization potential and the known level populated by laser 1. 
When laser 2 populates a high lying l e v e l , another photon is 
absorbed by the atom to photoionize i t by the mechanism \ i + 
2\2 • This is r e a l l y three-step photoionization. Low lying 
levels could be found by f i x i n g \ 2

 a n d scanning \\• In this 
case, levels could be found for values of \ i where the energy 
of \x plus X 2 exceed the ionization potential of the atom. For 
three-step photoionization with three lasers, the technique has 
been described in the Experimental section under Ionization 
Potentials. In a l l cases, background peaks must be eliminated 
by blocking the fixed laser(s) and repeating the scan. 
Background peaks of the type 2\2, o r 2\i for two-laser 
photoionization and of the type 2\2, X 2 + \ 3 or 2 \2 + 3̂ for 
three-laser photoionization can be eliminated. 

The accuracy of level determination depends on the laser 
resolution and on how accurately the frequency of the laser is 
measured. Not much application of these methods for finding 
energy levels has been made to date. Some levels in 
uranium^i*^) and in neptunium^) have been published. A 
few levels in the lanthanides were determined for use in three 
step searches for Rydberg levels.(_3) Miron et a l . QJ*) have 
employed multistep laser excitation with fluorescence detection 
to determine a number of levels in neutral atomic uranium. 
Considerable application of these techniques have been made in 
investigations of elements other than the lanthanides and 
actinides(.25) (see, for example, the work on alkaline earths 
by Armstrong, Wynne and Esherick,(53) Mcllrath and 
Carls ten,(5?>55) and Rubbmark, Borgstrom and Bockasten(56)). 

Lifetimes, Branching Ratios and Transition Probabilities 

Stepwise laser excitation and ionization techinques can be 
used to determine lifetimes of excited levels in 
atoms. (JL>.2>̂ t>(>>Z>8) o s c i l l a t o r strengths or transition 
probabilities may be obtained using a measured lifetime i f 
suitable intensity data are available to estimate the branching 
ra t i o for the transitions. The branching rat i o may also be 
determined by laser techniques for certain transitions.(L>0) 
Such determinations of the absolute o s c i l l a t o r strengths can be 
used to convert r e l a t i v e o s c i l l a t o r strengths obtained by other 
methods(5Z>58,59.) to absolute o s c i l l a t o r strengths. 

As mentioned in the introduction, transition probabilities 
(and lifetimes) are important in astrophysics for determination 
of elemental abundances, in plasma physics for diagnostics of 
gaseous discharges, in spectrochemistry for abundances and 
diagnostics and in laser isotope separation where the choice of 
possible transitions and levels depends heavily on transition 
probabilities and lifetimes. 
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402 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Lifetimes. Lifetimes are determined from plots of the 
natural logarithm of ion signal vs. delay time between the 
laser pulse populating the level and the laser pulse(s) or 
pulsed e l e c t r i c f i e l d ionizing the l e v e l . Fig. 10 is such a 
plot for determining the lifetime of the 21783 cm""1 level of 
dysprosium. Here, two lasers were used with the photoionizing 
laser at 3820A. For a three-step photoionization scheme, the 
delay can be between the f i r s t and the f i n a l two lasers 
(low-lying level lifetimes) or between the second and third 
laser (high-lying level l i f e t i m e s ) . Details of multi-step 
lifetime determination techniques are given in Refs. Qj.2>(>> 
and 8). Table V contains lifetimes determined for four 
lanthanides. Similar techniques have been used to measure 
lifetimes of a number of levels of \](}L>2L>Q) and Np. 

The chief advantage of lifetime determination by multistep 
laser excitation and ionization is that i t avoids cascade 
problems associated with broad band fluorescence detection and 
with conventional excitation techniques. 

Branching Ratios. In determining a branching r a t i o , the 
fraction of the atoms returning to the origin a l state after 
optical excitation to the upper level of the transition is the 
quantity being measured. The laser setup and representative 
ion signal are shown schematically in Fig. 11. Precisely timed 
pulsed lasers are used. The probe or photoionizing laser(s) 
may be fi r e d before or after the pump laser to generate the ion 
signal curve shown in the lower part of Fig. 11. The probe 
laser(s) must ionize only the lower level of the transition 
under study so i t s wavelength(s) is(are) set at the proper 
resonances to strongly photoionize the lower l e v e l . The ion 
signal is representative of the lower level atom population as 
a function of time. When the probe laser is f i r e d before the 
pump laser (negative delay) the ion signal is a measure of the 
number of atoms i n i t i a l l y in the lower level of the tr a n s i 
tion. The quantity A at zero delay represents the number of 
atoms excited to the upper level by the pump pulses. The 
quantity B is determined at a delay long compared with the 
upper level lifetime so that the excited level population i s 
essentially zero. The fraction returning to the lower level or 
the branching rat i o is then B/A. There are some potential 
problems associated with this method including excited state 
cascade, laser polarization and transit time (motion of the 
atoms in the atomic beam re l a t i v e to the laser volume). These 
problems and appropriate solutions have been discussed in some 
d e t a i l . ( ] _ > T h e method works best when the lower level of 
the transition is the ground level or metastable thermally 
populated level and when the branching ratio is large. In 
favorable cases, the branching ratio for a transition can be 
determined with an uncertainty less than 10%. 

The advantage of determining branching ratios by this laser 
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Figure 10. Plot of the natural logarithm of the ratio of the ion signal (S) to the 
zero delay ion signal (S0) vs. ionizing pulse delay time for the 21783 cm'1, J = 7, 

odd level of dysprosium. Ionizing wavelength, \ 2 = 8820 A. 
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404 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Table V. Lifetimes of some lanthanide levels measured 
by laser spectroscopy techniques. 

Wavelength 

(A) 

Energy Level 

(cm"1) 

Lifetime 
(ns) 

This work Ref. (19) Ref. (20) 

Nd 4634.24 21 572.47 12(1.5) 
4637.20 21 558.70 81(8) 
4924.53 20 300.84 10(1.5) 
4954.78 20 176.90 35(4) 
5056.89 19 769.49 115(11) 

Sm 4596.74a 22 041.02 11(2.0) 

Dy 4194.85 23 832.07 15(1.5) 11(3) 
4565.09 21 899.22 1160(400) 1205(97) 1200(50) 
4577.78 21 838.53 478(40) 503(40) 489(10) 
4589.36 21 783.42 69(5) 73(2) 75(2) 

Er 4087.63 24 457.15 31(6) 
4190.70 23 855.64 135(14) 

aFrom the 292.58 cm"1 level to 22041.02. 
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State to 
be studied 

Pump 
laser 

3 Z Ionization 
limit 

Probe 
laser 

Branching ratio = — 
A 

Delay time 

Journal of the Optical Society of America 

Figure 11. Schematic of laser sequence and representative ion signal for branch
ing ratio measurement (8) 
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406 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

technique rather than by use of emission spectrum intensities 
(discussed below) is that the transition under study is 
measured d i r e c t l y and one avoids the need to account for the 
intensity of a l l transitions from the upper l e v e l . Many of 
these transitions may be in regions where measurements are d i f 
f i c u l t or they could occur to unknown energy levels of the atom 
and be missed e n t i r e l y . 

Transition P r o b a b i l i t i e s . Absolute transition prob
a b i l i t i e s of an element may be determined from the lifetime of 
the upper level of a transition and the branching r a t i o , 
according to the equation 

A i k = ( B i k / T ) , 

where A ^ is the transition probability, is the branch
ing r a t i o , and r is the lifetime of the upper level i . The 
branching r a t i o may be determined by laser methods as described 
above. Uranium appears to be the only element where laser 
techniques have been used to determine the lifetime and branch
ing r a t i o for obtaining transition probabilities.(Z>0) Three 
transitions were investigated and the results are given in 
Table VI. 

Table VI. Branching r a t i o s , lifetimes and transition 
probabilities in atomic uranium determined by 
laser techinques. 

Transition 
Wave
length 
( A ) 

Levels 
(cm-1) 

Lifetime 
(ns) 

Branching 
ratio 

A 
(in lO^s" 1) 

4 3 6 2 . 1 0 - 2 2 9 1 8 6 9 ( 1 0 ) 0 . 8 0 ( 1 0 ) 1 1 7 ( 2 0 ) 7 
4 3 9 3 . 6 0 - 2 2 7 5 4 6 5 ( 5 ) 0 . 6 8 ( 1 0 ) 105(15) 7 
6 3 9 5 . 4 0 - 1 5 6 3 2 6 0 7 ( 2 0 ) 0 . 5 8 6 ( 5 0 ) 9 . 6 ( 8 ) 8 

Accurate results of this type are needed for determining 
laser u t i l i z a t i o n in laser isotope separation of uranium. The 
application of this technique to obtain results for other ele
ments would be useful in astronomy and plasma physics. 

The usual procedure to determine a branching rat i o for a 
transition is to use line emission intensities in the equation 

Bik = dik/Jlin)» 

where ^ I ^ n is the sum of the intensities of a l l the tr a n s i 
tions from the upper l e v e l , i , to lower levels, n, and 1 ^ is 
the intensity of the transition whose branching ratio i s being 
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19. WORDEN AND CONWAY Multistep Laser Photoionization 407 

determined. This method requires extensive intensity informa
tion. It is especially useful when there are only a few 
allowed transitions from the upper level of the transition to 
the other lower levels. This is the case for the four t r a n s i 
tions in dysprosium where the upper level lifetimes have been 
well determined. 

The lifetimes we measured for these transitions are given 
in Table V together with those measured by Hotop and 
Marek^JL^) and by Gustavsson et a l . (20) The results are in 
good agreement. The extensive intensity and energy level data 
available(44) for dysprosium were used to obtain the branch
ing ratios given in Table VII for these four transitions. The 
absolute transition probabilities obtained are l i s t e d in column 
4 of the table. These can be converted to absolute o s c i l l a t o r 
strengths (f-values) and used to place the 69 rela t i v e 
o s c i l l a t o r strengths determined by Perkin et a l . (.1Z> 1&) using 
the "hook" method on an absolute scale since the same t r a n s i 
tions have been included in both studies. The absolute 
transition probabilities were converted to absolute f-values by 
the relation 

f = 1.51 \2
0 ( g 2 / g l ) A i k, 

where g^ and g 2 are the s t a t i s t i c a l weights (2J. + 1) of the 
lower and upper levels. Since the constant 1.51 has units of 
cm~2Sj \ Q i s the wavelength of the transition in cm. The 
absolute f-values obtained are reported in Table VII. By 
multiplying the f r e i - v a l u e s given in Ref. (58) by 3.35 x 
10~4 (the average value of the ratios f a b s / ^ r e l ^ n column 
8), one obtains the absolute f-values for 69 lines of 
dysprosium with an estimate uncertainty of 20%. 

Relative f-values have been reported(.57.) for transitions 
of the other lanthanides with lifetimes given in Table V. 
When suitable intensities from emission spectra for branching 
rati o determination or when branching ratios by laser 
techniques become available, our lifetime measurements may be 
used to place the relative f-values on an absolute scale. 

O s c i l l a t o r strengths or absorption cross sections may be 
obtained by applying saturation spectroscopy techniques to 
multistep photoionization spectroscopy. A few transitions in 
uranium have been studied.(.§) One of the advantages of sat
uration spectroscopy is that i t can be applied to any one of 
the steps in the schemes shown in Fig. 2. The disadvantages 
are that the experimental requirements are severe (laser-atomic 
beam interaction area,-frequency,-band width and-polarization) 
and interpertation of the data can be complex. A detailed d i s 
cussion w i l l not be given because l i t t l e application has been 
made to the lanthanides and actinides. We w i l l discuss in the 
Autoionization section the determination of photoionization 
cross sections by a saturation method. 
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19. WORDEN AND CONWAY Multistep Laser Photoionization 

Isotope Shifts and Hyperfine Structure 

409 

The measurement of isotope shif t s and hyperfine structure 
(hfs) i s possible in multistep laser excitation and ionization 
i f one of the excitation lasers in the excitation schemes shown 
in Fig. 2 is a narrow band laser and i f a collimated atomic 
beam is used as the source of absorbing atoms. The rest of the 
aparatus can remain as used for other studies. The narrow band 
laser(s) may be a pressure tuned pulsed dye laser (~100 MHz, 
0.003 cm"1) or a CW dye laser (30 MHz to 30 KHz, 10" 3 to 
10"6 cm - 1). The atomic beam should be collimated to reduce 
"Doppler" broading to the level required to attain the resolu
tion needed for investigating the structure and to f u l l y 
u t i l i z e the narrow band width of the laser. A band width of 
10~4 cm""1 is usually adequate for most investigations of 
lanthanides and actinides. A portion of the scan laser beam i s 
directed to an etalon and detector (interferometer) to provide 
relativ e frequency c a l i b r a t i o n . 

Several lanthanides (Ĵ O> 1_1 j.12) and uranium (2_>1A) have 
been investigated by this technique. With the exception of the 
work by Hackel et a l . (.13), the investigations are for t r a n s i 
tions originating from the ground state. 

Isotope Sh i f t s . Scans showing the isotope structure in the 
5887.9 A line of neodymium and the 5988 A line of dysprosium 
are shown in Fig. 12. The Russian work includes scans for Sm 
in Refs. (10) and (1_1) and for Nd, Sm, Eu, Gd, Dy and Er in 
Ref. (11). These scans may have been obtained using 
fluorescence (luminescence) detection. It was not defined in 
Ref. (II). Much higher resolution structure has been 
demonstrated for the dysprosium 5988 A transition by Childs and 
Goodman,(60) s e e pig. 13. They used fluorescence detection 
but the improvement in resolution was achieved by better atomic 
beam collimation and narrower scan laser width. Photoioniza
tion detection should give similar results, compare Figs. 12b 
and 14d. A comparison of Figs. 12 and 13 and the texts of 
Refs. (1_1) and (60) indicates that the frequency scale in Fig. 
12 should have negative values and the labels on the peaks 
should be transposed. 

Published isotope s h i f t data for actinides obtained by 
multistep laser excitation and ionization is confined to the 
5915 A transition of uranium.(£) Much improved resolution 
and precision were obtained by Childs, Poulsen and 
Goodman(22) using their laser-atomic beam fluorescence method. 

Hyperfine Structure. An interesting technique for studying 
the hfs of odd isotopes by use of two step photoionization and 
mass f i l t r a t i o n has been reported by Karlov et al.(^2) A 
high resolution mass f i l t e r is set at the mass of the isotope 
to be studied and the high resolution laser is scanned over the 
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412 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

transition to be investigated. The results of such a study in 
Dy are shown in Fig. 14. Scans b and c show the expected six 
strong components for the ^ l j j y and 163j)v i s o t o p e s that 
both have nuclear spin I = 5/2. By this technique hfs 
investigations with natural abundance materials or materials 
from nuclear sources can be simplified, eliminating the need 
for pure isotopes. Dysprosium and erbium were 
investigated.(10*12) p o r dysprosium and other lanthanide 
hfs, the laser-atomic fluorescence and double resonance results 
of Childs et a l . (.23 J60»61.) are superior. With their improved 
resolution, pure isotopes are not needed to separate and assign 
the structure for most transitions, see Fig. 13. Similar 
resolution should be possible when using photoion detection. 

Published studies of hfs in the actinides by laser excita
tion and ionization have been re s t r i c t e d to a few levels i n 
uranium.(^Ji 3) Again, the results of Childs et al.(22>24) 
are superior for transitions from the ground and 620 cm"1 

l e v e l . The investigations of Hackel et al.(L5.), of the hfs 
of the uranium transition at 6156.8 A between the 15632 and 
31869 cm"1 levels i l l u s t r a t e the application of a high 
resolution laser to the second step in the three-step scheme of 
Fig. 2. Isotope sh i f t s can be precisely measured by this tech
nique, also. 

Autoionization 

Multistep laser excitation and ionization is id e a l l y suited 
for investigating the autoionization structure from excited 
states in atoms. Autoionizing levels l i e at energies exceeding 
the f i r s t ionization potential for the element (that is at 
energies more than enough to permit one electron to leave the 
atom). Such levels are of electronic configurations with an 
"inner" shell electron excited and are referred to as doubly 
excited terms. Autoionizing levels usually exhibit very short 
lifetimes (about 10~12 s) determined mainly by the time for a 
non-radiative transition of one of the excited electrons to a 
less energetic o r b i t a l of the ionized atom and generation of a 
free electron. 

Recently, Bekov, Letokhov, Matveev and Mishin(^) reported 
the observation of an autoionization state in gadolinium with 
the r e l a t i v e l y long lifetime of 5 x 10"10 s. The autoioni
zation spectrum they observed by three-step laser spectroscopy 
is shown in Fig. 15. For isolated atoms, the width of the 
autoionization resonance is determined by i t s l i f e t i m e , so the 
0.07 cm - 1 half-width yields the estimated 0.5 ns l i f e t i m e . 
Their explanation for the narrow resonance (long lifetime) is 
that the observed state is only 230 cm"1 above the ionization 
l i m i t so i t probably decays to a state consisting of a ground 
state gadolinium ion plus an electron. The long lifetime 
results because for this state the selection rules forbid such 
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? 5 ,Dy 10'* cm'1 

j 
163 

. J 

W"'cm-! 

I. 

Applied Optics 

Figure 14. Structure of the 5988.56-A 
line of neutral dysprosium: (b) spectrum 
with mass spectrometer set to detect dys-
prosium-161 photoions; (c) spectrum with 
mass spectrometer set to detect dyspro-
sium-163 photoions; (d) photoionization 
spectrum without mass selection. The 
strongest two peaks in (d) correspond to 
dysprosium-162 and dysprosium-164 

transitions (11). 
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6110 6133.5 A3.A 6223.5 6240 

JETP Letters 

Figure 15. (a) Ion signal as a function of wavelength of the third-step laser in 
gadolinium with \ t set at 5617.9 A and \ 2 set at 6351.7 A to populate the 33535 
cm1, 4F5d 6s7s 9D° level (k2 scan laser hand width, 1 cm'1); (b) scan of a limited 
region near the strong autoionization resonance at 6133.5 A with a 0.03-cm'1 band 

width laser (5). 
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19. WORDEN AND CONWAY Multistep Laser Photoionization 415 

a decay. This r e s t r i c t i o n can be l i f t e d by an e l e c t r i c f i e l d . 
Indeed, a broadening of the autoionization resonance to 0.35 
cm"1 was observed with a r e l a t i v e l y weak f i e l d of 100 V/cm. 

Another interesting and important property of this auto
ionization is the observed intensity or cross section of about 
8 x lO" 1^ c m 2 w n i c h i s much larger than typical values of 
lO " 1 ^ o r 10"1** c m 2 # The cross section was measured by a 
saturation technique. (A ' i^ ) ^he ion y i e l d at the resonance 
maximum was determined as a function of the energy density E 3 
of the ionizing laser pulse to generate the curve shown in Fig. 
16 • Saturation is indicated by the f l a t portion of the curve. 
The point A on the curve is taken as the saturation point 
characterized by the condition^) 

< aaut) <E3) * 2 h^3> 

where c r a u t (in cm2) i s the autoionization cross section to 
be determined, E 3 is the laser pulse power in erg/cm2 and 
^3 is the frequency of the transition in Hz. 

These results indicate that long lived autoionization 
states with excitation cross-sections comparable to those for 
excitation of bound high-lying states exist in heavy atoms with 
complex spectra. Transitions to these autoionization states 
can r a d i c a l l y increase the efficiency of photoionization of 
atoms, a factor very important in atomic vapor laser isotope 
separation. 

The use of autoionizing Rydberg levels converging to 
excited states of the ion to determine ionization potentials 
has been discussed above. If autoionization resonances as 
narrow as those found in gadolinium exist in the actinides, i t 
should be possible to determine the isotope s h i f t s and hfs of 
such features. (Isotope s h i f t s for actinides range up to 0.4 
cm"1 per mass unit and odd atomic number actinides exhibit 
hfs with total widths of 4 to 6 cm"1 and hfs component 
spacing of 0.2 cm"1 or more for some transitions). 

Laser Isotope Separation 

Laser isotope separation is one area where multistep 
excitation and ionization has great commercial potential. The 
research and development efforts in atomic vapor laser enrich
ment of 235jj are a major factor contributing to the current 
research a c t i v i t i e s in laser excitation and ionization pro
cesses. The f i r s t paper on selective multistep photoionization 
of atoms was published in 1971.(62) Since then numerous 
review articles(2^,^,17^,63,64,65) have been written on laser 
isotope separation and, in each review, there is a section on 
atomic vapor photoionization processes. The subjects of 
economics and c r i t i c a l parameters have been well covered i n 
previous reviews and w i l l not be discussed in d e t a i l here. We 
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14 , . , . 
i<r4 E i . J/cm 2 

JETP Letters 

Figure 16. The dependence of the gadolinium photoion yield at the absorption 
maximum of the autoionization resonance of 6133.5 A on the pulsed-energy den-

sity, E3, of the ionizing laser. Laser band width 0.03 cm'1 (5).  P
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19. WORDEN AND CONWAY Multistep Laser Photoionization 417 

have described in the sections above methods for obtaining most 
of the necessary spectroscopic parameters for evaluating 
processes. 

Ionization potentials, while not c r i t i c a l , give energy 
requirements for the lasers to photoionize the atoms. Isotope 
s h i f t s are necessary for the selective excitation. By use of 
the s h i f t in each step, enhanced selectively can be obtained. 
When the isotope is odd as is the case for 2 3^U, knowledge of 
the hfs present in each step of a process i s required so that 
the lasers can be frequency contoured to access a l l the atoms 
vaporized. Lifetimes, branching ratios and cross-sections of 
a l l excitation steps including photoionization are necessary to 
evaluate the efficiency of atom and laser u t i l i z a t i o n . 

Another phenomena that is important in laser isotope 
separation is excitation energy transfer between isotopes 
(resonant energy exchange in l i k e atoms). This has been 
studied for Eu isotopes using high resolution laser excitation 
and fluorescence detection. (Il>66) Atomic beams at various 
densities ( c o l l i s i o n frequencies) were irradiated at the 
l ^ E u frequency and the resulting fluorescence analyzed with 
a scanning interferometer. Fluorescence at the l ^ E u f r e 
quency was studied as a function of density (5 x 10 1 2 to 5 x 
10 1 4 cm"3) while i r r a d i a t i n g at the ̂ -^Eu frequency 
(actually the ratio of the ̂ ^ 3Eu to fluorescence was 
measured). From this, a cross-section of 1.4 x 10" 1 3 cm2 

was obtained for excitation transfer of the 4f^6s6p 
6 p7/2 17340 cm"1 level (the 5765 A transition) in 
europium. Cross-sections for such energy transfer are 
important for determining the atom densities that can be tole r 
ated in a laser isotope separation process without loss of the 
desired s e l e c t i v e l y . No studies were made of the effect of 
excitation energy and/or electronic configuration on the exci
tation energy transfer cross-section. 

Numerous papers have been presented(67.>68.»6^) and pub-
lished(]L>^10L^1D on the enrichment of 2 3^U by multistep 
laser ionization of atomic vapor. To date, only milligram 
quantities have been enriched, but f a c i l i t i e s to s i g n i f i c a n t l y 
increase the quantities have been developed.^21) 

Laser isotope separation of several lanthanides (Nd, Sm, 
Eu, Gd, Dy, and Er) has been demonstrated.(!2>1L> 12) Separa
tion coefficients (undefined) reported in Ref. (11_) range from 
11 for 1 5^Gd to 726 for l^Dy. These were obtained by 
setting the photoselective laser at a frequency absorbed by the 
isotope of interest and recording the mass spectrum of the ions 
produced. The band width of the selective laser was quoted as 
10" 3 cm"1. Natural abundance metals were used in the evap
orator. A nitrogen laser or an unfiltered mercury lamp was 
used to photoionize the laser excited atoms. A non-selective 
background current was present, especially with the mercury 
lamp. Better separation coefficients could have undoubtedly 
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been obtained with second step excitation by a narrow-band 
laser to an autoionization level or with three-step excitation 
and ionization. 

F i n a l l y , we mention the application of multistep laser 
photoionization to the detection of small numbers of atoms. 
Researchers at Oak Ridge National Laboratory and at the 
Institute of Spectroscopy, USSR, have published papers on 
single atom detection. (73,74,75y i n both methods, resonant 
multistep excitation and ionization is used. Laser powers are 
such that the probability of ionization of a single atom in the 
laser volume is one. We w i l l not describe the details of 
either technique here but refer the reader to Refs. (^3), (74) 
and (_75) and li t e r a t u r e cited there. These techniques can be 
used to study spectroscopic properties of very rare and short 
lived isotopes of the lanthanides and actinides. In 
particular, studies of isotope s h i f t s of nuclear isomers of 
heavy elements such as Am should give information on nuclear 
volume and deformation of such isomers relative to the ground 
states of the various isotopes. 

Comments 

In this review of multistep laser photoionization of the 
lanthanides and actinides, we hope that we have introduced the 
reader to a number of laser techniques for determining spectro
scopic properties of these elements. We have undoubtedly over
looked some techniques and some papers on the subjects we did 
cover. The importance of laser methods in studying the spec
troscopy of the lanthanides and actinides is well established 
and future applications should greatly expand our knowledge of 
these elements. 

Summary 

Techniques of stepwise laser excitation and photoionization 
have been applied to study spectroscopic properties of neutral 
atoms of lanthanides and actinides. The spectroscopic 
properties that can be determined include: the ionization 
potential, energy levels, isotope s h i f t s , hyperfine structure, 
lifetimes of energy levels, branching ratios and o s c i l l a t o r 
strengths. We discuss the laser methods used to obtain these 
properties (with emphasis on ionization potentials) and give 
examples of results obtained for each. The ionization poten
t i a l s obtained by laser techniques are in eV: Ce, 5.5387(4); 
Pr, 5.464(12); Nd, 5.5250(6); Sm, 5.6437(6); Eu,5.6704(3); Gd, 
6.1502(6); Tb, 5.8639(6); Dy, 5.9390(6); Ho, 6.0216(6); Er, 
6.1077(10); U, 6.1941(5) and Np, 6.2657(6). Regularities in 
the f ^ s 2 - fN s ionization limits for the lanthanides have 
been found as a result of these accurate values and previously 
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19. WORDEN AND CONWAY Multistep Laser Photoionization 419 

known accurate values for the others. Multistep photoioniza
tion has been employed for laser isotope separation and for 
studies of autoionization. 
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P h o t o e l e c t r o n Spectra of A c t i n i d e C o m p o u n d s 

B. W. VEAL and D. J. LAM 
Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439 

Photoemission spectroscopy applied to chemistry and electron
ic properties studies is a fairly recent development. The x-ray 
photoemission spectroscopy (XPS) technique was developed, pr i 
marily to be a chemical analysis tool (1). In particular it was 
observed that the absolute binding energies of the atomic-like 
electron core levels are dependent on the chemical state of the 
atom under study. This observation led to the widespread use of 
XPS for basic and applied chemistry studies. Many studies were 
also undertaken to better understand the physics of the various 
excitation processes involved. Consequently, XPS has become a 
powerful tool for studying electronic structure of the outer 
electron states in solids. 

Proceeding in parallel with XPS was the development of ultra 
violet photoemission spectroscopy (UPS) (2). This technique 
exploits low energy photons and must be confined to studies of 
electron states rather near the Fermi level (EF). For investi
gating occupied electron states in the vicinity of EF, UPS and 
XPS can serve as excellent complementary spectroscopies. 

The actinide element series, like the lanthanide series, is 
characterized by the f i l l i n g of an f-electron shell. The chemi
cal and physical properties, however, are quite different between 
these two series of f-electron elements, especially in the f i r s t 
half of the series. The differences are mainly due to the dif
ferent radial extension of the 4f- and 5f-electron wavefunctions. 
For the rare-earth ions, even in metallic systems, the 4f elec
trons are spatially well localized near the ion sites. Photo
emission spectra of the f electrons in lanthanide elements and 
compounds always show "final state multiplet" structure (3), 
spectra that result from partially f i l l e d shells of localized 
electrons. In contrast, the 5f electrons are not so well local
ized. They experience a smaller coulomb correlation interaction 
than the 4f electrons in the rare earths and stronger hybridiza
tion with the 6d- and 7s-derived conduction bands. The 5f's thus 

0-8412-0568-X/80/47-131-427$05.00/0 
© 1980 American Chemical Society 
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428 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

have a greater tendency toward itinerancy than do the 4 f f s . The 
result i s that 5 f electrons in actinide elements and compounds may 
reveal i t i n e r a n t , l o c a l , or intermediate behavior. Furthermore, 
the actinide ions can adopt a variable valence state in chemical 
compounds and the 5 f electrons may participate in bonding. 

In this paper, we s h a l l present a brief overview of the 
application of photoelectron spectroscopy to the study of actinide 
materials. Some phenomenology w i l l be discussed as w i l l studies 
of s p e c i f i c materials. Only i l l u s t r a t i v e examples w i l l be pre
sented ( 4 ) . 

Theoretical Background 

Photoemission i s viewed as a process wherein an absorbed 
photon excites an electron within the s o l i d to a f i n a l energy 
state greater than the work function. The electron then migrates 
to the surface and escapes. Figure 1 shows a schematic represen
tation of the photoemission process. A photon with energy K u) 
may excite an electron from some i n i t i a l state below the Fermi 
l e v e l to a f i n a l state E. After moving through the s o l i d to the 
sample surface, the electron escapes into the vacuum with k i n e t i c 
energy E^ after having lost energy equal to the work function i n 
overcoming the surface potential b a r r i e r . Since the electron 
kinetic energy Ê . i s monitored, one has a measure of E and E^. 
Thus, with monochromatic exciting radiation, one i s able to 
measure tra n s i t i o n p r o b a b i l i t i e s between states which are at 
known energies r e l a t i v e to Ep. The energy of the exciting 
radiation for these experiments varies from several electron 
v o l t s to k i l o electron v o l t s . The low energy extreme i s referred 
to as UV photoemission spectroscopy (UPS) and the high energy 
extreme as x-ray photoemission spectroscopy (XPS). However, the 
spectrum can be continuously scanned using synchrotron radiation. 

Core Level and Localized Valence States 

One of the most important c a p a b i l i t i e s of the XPS technique 
i s the measurement of absolute core l e v e l binding energies as a 
means of probing the l o c a l charge state of the ion under study. 
The oxidation state of the ion can sometimes be c l e a r l y discerned. 
An example i s the XPS measurement for the intermediate oxides 
of uranium, U3O3 and U 2 O 5 , reported by Verbist et a l . (5 ). Doub
l e t structure in the U 4 f l i n e s was attributed to U^ + and U^4" ions 
since the 4 f peaks appeared with nearly the same binding energies 
as the 4 f l i n e s in U 0 2 and U O 3 . 

It should be cautioned that photoemission spectroscopic 
measurements look at energy differences between an n-electron 
ground state and an n-1 electron excited state. Therefore, photo
emission provides a good approximation to ground-state properties 
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20. VEAL AND L A M Photoelectwn Spectra of Actinide Compounds 429 

Figure 1. Schematic of photoemission 
process for a metal. A monochromatic 
photon h oo excites an electron from ini
tial state Eh to final (vacuum) state E. 
The electron escapes with kinetic energy 
Ek after passing through sample surface 
having work function cf>. For fixed h w, 
monitoring photoemission intensity I vs. 
Ek measures transition probabilities be
tween states Ei and E. Valence states as 

well as core states can be observed. 
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430 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

only i n the l i m i t when Koopman's theorem i s v a l i d (6), i . e . , for 
large electronic systems having extended one-electron wavefunctions 
l i k e the valence and conduction band states i n metallic and semi
conducting s o l i d s . Koopman's theorem i s not v a l i d for core elec
trons since their wavefunctions are well-localized about the atom
i c s i t e . Observed core l e v e l positions are uncertain, r e l a t i v e to 
the ground-state core-level energies, by the generally unknown 
f i n a l state relaxation energy. Similarly i f a (localized) electron 
i s removed from an incompletely f i l l e d outer s h e l l of an ion, d i f 
ferent f i n a l - s t a t e configurations of the ion can lead to experi
mentally observed multiplet structure (7). These different f i n a l 
states of the ion may be viewed as a form of relaxation which re
sults from intra-atomic correlation effects. 

Figure 2 shows XPS data for dioxides of neptunium, plutonium, 
and americum compared to the appropriate f n multiplet calculations 
(8). These multiplet spectra do not represent the multiplet struc
ture of either the f n or the fn-1 configurations. They are, 
instead, the f i n a l state multiplet structure of the f n ~ l config
uration modulated by the t r a n s i t i o n probability from the f n ground 
state to the f n _ l multiplets. 

Intensities 

For quantitative analysis of surface chemical compositions 
using the XPS technique, measurements of subshell photoioniza
tion cross-sections (SPC's) are needed. Problems involved in 
the determination of r e l a t i v e SPC's from the measurement of r e l a 
t i v e l i n e i n t e n s i t i e s in an XPS spectrometer have been discussed 
by Cardona and Ley (2). The cross-section measurements require 
an appropriate consideration of the sample concentration, energy 
dependence of electron analyzer transmission, the 'angle of the 
incoming x-ray beam r e l a t i v e to the outgoing electrons and the 
energy dependence of electron escape depths. Using appropriate 
compounds, most reported l i n e i n t e n s i t i e s have been measured 
r e l a t i v e to the fluorine Is cross-section. Reference 2 contains 
a comprehensive tabulation of peak i n t e n s i t i e s and includes rep
resentative levels for most of the elements. Evans et a l . (9) 
have reported the most recent intensity measurements for uranium 
compounds. These are integrated intensity measurements and 
include corrections for the experimental considerations cited 
above. 

The multiplet calculations discussed above (see Fig. 2) de
termine r e l a t i v e i n t e n s i t i e s within excited multiplets. However, 
the f electron i n t e n s i t i e s are not related to s, p, or d inten
s i t i e s . 

Calculations of the expected XPS spectra for the actinide 
dioxides uranium through berkelium were reported by Gubanov et a l . 
(10). Results for U0 2 are shown in F i g . 3 along with experimental 
spectra. These calculations, extending about 30 eV below the 
Fermi l e v e l , are based on a one-electron molecular-cluster approach. 
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N p 0 2 

f 3 -*f 2 

Pu0 2 Am 0 2 

10 

BINDING ENERGY (eV) 

Figure 2. XPS spectra of localized 5i states in three actinide oxides compared 
with calculated final-state multiplet spectra. The calculated multiplets are broad

ened to simulate experiment. 

UO, 

Journal of the Chemical 
Society, Faraday Trans. 

Figure 3. Measured (a) and calculated 
(b) U02 XPS spectra. The solid line in 
(b) has Lorentzian broadening of 0.4 eV, 
the dashed line, 0.9 eV to simulate ex

periment. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ch
02

0



432 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Intensities were determined using t r a n s i t i o n p r o b a b i l i t i e s taken 
from the calculations of Scofield (11). In general, the (energy) 
positions of features in the calculated spectra correspond well 
with the experimentally observed features but some calculated 
i n t e n s i t i e s do not show good quantitative agreement with experi
ment . 

5f-electrons and Bonding 

A. Oxides. 

Due to the photon energy dependence of the photoemission 
cross section for electrons with different o r b i t a l angular mo
ments, a capability i s available for investigating the role of 5f 
electrons in bonding. A systematic dependence of the l o c a l i z e d 
5f electron peak intensity on the degree of oxidation of the 
uranium atom was found i n a series of uranium binary and ternary 
oxides (8). As the oxidation state of uranium in the oxides i s 
increased, electrons are transferred from the localized 5f states 
into the "bonding" molecular or b i t a l s which are predominately 
0 2p i n character. Results are shown in Fig. 4 for several 
binary oxides. The 5f i n t e n s i t i e s (per electron) are substantially 
greater than the 0 2p fs. With increased oxidation, the uranium 
valence state increases and more 5f participation might be expected 
in the "bonding o r b i t a l s " . However, Veal et a l . (8) concluded, 
from a quantitative study of the valence band XPS i n t e n s i t i e s , 
that 5f electrons do not appear to s i g n i f i c a n t l y contribute to 
the bonding molecular o r b i t a l s . For the hexavalent uranium 
compounds, i t appears that the 5f levels are pushed above Ep. 
However, molecular cluster calculations for actinide oxides (10) 
indicate that 5f states do show active participation in the metal-
ligand bond. 

Complementary studies of the 5f structure in UO2 were obtain
ed using UPS. Figure 5 shows photoemission spectra of Evans re
corded at 21.2, 40.8, and 1253.6 eV (12). The 5f peak near E F i s 
dominant at 1253.6 eV but i s barely discernable at 21.2 eV. Addi
t i o n a l spectra of U0 2 at 21.2, 40.8, and 48.4 eV were obtained 
by Naegele et a l . (13). A characteristic of the UO2 spectra 
[noted by B. Brandow in Ref. (13)] i s that the high binding energy 
side of the "0 2p" band grows in intensity along with the 5f peak 
as photon energy i s increased. Since the bottom of the 2p band 
has the Bloch states with the strongest 2p-5f hybridization, these 
results support the view that 5f electrons hybridize with the 
0 sp's i n forming the metal-ligand bond. 

B. Intermetallic Compounds. 

Binary intermetallic compounds of the l i g h t actinides d i s 
play a wide variety of magnetic and electronic properties that 
are not well understood. Physical phenomena associated with 
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U R A N I U M O X I D E S 

s. uo2 , 

\ U 4 0 9 ( U 0 2 > 2 5 ) 
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Figure 4. XPS valence spectra of several uranium oxides. The uranium 5f peak 
near EFis attenuated with increasing uranium oxidation. 
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itinerant electron behavior, resonance 5f-electron states, spin 
fluctuations and localized electron behavior can a l l be found. 
No single theoretical framework can suitably account for a l l 
phenomena observed. 

Several NaCl-type binary compounds, including UN, have been 
analyzed (14) using both theoretical band structure (itinerant) 
and c r y s t a l f i e l d (localized) approaches (although the a p p l i c a b i l 
i t y of one of these approaches generally means that the other i s 
inappropriate). UN may be an intermediate case where neither 
approach w i l l y i e l d very satisfactory results. Photoemission 
spectroscopy can y i e l d valuable insights into this problem. 
Figure 6 shows UPS spectra for UN and ThN (15). The strong 
peak near Ep seen i n UN i s t o t a l l y missing in ThN. Since ThN 
has no 5f occupation but i s crystallographically similar to UN, 
the 5f nature of the peak near Ep i s confirmed. Figure 7 shows 
UPS data at 21.2 and 40.8 eV, again work of Norton et a l . (15). 
The 5f peak near Ep shows the same c h a r a c t e r i s t i c a l l y strong 
photon energy dependence that was observed in U O 2 . (The remaining 
spectral features are associated with s-p electrons.) The very 
narrow 5f peak seen in Fig. 7 implies that the 5f's occupy a 
narrow, steeply r i s i n g band or that the levels are essentially 
localized in which case XPS multiplet theory (see above) should 
be applicable. Taking the l a t t e r view i n Fig. 7, the calculated 
nultiplet spectrum appropriate for a 5 f 3 ground state i s compared 
:o experiment. There i s a remarkably good correspondence between 
:heory and experiment, p a r t i c u l a r l y at 40.8 eV where the 5f peak 
.s dominant. For further discussion of these r e s u l t s , see Ref. 4. 

S a t e l l i t e Structure 
S a t e l l i t e s appear as peaks on the high binding energy side 

of the main peak in an XPS spectrum. The li n e s are generally 
associated with discrete energy losses called "shake-up" or 
"shake-off" processes that are attributed to sudden changes in 
the l o c a l atomic charge that accompany electron ejection. These 
processes involve excitations in the n-1 electron system and are 
generally described as the low energy excitation of a second 
electron "concurrent" with primary electron emission (16). The 
"shake-up" core l e v e l s a t e l l i t e spectra are generally sensitive 
to chemical bonding. S a t e l l i t e spectra for binary uranium 
oxides and fluorides are discussed by Pireaux et a l . (17). They 
attribute the dominant s a t e l l i t e s to an excitation from an 
occupied ligand (predominantly 0 2p) o r b i t a l to an empty or 
p a r t i a l l y f i l l e d metal electronic l e v e l . This i s a "charge trans
f e r " excitation that accompanies the primary photoejection process. 

S a t e l l i t e s may also be observable i n photoelectron spectra 
i f a 2-hole f i n a l state, with similar t o t a l energy and the same 
t o t a l angular momentum and parity as the o r i g i n a l core hole state, 
can occur. Bancroft et a l . (18) pointed out that there are several 
energetically favorable examples for such (configuration interac
tion) s a t e l l i t e s i n l i g h t actinides. Their computed s a t e l l i t e 
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15 10 5 
BINDING ENERGY (eV) 

Figure 5. Photoemission spectra for 
U02 taken at photon excitation energies 
of 21.2 eV (He I), 40.8 eV (He II), and 
1253.6 eV (MgKa). The uranium 5f elec
trons (Peak A) have a very different de
pendence on photon energy than the O 

2ps (Peak B). 

Figure 6. UPS spectra for UN and ThN. The strong peak in UN which appears 
near EF corresponds to U 5i electrons. 
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BINDING ENERGY (eV) 

Figure 7. UPS spectra for UN at 21.2 and 40.8 eV. The lower curve is a calcula
tion of the final-state multiplet structure for the 5F final state. 
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intensity r e s u l t s , based on the sudden approximation, shows that 
the 5 s , 5p and 6 s levels should produce the most prominent s a t e l 
l i t e s . Depending on which low lying f i n a l states are involved i n 
the excitation, the process may or may not show chemical s e n s i t i v 
i t y . Kowalczyk (19) argues that when 5 f f i n a l states are involved, 
the effect may be useful for investigating the degree of l o c a l i z a 
tion of 5 f electrons. 

Ligand F i e l d Effects 

In a systematic study involving more than twenty uranyl com
pounds, i t was established that the a x i a l ligand f i e l d within the 
uranyl unit can produce substantial s p l i t t i n g in the XPS spectra 
of the actinide 6 p 3 / 2

 c o r e l e v e l ( 8 ) . Figure 8 shows examples 
of the 6 P 3 / 2 l e v e l s p l i t t i n g s observed in a sequence of uranyl 
samples with different primary U-0 separations (U-Oj). The 
experimental spectra of the uranyl compounds with the smallest 
U-Oj separation, including the U 6 p 3 / 2 s p l i t t i n g , i s well repre
sented by the characteristic energies obtained from a r e l a t i v i s -
t i c molecular cluster calculation (20). An example i s shown i n 
Fig. 9. However, to obtain good agreement between theory and ex
periment for a l l the uranyls studied, the effect of the uranium 
second-near neighbors had to be included. 

Spin-polarized Photoemission 

For magnetically ordered materials, photoemitted electrons 
have a characteristic spin polarization that r e f l e c t s the elec
tron spin orientation occurring in the sample before the photo
emission process. Recently, techniques have been developed to 
measure this photoelectron spin polarization (photo ESP) (21). 
When the measured ESP moment i s aligned p a r a l l e l to the t o t a l 
magnetization, the spin polarization i s designated as positive. 
Because the ESP technique suffers from low measurable i n t e n s i t i e s 
of polarized photoelectrons, the usual electron energy d i s t r i b u 
tion (EDC) curves are not measured for polarized electrons. 
Rather, integrated electron yields for a given photoexcitation 
energy are measured and the percentage of polarization of the 
integrated y i e l d i s determined. The photon energy dependence of 
the polarization gives information on the net spin of the 
electrons within h o>-c|> (<f> i s the work function) of the Fermi 
l e v e l . Measurements are usually reported for photon energies 
between 4 and 11 eV. 

Photo ESP measurements have been reported for the series of 
intermetallic compounds US, USe and UTe (21). The ESP for these 
compounds i s negative for a l l ik w. The magnetic moment of 
uranium compounds i s predominately determined by the occupied 
5f electrons. However, the photoyield of the f-electrons at 
photon energies less that 11 eV i s very small r e l a t i v e to 
s, p or d electron y i e l d s . Thus, the observed photoelectron spin 
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i — i — i — i — r 
t NQ2P 

1 1 — i r 
Uronyls 

"Bond" 
02s 

Na2U04 *% 
8*I.90A i *>K/ \ 

U6P, 

0\ 

Li2U30,o 
8*1.76 A 

U6P„ 

F2s 

J I i L 
-40 -30 -20 -10 

E N E R G Y ( e V ) 

Figure 8. XPS spectra of three uranyl compounds taken within 40 eV of EF. The 
^uranium 6p3/2 splitting" varies with U — O r separation 8. 
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i r n r 
U 0 2 C 0 3 

8=1.7 A 

02s 
U6P, '1/2 / \ U6R, 

3/2 

U 6 P | 

U6P 
02 s 3/2 ^ 

1/2 
"BOND"* 

J L. 
-40 -30 -20 -10 

ENERGY(eV) 
E F 

Figure 9. Comparison between experimental XPS spectrum and calculated 
energy levels for the uranyl compound U02C03 
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440 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

polarization must result from conduction electrons that are 
polarized by the electrons in the partially filled f shell. These 
polarization results are consistent with results derived from 
magnetization, nuclear magnetic resonance and neutron scattering 
measurements (4,22). 
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Absorption 
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in aqueous HCI 234/ 
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tive transitions 67/ 

of C P 3 N d in hypersensitive 
transitions 67/ 

of C s / 2 V O / 2 Cl( 4 ), single-
crystals) 320/ 
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isotopic shift in the 
polarized 325/ 

effect of a magnetic field 321/ 
polarized 317/ 

of rare-earth ions to their envi
ronment sensitivity of 
optical 267 

spectrophotometric analysis vs. 
x-ray analysis 232 

spectrophotometry on the micro-
scale 228 

Abstraction, hydrogen-atom 40 
Abstraction, y-proton 38 
A B X pattern 46 
Acidic compounds, reaction of C p 3 L n 

with meakly C H - 77 
Acidic substrates, Lewis- 61 
Acidity of H - X , proton 62 
Acids 

protic 61,73 
reaction of C p 3 L n with weak 

proton 73 
of special interest, potential proton 61 
survey of proton 62* 

Actinide(s) 183-196 
availability and handling of 184 
/-bonding in early 200 
borohydride(s) 

bidentate forms for 85 
complexes, volatility of 83 
tridentate forms for 85 

-to-carbon sigma bonds, properties 
of 3 

catecholates 146 
cations ,trivalent 174 
chemistry, covalent bond in 313 

Actinide(s) (continued) 
chemistry of heaviest 239-261 
comparison of gaseous entropies 

for lanthanides and 203/ 
complexes 

with bidentate ligands, geome
try monomeric eight-
coordinate 149£ 

cyclooctatetraene 82/ 
covalency and data on 101 

compounds, photoelectron spectra 
of 427-440 

compounds with respect to carbon 
monoxide, properties of bis-
(pentamethylcyclopentadienyl) 4-23 

crystal entropies 201 
crystal structures of 188f 
derivatives 32 

structural aspects of C O activa
tion by bis (pentamethyl
cyclopentadienyl) 18 

tetravalent 37 
differences in properties between 

lanthanides and 427 
in dilute acid solution, intensity 

parameters for 36l£ 
dioxides, XPS spectra for 430 
dioxocations, geometry of 315/ 
electrical resistivity of 193,195/ 
elements 183 

5/ electrons in 428 
energy-level schemes, trivalent 300 
free-ion parameters for 353 
half-handwiches, mono-COT 81 
vs. heavy lanthanides, heavy 239 
hydrocarbyls, pentamethylcyclo

pentadienyl 4 
hydroxamates 153 

determining optimum structure 
of 153 

ionization potentials 398 
ions 

in aqueous solution, absorption 
spectra of tripositive 360/ 

energy-level scheme for 239/ 
energy levels of trivalent 298/ 
irradiation of 300 
in L a C l 3 

energy-level structure of tri
positive 355/ 
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Actinide (s) (continued) 
ions (continued) 

in L a C l 3 (continued) 
crystal field parameters for 353 
free-ion parameters for tri

valent 356* 
single ion-exchange resin-bead 

technique for purified 222 
survey of 297 

isotope shift data for 409 
Judd-Ofelt intensity parameters .... 299 
and lanthanide ions, optical 

properties of 349-365 
laser(s) 275-304 

action, solids and 282 
ions and electronic transitions .... 279* 

magnetic susceptibility of 195/ 
magnetic susceptibility techniques.. 194 
magnetism of 194 
melting temperatures of 191*, 192 
metal(s) 

characterization 186 
crystal structure 187 
electronic structure 193 
optical spectroscopy 194 
phase homogeneity 187 
phase stability 187 
photoelectron spectroscopy 194 
preparation 185 

chemistry 184 
properties of 187 
purity of 186 
radii 189* 

structure and metal 187 
of trivalent 191 

structure determination, x-rays 
and 187 

thermodynamics of 199-219 
vapor pressure of 199-219 
vaporization of 185 

methyl derivatives, thermal sta
bility of metal-carbon bond in 38 

multistep laser photoionization of 
lanthanides and 381-419 

oxides, thorium as reductant for .... 185 
oxides, XPS spectra of 5/ states in .. 431/ 
polymorphism of lighter 189 
preparation via the vapor phase 186* 
sequestering agents 159 

specific 143-166 
structure of tetracatechol 160/ 

shielding of 5/ electrons of 299 
for solid-state studies 184* 
specific heats of 193* 
spectra, vibronic contributions to .... 270 
studies, new directions in lan

thanide and 364 
sublimation enthalpies of 191* 
superconductivity of 194 

Actinide (s) (continued) 
systems, resistivity measurements 

in 193 
tracers 250/ 

Actinide (IV) complexes, bis(r; 8-
cyclooactatetraene) 81 

Actinide (IV) hydroxamates, forma
tion constants for 148* 

Actinide 4+ ions in borohydride envi
ronments, energy-level structures 
of 332 

Actinide 6 p 3 / 2 core level 437 
Actinyl ion (s) 

electron spectra of 316 
electronic structure of 313-330 
energy levels in 316 
excited states of 324 
ground-state values, isotropy of 328 
orbital energies in 317/ 

Acyl 
C - O stretching frequency 11 
coordination 8 
oxygen atom, interaction with 19 

AiResearch Manufacturing Company 371 
Alkaline-earth fluorides 295 
Alkyl uranocene(s) 

factoring J H isotropic shifts in 127 
ring proton data, least-squares 

linear regression lines for .120*-121* 
substituent proton data vs. T"1, 

least-squares regression data 
for 123* 

Alkyl substituent in determining 
structure, influence of 155 

1-Alkynes 73 
Alkynyl complex, isotropic proton 

shifts of the Y b 3 + - 63 
Alkynyl complexes, properties of Y B - 73 
Al ly l derivative, o-bonded 51 
Al ly l derivatives, characterization of .. 51 
Allyl-lanthanide bond 52 
77-Allyl-lanthanide bond 52 
Alpha decay of Es(II) compounds .... 235 
Alpha-particle beams, bombardment 

with 246 
Am (see Americium) 
Amalgamation potential .244, 246/, 251, 259 
Americium (Am) 209,301 

band-narrowing at 200 
/-electrons of 209 
physicochemical properties of 209 
resistivity, temperature dependence 

of 193 
specific heat of 192 
thermodynamic^) 201 

data for 211* 
trivalency of 201 
vapor pressure data for 210/ 

A m 2 + 302 
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A m 4 + 301 
Am-241 209 

solid 211* 
Am-243 209 

liquid 211* 
solid 211* 

A n 3 + 

ion energy levels, current status 
on L n 3 + and 353 

ion line strengths, current status 
of 359 

transitions, experimental line 
widths for L n 3 + and 363 

A n 4 d

5 / 2 levels of H [ L n P C 2 ] , 
photoelectron spectra of 54/ 

An (III) complexes of carboxylates, 
Born-type equation to calculate 
stability constants of 175 

An (III) ions, inner- vs. outer-sphere 
complexation of Ln(III) and .172-180 

Anisotropy, magnetic 98 
effects of substituents on I l l 

Antibonding orbital energy 328 
Aqueous solution, protonation of 

carboxylate groups in 177 
Aqueous solution for silylamide 

derivatives, trivalent metal ion 
values in 33 

Atom(s) 
branching ratios of excited levels in 401 
ionization potentials of 382 
lifetimes of excited levels in 401, 402 
photoionization threshold from 

excited levels of 385 
transition probabilities of excited 

levels in 401 
Atomic uranium, Rydberg series in .... 383 
Autoionization 412 

resonance 415 
spectra, excitation schemes to 

obtain 386/ 
state in gadolinium 412 

Autoionizing levels 412 
Rydberg 415 

spectrum, dysprosium 387 
series convergence, dysprosium .. 391/ 

Axial ligand field 437 

B 
Band narrowing at Am 200 
Base, semi-Schiff 70 
Basicity of the nitrogen lone pair 31 
Beagles, effect of 3,4,3-LICAMS on 

plutonium retention in 165* 
Bent 

-sandwich configuration 6 
transition metal dioxo species, 

bonding characteristics in 315/ 

Bent (continued) 
transition metal dioxo species, 

orbital energies in 315/ 
Berkeley, transcurium elements at .221-237 
Berkelium (Bk) 211,302 

crystal entropy of 212 
solution, light-pipe microabsorp

tion cell for 233/ 
Bk(I I ) , current attempts to synthe

size and characterize 235 
Bk-249 211 

and 2 4 9 C f from 2 5 3 Es , ingrowth of .... 236/ 
in aqueous HCI 234/ 
(III) solution, absorption 

spectrum of 228 
Bk 4 + 302 
Best-fit force constants for neptunium 

borohydride at 77 K 342* 
Beta-emitter 211 
Bk (see Berkelium) 
Bidentate forms for actinide boro

hydrides 85 
Bidentate ligands, geometry of 

monomeric eight-coordinate 
actinide complexes with 149* 

Bihapto coordination of the inserted 
C O functionality 14 

Bihaptoacyl(s) 8 
in the C O migratory insertion 

process, carbene-like 13 
coordination geometry 11 
ligand, C - O vector in 12 

Bihaptocarbomoyl complexes by 
high-temperature N M R studies, 
rotation detection in 16 

Bimetallic complex II, N M R 
spectra of 50 

Binary 
intermetallic compounds 432 
silylamides 32 

trivalent 33 
Biological hazard associated with 

nuclear fuels 144 
1, l 'bis (cyclooctatetraenyl) urano

cene 112,118 
Bisphenylacetylide complex, mono-

cyclopentadienyl 51 
d-Block transition metals, H - D 

exchange in 42 
/-Block complexes, mode of bonding 

in 46 
/-Block element (s) 

derivatives 31 
historical background of ?r-bonded 

organometallic compounds of .. 46 
N H 4

+ for preparation of mixed-
ligand metal cyclopenta-
dienides of 61 

organic derivatives of 45-56 
organometallic chemistry of 45 
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4/-Block metals, bis (trimethylsilyl) -
amide derivatives of 31-43 

5/-Block metals, bis (trimethylsilyl) 
amide derivatives of 31-43 

Bond( s) in the actinide methyl de
rivatives, thermal stability of 
metal-carbon 38 

77-allyl-lanthanide 52 
lengths, metal-nitrogen 35 
L u - C bonds 47 
U - C a 47 

o-Bonds, synthesis of compounds 
containing lanthanide-carbon .... 50 

a-Bonded allyl derivative 51 
7r-Bonded organometallic compounds 

of /-block elements, historical 
background 46 

Bonding 
in /-block complexes, mode of 46 
characteristics in bent-transition 

metal dioxo species 315/ 
characteristics in linear-transition 

metal dioxo species 315/ 
/-electron participation in 56 
in intermetallic compounds, 

5/-electrons and 432 
/-orbital participation 45, 53 

in metal-carbon 45 
/ and d orbital 316 
in oxides, 5/-electrons and 432 
tridative 31 

/-Bonding in early actinides 200 
Born equation 256 

to calculate stability constants of 
A n (III) complexes of car-
boxylates 175 

to calculate stability constants of 
L n (III) complexes of car-
boxylates 175 

Borodeuterides, preparation of 333 
Borohydride(s) 

actinide 
bidentate forms for 85 
complexes, volatility of 83 
tridentate forms for 85 

environments, energy-level struc
tures of actinide 4+ ions in 332 

half-sandwich 83 
at 77 K, best-fit force constants for 

solid neptunium 342* 
metal 

tetrakis- 331 
and modes of vibration 338 

physical properties of tetrakis- .... 335* 
preparation of 332 
sublimation of 332 

proton resonances 98 
signal 83 

o f C p 3 T h ( B H 4 ) 83 

Borohydride (s) (continued) 
vibrational spectroscopy and 

monomeric 338 
bis-Borohydrides, cyclooactatetra-

eneactinide(IV) 81-90 
Branching ratio(s) 402 

for dysprosium 408* 
of excited levels in atoms 401 
measurement, ion signal for 405/ 
measurement, laser sequence for .... 405/ 
in uranium 406* 

1,3-Butaliene with lanthanides, 
cocondensation of 56 

Butoxycarbonyluranocene, mono-*- .... 108 
*-ButylCOT ligand 124 
Butylcyclooctatetraenes, prepara

tion of deuterated 126 
Butylene bridges 161 
Butyluranocene, barrier to rotation 

in tetra-*- 124 
Butyluranocene, isotropic shift vs. 

T1 for the ring protons in 
i,r - d i - * - 114/ 

c 
Co- bonds, L u - 47 
Ca bond, U - 47 
Crinp-Ca bond, rotation about 121 
C - H formation 85 
C g - C - C g bisecting plane 19 
C g - M - C g (ring center of gravity-

metal-ring center of gravity 
angle) 18" 

C - N bond, rotation about 14 
C - O stretching frequency 8 
C - O vector in the bihaptoacyl 

ligand 12 
Ca 2 + , complex formation constants 

for 259* 
C a 2 \ elution of 257/ 
Californium (Cf) 212,302 

derived heat capacity for 217/ 
entropy plots for 216/ 
free-energy function construction 

plots for 216/ 
pressure-temperature data for 

solid 218* 
thermodynamic data for 218* 
vapor pressure of 214/ 

bis (Carbamoyl) complexes 16 
Carbene-like bihaptoacyls in the C O 

migratory insertion process 13 
Carbenoid resonance hybrid 11 
Carbon 

bond in the actinide methyl deriva
tives, thermal stability of the 
metal- 38 

bonding, /-orbital participation 
in metal- 45 
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Carbon (continued) 
σ-bonds, synthesis of compounds 

containing lanthanide- 50 
distance, metal— 12 
monoxide 

activation for Group VIII metal 
complexes 4 

activation by bis ( pentamethyl-
cyclopentadienyl ) actinide 
derivatives, structural 
aspects of 18 

functionality, bihapto coordina
tion of inserted 14 

migratory insertion process, car-
bene-like bihaptoacyls in 13 

synthesis of 160/ 
Ce ( see Cerium ) 
Cerium (Ce) 289 
C e 3 \ d -» / lasing of 289 
Ce (IV) complex 150 

formation constant of the tetrakis .. 150 
Ce ( 0 2 C 6 H 4 ) 44", cyclic voltammo-

gram of 151/ 
Cf ( see Californium ) 
2 4 9 C f from 2 5 3 Es , ingrowth of 

2 4 9 B k and 236/ 
Cations, trivalent actinide 174 
Cations, trivalent lanthanide 174 
Coalescence temperature 98 
CH—acidic compounds, reaction of 

C P 8 L n with weakly 77 
Chance contamination 222 
Chelate laser(s) 

action, neodymium 290 
ions 275-304 
Tb 282 

Chelate ligands 68 
Chelating agents 144 

tetra-catechol 159 
Chemical cotamination contact 223 

by organoactinides, nonclassical 
activation of 3—29 

properties of bis ( pentamethyl-
cyclopentadienyl ) actinide 
compounds with respect to .. 4-23 

reaction of bis ( pentamethyl-
cyclopentadienyl ) zirconium 
dialkyls with 10 

Carbonylation chemistry of bis ( penta-
methylcyclopentadienyl) thorium 3 

Carbonylation of trimethylsilylmethyl 
derivatives 12 

Carboxylate(s) 
Born-type equation to calculate 

stability constants of An ( III ) 
complexes of 175 

Born-type equation to calculate 
stability constants of Ln( III ) 
complexes of 175 

Carboxylate ( s ) ( continued ) 
groups in aqueous solution, 

protonation of 177 
Cary 

light beam 231 
Model 14 Recording Spectro

photometer 228 
spectrophotometer, single-bead 

microabsorption cell for 230/ 
Cascade lasing requirements 278 
Cascade lasing scheme ( s ) 276 

energy level diagram for 277/ 
of Ho 3 ' in G d , G a , 0 1 2 293 
transitions for four-level 277/ 

Catalytic activity of lanthanide com
pounds towards unsaturated 
hydrocarbons 60i 

Catechol crystal structure of iso-
structural series of 150 

Catechol dianion 150 
Catecholate functional groups 146 
Catecholates, actinide 146 
Catechoylamides 161 

on the distribution of 2 3 8 PU ( I V ) in 
mice, effect of tetrameric 162i 

and plutonium elimination 161 
structure of 160/ 

Cholesteroloxy ligand 95 
Chloroacetates 175 
Chloro-derivatives, reactions of 37 
Chloromide of E u (III) 36 
Cm ( see Curium ) 
C m 4 + 301 
Cm-244 metal 209 

reciprocal susceptibility of 194 
Co-condensation of 1,3-butadiene 

with lanthanides 56 
Competition, inner-outer-sphere 173 
Complex formation constants for 

C a 2 \ No 2 + , and Sr 2 + 259i 
Complex formation Eigen mechanism 

of labile 174 
Complexation 

on ligand pKa, dependency of the 
percentage of inner-sphere 178/ 

of Ln ( I I I ) and An (III) ions, inner-
vs. outer-sphere 173-180 

of Ln ( I I I ) by oxocarbon ligands, 
calculation of stability con
stants for 177 

outer-sphere 173 
thermodynamic parameters for 

halate 176* 
thermodynamic parameters for 

monocarboxylate 176£ 
Compound(s) 

metallothermic reduction of 185 
preparation on the microscale 223 
thermal dissociation of 185 
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Configuration 324 
cTji^ix Configuration 324 
7T3<£ Configuration states 323/ 
o-S Configuration states 323/ 
Conformation (s) 

of l,l'-disubstituted uranocenes 125/ 
of the metallocycle in solution 38 
of the substituent in substituted 

uranocenes 122/ 
VII 38 
VIII 38 

Constants 
calculation of outer-sphere 

formation 175 
inner-sphere 174 
total 174 
chemical contamination 223 
Fermi 94 
hyperfine 94 
ion pairs 173 
shift(s) 94 

calculated 98,128 
protons 

for a- 119 
for /3- 119 
for endo 132 
for exo 132 

in uranocenes 101 
Contamination, chance 222 
Contamination, contact chemical 223 
Continuous-wave ( C W ) threshold .... 297 
Convergence limits, Rydberg 393 

lanthanide 393 
Coordination 

acyl 8 
chemistry of uranium (IV) with 

hydroxamic acids 159 
complexes, classical nonuranyl 373 
geometry, bihaptoacyl 11 
of inserted C O functionality, 

bihapto 14 
oligomer ( IV) 36 
oxygen 8 
polyhedron of the t-Bu complex, 

relationship of cube and 
dodecahedron to 155 

of polyhedron Th[i-PrN(o)-
C(o)-*-Bu] 4 156/ 

Coordinative unsaturation 18 
of three-coordinate derivatives 35 

Core-level 
actinide 6 p 3 / 2 437 
energies, ground-state 430 
and localized valence states 428 
satellite spectra, shake-up 434 

C O T (see Cyclooctatetraene) 
Coulomb and spin-orbit interaction 

between /-electrons 350 

Coupling 
constant analysis, j 13 C -H 130 
ion-phonon 299 
mechanisms, dynamic- 269 
mechanism, electric dipole 361 
parameters, spin-orbit 318 
products, monomeric 10 

Covalency and data on actinide 
complexes 101 

Covalent bond in actinide chemistry.. 313 
C p U 5 - C 5 H 5 ) 

with H-acids, test for the reac
tivity of metal-bonded 60 

-ligands 73 
^-coordinated 60 

proton shift data room temperature 63 
ring J H - N M R shifts of 

[Cp 2 Y b X ] n 64* 
C p 2 L n (apo), MS data of 74* 
C p 2 L n - R complexes temperature 

dependence in 51 
C p 2 L n (thd), MS data of 71* 
[ C p 2 N d (ant) ] 2 in hypersensitive 

/-/-transitions, optical absorp
tion spectra of 69/ 

Cp 2 Nd(diket) 72 
[Cp 2 Nd(ket im)] 2 69/ 
Cp 2 Nd(thd) in hypersensitive transi

tions, absorption spectra of 67/ 
[ C p 2 Y b C 2 ( n - C 4 H 9 ) ] 3 63 

with temperature, variation of the 
H - N M R shift values of 67/ 

in toluene-dg solution, room tem
perature ^ - N M R spectra of .. 65/ 

[CpoYbCoR] n, properties of 74/ 
[ C p 2 Y b C C ( n - C 6 H 1 3 ) ] 3 

[ C p 2 Y b C C ( n - C 4 H 9 ) ] 3 , H - N M R 
spectra of 76 

[ C P o Y b C C ( n - C 4 H 9 ) ] 3 , H - N M R 
spectra of [ C p 2 Y b C C ( n - C 6 H 1 3 ) ] 3 

[Cp 2 Yb(ketim)] 2 , J H - N M R 
data of 70 

in toluene-ds, 71* 
[ C p 2 Y b 0 2 C ( n - C 4 H 9 ) ] 2 63 

in toluene-ds solution, room-tem
perature ^ - N M R spectra of .... 65/ 

[ C p 2 Y b X ] n , Cp-ring J H - N M R 
shifts of 64* 

C p 3 L n 
with ^-diketones, reactions of 68 
H-ketim on 66 
with /?-ketoimines, reaction of 70 
with weak CH-acidic compounds, 

reaction of 77 
with weak proton acids, reaction of 73 

C p 3 N d in hypersensitive transitions, 
absorption spectra of 67/ 

f-f-, of 69/ 
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INDEX 449 
Cp 3 Nd, paramagnetic shift of solu

tions of 76 
C p 3 T h ( B H 4 ) , borohydride signal of.. 83 
C p 3 U ( B H 4 ) 87 
C p 3 U [ C H 3 C ( C H 2 ) 2 ] 49 
Cp 3U-fer I, synthesis of 49 
(Cp 3 U) 3 -fer II, synthesis of 49 
C p 3 U - H compounds, ^ - N M R of ... 96*-97* 
C p 3 U - H compounds, paramagnetic 

center in 98 
Cp 3 Yb with ketims, reactions of 70 
C p 4 U , *H-NMR of the cyclopenta

dienyl ligand in 95 
Crystal 

entropy (ies) 201 
actinide 201 
of Bk 212 
for the metallic elements, plots of 202/ 
value for Cm 209 

field 
functions, first-order 98 
Hamiltonian V 268 
interaction 351 
levels 362 

parameters for actinide ions in 
lanthanum trichloride 353 

radii of elements 183 
structure^) 188* 

of actinide(s) 188* 
metals 187, 188* 

of C s 2 U 0 2 C l 4 318 
and hypersensitivity 271 
of isostructural series of catechol 

complexes 150 
of lanthanides 188* 
of U ( B H 4 ) 4 333 

Crystalline lattice, binary, trivalent 
silylanides and 33 

Crystallographic axes of C s 2 U 0 2 C l 4 .. 319/ 
C s 2 U ( N p ) 0 2 C l 4 , ground-state values 

energies in 329/ 
C s 2 U 0 2 C l 4 

absorption spectrum of single 
crystal (s) 320/ 

effect of a magnetic field on 321/ 
polarized 317/ 

crystal structure of 318 
crystallographic axes 319/ 
energy levels for 326/ 
polarized single-crystal spectrum of 316 

C s U 0 2 ( N 0 3 ) 3 , energy levels for 327/ 
C s U 0 2 ( N 0 3 ) 3 , nitrogen-15 isotopic 

shift in the 7r-polarized single 
crystal absortpion spectrum of .... 325/ 

Curie Law 99 
-Weiss 99 

Curie—Weiss temperature 
dependencies 194 

Curium (Cm) 209,302 
crystal entropy value for 209 
oxides, thorium as reductant for 185 

Cyclobuteno, geometry of the 
methylene protons in 133 

Cyclobutenouranocene, assumed 
structure of 131/ 

Cyclooctatetraene ( C O T ) 
actinide complexes 82/ 
acinide half-sandwiches, mono- 81 
actinide (IV) bis-borohydrides 81-90 
addition of S 0 2 to 126 
complexes of uranium, preparation 

of mono- 85 
dianions, substituted 112 
ligand, *-butyl- 124 

double-bond reorganization in 
the uncomplexed 121 

tub-tub interconversion of the 
uncomplexed 121 

ring 87 
uranium, bis 46 
Th ( B H 4 ) 2 ( T H F ) 2 with BEt, , 

reaction of 89 
Th ( B H 4 ) 2 ( T H F ) 2 with K 2 C O T , 

reaction of 90 
U ( B H 4 ) * 85 
U ( B H 4 ) o ( T H F ) x , preparation of .... 89 

Cyclopentadienides 60 
of /-block elements, N H 4

+ for prepa
ration of mixed-ligand metal .... 61 

of main group elements, N H 4

+ for 
preparation of mixed-ligand 
metal 61 

Cyclopentadienyl ligand in C p 4 U , 
*H-NMR of 95 

tris (Cyclopentadienyl) phenyl-
ethynyluranium ( IV) , structure 
of 48/ 

D 
Dedecahedron, mmmm-isomer of 159 
Deformation, C - H 85 
Deuterated butylcyclooctatetraenes, 

preparation of 126 
Deuterated 1, l'-dibutylranocenes, 

proton N M R of 127 
Deuterium labeling 126 
Dialkyls with carbon monoxide, 

reaction of bis (pentamethylcyclo
pentadienyl) zirconium 10 

l,l'-Dialkyluranocenes, pattern of ring 
proton resonances of 125/ 

Diamagnetic 
monomeric thorium derivative 38 
reference compounds 105 
thorocenes 105 

Dianion, catechol 150 
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450 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Dianions, substituted C O T 112 
1, l'-Dibutyluranocene (s) 87 

proton N M R of deuterated 127* 
1, l r-Di-*-butyluranocene, isotropic 

shift vs. T'1 for ring protons in ... 114/ 
1, l ' - D i (cyclooctatetraenyl) uranocene 119 
Dielectric mechanisms, inhomogene

ous 269 
Diethylenetriaminepenta-acetic acid 

( D T P A ) 144,147/ 
1, l'-Diethyluranocene, nonlinearity 

of methyl protons of 119 
/?-Diket-complexes 70 
/?-Diketones, of C p 3 L n with 68 
l,l'-Di-phenyluranoxene, isotropic 

shift vs. T'1 for the ring protons 
in 133/ 

1,2-Dimethyoxyethane ( D M E ) 
complex 83 

Dioxo 
cations, geometry of actinide 315/ 
cation, geometry of transition metal 315/ 
compounds, geometry and metal 

oxygen bond lengths of metal.. 314* 
compounds, stereochemistry of 313 
species, transition metal 

bonding characteristics in bent .. 315/ 
bonding characteristics in linear.. 315/ 
orbital energies in bent 315/ 
orbital energies in linear 315/ 

cis-Dioxo geometry 313 
*rans-Dioxo geometry 313 
1, l'-Di-phenyluranoxene, isotropic 

shift vs. T'1 for the ring protons 
in 122/ 

Dipolar shift 94 
Dipoles, induced 269 
Dissociation of compounds, thermal .. 185 
Distribution coefficients from 

ion-exchange elutions 256 
l,l'-Disubstituted uranocenes, confor

mations of 125/ 
Divalent 

cations in bis (2-ethylhexyl) phos
phoric acid-aqueous nitrate 
system, log D vs. ionic radius 
for 258/ 

ions 295 
lanthanide (s) 

derivatives 36 
energy levels 295 

ions 296/ 
ions, laser transition for 296/ 

oxidation state of No 254 
oxidation state of the lanthanide 

elements 36 
Sm laser action 295 
surface states for Sm 215 

D M E complex, 1,2-dimethyoxyethane 83 

Dodecahedron, gggg-isomer of 155 
Dodecahedron, symmetry of 150 
Double-bond reorganization in the 

uncomplexed cyclooctatetraene 
ring 121 

Downfield shifts 94 
D T P A (Diethylenetriaminepenta-

acetic acid) 144,147/ 
Dy (see Dysprosium) 
Dynamic-coupling mechanisms 269 
Dysprosium (Dy) 293, 297, 412 

autoionization Rydberg series 
convergence 391/ 

autoionizing Rydberg spectrum 387 
branching ratios for 408/ 
ion signal vs. ionizing pulse delay of 403/ 
isotope structure of 410/, 411/, 413/ 
lifetimes for 408* 
/-values for 408* 

Dy 3 + , stimulated emission from 293 

E 
E F (Fermi level) 427 
E D C (electron energy distribution) .. 437 
Effusion apparatus, Knudsen 204 
Effusion method, Knudsen 204 
Eigen mechanism of labile complex 

formation 174 
Eight-coordinate actinide complexes 

with bidentate ligands, geometry 
of monomeric 149* 

Einsteinium (Es) 303 
extraction behavior of 248* 

Es(II) compounds, alpha decay of .... 235 
2 5 3 £ s 232 

ingrowth of 2 4 9 B k and 2 4 9 C f from .... 236/ 
2 5 4 Es 303 
Electric 

dipole coupling mechanism 361 
dipole line strength (S M l ) 358 
field, ions at sites of nonvanishing .. 267 

Electrical resistivity of actinides .193,195/ 
Electron(s) 

in actinide elements, 5/- 428 
binding energies of F m 242 
and bonding in intermetallic 

compounds, 5/- 432 
and bonding in oxides, 5/- 432 
energy distribution ( E D C ) 437 
kinetic energy 428 
lone-pair of 31 
outer 183 
paramagnetic resonance (EPR) .... 341 
of 2 3 7 N p ( B D 4 ) 4 345 

of 2 3 7 N p ( B H 4 ) 4 345 
spectroscopy 341 
transitions for Np ( B H 4 ) J 

Z r ( B H 4 ) 4 344/ 
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INDEX 451 

Electron (s) (continued) 
-phonon interaction parameteri

zation scheme 362 
relative masses of d/f 196/ 
spin polarization of ligand 101 
valence 183 

d/f Electrons, relative masses of 196* 
/-Electron^) 101,268 

of Am 209 
Coulomb and spin-orbit interaction 

between 350 
energy levels, parameterization 

schemes for 350 
line positions 350 

participation in bonding 56 
systems, hypersensitive transitions 

in 267-273 
5/-Electrons 

in actinide elements 428 
of the actinides, shielding of 299 
and bonding in intermetallic 

compounds 432 
and bonding in oxides 432 

Electronic 
configuration of Fm, ground 

state 242 
configuration of L r 261 
spectra of actinyl ions 316 
spectra of P a ( B H 4 ) 4 341 
structure 

of actinide metals 193 
of actinyl ions 313-330 
XPS and 427 

transitions, actinide laser ions and .. 279* 
transitions, lanthanide laser ions 

and 279* 
Elements, crystal radii of 183 
Element(s), /-block 

derivatives 31 
historical background of 7r-bonded 

organometallic compounds of .. 46 
organic derivatives of 45-56 

d-Element reactivity patterns 16, 18 
/-Element 

ions 3 
organometallics 59 
reactivity patterns 16, 18 

4/-Elements, sigma bonded organic 
derivatives of 45 

Elution 
of C a 2 f 257/ 
of N O 255/ 
of N 0 2 + 257/ 

position of 256 
of Sr 2 + 257/ 

5d -» 4/ Emission from E u 2 + , 
Stokes-shifted 295 

Endo protons, contact shift for 132 
Enediolate ligands 6 

Energy (ies) 
antibonding orbital 328 
in Cs>U(Np)OoCl 4 , ground-state 

values 329/ 
ground-state core-level 430 
levels 381, 400 

in actinyl ions 316 
for Cs>U0 2 Cl 4 326/ 
for C s U 0 2 ( N 3 ) 3 327/ 
current status on L n 3 + and A n 3 + .. 353 
diagram 

for cascade lasing schemes 277/ 
of E r 3 + 293 
for four level lasing schemes .... 277/ 

of divalent lanthanides 295 
ions 296/ 

of the free ion 32 
parameterization schemes for 

/-electron 350 
line positions 350 

scheme(s) 
for actinyl ions 329/ 
for laser action 276 
lasing transitions for P u 3 + 301 
of Pm 3 + 291 
of Pr 3 + 289 
trivalent actinide 300 

structure (s) 
of actinide 4+ ions in boro

hydride environments 332 
for lanthanide vapors 281 
of tripositive actinide ions 

in L a C l 3 355/ 
of tripositive lanthanide 

ions in L a C l 3 354/ 
of trivalent actinide ions 298/ 
for trivalent ions of the lan

thanide series 287/, 288/ 
U 0 2 C 0 3 439/ 

Engel-Brewer treatment 200 
Enthalpies for main group metals, 

sublimation 192 
Enthalpies for ^-transition metals, 

sublimation 192 
Entropy (ies) 

actinide crystal 201 
of Bk, crystal 212 
changes and inner-sphere formation 175 
correlation—metallic radius and 

magnetism 201 
crystal 201 

for the metallic elements, plots of 202/ 
against metallic radius, plot of 

the nonmagnetic 206/ 
for the lanthanides and actinides, 

comparison of gaseous 203/ 
nonmagnetic rare-earth 201 
plots for Californium 216/ 
for the seventh-row metals 219* 
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452 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Entropy (ies) (continued) 
thermodynamic calculations of 215 
vaporization 

E P R (see Electron paramagnetic 
resonance) 

Equilibrium, thermal 362 
Erbium (Er) 293 
E r 3 + energy-level diagram of 293 
E r 3 + laser transitions of 294 
Es (see Einsteinium) 
E S C A studies 53 
Ethylene glycol synthesis 4 
bis (2-Ethylhexyl) phosphoric acid 

( H D E H P ) 247 
-aqueous nitrate system, log D vs. 

ionic radius for divalent cations 
in 258/ 

Europium (Eu) 292 
amides 33 
chelate lasers 282 

E u [N (SiMe,) 2] 2 [ M e O C H 2 C H 2 O M e ] o, 
molecular structure of 39/ 

E u [ N ( S i M e 3 ) 2 ] 3 32 
E u X 0 3

2

( a q ) complexes of the halates, 
formation of 174 

E u (III) chloramide of 37 
E u 2 + , Stokes-shifted 5d -» 4/ 

emission from 295 
E u 3 + 292 
Excitation 

energy transfer between isotopes ... 417 
primary 385 
schemes 

to obtain autoionization spectra .. 386/ 
to obtain photoionization spectra 385 
to obtain Rydberg spectra 385, 386/ 

techniques, stepwise laser 401 
Excited levels in atoms 

branching ratios of 401 
Excited levels in atoms, lifetimes 

of 401, 402 
Excited levels in atoms, transitions 

probabilities of 401 
Excited states of actinyl ions 324 
Exo protons, contact shift for 132 
Extraction, L r 260/ 
Extraction behavior 

of Es 248* 
of F m 248* 
of M d 248* 
of N o 2 + 256 

F 

fee phase 188 
Fe 3 + , similarities of Pu 4 + and 145* 
Fermi contact 94 
Fermi level 200,208,427 

Fermium (Fm) 241 
distribution of 245/ 
electron binding energies of 242 
extraction behavior of 248* 
ground-state electronic configura

tion of 242 
half-wave potentials of 244 
isotopes 241 

produced for chemical studies of 240* 
metal, properties of 242 
separation methods for 242 
solution chemistry of 243 
volatility of M d and 242 

2 5 5 F m 241 
2 5 7 F m 241 
Fm 2 + , reduction of F m 3 + to 243 
F m 3 + to Fm 2 + , reduction of 243 
Ferrocene 50 
First ionization potentials, lanthanide 397* 
First-order crystal field functions 98 
Fischer-Tropsch methanation 4 
Fluorescence 

lifetime 363 
quantum efficiency of excited 

lanthanides in liquids 282 
sensitization 303 

Fluorides, alkaline-earth 295 
Fluoride reduction 226 
F m (see Fermium) 
Formation constants, calculation of 

outer-sphere 175 
Formation constant of tetrakis 

Ce( IV) complex 150 
Four-center transition state 42 
Four-coordinated [Lu(CsHo) 4 ] , 

structure of 48/ 
Four-level lasing schemes, 

energy-level diagram for 277/ 
Four-level lasing schemes, 

transitions for 277/ 
Free-energy function 215 

construction plots for californium .. 216/ 
Free-ion 

energy levels of 32 
Hamiltonian 351 
parameterization scheme 352 
parameters for actinide(s) 353 

trivalent ions in lanthanum 
trichloride 356* 

Frozen rotation I l l 

G 
Gadolinium (Gd) 292 

autoionization state in 412 
ion signal as a function of wave

length of the third step laser 
in 414/ 

photoion yield 416/ 
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INDEX 453 
Gain coefficient of the lasing 

medium 278 
Gas 

lasers 280 
-phase IR spectra of N p ( B D 4 ) 4 340/ 

observed bands in 399* 
-phase IR spectra of N p ( B H 4 ) 4 , 

observed bands in 339* 
-phase U F G photochemistry 371 

Gaseous 
entropies for the lanthanides and 

actinides, comparison of 203/ 
media, obtaining lanthanide laser 

action in 280 
rare-earth trihalides, hypersensi

tive transitions of 268 
G d (see Gadolinium) 
Geometry factors for /3-methyl group, 

calculated 129* 
Geometry factors for a protons, 

calculated 133* 
Glass, laser action in 284 
Ground-state 

configuration, f6 nonmagnetic, 200 
core-level energies 430 
electronic configuration of F m 242 
properties 428 
values energies in C s 2 U ( N p ) 0 2 C l 4 329/ 
values, isotropy of actinyl ion 328 

Group VII metal complexes, C O 
activation for 4 

H 

H-acids, test for the reactivity of 
metal-bonded Cp with 60 

H - D exchange in d-block transition 
metals 42 

H - D exchange, thorium hydride 42 
H-ketim 70 

on C p 3 L n 66 
H-X, proton acidity of 62 
H a c - X , significance of the pKa-value 

of 66 
*H isotropic shifts in alkyluranocenes, 

factoring 127* 
*H isotropic shift in uranocenes 99 
^ - N M R 

of C p 3 U - X compounds 96*-97* 
of the cyclopentadienyl ligand in 

C p 4 U 95 
data of [Cp 2 Yb(ket im)] 2 70 

in toluene-ds solution 71* 
data for ring protons 

in octamethyluranocene, least 
squares linear regression 
analysis of variable-tem
perature 108* 

2 H - N M R (continued) 
data for ring protons (continued) 

in the unsubstituted ring in 
monosubstituted uranocenes, 
least-squares linear regres
sion analysis of variable-
temperature 108* 

in uranocene, least-squares linear 
regression analysis of vari
able temperature 108* 

of the nonequivalent protons 123 
of 1, l',3,3',5,5',7,7'-octamethyl-

uranocene 100 
of octamethyluranocene, tempera

ture-dependent 106 
resonances of substituted urano

cenes 116*-118* 
shift values of [ C p 2 Y b C 2 ( n - C 4 H 0 ) ] 3 

with temperature, variation of 67/ 
shifts, [Cp 2YbX]„, Cp-ring 64* 
spectra 

of [Cp.>YbCC(n-CnH ] 3 )] : r 

[ C p o Y b C C ( n - C 4 H n ) ] 3 76 
of [ C p 2 Y b C 2 ( n - C 4 H n ) ] 3 i n 

toluene-ds solution, 
room-temperature 65/ 

of [ C p 2 Y b 0 2 C ( n - C 4 H n ) ] 2 in 
toluene-d8 solution, 
room-temperature 65/ 

of uranium (IV) organometallic 
compounds, historical back
ground of 93 

of uranocene(s) 
analyzed by variable-temperature 105* 
resonances, linewidth at half 

height of 109* 
of substituted I l l 

variable-temperature 103 
temperature-dependent 106 
variable-temperature 103 

*H shifts of uranocene, earlier 
analyses of isotropic 100* 

Halate(s) 174 
complexation, thermodynamic 

parameters for 176* 
formation of E u X o 3

+ 2

( a q ) complexes 
of 174 

Half-sandwich borohydrides 83 
Half-sandwich complexes, C O T 81 
Half-wave potentials of F m 244 
Half-wave potentials, radiopolaro

graphic technique for determin
ing 244 

Hamiltonian 
free-ion 351 
spin 341 

-other-orbit interaction 351 
—spin interaction 351 

V, crystal-field 268 
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454 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Hapticity 62 
Hartree-Fock 

integrals for Rn, 5/ n 357/ 
theory 352 
-Slater (radial wave function) 256 

Heat(s) 
second- and third-law 212 
for the seventh-raw metals 219* 
of vaporization 200 

Hemosiderin 146 
H D E H P (see bis(2-Ethylhexyl)-

phosphoric acid) 247 
hfs (see Hyperfine structure) 
High-temperature N M R studies, 

rotation detection in bihapto
carbamoyl complexes by 16 

High temperature spectra 123 
Hindrance, steric 83 
Historical background of 7r-bonded 

organometallic compounds of 
the /-block elements 46 

Ho (see Holmium) 
Holmium (Ho) 293 
H o 3 + 293 

in Gd;iGa r ) Oi 2 , cascade lasing 
schemes of 293 

Homoleptic oragnometallics 59 
Hosts for laser action 282 
Hiickel molecular orbital calcula

tions, extended 8 
^-Hydride elimination 374 
Hydrides, reaction of 41 
Hydrocarbons, catalytic activity of 

lanthanide compounds towards 
unsaturated 60* 

Hydrocarbyls, pentamethylcyclo
pentadienyl actinide 4 

Hydrof ormylation of propylene, 
rhodium-catalyzed 7/ 

Hydrogen-atom abstraction 40 
Hydrogen-deuterium ( H - D ) 

exchange 42 
Hydroxamate (s) 

actinide 153 
determining the optimum 

structure of 153 
formation constants for actinide(IV) 148* 
functional groups 146 

Hydroxamic acids, coordination 
chemistry of uranium(IV) with .. 159 

Hyperfine contact 94 
isotropic 94 

Hyperfine structure (hfs) 409 
of isotope(s) 409 

shifts and 409 
Hypersensitive region, Nd 3 +-com-

plexes in 64 
Hypersensitive transitions 

absorption spectra of C p 3 N d in 67/ 

Hypersensitive transitions (continued) 
absorption spectra of CpoNd(thd) 

in 67/ 
in /-electron systems 267-273 
/—/, optical absorption spectra of 

[Cp 2 Nd(ant ) ] 2 in 69/ 
/ - / , optical absorption spectra of 

C p 3 N d in 69/ 
of the gaseous rare-earth trihalides 268 

Hypersensitivity, crystal structures 
and 271 

Hypersensitivity and rare-earth ions .. 267 

I 
Induced dipoles 269 
Inhomogeneous dielectric mechanisms 269 
Inner-sphere 

complexation on ligand pK a , de
pendency of the percentage of 178/ 

constants 174 
formation, entropy changes and 175 
values, ligand 178/ 

Inner-outer sphere competition 173 
Inner vs. outer-sphere complexation 

of Ln(III) and An (III) ions .173-180 
Inserted CO functionality, bihapto 

coordination of 14 
Insertion-coupling reaction 10 
Insertion process, carbene-like 

bihaptoacyls in the C O 
migratory 13 

Intensity parameters, actinide 
Judd-Ofelt 299 

Intensity parameters for the actinide 
in dilute acid solution 361* 

Interconversion, dynamics of 14 
Intermetallic compounds, binary 432 

NaCl-type 434 
Intermetallic compounds, 5/-electrons 

and bonding in 432 
Intermolecular bonds and volatility .. 337 
Ion(s) 

-crystal laser combination 282, 283/ 
energy levels of the free 32 
to their environment, sensitivity of 

the optical absorption spectra 
of rare-earth 267 

-exchange elutions, distribution 
coefficients from 256 

-host combinations used for 
lanthanide lasers 280* 

hypersensitivity and rare-earth 267 
inner- vs. outer-sphere 

complexation of L n (III) 
and An (III) 173-180 

pairs, contact 173 
pairs, solvent-separated 173 
-phonon coupling 299 
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INDEX 455 
Ion(s) (continued) 

signal 
for branching ratio measurement 405/ 
as a function of wavelength of 

the third step laser in 
gadolinium 414/ 

vs. ionizing pulse delay time 
of dysprosium 403/ 

at sites of nonvanishing electric 
field 267 

steric congestion of ligands 
around /-metal 45 

values in aqueous solution for 
silylamide derivatives, 
trivalent metal 33 

Ionic crystals, lanthanide ions in 349 
Ionization 

of L r 261 
potentials 417 

actinide 398 
of atoms 382 
lanthanide(s) 396 

first 397* 
normalized 399/ 
regularities in 398 

of neptunium 400* 
second 400 
of uranium 400* 

thresholds 383 
Ionizing pulse delay of dysprosium, 

ion signal vs. 403/ 
IR spectrum (a) 

of N p ( B D 4 ) 4 , gas-phase 340/ 
observed bands in 339* 

of N p ( B H 4 ) 4 , gas-phase 340/ 
observed bands in 339* 

o f U F 6 370 
IR-stimulated photoreduction 371 
Irradiation of actinide ions 300 
gggg-Isomer of dodecahedron 155 
mmmm-Isomer of the dodecahedron .. 159 
Isostructural series of catechol 

complexes, crystal structure of ... 150 
Isotope(s) 

excitation energy transfer between .. 417 
F m 241 
hyperfine structure 409 

shifts and 409 
of nobelium 253 
separation, laser 417 
shift(s) 417 

data for actinides 409 
structure of dysprosium ... 410/, 411/, 413/ 
structure of neodymium 410/ 

Isotropic 
hyperfine 94 
shift(s) 94 

in alkyluranocenes, factoring 
the X H 127 

Isotropic (continued) 
shift(s) (continued) 

proton, of the Yb 3 + -alkynyl 
complex 63 

ring proton 95 
total 94 
in uranocene, *H 99 
in uranocenes, separation of 101 
vs. T1 

for mono-*-butoxycarbonylu-
ranocene 110/ 

for ring protons 110/ 
in l,r-di-*-butyluranocene .. 114/ 
in l,r-dimethyluranocene .... 113/ 
in l,r-di-phenyluranocene • 122/ 
in 1,1',3,3',5,5'7,7'-

octamethyluranocene .... 110/ 
in the substituted ring of 

mono-*-butylurano-
cene 114/ 

for uranocene 107/, 110/ 
in 1,1',3,3',5,5',7,7'-

octamethylurano-
cene 110/ 

Isotropy of actinyl ion ground-
state values 328 

J 
J-manifolds 358 
J-mixing of the wave functions 353 
Jones' Reductor 247 
Judd-Ofelt intensity parameters, 

actinide 299 

K 
KoBuCOT, preparation of thorocene 

from T h C l 4 and 81 
KoCOT, reaction of 

( C O T ) T h ( B H 4 ) 2 ( T H F ) 2 with .. 90 
Ketim(s) 

on C p 3 L n 66 
H - 70 
reactions of Cp 3 Yb with 70 

/?-Ketoimide 70 
/?-Ketoimines, reaction of 

C p 3 L n with 70 
Kinetic energy, electron 428 
Koopman's theorem 430 
Knudsen effusion apparatus 204 

cross-sectional view of 
U H V target/MS 206/ 

Knudsen effusion method 204 

L 
Labeling, deuterium 126 
Labile complex formation, 

Eigen mechanism of 174 
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456 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

L a C l 3 

crystal field parameters for 
actinide ions in 353 

energy-level structure of 
tripositive actinide ions in 355/ 

free-ion parameters for trivalent 
actinide ions in 356* 

Lanthanides 
and actinides 

comparison of gaseous 
entropies for 203/ 

differences in properties 
between 427 

multistep laser photo
ionization of 381-419 

studies, new directions in 364 
bond, 77-allyl- 52 
-carbon o-bonds, synthesis of 

compounds containing 50 
cations, trivalent 174 
co-condensation of 1,3-butadiene 

with 56 
complexes, catalytically active 59 
compounds, toward unsaturated 

hydrocarbons, catalytic 
activity of 60* 

crystal structures of 188/ 
derivatives, trivalent 32 
divalent 

derivatives 36 
energy levels of 295 
ions, energy levels for 296/ 

elements, divalent oxidation 
state of 36 

first ionization potentials 397* 
heavy actinides vs. heavy 239 
ions 

in ionic crystals 349 
in L a C l 3 , energy-level 

structure of tripositive 354/ 
laser transitions for 296/ 
optical properties of 

actinide and 349-365 
in solids at 300 K, comparison 

of spectroscopic properties 
of / - / and f-d transitions of 279t 

survey of 285 
ionization potentials 396 
lasers 275-304 

action 
in a gaseous media, obtaining .. 280 
obtained for liquids 281 
solids and 282 

ions and electronic transitions .... 279* 
ion-host combinations used for .... 280* 
sensitizer ions for 

optically pumped 286* 
in various media, spectral 

range of 283/ 

Lanthanides (continued) 
levels measured by laser 

spectroscopy, lifetime of 404* 
in liquids, fluorescence quantum 

efficiency of excited 282 
in liquids, spectroscopic 

properties of 281 
melting temperatures of 191* 
trivalent 192 

metal radii of 189* 
metals, structure and metal 

radii of trivalent 187 
nitrogen Is spectra for octaethyl-

porphyrin and tetraphenyl-
porphine complexes of 53 

normalized ionization 
potentials of 399/ 

5 ^ 4 / relaxation 299 
regularities in ionization 

potentials for 398 
Rydberg convergence limits 393 
series, energy levels for 

trivalent ions of 287/, 288/ 
series, laser transitions for 

trivalent ions of 287/, 288/ 
in single crystals, multiphonon 

orbit-lattice relaxation of 363 
sublimation enthalpies of 191* 
vapors, energy-level structures for .. 281 

Lathanum complex, paramagnetic 
organo- 56 

Laporte parity rule, breakdown of .... 268 
Lasers 

actinide 275-304 
ions and electronic transitions ... 279/ 

action 
divalent Sm 295 
energy-level scheme for 276* 
in glass 284 
hosts for 282 
neodymium chelate 290 
solids and 282 

lanthanide 282 
combinations, ion-crystal 282, 283/ 
crystals, Nd-doped 290 
-driven U F G isotope separation 371 
E u chelate 282 
excitation techniques, stepwise 401 
fundamentals 276 
gas 280 
ion(s) 286* 

chelate 275-304 
isotope separation 415, 417 
lanthanide 275-304 

action obtained for liquids 281 
in a gaseous media, obtaining ... 280 
ions and electronic transitions .... 279* 
ion-host combinations used 

for 280* 
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INDEX 457 

Lasers (continued) 
lanthanide (continued) 

sensitizer ions for optically 
pumped 286* 

invarious media, spectral 
range of 283/ 

liquids, aprotic N d 3 + 282 
optical pumping efficiency of 285 
oscillation, threshold condition 

for 278 
photoionization 

apparatus, multistep 383 
of the lanthanides and 

actinides, multistep 381-419 
threshold results, representative .. 390* 

photoionizing 402 
probe 402 
scheme, cascade 276 
sequence for branching ratio 

measurement 405/ 
solid state 290 
spectroscopy 

apparatus 384/ 
lifetime of lanthanide levels 

measured by 404* 
Rydberg series limits determined 

by stepwise 395* 
Tb chelate 282 
transition(s) 286* 

for divalent lanthanide ions 296/ 
of E r 3 + 294 
for trivalent ions of the 

lanthanide series 287/, 288/ 
vibronic 276 

Lasing 
of Ce 3 + , d-+f 289 
medium, gain coefficient of 278, 280 
Pm 3 + in L i Y F 4 291 
schemes, cascade 

energy-level diagram for 277/ 
of H o 3 + in G d , G a 5 0 1 2 293 
transitions for four level 277/ 

transitions for Pu 3 + energy-level 
scheme 301 

/ - / transitions for 297 
3-»2 transition 276 

d-*f Lasing of Ce 3 + 289 
Lawrencium (Lr ) 261 

electronic configuration of 261 
extraction 260/ 
ionization of 261 
isotopes produced for 

chemical studies of 240* 
2 5 6 L r 261 
Least-squares linear regression 

analysis of variable temperature 
*NMR data for ring protons 

in octamethyluranocene 108* 
in uranocene 108* 

Least squares linear regression 
(continued) 

analysis of variable temperature *NMR 
data for ring protons (continued) 

in the unsubstituted ring in 
monosubstituted urano
cenes 108* 

data for alkyl uranocene 
substituent proton data 
vs. Tl 123t 

lines for alkyl uranocene ring 
proton data 120*-121* 

Legendre polynomial 271 
Lewis-acidic substrates 61 
3.4.3- Licams 161 

plutonium decorporation by 163 
on plutonium retention in beagles, 

effect of 165* 
4.4.4- Licams 161 
Lifetime(s) 

for dysprosium 408* 
of excited levels in atoms 401, 402 
fluorescence 363 
of lanthanide levels measured 

by laser spectroscopy 404* 
linewidths and 362 
in uranium 406* 

Ligand(s) 
*-butylCOT 124 
calculation of stability constants 

for complexation of Ln ( I I I ) 
by oxocarbon 177 

chelate 68 
cholesteroloxy 95 
C-O vector in the bihaptoacyl 12 
Cp- 73 
in C p 4 U , ^ - N M R of the 

cyclopentadienyl 95 
electrons, spin polarization of 101 
enediolate 6 
field, axial 437 
field effects 437 
inner-sphere values 178* 
metal interaction in organo

metallic complexes 101 
around /-metal ions, steric 

congestion 45 
noncyclopentadienyl '. 19 
pentamethylcyclopentadienyl 4 
pKa 175 

dependency of the percentage of 
inner-sphere complexation on 178/ 

log pT with 179/ 
redistribution 18 
silylamide 32 
bis (trimethylsilyl) amido 

( [ M E 3 S i ] 2 N ) 31 
Light beam, Cary 231 
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458 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Light pipe 228 
cell 231 

design 231 
microabsorption 233/, 234/ 

for Bk solution 233/ 
Line 

intensities 
between individual stark 

components 359 
transition probability para

meterization scheme * 358 
XPS 430 

positions, advances in 
experimental techniques 358 

positions, /-electron energy level 
parameterization scheme for .... 350 

regression analysis of variable-
temperature J H - N M R data 
for ring protons 

in octamethyluranocene, 
least-squares 108* 

in the unsubstituted ring in 
monosubstituted uranocenes, 
least-squares 108* 

in uranocene, least squares 108* 
regression lines for alkyl uranocene 

ring proton data, least-
squares 120*, 121* 

transition metal dioxo species, 
bonding characteristics in 315/ 

transition metal dioxo species, 
orbital energies in 315/ 

strengths, current status of 
A n 3 + ion 359 

Linewidth 
at half height of W N M R 

resonances of uranocene 109* 
and lifetimes 362 
for L n 3 + and A n 3 + transitions, 

experimental 363 
of optical transitions, temperature 

dependence of homogeneous .. 362 
Liquids 

aprotic N d 3 + laser 282 
fluorescence quantum efficiency of 

exicted lanthanides in 282 
lanthanide laser action obtained for 281 
spectroscopic properties of 

lanthanides in 281 
Lithium borohydride, tridentate 40 
Lithium-bis (trimethysilyl) amide 32 
L i Y F 4 292 

lasting Pm 3 + in 291 
Ln[Cp(CH 2 ) 3 ]Cp]C==CPH 

complexes, visible spectra of 52 
Ln (Ke t im) 3 68 
Ln(I I I ) 

and An (III) ions, inner- vs. outer-
sphere complexation of 173-180 

Ln(II I ) (continued) 
complexes of carboxylates Born-

type equation to calculate 
stability constants of 175 

by oxocarbon ligands, calculation of 
stability constants for com
plexation of 177 

L n 3 + and A n 3 + ion energy levels, 
current status on 353 

L n 3 + and A n 3 + transitions, experi
mental line widths for 363 

Ln3d r i / 2 levels of H[LnPc 2 ] , 
photoelectron spectra of 54/ 

Log 
Pi with ligand pKa 179/ 
p0 with ligand p K a 179/ 
pT with ligand p K a 179/ 

Lone-pair, basicity of the nitrogen .... 31 
Lone-pair of electrons 31 
L r (see Lawrencium) 
Lu-Ccr bonds 47 
[ L u ( C 8 H 9 ) 4 ] , structure of the four-

coordinated 48/ 

M 
[M( catechol ) 4] 4~ anion 154/ 
M [ N ( S i M e 3 ) 2 ] 3 , magnetic 

susceptibilities of 33* 
M [ N ( S i M e 3 ) 2 ] 3 , planar 35 
[ M ( 0 2 C G H 4 ) 4 ] 4 ~ , shape parameters 

for 152/ 
Macrochelate in Pu removal 161 
Macroscale 222 
Magnetic 

anisotropy 98 
effects of substituents on I l l 

field, on single crystal absorption 
spectra of C s 2 U 0 2 C l 4 , effect of 321/ 

properties of uranocenes 115* 
susceptibility (ies) 102/ 

of actinides 195/ 
component of the pseudocontact 

shift 99 
of M [ N ( S i M e 3 ) 2 ] 3 33* 
of substituted uranocenes I l l 

Magnetism of actinides 194 
Magnetism, entropy correlation-

metallic radius and 201 
Main group elements, N H 4

+ for 
preparation of mixed-ligand 
metal cyclopentadienides of 61 

Main group metals, sublimation 
enthalpies for 192 

Manhattan project 331 
Many-phonon processes 363 
Marvin radial integrals 351 
Mendelevium (Md) 244 

behavior of 251 
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INDEX 459 
Mendelevium (Md) (continued) 

distribution of 252/ 
extraction behavior of 248* 
isotopes produced for chemical 

studies of 240* 
separation of 247 
volatility 247 

and F m 242 
M d 2 + 249 
M d 3 + to the metallic state in a H g 

amalgam, reduction of 251 
M d 3 + , reduction potential for 249 
Md-256 244 
[ Me 3 Si) 2 N ] (bis (trimethylsilyl) -

amido ligand 31 
( M e 3 S i ) 2 N ] 3 M 32 
( M e 3 S i ) 2 N ] 3 M B H 4 40 
M e 3 S i ) 3 N ] 3 M C l (monochlorotris-

silylamides) 37 
Melting temperatures of actinides .191*, 192 
Melting temperatures of lanthanides .. 191* 

of the trivalent 192 
Metal(s) 

-bonded Cp with H-acids, test for 
the reactivity of 60 

borohydrides, preparation of 332 
borohydrides, sublimation of 332 
-carbon 

bond, in the actinide methyl 
derivatives, thermal stability 
of 38 

bonding, /-orbital participation in 45 
distance 12 
sigma bonds, thorium organo

metallics with 5-18 
sigma bonds, uranium organo

metallics with 5-18 
complexes, C O activation for 

Group VIII 4 
cyclopentadienides of /-block 

elements, N H 4

+ preparation of 
mixed-ligand 61 

dioxo compounds, geometry and 
metal oxygen bond lengths of 314/ 

entropies for the seventh-row 219* 
H - D exchange in d-block transition 42 
heats for the seventh-row 219* 
interaction in organometallic 

complexes, ligand 101 
ion values in aqueous solution for 

silylamide derivatives, trivalent 33 
-nitrogen bond lengths 35 
oxygen bond lengths of metal dioxo 

compounds, geometry and 314* 
-oxygen distance 12 
photoemission process for 429/ 
preparation on the microscale 226 
radii 190/ 

of actinide(s) 189* 

Metal(s) (continued) 
radii (continued) 

of actinide (s) (continued) 
metals, structure and 187 
of the trivalent 191 

of lanthanides 189* 
of trivalent metals 187 

sublimation enthalpies for main 
group 192 

tetrakis-borohydrides 331 
physical properties of 335* 

d-transition 183-196 
/-transition 183-196 

/-Metal ions, steric congestion of 
ligands around 45 

Metallic 
radius (i) 

and magnetism, entropy 
correlation— 201 

for the metallic elements, plots of 202/ 
plot of the nonmagnetic crystal 

entropy against 206/ 
elements, plots of crystal entropies 

for 202/ 
elements, plots of metallic radii for 202/ 

Metallocycle in solution, conforma
tion of 38 

Metallocycle V I 37 
Metallothermic reduction of com

pounds 185 
Methanation, Fischer-Tropsch 4 
Methyl protons of l,l'-diethylura-

nocene, nonlinearity of 119 
^-Methyl group, calculated geometry 

factors for 129* 
Methylcyclohexane, optical spectra 

of P a ( B H 4 ) 4 and P a ( B D 4 ) 4 in .. 346/ 
Methlcyclooctatetraene-4-d, prep

aration of 126,131/ 
Methylene protons in the cyclobuteno, 

geometry of 133 
Mice, effect of tetrameric catechyl-

amides on the distribution of 
238p u ( V I ) i n 162* 

Microabsorption cell 
for Bk solution, light-pipe 233/ 
for Cary spectrophotometer, 

single-bead 230/ 
first single-bead 229/ 
improved single-bead 229/ 
light-pipe 233/, 234/ 

Microchemical techniques in trans
curium element research, criteria 
for selection of 222 

applicability 222 
safety of experimenter and equip

ment 222 
sample purity, maintenance of 222 

Microchemistry, techniques of 221-237 
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460 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Microscale 222 
absorption spectrophotometry on .... 228 
compound preparation on 223 
metal preparation on 226 

Microscope spectrophotometer 
facility, developing 232 

Microscope spectrophotometer 
facility, refining 232 

Migratory insertion process, carbene-
like bihaptoacyls in the C O 13 

Mixed-ligand 
complex, general reaction pattern 

of 60 
metal cyclopentadienides of 

/-block elements, N H 4

+ for 
preparation of 61 

metal cyclopentadienides of main 
group elements, N H 4

+ prepara
tion of 61 

organolanthanide complexes, 
spectroscopy of novel 59-77 

organolanthanide complexes, 
synthesis of novel 59-77 

organo-ytterbium systems 63 
M N 3 unit, pyramidal 33 
Molecular orbital calculations, 

extended Hiickel 8 
Mono-*-butoxycarbonyluranocene 108 

isotropic shift vs. T" 1 for 110/ 
Mono-*-butyluranocene 108 

isotropic shift vs. T"1 for the ring 
protons in the substituted ring 
of 114/ 

Monocarbonylation 6 
Monocarboxylate complexation, 

thermodynamic parameters for .. 176/ 
Monochlorotris-silylamides, 

[ ( M e 3 S i ) 3 N ] M C l 37 
Monochromatic photon 429/ 
Mono-COT actinide half-sandwiches 81 
Mono-COT complexes of uranium, 

preparation of 85 
Monocyclopentadienyl bisphenyl-

acetylide complex 51 
Mono- (di-f-butylphophino) uranocene 108 
Monohaptoacyl(s) 8,19 
Monoinsertion, reversible 10 
Monomeric 

borohydrides, vibrational spectro
scopy and 338 

coupling products 10 
eight-coordinate actinide com

plexes with bidentate ligands, 
geometry of 149* 

thorium derivative, diamagnetic ... 38 
Monosubstituted uranocenes 108 

ring rotation in 109 
Monotetrahydrofuran complex 47 
MS data of Cp 2 Ln(apo) 74* 

MS data of Cp 2 Ln(thd) 71* 
Mulls, Nujol 87 
Multiphonon orbit-lattice relaxation 

of lanthanides in single crystals .. 363 
Multiple photon photodissociation of 

U F 6 372 
Multistep laser photoionization 

apparatus 383 
Multistep laser photoionization of the 

the lanthanides and actinides .381-419 

N 
N-alkyl groups, nonequivalence of 14 
NaCl-type binary intermetallic 

compounds 434 
N a 4 M ( 0 2 C 6 H 4 ) 4 - 2 1 H 2 0 , complexes, 

structural parameters for 152* 
N H 4

+ for preparation of mixed-
ligand metal cyclopentadienides 
of /-block elements 61 

N H 4

+ for preparation of mixed-
ligand metal cyclopentadienides 
of main group elements 61 

N d (see Neodymium) 289 
Neodymium (Nd) 289 

amides 33 
chelate laser action 290 
doped laser crystals 290 
isotope structure of 410/ 
photoionization spectra of 387 

threshold 388/ 
tris [ bis (trimethylsilyl) amide ] 35 

Nd(III) 36 
N d 3 + complexes in the hypersensitive 

region 64 
N d 3 + laser liquids, aprotic 282 
N d [ N ( S i M e 3 ) 2 ] 3 32 

molecular structure of 34/ 
N d : Y A G 290 
Neptunium (Np) 208,300 

borohydride at 77K, best fit force 
constants for 342* 

ionization potentials of 400* 
photoionization threshold spectrum 389/ 
Rydberg series in 392/ 

Np ( B D 4 ) 4 , fundamental vibrations 
of 343* 

N p ( B D 4 ) 4 , gas-phase IR spectra of .. 340/ 
fundamental vibrations of 343* 
gas-phase IR spectra of 340/ 

observed bands in 339* 
low-temperature x-ray powder 

diffraction photographs 337 
observed bands in 339* 
O R T E P diagram of 336/ 
vapor pressure 333 

vs. 1/T for 334/ 
Z r ( B H 4 ) 4 , E P R transitions for 344/ 
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INDEX 461 

N p ( I V ) borohydrides, synthesis and 
characterization of 331-348 

2 3 7 N p ( B D 4 ) 4 , E P R of 345 
Nernst equation 150,249 
NIR/VIS-absorption spectra of 

Cp 3 Yb 75/ 
N I R / V I S absorption spectra of 

Yb(py r ) 3 75/ 
Nitrogen 

bond lengths, metal- 35 
-15 isotopic shift in the 7r-polarized 

single crystal absorption 
spectrum of C s U 0 2 ( N 0 3 ) 3 325/ 

lone pair, basicity of 31 
Is 

signals of P c 2 N d H 55/ 
spectra for octaethylporphyrin 

complexes of lanthanides .... 53 
spectra for tetraphenylporphine 

complexes of lanthanides 53 
N M R (see Nuclear magnetic 

resonance) 
No (see Nobelium) 
Nobelium (No) 253 

divalent oxidation state of 254 
elution of 255/ 
isotope 253 

produced for chemical studies of 240* 
separation of 254 
solution chemistry of 254 

No(Hg) , reduction potential of N o 2 + 

to 259 
No-255 253 
No-259 253 
N o 2 + 

complex formation constants for .... 259* 
elution of 257* 
extraction behavior of 256 
half wave potential of 259 
to No (Hg) , reduction potential of .. 259 
position 256 
stability of 254 

N o 3 + / N o 2 + couple, reduction 
potential of 254 

Nonclassical activation of carbon 
monoxide by organoactinides .... 3-29 

Noncyclopentadienyl ligands 19 
Nonequivalence of the N-alkyl groups 14 
Nonequivalent protons, *H N M R of .. 123 
Nonhydrogen atoms 

o f T h [ r /

5 - ( C H 3 ) 5 C 5 ] 2 [ ^ - C O C H 2 C -
( C H 3 ) 3 ] C 1 , O R T E P drawing 
of 15/ 

for the T h [ ^ - ( C H 3 ) 5 C 5 ] 2 [ ^ - C O N -
( C 2 H 5 ) 2 ] C 1 molecule, O R T E P 
plot of 15/ 

for the T h [ ^ ( C H 3 ) 5 C 5 ] 2 [ ^ - 0 2 C 2 -
( C H 3 ) 2 ] 2 molecule, O R T E P 
drawing of 7/ 

Nonhydrogen atoms (continued) 
i n U h 5 - ( C H 3 ) 5 C 5 ] 2 h 2 - C O N -

( C H 3 ) 2 ] 2 , O R T E P drawing of 17/ 
Nonlinearity of the methyl protons of 

l,l'-diethyluranocene 119 
Nonmagnetic crystal entropy against 

metallic radius, plot of 206/ 
Nonmagnetic rare-earth entropies 201 
/ 6 Nonmagnetic ground-state con

figuration 20 
Nonuranyl componds 369 
Nonuranyl coordination complexes, 

classical 373 
Nonvanishing electric field, ions at 

sites of 267 
Novel mixed-ligand organolanthanide 

complexes, spectroscopy of 59-77 
Novel mixed-ligand organolanthanide 

complexes synthesis of 59—77 
Np (see Neptunium) 
Nuclear fuels, biological hazard 

associated with 144 
Nuclear magnetic resonance ( N M R ) 

data for thorium derivatives 39* 
data for uranium derivatives 39* 
of deuterated 1,1'dibutylurano-

cenes, proton 127* 
of paramagnetic compounds, para

magnetic shifts in 93 
spectra of bimetallic complex II 50 
spectra of organouranium complexes 49 
study of uranocenes 93-136 
studies, rotation detection in 

bihaptocarbamoyl complexes 
by high-temperature 16 

of Uranium ( IV) organometallic 
compounds 95 

Nuclear relaxation times 93 
Nujol mulls 88 

O 

Oak Ridge, transcurium elements 
at 221-237 

Octaethylporphyrin complexes of 
lanthanides, nitrogen Is spectra 
for 53 

Octamethyluranocene 108 
least-squares linear regression 

analysis of variable-tempera
ture *H-NMR data for ring 
protons in 108* 

temperature-dependent *H-NMR of 106 
l ,^3^5^7,7'-Octamethyluranocene 

J H - N M R of 100 
isotropic shift vs. T'1 for ring 

protons in 110/ 
isotropic shift vs. T" 1 for 

uranocene in 110/ 
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462 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Oligomer ( IV) coordination 36 
Oligomers, compact structural 

arrangement of 77 
One-atom chemistry 241 
Optical 

absorption spectra 
of C p 3 N d in hypersensitive 

/ - / transitions 69/ 
of [Cp 2 Nd(ant ) ] 2 in hypersensi

tive / - / transitions 69/ 
of rare-earth ions to their 

environment, sensitivity of .. 267 
properties of actinide and 

lanthanide ions 349-365 
pumping efficiency of lasers 285 
spectroscopy of actinide metals 194 
transitions, temperature dependence 

of homogeneous line width 362 
Optically pumped lanthanide lasers, 

sensitizer ions for 286* 
Orbit-lattice relaxation of lanthanide 

in single crystals, multiphonon .... 363 
Orbital 

bonding, d 316 
bonding, / 316 
calculations, extended Huckel 

molecular 8 
energy (ies) 

in actinyl ions 317/ 
antibonding 328 
in bent transition metal dioxo 

species 135/ 
in linear transition metal dioxo 

species 315/ 
4/ 52 
highest filled 328 
reduction factor 99 

d Orbital bonding 316 
/ Orbital(s) 

bonding 316 
participation 45—56 

in bonding 45, 53 
in metal-carbon 45 

4/ Orbitals 52 
Organic derivatives of the /-block 

elements 45-56 
Organic derivatives of 4/-elements, 

sigma-bonded 45 
Organoactinides, nonclassical activa

tion of carbon monoxide by 3-29 
Organolanthanide complexes 

future perspective on 56 
spectroscopy of novel mixed-

ligand 59-77 
synthesis of novel mixed-ligand 59-77 

Organolanthanide compounds, sigma-
bonded 45 

Organolanthanum complex, para
magnetic 56 

Organometallic (s) 
chemistry of /-block elements 45 
complexes, ligand metal interaction 101 
compounds 374 

of the /-block elements, historical 
background of 7r-bonded 46 

historical background of H - N M R 
spectra of uranium ( IV) 93 

N M R of uranium (IV) 95 
/-element 59 
homoleptic 59 
with metal-carbon sigma bonds, 

thorium 5-18 
with metal-carbon sigma bonds, 

uranium 5-18 
Organouranium complexes, N M R 

spectra of 49 
Organo-ytterbium system(s) 62 

mixed-ligand 63 
O R T E P 

diagram of N p ( B H 4 ) 4 336/ 
drawing of the nonhydrogen atoms 

of T h [ ^ - ( C H 3 ) 5 C 5 ] 2 [ ^ 2 - C O N -
( C 2 H o ) 2 ] C l molecule 15/ 

for the [Th(^-(CH3 ) 5)2(/x-0 2 C 2 -
( C H 3 ) 2 ) ] 2 molecule 7/ 

i n U h 5 - ( C H 3 ) 5 - C r ) ] 2 h 2 -
C O N ( C H 3 ) 2 ] 2 17/ 

plot of the nonhydrogen atoms for 
the T h [ ^ - ( C H 3 ) 5 C 5 ] 2 [ r ; 2 - C O N -
( C 2 H 5 ) 2 ] C 1 molecule 15/ 

Outer electrons 183 
Outer-sphere 

competition, inner 173 
complexation 173 

of Ln(III ) and An(III) ions, 
inner- vs 173—180 

formation constants, calculation of 175 
Oxidation state 

of the lanthanide elements, divalent 36 
of No, divalent 254 
tripositive 243 

Oxides, 5/-electrons and bonding in .. 432 
Oxide reduction 226 
Oxocarbon ligands, calculation of 

stability constants for complexa
tion of Ln(III ) by 177 

Oxochlorouranium compounds 373 
Oxygen 

atom, interaction with acyl 19 
bond order, uranium- 36 
coordination 8 
distance, metal— 12 

Pa (see Protactinium) 
Paramagnetic 

center in C p 3 U - X compounds 98 
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INDEX 463 

Paramagnetic (continued) 
compounds, paramagnetic shifts in 

the N M R of 93 
organolanthanum complex 56 
shift of solutions of C p 3 N d 76 
shifts in the N M R of paramagnetic 

compounds 93 
Parameterization scheme(s) 

for /-electron energy levels 350 
for line positions 350 

electron-phonon interaction 362 
free-ion 352 
line intensities, transition 

probability 358 
Parity rule, breakdown of the 

Laporte 268 
Pauling's correction 256 
PcoNdH, nitrogen Is signals of 55/ 
P c 2 N d (III) "H+, structure of 55/ 
Peak cross section determination 278 
Pentamethylcyclopentadienyl 

actinide hydrocarbyls 4 
Pentamethylcyclopentadienyl ligand .. 4 
bis (Pentamethylcyclopentadienyl) 

actinide compounds with respect 
to carbon monoxide, properties 
of 4-23 

actinide derivatives, structural 
aspects of C O activation by .... 18 

thorium, carbonylation chemistry of 3 
zirconium dialkyls with carbon 

monoxide, reaction of 10 
Pentamethy lsy slop entadienyl 

structure determinations 18 
Perdeutero-derivative 43 
Perturbed-function approach 352 
Phase 

bcc 189 
dhcp 188 
fee 188 
homogeneity of actinide metals 187 
stability of actinide metals 187 
transitions, thermodynamics of 191 

Phenyl-substituted uranocenes 112 
Phenyluranocene, isotropic shift vs. 

T" 1 for the ring protons in 
l,l'-di- 122/ 

Phonon 
processes, many- 363 
processes, two- 362 
-terminated lasers 276 

Photo ESP (photoelectro-spin 
polarization) 437 

Photochemistry of uranium 
compounds 369-376 

Photochemistry of uranium hexa-
fluoride ( U F ) 370 

Photodissociation of UC1 4 , U V 372 
Photodissociation of U F 6 multiple 

photon 372 

Photoelectron 
spectra 

of actinide compounds 427-440 
of A n 4 d 5 / 2 levels of H[LnPc 2 ] .... 54/ 
of L n 3 d 5 / 2 levels of H[LnPc 2 ] .... 54/ 

spectroscopy of actinide metals 194 
spin polarization (photo ESP) 437 

Photoemission 428 
process for a metal 429/ 
spectra for U 0 2 435/ 
spin-polarized 437 

Photoion yield, gadolinium 416/ 
Photoionization 

apparatus, multistep laser 383 
of the lanthanides and actinides, 

multistep laser 381-419 
spectra, excitation schemes to 

obtain 385 
spectra of N d 387 
threshold 

from excited levels of the atom .... 385 
praseodymium 387 
results 387 

representative laser 390* 
Rydberg series and 383 
spectra for neodymium 388/ 
spectrum, neptunium 389/ 

two-laser 400 
Photoionizing laser 402 
Photon, monochromatic 429/ 
Photoreduction, IR-stimulated 371 
Pi polarization 272 
p K a , ligand 175 

log ft with 179/ 
dependency of the percentage of 

inner-sphere complexation on .. 178/ 
log po with 179/ 
log pT with 179/ 

pK a-value of H a c - X , significance of .... 64 
Planar M [ N ( S i M e 3 ) 2 ] 3 35 
Planarity, 7y 2-CONR 2 16 
Plutonium (Pu) 144,208,301 

decorporation by 3,4,3-licams 163 
elimination, catechoylamides and .. 161 
removal, macrochelate in 161 
retention in beagles, effect of 

3,4,3-LICAMS on 165! 
P u ( B H 4 ) 4 , low-temperature x-ray 

powder diffraction photographs 
of 337 

Pu( IV) 144 
borohydrides, synthesis and 

characterization of 331-348 
sequestering agents 146 

2 3 8 P u ( I V ) in mice, effect of tetra-
meric catechoylamides on the 
distribution of 162* 

Pu 3 + , lasing transitions for 301 
energy-level scheme 301 
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464 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Pu 4 + 300 
and Fe 3 + , similarities of 145* 

Pm (see Promethium) 
Polarization 

p i 272 
sigma 272 
in uranocenes, spin- 102/ 

Polyhedra, eight-coordinate 151/ 
Polymorphism of the lighter actinides 189 
Polynomial, Legendre 271 
Praseodymium (Pr) 289 

photoionization threshold 387 
Pr 3 + , energy-level scheme of 289 
Preparation-vacuum system for 

synthesizing transcurium 
element compounds 225/ 

Preparation-vacuum system 
in the T R L 223 

Pressure-temperature data for 
solid californium 218* 

Primary excitation 385 
Probe laser 402 
Promethium (Pm) 291 
Pm 3 + , energy-level scheme of 291 
Pm 3 + in L i F Y 4 , lasing 291 
Propylene, rhodium-catalyzed 

hydroformylation of 7/ 
Protactinium (Pa) 186,207 

thermodynamic analysis for 208 
P a ( B H 4 ) 4 

electronic spectra of 341 
in methylcyclohexane, optical 

spectra of P a ( B H 4 ) 4 and 346/ 
and P a ( B D 4 ) 4 in methylcyclo

hexane, optical spectra of 346/ 
PaO signal 207 
Pa(IV) borohydrides, synthesis 

and characterization of 331-348 
Protic acids 61, 73 
Proton(s) 

A-ring 95 
acids, of special interest, potential .. 61 
acids, survey of 62* 
acidity of H - X 62 
contact shift for endo 132 
contact shift for exo 132 
in the cyclobuteno, geometry of 

the methylene 133 
data vs. X 1 , least-squares 

regression data for alkyl 
uranocene substituent 123* 

of l,l'-diethyluranocene, non-
linearity of the methyl 119 

*H N M R of the nonequivalent 123 
isotropic shifts, ring 95 
N M R of deuterated 

l,l'-dibutyluranocenes 127/ 
pseudocontact shift for 

uranocene ring 99 

Proton(s) (continued) 
resonances, borohydride 98 
resonances in substituted 

uranocenes, temperature 
dependence of 112 

shift data, room-temperature Cp- .. . 63 
a- Protons 

calculated geometry factors for 133* 
contact shift for 119 
isotropic shifts 95 

/2-protons, contact shift for 119 
y-proton abstraction 38 
Protonation of carboxylate groups 

in aqueous solution 177 
Pseudocontact shift(s) 94 

calculated 98,128 
magnetic susceptibility 

component of 99 
for uranocene ring protons 99 

Pu (see Plutonium) 
Pumping efficiency of lasers, optical .. 285 
Purity of actinide metals 186 
Pyramidal M N 3 unit 33 

Q 
Quadrupolar intensities 268 
Quantum 

defect, variation in 394/ 
efficiency 278 

of excited lanthanides in 
liquids, fluorescence 282 

number of Rydberg levels, 
effective 393 

number of Rydberg levels, 
principal 393 

R 
Radial 

integrals, Marvin 351 
integrals, Slater 351, 352 
wave function (Hartee-Fock-

Slater) 256 
Radii, metal 190/ 

of actinides 189* 
metals, structure and 187 
of the trivalent 191 

of lanthanides 189* 
of trivalent metals, 

structure and 187 
Radioactive decay, elucidation of 

chemical consequences of 235 
Radiopolarographic technique for 

determining half-wave potentials 244 
Rare earth 

entropies, nonmagnetic 201 
ions, hypersensitivity and 267 
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INDEX 465 
Rare earth (continued) 

ions to their environment, 
sensitivity of the optical 
absorption spectra of 267 

spectra, vibronic contributions to .... 270 
trihalides, hypersensitive 

transitions of the gaseous 268 
( R C O T ) Th( B H 4 ) 2 ( D M E ) , 

preparation of 89 
( R C O T ) Th ( B H 4 ) 2 ( T H F ) 2 , 

preparation of 88 
Reaction products, characterization .... 63 
Reaction steering 59 
Reactivity 

of metal-bonded Cp with H-acids, 
test for 60 

patterns, d-element 16,18 
patterns, /-element 16, 18 

Reciprocal susceptibility of 
2 4 4 C m metal 194 

Redistribution, ligand 18 
Reduction 

of compounds, metallothermic 185 
factor, orbital 99 
fluoride 226 
of F m 3 + to F m 2 + 243 
of M d 3 + to the metallic state in a 

H g amalgam 251 
oxide 226 
potential 

for M d 3 + 249 
of N o 2 + to No(Hg) 259 
of the N o 3 + / N o 2 + couple 254 

with Sm 2 +, distribution of tracer 
elements after 253* 

Reference compounds, diamagnetic .. 105 
Regression data for alkyl uranocene 

substituent proton data vs 
T"1, least-squares 123* 

Relaxation, spin-spin 93 
Relaxation times, nuclear 93 
5d-»4/ relaxation, lanthanide 299 
Resin-bead calcination apparatus 224/ 
Resin-bead technique for purified 

actinide ions, single 
ion-exchange 222 

Resistivity 
of actinides, electrical 193, 195/ 
measurements in actinide systems .. 193 
temperature dependence of 

americium 193 
Resonance(s) 

borohydride proton 98 
frequency 93 
hybrid, carbonoid 11 
to structure, assigning 124 

Reversible monoinsertion 10 
Rhodium-catalyzed hydroformylation 

of propylene 7/ 

Ring 
center of gravity-metal-ring 

center of gravity angle 
( C K - M - C g ) 18 

centroid-metal-ring centroid 
plane 8 

C O T 87 
-metal-ring vibration 85 
proton(s) 

A 95 
in l,l'-di-*-butyluranocene, 

isotropic shift vs. X 1 for 114/ 
in l,l'-dimethyluranocene, 

isotropic shift vs. X 1 for 113/ 
in l,l'-di-phenyluranocene, 

isotropic shift vs. X" 1 for 122/ 
in octamethyluranocene, least-

squares linear regression 
analysis of variable- tem
perature ^ - N M R data for .. 108* 

in l,l',3,3',5,5',7,7'-octa-
methyluranocene, isotropic 
shift vs. X" 1 for 110/ 

vs. X" 1 for 110/ 
resonances 

of l,l'-dialkyluranocenes, 
pattern of 125/ 

temperature dependence of 
the unsubstituted 109 

unsubstituted uranocenes, 
identification of 123 

in the substituted ring of 
mono-*-butyluranocene, 
isotropic shift vs. X" 1 for 114/ 

in the unsubstituted ring in 
monosubstituted uranocenes, 
least-squares linear regres
sion analysis of variable-
temperature ^ - N M R data.. 108* 

uranocene 107/ 
data, least-squares linear 

regression lines for 
alkyl 120*-121* 

least-squares linear regression 
analysis of variable-
temperature J H - N M R data 108* 

pseudocontact shift for 99 
rotation in monosubstituted .... 109 

—ring rotation in the uranocene 
moiety 121 

Rn, 5/ n, Hartree-Fock integrals for .... 357* 
Room-temperature 

Cp-proton shift data 63 
J H - N M R spectra of 

[ C P 2 Y b C 2 ( n - C 4 H 9 ) ] 3 

in toluene-d8 solution 65/ 
J H - N M R spectra 

[ C p 2 Y b 0 2 C ( n - C 4 H 9 ) ] 2 

in toluene-ds solution 65/ 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
23

, 1
98

0 
| d

oi
: 1

0.
10

21
/b

k-
19

80
-0

13
1.

ix
00

1



466 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Rotation 
about the C - N bond 14 
about the C r i n g - C a bond 121 
detection in bihaptocarbamoyl 

complexes by high tempera
ture N M R studies 16 

frozen I l l 
in tetra-*-butyluranocene, 

barrier to 124 
Rydberg 

convergence limits 393 
lanthanide 393 

levels 
autoionizing 415 
effective quantum number of 393 
principal quantum number of .... 393 

series 382 
in atomic uranium 383 
convergence, dysprosium 

autoionizing 391/ 
levels, bound 393 
limits determined by stepwise 

laser spectroscopy 395* 
in neptunium 392/ 
and photoionization thresholds .... 393 
results 387 

spectra, excitation schemes 
to obtain 385, 386/ 

spectrum, dysprosium autoionizing 387 

S 
Sed (electric dipole line strength) 358 
S 0 2 to C O T , addition of 126 
Samarium (Sm) 215,291 

(Ind) 3 , structure of 48/ 
laser action, divalent 295 

Sm 2 + distribution of tracer elements 
after reduction with 253* 

Satellite spectra, shake-up core-level .. 434 
Satellite structure 434 
Saturation 

point 415 
spectroscopy, advantages of 407 
spectroscopy, disadvantages of 407 

Scattering mechanism, s-d 194 
Screening factor 269 
Second ionization potentials 400 
Second-law heats 212 
Semi-Schiff base 70 
Sensitization, fluorescence 303 
Sensitizer ion 286* 

for optically pumped lanthanide 
lasers 286* 

requirements for 285 
Separation of M d 247 
Sequestering agents, actinide 159 

specific 143-166 
structure of the tetracatechol 160/ 

Sequestering agents, Pu( IV) 146 
Shake-off 434 
Shake-up 434 

core level satellite spectra 434 
Shielding of the 5/ electrons of 

the actinides 299 
Shift(s) 

contact 94 
calculated 98,128 
for endo protons 132 
for exo protons 132 
for a-protons 119 
for /^-protons 119 
in uranocenes 101 

dipolar 94 
downfield 94 
isotropic 94 

a-proton 95 
ring proton 95 
total 94 
in uranocenes, separation of 101 

pseudocontact 94 
calculated 98,128 
magnetic susceptibility 

component of 99 
for uranocene ring protons 99 

upfield 94 
in uranocene, * H isotropic 99 

Siderophores 146 
representative 147/ 

Sigma 
-bonded organic derivatives of 

4/-elements 45 
-bonded organolanthanide 

compounds 45 
bonds 

properties of actinide-to-carbon .. 3 
thorium organometallics with 

metal-carbon 5-18 
uranium organometalics with 

metal-carbon 5-18 
polarization 272 

Silylamide(s) 
colors of 32 
and the crystalline lattice, 

binary, trivalent 33 
derivative, synthesis of a 

trivalent uranium 35 
derivatives, trivalent metal ion 

values in aqueous solution 
for 33 

ligand 32 
[ (Me 3 Si ) 3 N] MCI mono-

chlorotris- 37 
Single 

-bead absorption cell, 
limitations on 231 

-bead microabsorption cell 
for Cary spectrophotometer 230/ 
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INDEX 467 

Single (continued) 
-bead microabsorption cell (continued) 

first 229/ 
improved 229/ 

crystal(s), absorption spectrum 
of C s U 0 2 ( N 0 3 ) 3 , nitrogen-15 

isotropic shift in the 
polarized 325/ 

of C s 2 U 0 2 C l 4 , effect of a 
magnetic field on 320/, 321/ 

polarized, of C 2 U 0 2 C 1 4 316, 317/ 
Slater radial integrals 351, 352 
Sm (see Samarium) 
Sodium-bis(trimethylsilyl)amide 32 
Solid(s) 

and actinide laser action 282 
and lanthanide laser action 282 
-state lasers 290 
-state studies, actinides for 184* 

Solution . . . 
absorption spectrum of Bk(III) 228 
chemistry of F m 243 
chemistry of No 254 

Solvent-separated ion pairs 173 
Specific heats of actinides 193* 
Specific heat of americium 192 
Spectroscopy of actinide metals, 

optical 194 
Spectroscopy of actinide metals, 

photoelectron 194 
Spin 

Hamiltonian 341 
-other-orbit interaction 351 
-spin interaction 351 

-orbit coupling parameters 318 
-orbit interaction between 

/-electrons, Coulomb and 350 
polarization of ligand electrons 101 
polarization in uranocenes 102/ 
-polarized photoemission 437 
—spin relaxation 93 

SPCs (subshell photoionization 
cross sections) 430 

SQUID (super conducting quantum 
interference device) 226 

Sr 2 +, complex formation constants for 259* 
Sr 2 +, elution of 257/ 
Stability constants 

of An (III) complexes of carbo
hydrates, Born-type equation 
to calculate 175 

for complexation of Ln(III ) 
by oxocarbon ligands, 
calculation of 177 

of L n (III) complexes of carboxy-
lates, Born-type equation to 
calculate 175 

5/ States in actinide oxides, 
XPS spectra of 431/ 

Steering, reaction 59 
Stepwise laser excitation 

techniques 401 
Stereochemical freedom 161 
Stereochemistry of dioxo 

compounds 313 
Steric congestion of ligands 

around /-metal ions 45 
Steric hindrance 83 
Stokes-shifted 5d-»4f emission 

from E u 2 + 295 
Stretching 

frequency, C - O 8 
acyl 11 

frequency, U - O 36 
motions, y B H t 338 

Sublimation enthalpies 
of actinides 191* 
of lanthanides 191* 
for main group metals 192 
for d-transition metals 192 

Subshell photoionization cross 
sections (SPCs) 430 

Substituent proton data vs. T"1, 
least squares regression data 
for alkyl uranocenes 123* 

Substituents on magnetic anisotrophy, 
effects of H I 

Substituted cyclooctatetraene 
dianions H 2 

Substituted uranocenes 
m N M R in 

resonances of 116*-118f 
identification of ring proton 

resonances in 123 
magnetic susceptibility of I l l 
temperature dependence of proton 

resonances in 112 
Superconducting quantum inter

ference device (SQUID) 226 
Superconductivity of actinides 194 
Suspended-drop 231 
Symmetry of a complex, lowered 98 
Synthesis of a trivalent uranium 

silylamide derivative 35 

T 
Tb (see Terbium) 
Temperature(s) 

of the actinides, melting 192 
coalescence 98 
dependence 

of americium resistivity 193 
in the C P 2 L n - R complexes 51 
Curie-Weiss 194 
J H - N M R of octamethyl

uranocene 106 
J H - N M R of uranocene 106 
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468 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Temperature (s) (continued) 
dependence (continued) 

of homogeneous line width of 
optical transitions 362 

of proton resonances in 
substituted uranocenes 112 

of the unsubstituted ring 
proton resonances 109 

spectra, high- 123 
of the trivalent lanthanides, 

melting 192 
variation of the *H-NMR shift 

values of [ C p 2 Y b C 2 ( n - C 4 H 9 ) ] 3 

with 67/ 
Tensor operators 351 
Terbium (Tb) 292 

chelate lasers 282 
1,5,9,13-Tetraazacyclohexadecane 161 
Tetra-f-butyluranocene, barrier to 

rotation in 124 
Tetracatechol actinide sequestering 

agents, structure of 160/ 
Tetracatechol chelating agents 159 
Tetrakis Ce( IV) complex, formation 

constant of 150 
Tetrakis catecholate salts 150 
Tetrameric catechoylamides on the 

distribution of 2 3 8 P u ( I V ) in 
mice, effect of 162* 

Tetraphenylporphine complexes of 
lanthanides, nitrogen Is spectra 
for 53 

Tetravalent actinide derivatives 37 
T i (V*C r,H 5) o (T7 2-COCH 3) C l , 

molecular structure of 9/ 
Thenoyltrifluoroacetone dissolved 

in methyl isobutyl ketone 261 
Th (see Thorium) 
Thermal 

dissociation of compounds 185 
equilibrium 362 
stability of the metal—carbon bond 

in the actinide methyl 
derivatives 38 

Thermodynamic (s) 
of actinide metals 199-219 
A m 201 
analysis for Pa 208 
calculations of entropy 215 
calculations of vapor pressure 215 
data A m 211* 
data for Cf 218* 

T H F 81 
Third-law heats 212 
Thorium (Th) 205 

chemistry biscyclopentadienyl 4 
derivative(s) 37 

diamagnetic monomeric 38 
N M R data for S9t 

Thorium (Th) (continued) 
organometallics with metal-

carbon sigma bonds 5-18 
as reductant for actinium oxides .... 185 
as reductant for curium oxides 185 
vaporization of 207 

T h ( B H 4 ) 4 ( T H F ) 2 83 
T h h s - ( C H 8 ) B C 5 ] 2 

[ r ?

2 - C O C H 2 C ( C H 3 ) 3 ] C l , 
O R T E P drawing of the non
hydrogen atoms of 15/ 

T h [ ^ - ( C H 8 ) B C B ] 2 

[ r ?

2 - C O N ( C 2 H r ) ) 2 ] C l molecule, 
O R T E P plot of the nonhydrogen 
atoms for 15/ 

[ T h ( ^ - ( C H 3 ) 5 C 5 ) 2 

( / x - 0 2 C 2 ( C H 3 ) 2 ) ] 2 molecule, 
O R T E P drawing of the non
hydrogen atoms for 7/ 

T h C l 4 and K 2 B u C O T , preparation of 
thorocene from 81 

ThN, UPS spectra for 434, 435/ 
T h - O bond 155 
Th[ i -Pr-N(0)-C(0)-*-Bu] 4 154/ 

coordination polyhedron of 156/ 
Th[i-Pr-N(0)-C(0)-neopentyl] 4 158/ 

structure of 158/ 
Th [ i -P r -N(0 ) -C(0 ) -R] 4 , shape 

parameters for 157* 
Thorocene from T h C l 4 and 

K 2 B u C O T , preparation of 81 
Thorocene, diamagnetic 105 
Three-coordinate derivatives, the 

coordinative unsaturation of 35 
Thulium (Tm) 294,297 
T m 3 + 294 
Tm (see Thulium) 
Toluene-dg 103 

solution 
J - N M R data of 

[Cp 2 Yb(ket im)] 2 in 71 
room-temperature *H-NMR 

spectra of 
[ C p 2 Y b C 2 ( n - C 4 H „ ) ] 3 in 65/ 

room-temperature ^ - N M R 
spectra of 
[ C p 2 Y b 0 2 C ( n - C 4 H 9 ) ] 2 in .... 65/ 

Total constants 174 
Total isotropic shift 94 
Tracer elements after reduction 

with Sm 2 +, distribution of 253* 
Transcurium element(s) 

at Berkeley 221-237 
compounds, preparation-vacuum 

system for synthesizing 225/ 
metal, methods for producing 226 
at Oak Ridge 221-237 
research, criteria for selection of 

microchemical techniques in .... 222 
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INDEX 469 
Transitions 

for cascade lasing schemes 277/ 
in /-electron systems, hypersensi

tive 267-273 
elements 183 
for four-level lasing schemes 277/ 
of the gaseous rare-earth 

trihalides, hypersensitive 268 
metal(s) 

d- 183-196 
dioxo cations, geometry of 315/ 
dioxo species 

bonding characteristics in bent 315/ 
bonding characteristics in 

linear 315/ 
orbital energies in bent 315/ 
orbital energies in linear 315/ 

/- 183-196 
H - D exchange in d-block 42 

probability (ies) 406 
to absolute /-values, 

conversion of 407 
of excited levels in atoms 401 
parameterization scheme, 

line intensities 358 
in uranium 406* 

state, four-center 42 
thermodynamics of phase 191 

d-Transition metals 183-196 
sublimation enthalpies for 192 

/-Transition metals 183-196 
f-d Transitions of lanthanide ions 

in solids at 300 K, comparison 
of spectroscopic properties of 
/ - / a n d 279* 

/ - / Transitions 281 
for lasing 297 
optical absorption spectra of 

[Cp 2 Nd(ant) ] 2 in hyper
sensitive 69/ 

optical absorption spectra of 
C p 3 N d in hypersensitive 69/ 

/ - / and f—d Transitions of lanthanide 
ions in solids at 300 K, 
comparison of spectroscopic 
properties of 279* 

3->2 Transition, lasing 276 
4-^3 Transition 276 
4/-^5d Transitions 295 
5d-»4/ Transitions 295 
Transplutonium element, preparative 

chemistry for 227* 
Transuranium research laboratory 

( T R L ) 223 
preparation-vacuum system in 223 

Trichloride, uranium 35 
Tridative bonding 31 
Tridentate forms for actinide 

borohydrides 85 

Tridentate lithium borohydride 40 
Trihalides, hypersensitive transitions 

of the gaseous rare-earth 268 
Trimethylamineoxide, U (III) 

complex of 36 
bis (Trimethylsilyl) amide deriva

tives of the 4/-block metals 31-43 
bis (Trimethylsilyl) amide deriva

tives of the 5/-block metals 31-43 
tris [ bis (Trimethylsilyl) amide ], 

neodymium 35 
bis (Trimethylsilyl )amido ligand 

( [Me 3 Si ) 2 N]) 31 
Trimethylsilylmethyl derivatives, 

carbonylation of 12 
Triphenylphosphine oxide 35 
Tripositive 

actinide ions in aqueous solution, 
absorption spectra of 360/ 

actinide ions L a C l 3 , energy-level 
structure of 355/ 

lanthanide ions L a C l 3 , energy-level 
structure of 354/ 

oxidation state 243 
Triscyclopentadienyl uranium (IV) 

compounds 95 
Trivalent 

actinide (s) 
cations 174 
energy-level schemes 300 
ions, energy levels of 298/ 
ions in lanthanum trichloride, 

free-ion parameters for 356* 
metal radii of 191 

ions 286 
of the lanthanide series, 

energy levels for 287/, 288/ 
of the lanthanide series, laser 

transitions for 287/, 288/ 
lanthanide(s) 

cations 174 
melting temperatures of 192 
metals, structure and metal 

radii of 187 
metal ion values in aqueous solution 

for silylamide derivatives 33 
silylamides and the crystalline 

lattice, binary 33 
uranium 300 

silylamide derivative, 
synthesis of 35 

T R L (see Transuranium research 
laboratory) 

Tub-tub interconversion of the 
uncomplexed cyclooctatetraene 
ring 121 

Two 
-body configuration interaction 

parameters 352 
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470 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Two (continued) 
-laser photoionization 400 
-open-shell system 318 
-phonon processes 362 
-straight-line behavior 398 

U 

U - C cr bond 47 
U = 0 stretching frequency 36 
U H V target/MS Knudsen effusion 

apparatus, cross-section 
view of 206/ 

U N , UPS spectra for 434, 435/, 436/ 
U (see Uranium) 
Ungerade / orbitals 318 
Unsaturated hydrocarbons, catalytic 

activity of lanthanide com
pounds towards 60* 

Unsaturation, coordinative 18 
Unsaturation of three-coordinate 

derivatives, coordinative 35 
Unsubstituted ring proton resonances, 

temperature dependence of 109 
Upfield shifts 94 
UPS (see U V photoemission 

spectroscopy) 
Uranium (U) 208,300 

alkoxides 373 
borohydride ( U ( B H 4 ) 4 ) 374,375 

crystal structure of 333 
photochemical decomposition of .. 374 

branching ratios 406* 
chemistry 4 
compounds, photochemistry of .369-376 
bis (cyclooctatetraene) 46 
derivative(s) 37 

N M R data for 39* 
halides 372 
hexafluoride ( U F ) 

IR spectrum of 370 
isotope separation, laser-driven .. 371 
photochemistry, gas-phase 370, 371 
spectroscopic properties of 370 

ionization potentials of 400* 
lifetimes 406 
organometallics with metal-

carbon sigma bonds 5-18 
-oxygen bond order 36 
preparation of mono-COT 

complexes of 85 
Rydberg series in atomic 383 
silylamide derivative, synthesis 

of a trivalent 35 
transition probabilities in 406 
trichloride 35 
trivalent 300 
vaporization behavior of 208 
XPS valence spectra of 433/ 

U h 5 - ( C H 3 ) 5 C 8 ] 2- h 2 - C O N ( C H 3 ) 2 ] 2 , 
O R T E P drawing of the non
hydrogen atoms in 17/ 

UF1 4 , U V photodissociation of 372 
u o 2 

photoemission spectra for 435/ 
XPS spectra, calculated 431/ 
XPS spectra, measured 431/ 

U 0 2 C 0 3 energy levels 439/ 
U F 0 (see Uranium hexaflouride) 
Uranium (III) 36 

complex of trimethylamineoxide .... 36 
Uranium (IV) 

citrate aqueous solutions, 
photolyses of 373 

compounds, triscyclopentadienyl .... 95 
with hydroxamic acids, coordi

nation chemistry of 159 
organometallic compounds, 

historical background of 
H - N M R spectra of 93 

organometallic compounds, 
N M R of 95 

Uranocene(s) 46,58,99 
conformations of l,l'-disubstituted 125/ 
contact shifts in 101 
l,l'bis(cyclooctatetraenyl) 112,118 
l,l'-di(cyclooctatetraenyl) 119 
*H isotropic shift in 99 

earlier analyses of 100* 
*H-NMR 

line width at half height of 
resonances of 109* 

temperature-dependent 106 
variable-temperature 103 

analyzed by 105* 
isotropic shift vs. T 1 for 107/, 110/ 

in 1,1',3,3',5,5',7,7'-
octamethyluranocene 110/ 

magnetic properties of 115/ 
moiety, ring-ring rotation in 121 
mono- (di-*-butylphosphino) 108 
monosubstituted 108 

least-squares linear regression 
analysis of variable-tempera
ture *H-NMR data for ring 
protons in the unsubstituted 
ring in 108* 

ring rotation 109 
N M R studies of 93-136 
ring proton(s) 107/ 

data, least-squares linear regres
sion lines for alkyl 120*-121* 

least-squares linear regression 
analysis of variable-tempera
ture *H-NMR data for 108* 

pseudocontact shift for 99 
separation of the isotropic shifts 101 
spin-polarization in 102/ 
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INDEX 471 

Uranocene (s) (continued) 
substituent proton data vs. T"1, 

least-squares regression data 
for alkyl 123* 

substituted 
conformations of the 

substituent in 122/ 
' H - N M R of I l l 
' H - N M R resonances of 116*-118* 
identification of ring proton 

resonances in 123 
magnetic susceptibility of I l l 
phenyl- 112 
temperature dependence of 

proton resonances in 112 
variable-temperature ' H - N M R of 103 

Uranyl compounds 375 
XPS spectra of 438/ 

U V photodissociation of UC1 4 372 
U V photoemission spectroscopy 

(UPS) 427 
spectra for T h N 434, 435/ 
spectra for U N 434, 435/, 436/ 

V 
Valence electrons 183 
Valence states, core level and 

localized 428 
/-Values 

conversion of transition probabili
ties to 407 

for dysprosium 408* 
relative 407 

Vapor phase, actinide preparation via 186* 
Vapor pressure 

of actinide metals 199-219 
of Cf 214/ 
data for Am 210/ 
data for Bk-249 metal 213/ 
of N p ( B H 4 ) 4 333 
thermodynamic calculations of 215 
vs. 1 /Tfor N p ( B H 4 ) 4 334/ 

Vaporization 
of the actinide metal 185 
behavior of uranium 208 
heat of 200 
of T H 207 

Variable-temperature ' H N M R data 
for ring protons, least-squares 
linear regresison analysis 

in octamethyluranocene 108* 
in the unsubstituted ring in mono-

substituted uranocenes, 108* 
in uranocene 108* 

Variable-temperature ' H N M R of 
uranocene(s) 103 

substituted 103 
analyzed by 105* 

Vibration, borohydrides and modes of 338 
Vibration, ring-metal-ring 85 
Vibrational spectroscopy and 

monomeric borohydrides 338 
Vibronic contributions to actinide 

spectra 270 
Vibronic contributions to rare-earth 

spectra 270 
Vibronic lasers 276 
Volatility 

of actinide borohydride complexes.. 83 
intermolecular bonds and 337 
M d 247 

and F m 242 

W 

Wave function overlap, 5/ 189 
Wave functions, J-mixing of 353 
Weak proton acids, reaction of 

C p 3 L n with 73 

X 

X-ray(s) 
and actinide metal structure 

determination 187 
analysis, absorption spectrophoto-

metric analysis vs 232 
photoemission spectroscopy (XPS) 427 

and electronic structure 427 
line intensities 430 
spectra 

for actinide dioxides 430 
of 5/ states in actinide oxides .. 431/ 
of uranyl compounds 438/ 

technique, capabilities of 428 
valence spectra of uranium 

oxides 433/ 
powder diffraction photographs of 

N p ( B H 4 ) 4 , low temperature .. 337 
powder diffraction photographs of 

Pu ( B H 4 ) 4 , low temperature .... 337 
XPS (see X-ray photoemission 

spectroscopy) 

Y 

Y 3 A 1 5 0 1 2 ( Y A G ) 284 
Y A G (Y 3 Al B Oi2) 284 
Ylide 38 
Ytterbium (Yb) 294 

-alkynl complexes, properties of .. . 73 
amides 33 
system, organo 63 

systems, mixed-ligand 63 
Yb N ( S i M e 3 ) 2 3 32 
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472 LANTHANIDE AND ACTINIDE CHEMISTRY AND SPECTROSCOPY 

Y b 3 + 294 Zirconium dialkyls with carbon 
-complex(es) 63 monoxide, reaction of 

-alkynl, isotropic proton shifts of 63 bis (pentamethylcyclopenta
dienyl) 10 

2 Zr ( ^ - C 5 H B ) 2 (>72-COCH3) C H 3 , 
Zeeman effect measurements 318 molecular structure of 9/ 
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