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F O R E W O R D 

A D V A N C E S I N C H E M I S T R Y S E R I E S was founded i n 1 9 4 9 b y the 
A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d co l 
lections of da ta i n special areas of top i ca l interest that could 
not be accommodated i n the Society 's journals . I t provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d is t r ibuted among several journals or not p u b 
l ished at a l l . Papers are refereed c r i t i ca l l y according to A C S 
edi tor ia l standards a n d receive the careful a t tent ion a n d proc
essing characteristic of A C S publ icat ions . Papers publ ished 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are or ig inal contr ibut ions 
not publ ished elsewhere i n whole or major par t a n d include 
reports of research as wel l as reviews since symposia m a y e m 
brace bo th types of presentation. 
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PREFACE 

T a n t h a n i d e chemistry is approach ing its 200th Anniversary , b u t except 
for data on t h o r i u m a n d u r a n i u m the chemistry of the actinides is a 

comparat ive youngster of some 30 years. H o w e v e r , the two chemis
tries are int imate ly associated because their elements are of the / t rans i 
t i on type a n d thus f o rmal ly comparable w i t h each other a n d different 
f rom other elements. Indeed, these paral lels made i t possible to u n r a v e l 
ac t in ide behavior i n the early days of t ransuran ium element product ion . 
I n a d d i t i o n to their chemica l s imilarit ies , the two series also share the 
properties of magnet ism a n d radiant energy absorpt ion a n d emission 
characterist ic of / -e lectron species. H o w e v e r , important differences exist 
also, par t i cu lar ly i n ox idat ion states, i n bond ing , a n d i n complex- ion 
formation. 

Substant ia l n e w in format ion has been accumulated i n the past f ew 
years. I n part , n e w appl icat ions for the lanthanides a n d actinides have 
p r o m p t e d this surge. I n part, the general quest for knowledge , the a p p l i 
cat ion of new techniques a n d instruments, a n d the advances i n data 
interpretat ion have contr ibuted as w e l l . A l t h o u g h developments i n the 
two areas have not been exactly para l l e l , the u n d e r l y i n g chemistry is 
fundamenta l ly the same. It seemed appropriate , therefore, to summarize 
the significant areas of current chemica l research and , as has not been 
done previously , to b r i n g together bo th lanthanide a n d act in ide c h e m 
istry to emphasize their para l l e l a n d divergent behavior . T h e consistent 
retention of the terms lanthanide a n d act inide , rather t h a n the subst i tu
t i on of the terms lanthano id a n d ac t ino id as recommended b y the I U P A C 
C o m m i s s i o n on the Nomenc la ture of Inorganic C h e m i s t r y , has been 
d ic tated b y c o m m o n usage. 

I n arrang ing the sympos ium, w e w i s h e d to make the presentations 
bo th in format ive a n d instruct ive . Therefore, n e w a n d o r ig ina l research 
were interspersed w i t h in format ion avai lable i n specific areas, a n d the 
program was ba lanced i n terms of current interest a n d act iv i ty . W e 
regret that not a l l of the papers presented c o u l d be i n c l u d e d , b u t w e 
bel ieve the vo lume does cover lanthanide a n d act inide chemistry as i t is 
current ly be ing emphas ized a n d oract i ced . 

ix 
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W e express our sincere apprec iat ion to the part ic ipants i n the s y m 
p o s i u m for their contr ibutions a n d to the officers of the D i v i s i o n of 
Inorganic C h e m i s t r y for their assistance i n m a k i n g the final arrangements. 

Argonne, Ill. 
Urbana, Ill. 
March 27, 1967. 

PAUL R. FIELDS 
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1 

Recent Advances in Actinide and 
Lanthanide Chemistry 

K. W . BAGNALL 

Chemistry Division, A.E.R.E., Harwel l , Didcot, Berks., England 

The chemistry of the lighter actinides from thorium to 
americium, all being available in substantial quantities, is 
now well understood. In the +4, or higher oxidation states, 
these elements are best considered as an inner transition 
series. Their chemistry shows both horizontal similarities 
within the actinide group and to a lesser degree, some verti
cal similarities with the group 4, 5, and 6 d-transition ele
ments. All of the actinides in their + 3 oxidation states 
behave in much the same way as the lanthanides. The 
chemistry of the actinides is reviewed within this context 
and compared with the corresponding lanthanides. 

Τ η rev i ewing the chemistry of the actinides as a group, the simplest 
A approach is to consider each valence state separately. I n the tervalent 
state, a n d such examples of the d iva lent state as are k n o w n , the actinides 
show s imi lar chemica l behavior to the lanthanides. E x p e r i m e n t a l di f f i 
culties w i t h the terposit ive actinides u p to p l u t o n i u m are considerable 
because of the ready ox idat ion of this state. Some correlat ion exists w i t h 
the actinides i n studies of the lanthanide tetrafluorides a n d fluoro c o m 
plexes. F o r other compounds of the 4-valent actinides, p ro tac t in ium 
shows almost as m a n y s imilarit ies as differences between t h o r i u m a n d 
the u r a n i u m - a m e r i c i u m set; thus invest igat ing the complex f o rming p r o p 
erties of their hal ides has attracted attention. I n the 5- a n d 6-valent 
states, the elements f rom u r a n i u m to a m e r i c i u m show a considerable 
degree of chemica l s imi lar i ty . P r o t a c t i n i u m ( V ) behaves i n m u c h the 
same w a y as these elements i n the 5-valent state except for water , where 
its h y d r o l y t i c behavior is more reminiscent of n i o b i u m a n d tanta lum. 

T h i s rev iew is largely restr icted to w o r k w h i c h has been p u b l i s h e d 
i n the 1960's w i t h emphasis on the chemistry of the hal ides a n d the ir 
complexes. These have been the subject of most of the recent research, 
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2 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

a n d a complete comparison of a l l the k n o w n chemistry of the lanthanides 
a n d actinides has not been attempted previously . 

Divalent State 

C o m p o u n d s of d ivalent samar ium, europ ium, a n d y t t e r b i u m are 
w e l l - k n o w n . I n recent years, l ower hal ides of other lanthanides , such as 
n e o d y m i u m (48), p raseodymium (45, 49, 90), a n d t h u l i u m (4) have 
been obta ined b y reduc ing the t r iha l ide w i t h the meta l . T h e correspond
i n g react ion of t h o r i u m tetraiodide w i t h t h o r i u m meta l has l e d to the 
identi f icat ion of two crystal l ine forms of T h l 2 (41, 91); i t is u n l i k e l y that 
the T h 2 + , or even T h 3 + , i on is present i n T h l 2 , but l ike P r l 2 , w h i c h is 
f ormulated as P r 3 + ( I ~ ) 2 ( e ~ ) (2), the c o m p o u n d is p robab ly of the type 
T h 4 + ( r ) 2 ( 2 e ~ ) (41). C e r t a i n l y one crystal f o rm is d iamagnet i c (41), 
suggesting the latter formulat ion . 

I n add i t i on , a l l of the lanthanides have n o w been obta ined i n the 
d iva lent state i n d i lute so lut ion i n a C a F 2 matr ix b y γ-irradiation (74), 
fused salt electrolysis (52), or a lkal ine earth meta l reduct ion (68). 
Attempts to reduce amer i c ium, the analog of europ ium, to this l ower 
ox idat ion state have also been successful under s imi lar condit ions (51); 
the A m 2 + i on , w h i c h occupies C a 2 + sites i n the crystal , was ident i f ied b y 
its E S R spectrum. S i m i l a r attempts to obta in u r a n i u m ( I I ) have been 
unsuccessful (51). 

Tervalent State 

I n the lanthanides , the basic chemistry of p r o m e t h i u m has become 
better k n o w n because of the ava i lab i l i t y of re lat ive ly large quantit ies of 
1 4 7 P m (103), the observed behavior of the element be ing m u c h as one 
w o u l d expect. I n the actinides, T h l 3 has been prepared b y react ion of 
T h l 4 w i t h t h o r i u m meta l (41, 91) a n d appears to be an ionic c o m p o u n d ; 
i f so, i t w i l l p resumably be paramagnetic . W i t h the h igher actinides 
be ing p r o d u c e d i n large quantit ies , it is p leas ing to see crystal lographic 
data reported for ca l i f o rn ium compounds , the emera ld green t r i ch lor ide 
be ing hexagonal ( U C 1 3 ) , a n d the sesquioxide monoc l in i c ( S m 2 0 3 ) (58) 
w h i l e , w i t h the identi f icat ion of a longer - l ived (79 days) isotope of 
f e r m i u m [ 2 5 7 F m (60 ) ] it appears as though microchemica l studies of a l l 
the actinides u p to element 100 w i l l become pract icable . 

Studies of the complex chemistry of the tervalent lanthanides show 
that coord inat ion numbers h igher than six are common, for example i n the 
tetrakistropolonates (79), the complexes of the perchlorates w i t h N,N-
dimethy lacetamide ( D M A ) (77) or o c tamethylpyrophosphoramide (61), 
of the iodides w i t h Ν,Ν-dimethylformamide ( D M F ) (76), the nitrates 
w i t h t r iphenylphosphine (or arsine) oxide (46), a n d the β-diketone 
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1. B A G N A L L Recent Advances 

chelates (28); m a n y of these complexes are discussed later i n this vo lume. 
A c t i n i d e ( I I I ) analogs do not seem to have been prepared . 

I n their halo complexes, the lanthanides ( I I I ) a n d actinides ( I I I ) 
show a considerable s imi lar i ty . T h u s tetrafluorolanthanides ( I I I ) (100) 
a n d -actinides ( I I ) (65, 72) have been reported, a l l of them h a v i n g 
hexagonal symmetry , a n d hexahalolanthanides ( I I I ) a n d some act in ide 
( I I I ) analogs have also been prepared ; the t r i p h e n y l p h o s p h o n i u m hexa-
chlorolanthanides ( I I I ) have been isolated f r o m nonaqueous solvents, 
a n d their v is ib le spectra have been discussed i n some de ta i l (62, 89). 
T h e corresponding a m e r i c i u m ( I I I ) salt can be made i n a s imi lar m a n 
ner ( 8 7 ) , but the aqueous a l k a l i c h l o r i d e / A m C l 3 system is more c o m p l i 
cated, the species C s A m C l 4 · 4 H 2 0 a n d C s 2 N a A m C l 6 b e i n g isolated f rom 
aqueous solut ion a n d " C s 3 A m C l 6 " f r om ethanol ic hydroch lor i c a c i d so lu
tions of the components ( 2 5 ) ; this last may , however , be C s 8 A m 3 C l i 7 . T h e 
p l u t o n i u m compound , C s 3 P u C l 6 · 2 H 2 0 , has been isolated f r o m aqueous 
hydroch lor i c a c i d (95). M a n y more lanthanide a n d act in ide halo complex 
species have been reported for fused salt melts , rang ing i n the case of 
the chlorides f rom the s imple M C L f i on to M 2 C 1 9

3 " a n d M 3 C l i 0
a " ; some 

examples are shown i n T a b l e I. M a n y of them exist on ly i n fused salts 
a n d have not been prepared b y other means. 

Table I. Anionic Chlorocomplexes in Fused Salts 

Anion Metal (M) Reference 

M C L f L a 9 
M C 1 5

2 - L a , Ce , Pr , N d , Sm, P u 9, 72, 78, 80, 97, 98 
M C V " Se, Y , L a , Ce , Pr , N d , Sm, Y b , P u 9, 59, 69, 72, 78, 80, 97, 98 
M C 1 9

6 " P u 72 
M 2 C 1 7 - Sm, P u 72, 80 
M 2 C V - Se, Ce , Pr , N d 9, 59 
M 3 C 1 1 0 - Y , L a , Ce 9, 69 

Tetravalent State 

I n the 4-valent state of the elements, one of the most remarkable 
preparat ive reactions reported recent ly is the iso lat ion of P r F 4 b y w a s h i n g 
s o d i u m fluoride f r om the complex N a 2 P r F 6 w i t h anhydrous H F i n the 
presence of fluorine (92). T h e structures of P r F 4 a n d its fluoro complexes 
are analogous to those of the corresponding u r a n i u m compounds ( I ) , 
a n d evidence has been obta ined for the format ion of P r ( I V ) n i trato 
species i n the react ion of P r 6 O n or P r 0 2 w i t h d in i t rogen pentoxide (93). 
A var iety of fluoro complexes f o rmed b y the 4-valent elements f r o m 
pro tac t in ium to c u r i u m have also been reported recently (82). 

A n unusua l layer structure has been f o u n d for T h l 4 (104), a n d the 
existence of P a C l 4 has n o w been confirmed. P a O C l 2 , P a O B r 2 (31), 
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4 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

P a B r 4 (33), P a O I 2 , a n d P a l 4 (31 ) a n d some of their complexes, i n c l u d i n g 
hexachloro- , hexabromo- , a n d hexaiodoprotactinates ( I V ) (33) have been 
prepared . P a B r 4 appears to be isostructural w i t h one f o r m of T h B r 4 a n d 
not w i t h monoc l in i c U B r 4 . Hexach loro complexes of a l l the actinides ( I V ) 
f r o m t h o r i u m to p l u t o n i u m are now on record , on ly ( N E t 4 ) 2 T h C l 6 b e i n g 
reported as d imorph i c . A l l the analogous hexabromo complexes are also 
k n o w n since the n e p t u n i u m ( I V ) a n d p l u t o n i u m ( I V ) compounds have 
been isolated f r o m ethanol ic h y d r o b r o m i c a c i d (88). P r o t a c t i n i u m ( I V ) 
(37), t h o r i u m ( I V ) , a n d u r a n i u m ( I V ) (16) hexaiodo complexes are 
more difficult to obta in , i n accordance w i t h the m a r k e d C h a t t - A h r l a n d 
Α-class behavior of bo th lanthanides a n d actinides, but have been made 
b y react ion of the tetraiodides w i t h the appropr iate cat ion iod ide i n 
m e t h y l cyanide solution, the te t raphenyl - [ T h ( I V ) , U ( I V ) ] a n d t r i -
pheny lmethy larson ium [ P a ( I V ) ] salts be ing the most stable hexaiodo 
compounds . 

A l t h o u g h p l u t o n i u m tetrachlor ide is u n k n o w n , its complexes w i t h 
oxygen donor l igands, such as amides, can be prepared b y treat ing 
C s 2 P u C l 6 w i t h a so lut ion of the l i g a n d i n a nonaqueous solvent (22); 
some of the complexes f o rmed b y the act in ide tetrachlorides w i t h amides 
are shown i n T a b l e I I . T h e Ν,Ν-dimethylaeetamide ( D M A ) complexes 
appear to be ch lor ine -br idged dimers i n w h i c h the meta l exhibits 8-
coord inat ion (17), whereas t h o r i u m forms the s imple 8-coordinate 
complex T h C l 4 * 4 D M A (19). T h e t h o r i u m (19), u r a n i u m (26), a n d 
n e p t u n i u m (70) tetranitrate complexes w i t h D M A , 2 M ( N G 3 ) 4 · 5 D M A , 
are p robab ly n i t rate -br idged dimers analogous to the U C 1 4 complex, but 
the t h o r i u m a n d u r a n i u m tetrathiocyanate complexes w i t h D M A (11, 19) 
are 1:4 monomers a n d are 8-coordinate l ike the octaisothiocyanato com
plexes (75). Unfor tunate ly , these t e t r a c h l o r i d e — D M A complexes de
compose i n an x-ray beam, a n d evidence for their structures has been 
obta ined b y indirect c h e m i c a l methods a n d is therefore somewhat 
speculative. 

Table II. Actinide Tetrachloride-Acetamide Complexes 

U n u s u a l coord inat ion numbers have been reported for d i m e t h y l 
sulfoxide ( D M S O ) a n d hexamethylphosphoramide ( H M P A ) complexes 
of some act in ide tetrahalides, notably 7-coordination i n U C 1 4 · 3 D M S O 
a n d T h B r 4 · 3 H M P A , a n d 9-coordination i n T h C l 4 · 5 D M S O , a l l of w h i c h 
appear to be monomer ic (18). Interest ingly, T h B r 4 * 6 D M S O appears to 
behave as a 1:1 electrolyte i n nitromethane (18), so that t h o r i u m m a y 

M C 1 4 · 4 C H 3 C O N H ( C H 3 ) 
2 M C 1 4 · 5 C H 3 C O N ( C H 3 ) 2 

M C 1 4 · 4 C H 3 C O N ( C H 3 ) 2 

M C 1 4 · 6 C H 3 C O N H 2 M = U , N p , P u (22) 
M = U ( 1 9 ) 
M = U , N p , P u (22) 
M = T h (19) 
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1. B A G N A L L Recent Advances 5 

w e l l be 9-coordinate i n this complex also. Some in frared data are shown 
i n T a b l e I I I . Complexes of the tetrahalides w i t h methylenebissulfoxides 
( 5 0 ) , phosphine oxides (55) a n d w i t h d i carboxy l i c a c i d amides (14) 
have also been prepared , but a l l appear to be po lymer i c a n d eis-chelates 
do not seem to be formed. 

Table III. M X 4 Complexes with Oxygen Donors (18) 
S = 0, cm.'1 ^S = 0, cm:1 

T h C l 4 · 5 D M S O 942 108 
U C 1 4 · 3 D M S O 947 103 
T h B r 4 · 6 D M S O 948 102 
U B r 4 · 6 D M S O 938 112 

P = 0, cm:1 Δνρ = o , cm:1 

T h C l 4 · 2 H M P A 1042 159 
T h B r 4 · 2 H M P A 1027 174 
T h B r 4 · 3 H M P A 1071 130 
U C 1 4 · 2 H M P A 1034 167 
U B r 4 · 2 H M P A 1017 184 

Pentavalent State 
Cons iderab le advances have been made i n our knowledge of the 

5-valent actinides, again m a i n l y i n the halides a n d halo complexes. N p 2 0 5 

is n o w k n o w n , made f r o m N p 0 3 * H 2 0 (23) or b y react ion of n e p t u n i u m 
meta l w i t h mol ten l i t h i u m perchlorate (43). P r o t a c t i n i u m has rece ived 
the most attention, the pentafluoride (94), pentachlor ide (10, 36), penta -
bromide (34) a n d penta iod ide (38), as w e l l as their complexes w i t h 
oxygen donors a n d their halo complexes, a l l h a v i n g been thoroughly 
invest igated i n the past f ew years. U n l i k e N b C l 5 a n d U C 1 5 , w h i c h are 
ch lor ine -br idged dimers , P a C l 5 appears to be an infinite l inear ch lor ine -
b r i d g e d po lymer (47), its symmetry be ing approx imate ly O5h. 

T h e oxyhalides of the 5-valent actinides have p r o v e d to be of c on 
siderable interest, oxygen b r i d g e d species such as P a 2 O F 8 (94) a n d 
P a 2 O C l 8 (36), analogous to U 2 O F 8 (67) be ing reported. T h e in f rared 
spectra of the range of oxygen-br idged pro tac t in ium ( V ) oxychlorides 
(36) suggest that these represent successive stages i n the ch lor inat ion 
of the po lymer i c pentoxide ( F i g u r e 1 ) . T h e other k n o w n pro tac t in ium 
( V ) o x y h a l i d e s — P a O B r 3 , P a O I 3 , P a 0 2 B r , a n d P a 0 2 I — a r e s imi lar i n 
nature (34), but there are no data for the u r a n i u m a n a l o g — U O B r 3 (85) 
a n d U 0 2 B r (73)—which m a y also be polymers . 

H y d r a t e d N p O F 3 (12) has been prepared b y the act ion of hydrogen 
fluoride o n the recently reported pentoxide, N p 2 0 5 (23, 43), bu t N p F 5 

itself has not yet been recorded. 
Salts of the fluoro complex ions M F 6 " , M F 7

2 " , a n d M F 8
3 " have been 

reported for P a ( V ) (5,7, 29, 30, 40, 66), U ( V ) (6, 56, 57, 81, 83, 84, 86, 
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P a O C l o P a 2 O s C l 4 

C I 

C I 

\ 
0< 

Pa 
/ \ 

C I C I 

C I 

C I 

Pa 
/ \ 

C I C I 

P a 2 O C l 8 

Figure 1. Pa (V) Oxychlorides 

9 6 ) , N p ( V ) (3) a n d P u ( V ) ( δ ) , the last two be ing the first n o n -
oxygenated n e p t u n i u m ( V ) a n d p l u t o n i u m ( V ) compounds. Some of 
the preparat ive procedures used for u r a n i u m ( V ) fluoro complexes are 
shown i n T a b l e I V . 

A recent study of the a l k a l i m e t a l / u r a n i u m fluoride complex systems 
has shown that K : i U F o , K 3 U F 7 , a n d K a U F 8 are isomorphous ( 9 9 ) , the 
crystal symmetry be ing unaffected b y the fluoride i on absences. T h e 
structure of K 2 P a F 7 has been determined on ly recently (39 ) , a n d it has 
been shown that each pro tac t in ium atom is surrounded b y nine fluorine 
atoms i n w h a t is effectively a t r igonal p r i s m w i t h three a d d e d equator ia l 
fluorine atoms; the P a F 9 groups are l i n k e d i n infinite chains b y two 
fluorine bridges. 

Salts of the analogous p r o t a c t i n i u m ( V ) (10) a n d u r a n i u m ( V ) (20) 
chloro complex ions, M C 1 0 " a n d M C 1 8

3 ~ , have been obta ined f rom t h i o n y l 
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1. B A G N A L L Recent Advances 7 

ch lor ide solutions of the 5-valent elements, but no heptachloro complexes 
have been isolated. S imi lar ly , so far only the hexabromo- a n d hexaiodo-
protactinates ( V ) have been obta ined , prepared f r om m e t h y l cyanide 
solutions of the components (38). 

C e s i u m hexachlorouranate (V) has been used to prepare U C 1 5 * R 3 P O 
complexes b y react ion w i t h the l i g a n d i n methylene d i ch lor ide (21), a 
react ion analogous to that used to prepare P u C l 4 complexes, a n d the 
corresponding P a C l 5 complexes have also been made (32); some in frared 
data are g iven i n T a b l e V . Whereas N b C l 5 · P h 3 P O reacts w i t h an excess 
of the l i gand , f o rming N b O C l 3 · 2 P h 3 P O , the P a C l 5 a n d U C 1 5 complexes 
do not. O n the other h a n d , neither the N b C l 5 nor PaCl» complexes w i t h 
hexamethylphosphoramide ( H M P A ) react w i t h an excess of l i gand . 

A l k a l i meta l dioxofluorides of the type A I M 0 2 F 2 ( M = N p , P u (64) 
a n d A m (2, 64) have been prepared f rom aqueous so lut ion a n d chloro 
complex salts of n e p t u n i u m ( V ) (24) a n d a m e r i c i u m ( V ) (25) are n o w 

Table IV. Preparation of Uranium (V) Fluoro Complexes 

M i U F 6 M 1 = (a) N O + , N 0 2
+ (b, c) L i + , N a + , K + , R b + , C s + 

(a) N O + U F 6 - » N O U F 6 (57) 
N O F + U F 5 -> N O U F 6 (57) 

in 1 0 - 2 7 M H F 
(b) ΜΨ + U F 5 > M i U F 6 (6) 

300°e . 
(c) ΜΨ 4- U F 5 > M i U F 6 (83) 

M 2 i U F 7 M 1 = K + , R b \ C s + 

300°C. 350°C. 
2ΜΨ + U F 5 > % M n J F e + y 2 M 3 n j F 8 > M 2 * U F 7 

M 3 i U F 8 M i = N a + , K + , R b + , C s + 

350°C. 
3ΜΨ + U F 5 > M 3 ! U F 8 (84) 

390°C. 
N a 3 U F 7 + y 2 F 2 > N a 3 U F 8 (86) 

Table V . Infrared Data for M C l 5 · P h 3 P O Complexes 

Ρ = 0, cm:1 AvP = O, cm:1 Reference 

N b C l , · P h 3 P O 977 215 32 
T a C l 5 · P h 3 P O 987 205 32 
P a C l 5 · P h 3 P O 990 202 32 
U C 1 5 · P h 3 P O 973 219 21 
N b O C l 3 · 2 P h 3 P O 1167 25 32, 44 
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8 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

k n o w n ; the former are salts of the " N p 0 2 0 4
3 " a n d N p O C l 5

2 " ions. T h e 
format ion of C s 2 N p O C l 5 f r om aqueous so lut ion indicates that the N p 0 2

+ 

i o n is more easily ch lor inated t h a n h a d been suspected, but further 
ch lor inat ion results on ly i n d isproport ionat ion. " C s 3 A m 0 2 0 4 " is isostruc
t u r a l w i t h the n e p t u n i u m ( V ) c o m p o u n d (25), a n d there is some doubt 
as to whether these compounds are monomer ic or more correct ly f o r m u 
lated as C s 8 ( M 0 2 ) 3 C l i i . 

A f ew derivatives of oxyanions have also been prepared ; protac
t i n i u m ( V ) forms hexanitrato complexes, P a ( N 0 3 ) 6 ~ , b y react ion of the 
hexachloro complex w i t h d in i trogen pentoxide, i n contrast to n i o b i u m 
a n d tanta lum w h i c h , under s imi lar condit ions, y i e l d only tetranitrato 
complexes, M O ( N 0 3 ) 4 " ( 35 ) . N e p t u n i u m ( V ) nitrates, N p 0 2 N 0 3 a n d 
N p O ( N 0 3 ) 3 have also been reported (71). P r o t a c t i n i u m ( V ) sulfato-
a n d selenato complex acids, H 3 P a O ( S 0 4 ) 3 a n d H 3 P a O ( S e 0 4 ) 3 , have 
been obta ined f rom aqueous solut ion (13 ) , but no f u l l y sul fated or sele-
nated species have been recorded. 

Hexavalent State 

M u c h less w o r k has been reported for the 6-valent elements as com
pared w i t h the vo lume of l i terature for the actinides i n l ower valence 
states. H y d r a t e d n e p t u n i u m a n d p l u t o n i u m trioxides are n o w k n o w n , 
N p 0 3 * H 2 0 a n d P u 0 3 ·· ( 0 . 8 ) H 2 O be ing read i ly obta ined b y the act ion 
of ozone on an aqueous suspension of n e p t u n i u m ( V ) or p l u t o n i u m ( I V ) 
hydroxides at 90 ° C . (23); N p 0 3 · 2 H 2 0 is obta ined i n a s imi lar manner 
at 18°C. (23) or b y ozone oxidat ion of n e p t u n i u m ( V ) i n a mol ten 
l i th ium-potass ium nitrate eutectic at 150°C. (42). 

A n o t h e r unsuccessful attempt has been made to prepare A m F 6 , b y 
fluorinating A m 2 0 3 i n the presence of P t F 6 (100). Complexes of UF« 
such as N a 2 U F 8 (63), N H 4 U F 7 (102) a n d N O U F 7 (56) are n o w k n o w n , 
but the complex ing behavior of n e p t u n i u m a n d p l u t o n i u m hexafluorides 
a n d u r a n i u m hexachlor ide has scarcely been investigated. 

T h e most stable f o rm of the actinides ( V I ) is the oxygenated i on 
M 0 2

2 + , a n d this type of species has rece ived m u c h attention. 
A l t h o u g h a m e r i c i u m ( V I ) is r a p i d l y reduced to a m e r i c i u m ( I I I ) b y 

ch lor ide i o n i n aqueous solution, the insoluble r e d C s 2 A m 0 2 C l 4 is r ead i ly 
obta ined w h e n the a m e r i c i u m ( V ) chloro complex is treated w i t h con
centrated hydroch lor i c a c i d ; the mechanism of the react ion is not yet 
k n o w n , but i t is not a result of d isproport ionat ion (25 ) . 

A n h y d r o u s n e p t u n y l fluoride, prev ious ly obta ined b y fluorinating 
sod ium n e p t u n y l acetate ( 5 2 ) , is more convenient ly made b y treat ing 
N p 0 3 * H 2 0 w i t h l i q u i d bromine tr i f luoride at r oom temperature, h y d r o 
gen fluoride at 3 0 0 ° C , or fluorine at 2 3 0 ° C , a n d even b y v a c u u m d r y i n g 
a hydrof luor ic a c i d so lut ion of N p 0 3 · H 2 0 (12), f r om w h i c h it appears 
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1. B A G N A L L Recent Advances 9 

that the n e p t u n y l c o m p o u n d is less strongly h y d r a t e d than u r a n y l fluoride. 
Complexes of u r a n y l ch lor ide w i t h a var iety of oxygen donor l igands 

cont inue to be reported , notab ly w i t h phosphine oxides ( 55 ) , p y r i d i n e 
N-oxides (27), N , N - d i m e t h y l f o r m a m i d e (71), acetamide ( 1 5 ) , a n d w i t h 
the Ν,Ν,Ν',Ν'-tetramethyldiearboxylic a c i d amides (14), the last b e i n g 
m a i n l y po lymer i c compounds. A few s imi lar complexes of u r a n y l b r o m i d e 
( 54 ) a n d iod ide ( 71 ) are also k n o w n . 

I n conclusion, compared w i t h the ( i - transit ion elements a n d the l a n 
thanides, l i t t le in format ion is avai lable on the magnet ic a n d spectral 
properties of the actinides as a group, so that there is considerable scope 
for further w o r k i n this area. T h e symmetry properties of / -orb i ta ls are 
scarcely ment ioned i n the textbooks, a n d one must search to find any 
treatment of them i n the l i terature. T h i s reflects the complex magnet ic 
behavior of m a n y apparent ly magnet i ca l ly d i lu te act inide complexes, 
together w i t h the obvious complex i ty of the ir spectra, par t i cu lar ly of 
species of h i g h coord inat ion n u m b e r a n d u n k n o w n , b u t p r o b a b l y l ow , 
symmetry. I n this connect ion there is an obvious need for more struc
t u r a l work , for i n near ly every case crystal lographic data are l a c k i n g a n d 
structures have been in ferred b y indirect methods. 
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Donor Properties of Pyrophosphate 
Derivatives 

Complexes of Rare Earth Ions with 
Octamethylpyrophosphoramide 

MELVIN D. JOESTEN1 and ROBERT A. JACOB 
Southern Illinois University, Carbondale, Ill. 

Complexes of rare earth ions with octamethylpyrophos
phoramide (OMPA) have been prepared and characterized. 
The stoichiometry of the complexes is either Ln(ClO4)3 · 3 
OMPA · x H2O where Ln is La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 
Dy, Ho, Er, and Y, and x is 1-4 or Ln(ClO4)3 · 4 OMPA · x 
H2O where Ln is La, Eu, and Ho, and x is 0,1,4. The infra
red spectra of both types of complexes are interpreted on 
the basis of a coordination number of eight or more for the 
lanthanide ions. 

T J r e v i o u s w o r k i n this laboratory (5, 6, 14) has demonstrated the ver-
sat i l i ty of oc tamethylpyrophosphoramide ( O M P A ) as a l i gand . Stable 

complexes of O M P A 

Ο Ο 

( C H 3 ) 2 N !p Ο Ρ Ν ( C H 3 ) 2 

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

Octamethylpyrophosphoramide 

w i t h a l k a l i , a lka l ine earth, a n d transit ion meta l ions have been isolated. 
T h e stabi l i ty of complexes of rare earth ions is often compared w i t h 

that of the a lkal ine earth ions (11). Since complexes such as M g ( 0 1 0 ^ 2 
• 3 O M P A a n d C a ( C 1 0 4 ) 2 ' 3 O M P A are qui te stable (14), w e dec ided 
to extend our studies to the reactions of O M P A w i t h rare earth ions. 

1 Present address: Department of Chemistry , Vanderb i l t Univers i ty , Nashvi l le , Tenn . 
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14 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Experimental 

Reagents. T h e O M P A used was 9 1 % pure (Pennsalt C h e m i c a l s ) . 
T h i s c o m p o u n d is extremely toxic a n d must be h a n d l e d w i t h care. O M P A 
was pur i f i ed b y v a c u u m dis t i l la t i on (6). T h e h y d r a t e d rare earth ch lo 
rides used were 99 .9% pure ( L i n d s a y D i v i s i o n of A m e r i c a n Potash a n d 
C h e m i c a l C o r p . ) . 

Preparation of Complexes. Ln(ClOI{)3 · 3 OMPA · χ H20. T h e h y 
drated meta l ch lor ide ( 0.0015 moles ) was dissolved i n 8 m l . of methanol . 
A sto ichiometric amount of A g C 1 0 4 · H 2 0 was a d d e d to prec ipi tate A g C l . 
T h e filtrate was dehydrated w i t h 2 m l . of 2 ,2-dimethoxypropane (16) for 
45 m i n . , a n d 0.0077 moles of O M P A was added . Excess ether was a d d e d 
to prec ipitate the complex. T h e compounds were d r i e d under v a c u u m 
at r oom temperature. T h e complexes where L n is L a , C e , S m , E u , D y 
were recrysta l l i zed f rom a methanol-ether solution. 

Ln(ClOh)s - 4 OMPA · χ H20. T h e compounds where L n is L a a n d 
E u were prepared as out l ined above except that a large excess of O M P A 
was a d d e d (0.012 moles ) . T h e complex of E u ( I I I ) was recrysta l l i zed 
f r om a methanol -ether solution. H o w e v e r , attempts to recrystal l ize 
L a ( C 1 0 4 ) s * 4 O M P A resulted i n the format ion of L a ( C 1 0 4 ) 3 · 3 O M P A 
• 2 H 2 0 . 

T h e H o ( I I I ) complex, H o ( C 1 0 4 ) 3 · 4 O M P A · 4 H 2 0 , was prepared 
i n m u c h the same w a y except that the solut ion was cooled to 0 ° C . after 
a d d i n g an excess of O M P A (0.012 moles ) . A t this temperature, crystals 
of the complex separated f r om solution. T h e complex was filtered off, 
recrysta l l i zed f rom a methanol-ether solution, a n d d r i e d under v a c u u m 
at r oom temperature. 

2 ΙΛ L3 1.1 1.0 0.9 0.8 0.7 

W A V E N U M B E R S CM" 1 x l O " 3 

Figure 1. Infrared Spectra of MgtOMPA^ClO^, La(ClOi)3 · 4 OMPA, and 
LafClOJs · 3 OMPA · 2H20 

I Mg(OMPA)3(ClOJ2 

II LctfClOJs · 4 OMPA III La(ClOh)s · 3 OMPA · 2H20 
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2. J O E S T E N A N D J A C O B Pyrophosphate Derivatives 15 

LaCls ' 2 OMPA · Η,Ο. H y d r a t e d l a n t h a n u m chlor ide (0.0031 mole) 
was dissolved i n a mixture of 2 m l . of 2 ,2-dimethoxypropane a n d 4 m l . of 
methanol . T h e solut ion was st irred for 1| hours at room temperature, 
a n d 0.0124 moles of O M P A was added . W h e n ether was added , an o i l 
separated f r om solut ion, w h i c h was extracted several times u n t i l a w h i t e 
prec ip i tate formed. 

O i l s obta ined b y react ion of other rare earth chlorides w i t h O M P A 
b y the above procedure were intractable . 

Spectral Measurements. In f rared spectra of N u j o l mul l s of the c om
plexes were obta ined w i t h a B e c k m a n I R 5 - A spectrophotometer. U l t r a 
v io let a n d v is ib le spectra were recorded on a B e c k m a n D K - 1 A spec
trophotometer. A V a r i a n A - 5 6 / 6 0 N M R spectrometer was used to 
measure the proton signals of solutions of O M P A , M g ( C 1 0 4 ) 2 * 3 O M P A , 
L a ( C 1 0 4 ) 3 · 4 O M P A , L a ( C 1 0 4 ) 3 · 3 O M P A 2 H 2 0 , a n d Y ( C 1 0 4 ) 3 · 
3 O M P A · 2 H 2 0 i n methylene chlor ide . T h e N M R measurements were 
made at 35 ° C . w i t h tetramethyls i lane as reference. 

Conductance Measurements. A conductance b r idge ( Indus t r ia l I n 
struments, Inc. ) was used to measure molar conduct ivit ies of 1 Χ ΙΟ" 3 M 
solutions of the complexes i n nitromethane. 

Analyses. C a r b o n , hydrogen , a n d ni trogen analyses were per formed 
b y A l f r e d Bernhardt , Max -P lanck - Ins t i tu te , M u l h e i m , G e r m a n y . 

Results and Discussion 

E l e m e n t a l analyses for the rare earth complexes of O M P A are re 
por ted i n T a b l e I. T h e complexes are of two types: 

(1 ) L n ( C 1 0 4 ) 3 · 3 O M P A · χ H 2 0 where L n is L a , C e , P r , N d , S m , 
E u , G d , T b , D y , H o , E r , Y , a n d χ is 1-4. 

(2 ) L n ( C 1 0 4 ) 3 · 4 O M P A - χ H 2 0 where L n is L a , E u , H o , a n d χ is 
0,1,4 

T h e molar conduct iv i ty values for ni tromethane solutions of the 
complexes ( T a b l e I ) are i n the range expected (14) for 3:1 electrolytes 
(200 -250 ) . T h e mo lar conduct iv i ty value for L a C l 3 · 2 O M P A · H 2 0 
indicates that it is a 1:1 electrolyte i n nitromethane. T h e conduct iv i t ies 
of methylene ch lor ide solutions of O M P A complexes of S m ( I I I ) , T b ( I I I ) , 
D y ( I I I ) , a n d E r ( I I I ) were also measured. A l l of these complexes have 
ionic species present i n methylene chlor ide ( T a b l e I , footnote c ) . 

Variations in Infrared Spectra. T a b l e I I summarizes the positions 
of the in f rared bands of P = 0 , Ρ—Ο—Ρ, Ρ—N, a n d C 1 0 4 " . T h e features 
of the in f rared bands of L n ( C 1 0 4 ) 3 · 3 O M P A · χ H 2 0 a n d L n ( C 1 0 4 ) 3 · 4 
O M P A · χ H 2 0 are different f r om those observed for the a lka l ine earth 
complexes, but the in f rared spectrum of L a ( C 1 0 4 ) 3 · 4 O M P A is s imi lar 
to that of M g ( C 1 0 4 ) 3 · 3 O M P A . F i g u r e 1 i l lustrates the s imi lar i ty i n the 
B = 0 , Ρ—Ο—P, C K V , a n d Ρ—Ν bands for M g ( C 1 0 4 ) 2 · 3 O M P A a n d 
L a ( C 1 0 4 ) 3 · 4 O M P A . T h e differences that appear i n the spectrum of 
L a ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 ( F i g u r e 1) are even more apparent i n com
plexes of O M P A w i t h heavier lanthanides ( F i g u r e 2 ) . T h e m a i n differ-
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1 6 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Table I. Analytical and Conductivity Data 

% Carbon 

Calcd, Found 

L a C l 3 · 2 O M P A · H 2 0 * 23.0 
21.6 
24.3 
21.6 
21.9 
21.9 
21.4 
21.4 
23.8 
21.3 
21.0 
20.7 
20.7 
22.9 
21.2 
22.5 

23.2 
21.5 
24.1 
21.6 
22.3 
22.2 
21.2 
21.2 
23.9 
21.3 
21.3 
20.7 
20.5 
22.7 
21.3 
22.3 

L a ( C 1 0 4 ) 3 · 3 O M P A · 2H„0 
L a ( C 1 0 4 ) 3 · 4 O M P A 
C e ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 
P r ( C 1 0 4 ) 3 · 3 O M P A · H 2 0 
N d ( C 1 0 4 ) 3 · 3 O M P A · H 2 0 
S m ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 
E u ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 
E u ( C 1 0 4 ) 3 · 4 O M P A · H s O 
G d ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 
T b ( C 1 0 4 ) 3 · 3 O M P A · 3 H 2 0 
D y ( C 1 0 4 ) 3 · 3 O M P A · 4 H 2 0 
H o ( C 1 0 4 ) 3 · 3 O M P A · 4 H 2 0 
H o ( C 1 0 4 ) 3 · 4 O M P A · 4 H 2 0 
E r ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 
Y ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 
a % C I ; Ca l cd . , 12.8; F o u n d , 12.6. 
δ 1 Χ Κ Τ 3 M nitromethane solutions at 25°C. 

ences inc lude a shoulder at 9 3 0 - 9 4 0 cm. " 1 on the m a i n Ρ — Ο — Ρ b a n d that 
becomes a separate peak for the heavier lanthanides ; a shoulder at 1 0 3 0 -
1 0 3 5 cm. " 1 on the Ρ — N i b a n d for the l ighter lanthanide complexes; the 
spl i t t ing of the Ρ — N 2 b a n d i n a l l 3 : 1 complexes; the appearance of 
shoulders at 1 1 2 0 - 1 1 3 0 cm. " 1 a n d 1 0 7 0 c m . " 1 o n the perchlorate b a n d ; 
a n d the presence of water bands at 3 3 5 0 a n d 1 6 2 5 c m . " 1 ( 1 0 ) . 

T h e differences i n the in frared spectra may be caused b y : 
( 1 ) C O O R D I N A T E D P E R C H L O R A T E . T h e shoulders at 1 1 2 3 , 1 0 3 5 , a n d 

9 3 0 - 9 4 0 cm. " 1 w h i c h appear i n the in f rared spectra of several of the 
lanthanide complexes of O M P A cou ld be caused b y coordinated per 
chlorate ( 4 , 1 3 , 17). 

T h e in frared spectra of T b ( C 1 0 4 ) 3 · 3 O M P A · 3 H 2 0 a n d E r ( C 1 0 4 ) 3 

• 3 O M P A · 2 H 2 0 i n methylene chlor ide are of interest since the sp l i t t ing 
of the Ρ — Ο — Ρ b a n d is s t i l l observed even though the perchlorate b a n d 
is that expected for ionic perchlorate. Since the perchlorate bands i n 
these complexes are not as sharp or as w e l l resolved as those observed 
previous ly for coordinated perchlorate (4, 13, 17), the presence of co
ord inated perchlorate is un l ike ly . 

( 2 ) H Y D R O G E N B O N D I N G . Some of the water molecules c o u l d be 
coordinated to the meta l i on , a n d some c o u l d be hydrogen b o n d i n g w i t h 
O M P A , C 1 0 4 " , or other water molecules. [ W e w o u l d l ike to thank one 
of the referees for this suggestion.] 

T h e reported structure of Y ( a c a c ) 3 · 3 H 2 0 , where acac represents 
acetylacetonate, has two water molecules attached to y t t r i u m a n d one 
water molecule w h i c h acts as a br idge b y hydrogen b o n d i n g w i t h water 
molecules coordinated to two different y t t r i u m ions ( 3 ) . I n the O M P A 
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2 . J O E S T E N A N D J A C O B Pyrophosphate Derivatives 1 7 

for O M P A Complexes of Rare Earth Ions 

% Hydrogen % Nitrogen A M
b 

Cm.2 ohm 1 Cm.2 ohm 1 

Calcd. Found Calcd. Found mole'1 

6 . 0 3 6 . 1 2 1 3 . 4 1 3 . 3 6 0 
5 . 7 5 5 . 5 2 1 2 . 6 1 2 . 6 2 0 6 
6 . 1 7 6 . 1 5 1 4 . 2 1 3 . 5 2 8 9 
5 . 7 5 5 . 6 0 1 2 . 6 1 2 . 4 2 1 8 
5 . 6 6 5 . 7 2 1 2 . 8 1 2 . 7 2 2 7 
5 . 6 6 5 . 6 6 1 2 . 8 1 2 . 6 2 3 0 
5 . 7 0 5 . 6 0 1 2 . 5 1 2 . 5 2 2 8 C 

5 . 6 8 5 . 6 5 1 2 . 5 1 2 . 3 2 3 4 
6 . 1 2 6 . 2 3 1 3 . 9 1 3 . 6 — 

5 . 6 7 5 . 5 8 1 2 . 4 1 2 . 3 2 5 0 
5 . 7 4 5 . 9 7 1 2 . 3 1 2 . 3 2 5 8 C 

5 . 7 9 5 . 5 0 1 2 . 1 1 1 . 9 2 6 4 C 

5 . 7 8 5 . 7 2 1 2 . 1 1 2 . 0 2 6 6 
6 . 2 4 6 . 1 0 1 3 . 3 1 3 . 0 — 

5 . 6 3 5 . 6 3 1 2 . 3 1 2 . 2 2 6 8 C 

5 . 9 7 5 . 8 6 1 3 . 1 1 3 . 0 2 5 7 

C Am i n C H 2 C 1 2 is 50, 46, 43, 41 for O M P A complexes of S m ( I I I ) , T b ( I I I ) , D y ( I I I ) , 
and E r ( I I I ) , respectively. 

1.5 1.3 1.1 ω 0.9 

WAVENUMBERS, CM*1 χ I 0 " 3 

Figure 2. Infrared Spectra of NdfClOJ, 
OMPA · 3H20, and Hor 'J 

IV NdfClOJs · 3 OMPA · H20 

V Th(ClOh)s · 3 OMPA · 3H20 

VI Ho(ClOIt)s * 3 OMPA · 4H20 

{ · 3 OMPA · H20, Th(ClOu)s · 3 
\ ) 3 · 3 OMPA · 4H20 
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18 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Table II. Infrared 

VP=0 V P — Ο — Ρ 
Compound cm:1 cm:1 

O M P A 1237 914 
L a C L · 2 O M P A · H..O 1198 908 
L a ( C 1 0 4 ) 3 • 4 O M P A 1197 927 
L a ( C 1 0 4 ) 3 • 3 O M P A 2 H 2 0 1195 909 (903) 
C e ( C 1 0 4 ) 3 • 3 O M P A • 2HoO 1193 911 (924) 
P r ( C 1 0 4 ) 3 · 3 O M P A · H 2 0 1197 912 (935) 
N d ( C 1 0 4 ) 3 • 3 O M P A • H 2 0 1196 911 (940) 
S m ( C 1 0 4 ) 3 • 3 O M P A • 2 H 2 0 1195 908 (940) 
E u ( C 1 0 4 ) 3 • 3 O M P A • 2 H 2 0 1194 909 (945) 
E u ( C 1 0 4 ) 3 • 3 O M P A • x H 2 O f 1195 912 (930) 
E u ( C 1 0 4 ) 3 

G d ( C 1 0 4 ) 3 

• 4 O M P A • H 2 0 1177 917 E u ( C 1 0 4 ) 3 

G d ( C 1 0 4 ) 3 • 3 O M P A • 2 H 2 0 1197 911,943 
T b ( C 1 0 4 ) 3 • 3 O M P A • 3H>0 1197 911, 945 
T b ( C 1 0 4 ) 3 • 3 O M P A • x H 2 O c 1194 915, 935 
T b ( C 1 0 4 ) , 
D y ( C 1 0 4 ) 3 

• 3 O M P A • 3 H , 0 i n C H 2 C 1 2 1188 935 (895) T b ( C 1 0 4 ) , 
D y ( C 1 0 4 ) 3 • 3 O M P A • 4 H 2 0 

C H 2 C 1 2 

1191 910 (940) 
H o ( C 1 0 4 ) s • 3 O M P A • 4 H 2 0 1197 908 (942) 
H o ( C 1 0 4 ) , • 4 O M P A • 4 H . , 0 1176 908 
E r ( C 1 0 4 ) 3 • 3 O M P A 2 H 2 0 1192 900 (940) 
E r ( C 1 0 4 ) 3 • 3 O M P A • 2KUO i n C H 2 C 1 2 1185 934 (892) 
Y ( C 1 0 4 ) 3 · 3 O M P A · 2Ho6 & 1198 903, 940 
Y ( C 1 0 4 ) 3 · 3 O M P A · x H 2 O c 1195 903 
a Numbers in parentheses are shoulders on main peaks. 
b A l l complexes w i t h water molecules in formula have water bands at 3350 and 1625 
c m . - 1 . 

complexes of lanthanide ions the sp l i t t ing of the Ρ — Ο — Ρ a n d Ρ — Ν 
bands w o u l d be expected if water molecules are hydrogen b o n d i n g to 
the oxygen or nitrogen sites. 

T h e in f rared spectra of the O M P A complexes of Y ( I I I ) , E u ( I I I ) , 
a n d T b ( I I I ) were obta ined bo th before a n d after the complexes h a d 
been heated at 100°C. under v a c u u m for several hours. A f ter the heat 
treatment, the water bands were less intense, the Ρ — Ο — Ρ b a n d was 
smoothed out i n the Y ( I I I ) complex, a n d the Ρ — Ν bands were u n 
changed. Since the water bands d i d not disappear after the heat treat
ment, at least part of the water molecules are t ight ly he ld . 

( 3 ) I N T E R A C T I O N O F T H E M E T A L I O N W I T H Ρ — Ο — Ρ O X Y G E N S O R Ρ — Ν 
N I T R O G E N S . Since the differences i n in frared spectra are observed for bo th 
L n ( C 1 0 4 ) 3 * 4 O M P A · χ H 2 0 a n d L n ( C 1 0 4 ) 3 ' 3 O M P A • χ H 2 0 but not 
for L a ( C 1 0 4 ) 3 ' 4 O M P A , the effect of the water molecules is p robab ly 
more important than the secondary b o n d i n g of meta l ions w i t h Ρ — Ο — Ρ 
oxygens or Ρ — Ν nitrogens. 

Recent ly , rare earth complexes of β-diketone derivatives have been 
isolated i n w h i c h the lanthanides are octacoordinate (1 , 3, 9 ) . W e pro 
pose that the coordinat ion number of the lanthanide ions i n the O M P A 
complexes is at least eight. T h e fact that the P = 0 stretching frequency 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

02



2 . J O E S T E N A N D J A C O B Pyrophosphate Derivatives 1 9 

Spectral Data 

*P-N2 

cm.'1 cm.'1 cm.'1 

9 8 8 7 5 6 ( 7 7 3 ) A — 
1 0 0 3 ( 9 8 0 ) ( 1 0 1 5 ) 7 9 2 , 7 6 0 ( 7 7 0 ) — 
1 0 0 0 7 6 5 1 0 9 7 
1 0 0 0 7 6 9 , 7 8 7 1 0 8 9 ( 1 1 2 3 ) 
1 0 0 0 ( 1 0 3 5 ) 7 7 1 , 7 9 2 1 0 9 3 ( 1 0 7 0 ) ( 1 1 2 3 ) 
1 0 1 0 ( 1 0 3 5 ) 7 7 1 , 7 9 2 1 0 9 9 ( 1 0 7 5 ) ( 1 0 9 7 ) 
1 0 1 0 ( 1 0 3 5 ) 7 7 0 , 7 9 2 1 0 9 7 ( 1 0 7 2 ) ( 1 1 2 3 ) 
1 0 0 2 ( 1 0 3 5 ) 7 7 0 , 7 9 2 1 0 9 2 ( 1 0 7 5 ) 
1 0 1 0 7 7 2 , 7 9 3 1 1 0 1 ( 1 0 7 5 ) 
1 0 1 0 7 7 2 , 7 9 2 1 0 9 5 
1 0 1 0 7 5 0 , 7 7 1 , 7 9 0 1 0 8 8 
1 0 1 0 7 7 1 , 7 9 3 ( 7 6 5 ) 1 0 9 7 ( 1 0 6 5 ) 
1 0 1 2 7 7 2 , 7 9 9 ( 7 6 0 ) 1 0 9 7 ( 1 1 2 2 ) ( 1 0 7 0 ) 
1 0 1 0 7 7 4 , 7 9 5 ( 7 6 0 ) 1 0 9 7 ( 1 0 7 0 ) 
1 0 0 0 d 1 0 9 8 ( 1 0 7 0 ) 
1 0 1 7 7 7 1 , 7 9 2 ( 7 6 0 ) 1 0 8 8 ( 1 0 6 5 ) 
1 0 1 2 7 7 1 , 7 9 5 ( 7 6 0 ) 1 0 9 3 ( 1 0 7 5 ) 
1 0 0 2 7 4 8 , 7 7 1 , 7 9 3 1 0 8 7 
1 0 0 8 7 7 1 , 7 9 4 ( 7 5 7 ) 1 0 9 0 ( 1 0 6 5 ) ( 1 1 2 0 ) 
1 0 1 0 d 1 0 9 6 
1 0 0 3 7 7 2 , 7 9 3 ( 7 6 0 ) 1 0 9 0 ( 1 1 2 3 ) ( 1 0 7 0 ) 
1 0 0 5 7 7 4 , 7 9 4 ( 7 6 0 ) 1 0 9 5 ( 1 1 2 3 ) ( 1 0 7 0 ) 

c Spectrum taken after complex was heated at 100°C. under vacuum for several hours. 
d Solvent absorption. 

of O M P A is shi fted to lower w a v e numbers u p o n coord inat ion to the 
lanthanide ions is support for coord inat ion of the meta l i o n to the phos-
p h o r y l oxygens. L a n t h a n u m ( I I I ) i n L a ( C 1 0 4 ) 3 " 4 O M P A is p r o b a b l y 
octacoordinate w i t h O M P A act ing as a bidentate l i gand . 

3 + 

X = N ( C H S ) 

T h e meta l ions i n the compounds E u ( C 1 0 4 ) 3 · 4 O M P A · H 2 0 a n d 
H o ( C 1 0 4 ) 3 · 4 O M P A · 4 H 2 0 m a y be coord inat ing to water molecules i n 
a d d i t i o n to coord inat ing to four O M P A molecules. H o w e v e r , i t is more 
l i k e l y that the water molecules are hydrogen b o n d i n g w i t h the l i gand . 
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20 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

I n the complexes w i t h the sto ichiometry L n ( C 1 0 4 ) 3 * 3 O M P A * χ 
H 2 0 the first six coord inat ion positions are occup ied b y the O M P A mo le 
cules w h i l e the r e m a i n i n g two ( or more ) positions are p r o b a b l y o c cup ied 
b y water molecules. 

3+ 

Proton N M R Shifts. T h e proton N M R spectra for several d i a m a g -
netic rare earth complexes of O M P A are shown i n F i g u r e 3, a n d the 
data are tabulated i n T a b l e I I I . T h e proton N M R spectrum of free O M P A 
contains a doublet w h i c h is caused b y c o u p l i n g between the phosphorus 

-180 -170 -160 -150 

cps RELATIVE TO TMS, 60 Mc PROBE 

Figure 3. Proton Magnetic Resonance Spectra of Lanthanide Complexes of 
OMPA 

OMPA 
La(ClOjt)3 · 4 OMPA 

• — · — · La(ClOh)3 · 3 OMPA · 2 H20 
Y(C10U)S · 3 OMPA · 2 H20 
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2. J O E S T E N A N D J A C O B Pyrophosphate Derivatives 21 

a n d the hydrogen ( 2 ) . I n the complexes of O M P A the doublet is shi fted 
downf ie ld i n increasing order : L a ( C 1 0 4 ) 3 • 4 O M P A = M g ( C 1 0 4 ) 2 * 3 
O M P A < L a ( C 1 0 4 ) 3 * 3 O M P A < Y ( C 1 0 4 ) 3 · 3 O M P A . A l t h o u g h the 
chemica l shifts are qui te smal l , they are outside exper imental error. T h e 
donor sites of the l i g a n d i n these complexes must be arranged i n a manner 
w h i c h al lows a l l of the protons to be equivalent . T h e shi f t ing downf ie ld 
can be expla ined as be ing caused b y increased covalent b o n d i n g between 
the meta l i o n a n d O M P A w i t h the strongest interact ion for Y ( I I I ) . T h i s 
can be understood b y cons ider ing the f o l l o w i n g shifts i n electron density 
( on ly one m e t h y l group is shown ). 

y ν / \ 
„ ΙΟΙ ΙΟΙ „ ΙΟΙ ΙΟΙ 

\ 4 l I / \ H I / 
H — C ~ N — P - O - P — N i - • H — C - N = P - 0 - P - N l T 
H / / I I H / I I 

ΝI NI NI N l 
/ \ / \ / \ / \ 

T h e increase i n d%—p% b o n d i n g i n the Ρ—Ν b o n d gives the ni trogen a 
p a r t i a l posit ive charge. T h i s causes a d r a i n i n electron density f rom the 
C—Ν a n d C — Η bonds. T h e stronger the b o n d i n g of the phosphory l 
oxygens to the m e t a l i on , the greater the d r a i n of electron density f r o m 
the C — Η bonds. 

T h e proton N M R data for other O M P A complexes of d iamagnet i c 
meta l ions are also i n c l u d e d i n T a b l e I I I for comparison. T h e increasing 
order of O M P A — m e t a l i o n interact ion as ind i ca ted b y N M R shifts is 

Table III. Proton N M R Data 

Compound Position of Doublet" c.p.s. 

O M P A -153, -164 
M g ( C 1 0 4 ) 2 · 3 O M P A -159, -170 
L a ( C 1 0 4 ) 3 · 4 O M P A -158, -169 
L a ( C 1 0 4 ) 3 · 3 O M P A · 2 H 9 0 -161, -172 
Y ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 -165, -176 

N a C 1 0 4 · O M P A -156, -167 
L i C 1 0 4 · 2 O M P A -157, -168 
B a ( C 1 0 4 ) 2 · 2 O M P A -157, -168 
Z n ( C 1 0 4 ) 2 · 3 O M P A -160, -171 
C d ( C 1 0 4 ) 2 · 3 O M P A -160, -171 

" Relative to tetramethylsilane in methylene chloride at 35°C. 
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22 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Na(I) < L i ( I ) — B a ( I I ) < M g ( I I ) < Zn(II) = C d ( I I ) < L a ( I I I ) < 
Y ( I I I ) . T h i s agrees w i t h the expected order of interact ion for complexes 
of these ions. 

Visible Spectral Data. T h e v is ib le spectrum of P r ( C 1 0 4 ) 3 * 3 O M P A 
• H 2 0 is shown i n F i g u r e 4. Spectral data for complexes of O M P A w i t h 
P r ( I I I ) , N d ( I I I ) , E u ( I I I ) , H o ( I I I ) , a n d E r ( I I I ) are l isted i n T a b l e 
I V . I n general , the peaks for O M P A complexes appear at s l ight ly shorter 
wavelengths than those reported for aquo complexes (7, 12). T h i s t rend 
is opposite that w h i c h has been observed for complexes of rare earth ions 
w i t h a l l l igands except D 2 0 a n d F " (15). 

[ ι I ι L2: 
400 450 500 550 600 

WAVELENGTH, mu 

Figure 4. Visible Spectrum of Pr(ClOh)s · 3 OMPA · H20 

J0rgensen (8) has proposed that the red shift observed for most 
complexes of rare earth ions can be used as a measure of the amount of 
covalent b o n d i n g present i n the meta l - l i gand b o n d ( nephelauxetic series ). 
S inha (15) has modi f ied J0rgensen's method of ca l cu lat ing the percent 
of covalent contr ibutions to the meta l - l i gand b o n d a n d has examined 
spectral data for several complexes of N d ( I I I ). T h e peaks for N d ( C 1 0 4 ) 3 

• 3 O M P A · H 2 0 i n methano l are at s l ight ly shorter wavelengths than 
those reported for Nd ( I I I ) i n methano l (15). T h e spectrum of N d ( C 1 0 4 ) a 
- 3 O M P A · H 2 0 i n acetone was also measured, a n d the peaks are again 
shi f ted to s l ight ly shorter wavelengths. I f these shifts are a n accurate 
measure of covalent b o n d i n g , the b o n d i n g i n complexes of O M P A w i t h 
rare earth ions must be essentially electrostatic. E a r l i e r w o r k w i t h 
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2. J O E S T E N A N D J A C O B Pyrophosphate Derivatives 23 

Table IV. 

Compound 

P r ( C 1 0 4 ) 3 · 3 O M P A · H 2 0 

N d ( C 1 0 4 ) 3 · 3 O M P A · H 2 0 

Visible Spectral Data 

In Methanol In Acetone 

E u ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 

H o ( C 1 0 4 ) 3 · 3 O M P A · 4 H 2 0 

E r ( C 1 0 4 ) 3 · 3 O M P A · 2 H 2 0 

λΤΠμ € λΤΠμ c 

442 6.3 
467 2.9 
479 4.0 
591 1.4 

430 0.6 428 0.5 
468 0.3 468 0.3 
476 0.5 474 0.4 
510 1.6 508 1.6 
522 3.0 520 3.1 
526 (sh) 1.8 523 (sh) 1.9 
570 5.3 568 6.8 
579 10.3 575 12.7 
581 (sh) 9.1 577 10.9 
683 0.4 682 0.4 

361 0.5 
375 0.3 
392 2.9 
463 0.4 

359 3.8 358 6.2 
381 0.2 380 0.3 
385 0.4 382 0.4 
418 1.9 416 2.3 
421 (sh) 0.7 419 (sh) 0.6 
449 10.0 448 15.7 
451 10.6 452 16.7 
457 6.0 457 10.7 
468 0.6 466 0.8 
472 0.7 471 0.9 
485 1.1 484 1.3 
538 3.3 536 4.0 
543 (sh) 1.3 541 (sh) 1.5 
641 1.9 639 2.1 
655 (sh) 0.6 653 (sh) 0.6 

362 2.2 
375 14.0 
378 9.0 
403 0.6 
441 0.3 
448 0.6 
486 2.0 
518 8.2 
521 5.6 
541 0.5 
652 1.7 
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24 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

N i ( C 1 0 4 ) 2 ' 3 O M P A supports this conclus ion since the l i g a n d field p a 
rameters ca l cu lated for the N i ( I I ) complex place O M P A at the l ower 
end of bo th the spectrochemical a n d nephelauxetic series ( 6 ) . 

Summary 

T h e rare earth complexes of oc tamethylpyrophosphoramide are the 
first examples of isolated complexes w i t h rare earth ions coordinated to 
the pyrophosphate l inkage. E x p e r i m e n t a l evidence supports the coord i 
nat ion of the phosphory l oxygens to the meta l i o n w i t h add i t i ona l coord i 
nat ion positions o ccup ied b y water. 
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Developments in Chemical 
Thermodynamics of the Lanthanides 

E D G A R F . WESTRUM, JR. 

University of Michigan, A n n Arbor, M i c h . 

The present status of thermochemical and thermal data for 
lanthanide metals, chalcogenides, borides, pnictides, and 
halides is examined and assessed. Many ambiguities occur 
concerning entropies, stabilities, and enthalpies of forma-
tion even of the oxides—the most extensively studied of the 
lanthanide compounds. Here, as in related compounds, 
magnetic and electronic phenomena, cooperative transitions, 
Schottky anomalies, and low lying electronic levels make 
significant contributions to the thermal properties and are 
the motivation for further investigations. Schemes have 
been devised to estimate the entropies associated with 
known but presently unmeasured transitions. Binary chal
cogenides, halides, and oxygen-contaminated metals have 
provided solid-state physicists with cryothermal anomalies, 
the temperatures of which often do not coincide with those 
of magnetic anomalies or (for impure metals) with transi
tions in sesquioxides. 

T t is the funct ion of the present evaluat ion to present developments since 
A 1960 w h i c h have made a significant contr ibut ion to the advancement 
of our understanding of the chemica l thermodynamics of the lanthanide 
compounds. It w i l l largely neglect the aqueous solut ion thermochemistry 
because re lat ive ly l i t t le progress has been made i n this area d u r i n g the 
past decade a n d because it has been discussed b y C u n n i n g h a m (31). 
Mot ivat i ons for thermal a n d thermochemica l investigations are usua l ly 
pred icated u p o n inherent phenomenolog ica l interest rather than u p o n 
the u t i l i t y of the der ived chemica l thermodynamic data. T h i s necessarily 
short assessment w i l l endeavor to present evidence that the area is a 
v iab le one w i t h ample opportunit ies for precise, sk i l l ed , a n d ingenious 

2 5 
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26 L A N T H A N I D E A C T I N I D E C H E M I S T R Y 

experimentat ion a n d correlat ion. A t least i n terms of the challenge, 
there is no occasion for m o u r n i n g . 

O n e of the barren regions of chemica l thermodynamic values i n 
volves fundamenta l thermal a n d entropy data for lanthanide compounds 
despite the fact that these substances prov ide an unexcel led oppor tuni ty 
for s tudy ing the influence of electronic structure on key thermodynamic 
properties. 

Lanthanide Chalcogenides—Mostly Oxides 

T h e lanthanide chalcogenides represent a fert i le a n d interest ing field 
for invest igat ion because of the magnet ic (e lectronic ) structure of the 
cations. Re la t ive ly l i t t le spectroscopic data, magnet ic suscept ib i l i ty 
values ( taken at sufficiently l o w temperatures ) , a n d paramagnet ic reso
nance w o r k have been reported on the chalcogenides; heat capac i ty 
data have h a d to fill the exper imental vo id . Interesting, short isostructural 
series occur i n the lanthanide chalcogenides suitable for s tudy ing the 
dependence of latt ice thermal properties o n variations i n the atomic mass 
of the cat ion, latt ice dimensions, a n d force constants of these substances. 
T h e great elements of s imi lar i ty between act inide a n d lanthanide c h a l 
cogenides prov ide a further nuclear energetic mot ivat i on for a more 
intensive s tudy of lanthanide substances. A l t h o u g h m a n y interesting 
analogies might be po inted out, this discussion w i l l concern itself exc lu 
s ive ly w i t h the lanthanides. 

P r i o r to 1960, cryogenic thermal data cover ing a n adequate range 
of temperature to permit entropy evaluat ion at 298 °K. existed on ly for 
six lanthanide compounds ( 9 5 ) : C e F 3 ( 97 ) , C e S (99 ) , C e 2 S 3 ( 99 ) , 
E u S 0 4 · 8 H 2 0 (116) , G d S 0 4 · 8 H 2 0 (3, 35, 36, 54, 106), a n d S m S 0 4 · 
8 H 2 0 (2, 4), a l though e m p i r i c a l estimates were formulated for several 
others. T h e four enthalpy increment determinations above 300 °K. a v a i l 
able were ( w i t h one exception) l i m i t e d to oxides (94) : C e F 3 ( to 1799°K.) 
(26), L a 2 0 3 (to 1173°K.) (12), N d 2 O s ( to 2000°K.) (12), a n d P r 6 O n 
(to 1172°K.) (12), a l though estimates for several oxides (29), a l l the 
L n ( I I I ) hal ides ( 5 ) , p lus the L n ( I I ) hal ides of europ ium, samar ium, 
a n d y t t e r b i u m (5 ) existed a n d are tabulated elsewhere (199). 

Cryothermal Measurements 

It w i l l be of interest to consider the thermal measurements since 
this area has been one of major act iv i ty i n recent years. It is w e l l k n o w n 
that the measurement of heat capacities at l ow temperatures provides a 
p o w e r f u l too l for s tudy ing m a n y solid-state phenomena, i n c l u d i n g the 
energy separation degeneracy of l o w l y i n g energy levels i n crystal l ine 
substances. T h e advantage of l o w temperature heat capac i ty measure-
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3. W E S T R U M Chemical Thermodynamics 27 

merits for p r o v i d i n g insight into the energetic s i tuation i n these sub
stances is that the contr ibut ion of the Schottky (165) anomalies to the 
heat capac i ty m a y be as large as or larger than the contr ibut ion of the 
v ibra t i ona l modes of the lattice heat capacity . 

Lanthanide (III) Oxides. T h e lanthanide ( I I I ) oxides w i l l be used 
to i l lustrate the present breadth of our most extensive knowledge of the 
chemica l thermodynamics of lanthanide compounds . Cryogen i c heat 
capacities of hexagonal ( I I I ) l anthanum, n e o d y m i u m , a n d samar ium 
oxides, together w i t h those of cub i c ( I I I ) oxides of gado l in ium, dyspro 
s ium, h o l m i u m , e r b i u m , a n d y t t e rb ium, have been reported (90, 91, 195) . 
I n add i t i on , those of t h u l i u m , lu te t ium, a n d a composi t ion approach ing 
that of c e r ium ( I I I ) oxide have also been determined , a n d five w e l l -
character ized compositions between P r O i 7 i 4 a n d P r O i 8 3 3 are current ly 
under study (193). 

Table I. Properties of the Lanthanide (III) Ions 

Experimental 
Atomic 
number Ion 

57 L a 
58 Ce 
59 Pr 
60 N d 
61 P m 
62 Sm 
63 E u 
64 G d 
65 T b 
66 D y 
67 H o 
68 E r 
69 T m 
70 Y b 
71 L u 

a I n Bohr magnetons. 
b (183) 
C(U1) 
d(185) 

Configuration 

4/1 
4 f 
ψ 
ψ 
ψ 
ψ 
Ψ 
4 f 
4 f 
4/ιο 
4/ιι 
4/12 
4/13 
4/14 

6 (179) 
f (180) 
0 (20) 
h (101) 

Ground 
term 

2 F 5 /2 
3tf 4 

eH5/2 

7° 
8 S 7 / 2 

% 
4 i l5 /2 

2 F 7 /2 
xs 0 

magnetic 
momenta 

0.00 b 

[2.56] c 

3.55 d 

3.66 b 

[2.83] c 

1.54 e 

3.51 1 

7.90 e 

9.63 d 

10.5 ' 
10.5' 

9.5 9 

7.39 e 

4.34 h 

[0.0] c 

A s shown i n T a b l e I , l a n t h a n u m a n d l u t e t i u m oxides have g r o u n d 
states a n d consequently their heat capacities should be at t r ibuted to 
latt ice v ibrat ion . D a t a on these substances m a y be used to represent the 
lattice contr ibut ion to a first approx imat ion for ne ighbor ing isostructural 
( a n d near ly so) sesquioxides. C u b i c g a d o l i n i u m oxide provides a m i d -
series latt ice heat capac i ty approx imat ion at re lat ive ly h i g h temperatures 
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28 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

because the crystal field acts m a i n l y on the orb i ta l angular m o m e n t u m 
of the i on a n d has on ly a smal l effect on levels w h i c h are c o m p o u n d e d 
pure ly f rom electron spin. I n the absence of data on lu te t ium, resolut ion 
of magnet ic heat capac i ty i n the cub i c oxides has been made f r om a 
combinat i on of the l ow temperature heat capac i ty of y t t e rb ium oxide 
a n d the higher temperature data on the g a d o l i n i u m oxide. T h i s resolut ion 
can be i m p r o v e d w h e n data on l u t e t i u m are interpreted. Subtract ion of 
the lattice heat capaci ty f rom the apparent or total heat capac i ty y ie lds 
the magnet ic heat capacity. Differences between Cp a n d Cv (ar is ing 
f r o m the anharmonic i ty of the latt ice v ibrat ions) should be cance l led i n 
the proposed resolution, a n d i f bo th para - a n d d iamagnet ic compounds 
are measured i n the same laboratory, errors f rom systematic exper imental 
discrepancies are m i n i m i z e d . 

T h e excess (magnet ic ) heat capac i ty m a y be represented to a good 
approx imat ion as the sum of (a ) the electronic transi t ional (or Schot tky) 
heat capacity , ( b ) the effects of interact ion between the electrons a n d 
the nuclear sp in of the paramagnet ic i on , ( c ) the d ipo lar interact ion 
between these ions, a n d ( d ) interactions for other types of inter ionic 
coup l ing . T h e last three terms are often smal l above 2°K. a n d i n some 
instances can be obta ined f r om paramagnet ic re laxation data. I n p r i n 
c ip le , the second a n d t h i r d can also be obta ined f r om paramagnet ic 
resonance data. 

E n t r o p y evaluations f rom p u b l i s h e d cryothermal data on the l a n 
thanide ( I I I ) oxides are summar ized i n T a b l e I I w i t h an ind i ca t i on of the 
lowest temperature of the measurements a n d the est imated magnet ic 
entropy increments be low this temperature. T h e i r or ig ina l assignment 
of crystal l ine field levels f rom thermal data st i l l appears to be i n good 
accord w i t h recent findings (e.g., 17). Unfor tunate ly , measurements on 
these substances were made only d o w n to about 8°K. because the finely 
d i v i d e d oxide samples tend to absorb the h e l i u m gas u t i l i z e d to enhance 
thermal equ i l i b ra t i on between sample a n d calorimeter. 

Extens ion of heat capac i ty studies to lower temperatures is urgent ly 
desired f rom the chemica l thermodynamicist ' s po int of v i e w because of 
evidence i n m a n y instances of cooperative or other magnet ic anomalies 
be l ow 8°K. i n these substances. N e u t r o n di f fraction studies (103) i n d i 
cate anti ferromagnetic order ing i n h o l m i u m oxide between 1.25° a n d 
4.2 °K., a n d anti ferromagnetic order ing i n e r b i u m oxide at about 4°K. 
(200) conf irmed earlier studies (102, 202) w h i c h ind i ca ted paramagnet ic 
diffuse scattering a n d anti ferromagnetic sub-lattice structures i n the latter 
substance. M a g n e t i z a t i o n studies indicate the existence of a Néel ( a n t i 
ferromagnet ic ) transi t ion at 2.5°K. i n Y b 2 0 3 ( 69 ) , a n d at 1.2°K., 3.4°K., 
a n d 2.3°K. i n D y 2 0 3 , E r 2 0 3 , a n d Y b 2 0 3 , respect ively (14). Cooperat ive 
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3. W E S T R U M Chemical Thermodynamics 29 

transitions p r o b a b l y occur i n other rare-earth oxides at or be l ow l i q u i d 
h e l i u m temperatures. 

T o faci l i tate chemica l thermodynamic calculat ions, a near ly e m p i r i c a l 
scheme was devised recently b y G r 0 n v o l d a n d W e s t r u m (62) for e v a l u 
at ing entropies for transit ion-element chalcogenides after a survey of 
ava i lab le entropy data on such compounds. T h e scheme represents an 
extension of the approach used b y L a t i m e r (112, 113) i n w h i c h the 
entropy of a c o m p o u n d is resolved into components for its atomic species. 
T h e n e w scheme incorporates a magnet ic contr ibut ion based u p o n the 
sp in-only moments a n d modifies the cat ionic contributions f rom those 
proposed b y L a t i m e r for the centra l reg ion of the per iod ic system. T h e 
scheme has been shown to be i n accordance w i t h extensive data on 
transit ion-element chalcogenides. F o r the lanthanide oxides, the f o l l o w i n g 
meta l a n d oxygen contr ibutions ob ta in : 

C a t i o n contributions [ i n c a l . / ( g i . m . ° K . ) ] : 

Se Y La-> Lu 

9.7 12 13.8 

O x y g e n contr ibut ions : 

Ol Ο1.88 Ο1.5 Ο ι . β 7 0 2 

- 2 - 1 0 1 2 

C o m p a r i s o n of the predict ions of this scheme w i t h the data for the 
d iamagnet ic sesquioxides of l a n t h a n u m a n d lu te t ium (193) suggests that 
i f a l l of the entropy var iat ion is to be ascr ibed to the cat ion, the c ont r i 
butions w o u l d have to decrease w i t h increasing mass ( or atomic n u m b e r ) 
f rom 15.2 for l a n t h a n u m to 13.0 for lu te t ium. A s an approx imat ion , the 
decrease is taken proport iona l to that of the cat ionic radius obta ined b y 
x-ray di f fract ion measurements. T h e f o l l owing ( i m p r o v e d ) values then 
a p p l y : 

I m p r o v e d cat ion contr ibutions ( L a t h r o u g h L u ) : 

La Ce Pr Nd Pm Sm Eu Gd 

15.2 14.7 14.6 14.5 (14.3) 14.2 14.1 14.0 

Th Dy Ho Er Tm Yb Lu 

13.8 13.6 13.5 13.3 13.2 13.1 13.0 
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30 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Table II. 

Oxide 

Experimental Entropies of Lanthanide (III) Oxides 
at 298.15°K. a 

Τι 

Entropies 

Measured Estimated 
l298 L l % - S0°K. 8 298 

Y 2 O 3 
16 23.58 h 0.11 23.69 

S c 2 0 3 51 17.88 r 0.48 18.4 

L a 2 0 3 5 30.43 0 0.002 30.43 
16 30.43 b 0.15 30.58 

C e 2 0 3 30.35 f 5.67 36.0 
N d 2 0 3 5 35.05 c 2.8 37.9 

16 33.61 b 3.31 36.92 
S m 2 0 3 10 33.22 d 2.9 36.1 
G d 2 0 3 

D y 2 0 3 

10 28.33 d 7.8 36.0 G d 2 0 3 

D y 2 0 3 10 33.06 c 2.7 35.8 
H o 2 0 3 10 32.38 e 5.4 37.8 
E r 2 0 3 10 33.81 e 2.8 36.6 
Y b 2 0 3 10 29 .01 d 2.8 31.8 

its: cal . , \ g.i.m., °K. d(91) its: cal . , \ 
* (195) 
r (192) 

A p p l i c a t i o n of these values plus the appropr iate magnet ic c on t r ibu 
tions leads to good agreement between observed a n d estimated entropies 
for G d 2 0 3 i f the magnet ic contr ibutions to the exper imental entropy are 
taken into account. T h e magnet ic contr ibutions have been obta ined as 
A S m a g = R l n e ( 2 / + 1) c a l . / ( g r a m atom °K. ) ( i n w h i c h / is the m u l t i 
p l i c i t y of the g round level ) except for E u 2 0 3 . H e r e the h i g h value for 
the effective magnetic moment of the E u ( I I I ) i on has been expla ined 
i n terms of the smal l energy differences between the ground a n d excited 
levels, / = 1, 2, . . . , i n comparison w i t h those of the mul t ip l e t c om
ponents. A r o u g h estimate o n this basis leads to a magnet ic entropy of 
3.5 c a l . / ( g r a m atom °K. ) for E u ( I I I ) i n E u 2 0 3 . Va lues of the entropy 
thus estimated for the lanthanide ( I I I ) oxides are presented i n T a b l e I I I . 

Other Oxides. A p a r t f r om the sesquioxides, the on ly other lanthanide 
oxides on w h i c h sufficient c ryothermal data exist to permit an entropy 
evaluat ion are d iamagnet ic C e 0 2 (194) a n d ferromagnetic E u O (63). 
T h e measured entropy of C e 0 2 suggests that the estimated cat ionic en
tropy contr ibut ion should be reduced about two entropy units i n going 
f r om C e ( I I I ) to C e ( I V ) , a n d thus about the same latt ice entropy con
t r i b u t i o n is expected for a l l c e r ium oxides i n the range C e O i . 5 to C e 0 2 . 
Since heavier lanthanide ( I V ) compounds conta in 4f electrons, the effect 
w i l l p robab ly not be so pronounced for them. T h e va lue for P r ( I V ) is 
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3. W E S T R U M Chemical Thermodynamics 31 

reduced b y a uni t , w h i l e that for T b ( I V ) is unchanged . E n t r o p y esti 
mates for such lanthanide oxides are f o u n d i n T a b l e I V . T h e magnet i c 
contr ibutions have been a d d e d w i t h their f u l l sp in -only entropy va lue 
since the effective magnet ic moments for the compounds invest igated so 
far are not m u c h lower than those expected for the corresponding "free 
i o n " state. 

Table III. Estimated Entropies of Lanthanide (III) Oxides 
at 298.15°K. a 

Entropies 
Oxide Estimated Observed 

Lattice Magnetic ςο 
° 298 

ςο 6 

° 298 

Y 2 O 3 
24.9 0 22.4 

S c 2 0 3 19.4 0 19.4 

L a 2 0 3 30.4 0 30.4 30.58 
C e 2 0 3 29.3 7.12 36.4 — P r 2 0 3 29.2 8.72 37.9 37.9 
N d 2 0 3 28.9 9.14 38.0 36.92 
P m 2 0 3 — 8.72 — — S m 2 0 3 28.3 7.12 35.4 36.1 
E u 2 0 3 28.1 — 35 — G d 2 0 3 28.0 8.26 36.3 36.0 
T b 2 0 3 27.3 10.19 37.5 — D y 2 0 3 27.1 11.02 38.1 35.8 
H o 2 0 3 26.9 11.26 38.2 37.8 
E r 2 0 3 26.6 11.02 37.6 36.6 
T m 2 0 3 26.3 10.19 36.5 — Y b 2 0 3 26.2 8.26 34.5 31.8 
L u 2 0 3 26.0 0 26.0 — 

a U n i t s : cal . , g i . m . , °K. 
6 Cf. Tab le I I . 

N e w heat capac i ty data on oxides over the cryogenic reg ion f r om 
51 °K. to 300 °K. have been reported b y W e l l e r a n d K i n g (190) on scan
d i u m ( I I I ) oxide a n d on a composi t ion ( C e 2 0 3 3 3 ) assumed to be 
c e r ium ( I I I ) oxide w i t h C e 0 2 as a contaminant . T h e entropies at 
298.15°K. are 17.88 a n d 6.00 c a l . / ( m o l e ° K . ) , respectively. E x t r a p o l a t i o n 
be low 51 °K. on S c 2 0 3 amounts to 0.48 c a l . / ( m o l e °K. ) , that on the c e r i u m 
c o m p o u n d to 5.67 since the total sp in entropy ( 2 R l n 2) was i n c l u d e d 
i n add i t i on to the sizeable latt ice contr ibut ion . 

Data on Metals. A compi la t i on of the avai lable entropy values for 
lanthanide metals is g iven i n T a b l e V . It w i l l be noted that these values 
also i n c l u d e significant est imated magnet ic contr ibutions to the entropy 
a n d the prec is ion ind i ca ted m a y be deceptive. E x p e r i m e n t a l values are 
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32 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Table I V . Entropy Estimates for Other Lanthanide Oxides 
at 298.15°K. e 

Oxide 
Entropies 

Oxide ςο 
° 298 

Oxide 
Lattice Magnetic ςο 

° 298 

C e O i 6 7 14.7 2.5 17.2 
C e O i 7 2 14.7 1.8 16.5 
C e O x 7 8 14.7 1.5 16.2 
C e 0 1 < 8 1 14.7 1.5 16.2 
C e 0 2 14.7 — 14.7 
P r O 1 7 0 15.1 [4.0] [19.1] 
P r 0 1 7 4 15.2 [4.0] [19.2] 
P r 0 1 8 3 15.3 3.8 19.1 
P r 0 2 15.6 3.5 19.1 
SmO 12.2 [3.5] [15.7] 
E u O 12.1 [4.2] [16.3] 
T b 0 1 > 7 2 14.8 4.5 19.3 
T b 0 1 8 1 15.1 4.3 19.4 
T b 0 2 15.8 4.0 19.8 

" U n i t s : c a l , g.f.m., °K. B y West rum and G r 0 n v o l d scheme (192). 

s t i l l l a ck ing for Sc, P m , E u , a n d Y b . Some discrepancies occur among 
the results of the various investigators l is ted i n T a b l e V , usua l ly i n the 
magnet ic heat-capacity contr ibut ion . 

D a t a on several metals are especial ly pert inent since observed cryo
genic anomalies are interpreted as resul t ing f rom contaminant oxides a n d 
are noted b e y o n d mere ment ion i n T a b l e V . F o r example, measurement 
of the l o w temperature heat capac i ty of g a d o l i n i u m meta l (107) revealed 
a large anomaly extending f r om about 0.5 °K. to 5°K. T o resolve the 
d i l e m m a , C r a n e (30) measured meta l samples w i t h 0.22, 0.12, a n d 0.11 
we ight % oxygen contaminat ion ; peaks increasing i n magni tude w i t h 
greater oxygen concentrat ion were again observed at rough ly the same 
temperatures as those f o u n d previously . L o u n a s m a a (119) conf irmed 
the presence of these anomalous peaks at 1.6° a n d 3.7°K. and , i n a d d i 
t ion , f o u n d a shoulder near 1.1 °K. C r a n e f ound the total excess entropy 
be low 5°K. (a t t r ibuted to contaminant G d 2 0 3 ) to be close to the value 
of R l n 8 expected for the magnet ic order ing of G d ( I I I ) ions. L o u n a s -
maa's analysis also attributes the anomalous heat capac i ty to the presence 
of sesquioxide i n the metal . A l t h o u g h the anomaly does appear to be 
associated w i t h the amount of oxygen present, i t is perhaps a debatable 
quest ion whether or not G d 2 0 3 rather than a l ower oxide is responsible. 
I n a n endeavor to resolve this discrepancy, heat-capacity measurements 
on the sesquioxides at sufficiently l o w temperatures are obvious desir
able. Recent heat capac i ty measurements on t e r b i u m meta l b y Gerste in , 
et al. (52) p rov ide evidence that the anomaly at 2.42°K. f o u n d i n earl ier 
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3. W E S T R U M Chemical Thermodynamics 33 

measurements was indeed occasioned b y the presence of T b 2 0 3 , as 
ind i ca ted b y the discovery of ant i ferromagnetic order ing at 2.42 °K. i n 
the t e r b i u m ( I I I ) oxide. 

Table V . Entropies of Lanthanide Metals at 298.15 °K. a 

Lattice Entropies 
+ cond. Mag Exp. 

Metal elec.h netic c sod Ref. 
Sc — 0 [8.20] 62,131,141,191 
Y — 0 10.63 9,87,131 

L a 13.35 0 13.64 15,156 
Ce 13.22 3.56 16.68 15,124,155 
Pr 13.09 4.37 17.49 15,84,122 
N d 12.96 4.58 17.54 15,84,122 
P m 12.88 4.37 [17.2] 177 
Sm 12.76 3.56 16.64 37,38,40,85,117,120,163 
E u — 4.13 [17.0] 124,127,177 
G d 12.52 4.13 15.77 60,107,187 
T b 12.40 5.10 17.48 37,52,68,88,96,107,120,126,129,173 
D y 12.29 5.51 17.87 32,37,39,61,120126,128,157 
H o 12.18 5.63 18.00 51,58,59,96,118,120,174 
E r 12.11 5.10 17.52 37,40,157,168 
T m 12.00 17.37 86,125 
Yb — 0 [15.0] 53,119,120,121,126,127,177 
L u 11.79 0 12.19 87,123 

a U n i t s : cal . , g.f.m., °K. 
ft Contr ibut ion of lattice vibration and conduction electrons to entropy estimated b y 
Skochdopole, Grif f e l , and Spedding (168). 
c Magnet ic contribution to entropy estimated by Skochdopole, Gri f fe l , and Spedding 
(168). 

d Exper imental ( estimated i f i n brackets ) entropy values based on first-mentioned 
source of heat-capacity data. 

Thermochemical Values and the Thermodynamics of Formation 

T h e enthalpies a n d entropies of f ormat ion of the lanthanide ( I I I ) 
oxides based o n data i n Tables I I , I I I , I V , a n d V are presented i n T a b l e 
V I , together w i t h the G i b b s energies der ived f rom them. A semi-cr i t i ca l 
evaluat ion of the several sources of these values is contained i n the 
superscr ipted references a n d notes. T h i s c ompi la t i on updates that of 
M o n t g o m e r y (142) a n d those of W e s t r u m (191, 192) because of the 
ava i lab i l i t y of better enthalpy of format ion data , l o w temperature heat 
capacities for eight oxides, a n d a better understanding of the causes 
governing the magnitudes of the entropies of these substances. A s imi lar 
tabulat ion for other lanthanide oxides is f o u n d i n T a b l e V I I . 

F r o m aqueous ca lor imetry Burnet t a n d C u n n i n g h a m (18) f o u n d 
the AHf°298 of E u O i . o 2 to be —153.5 k c a l . / m o l e and , assuming the d e v i a -
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34 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

t i on f rom stoichiometry to be caused b y the presence of E u 2 0 3 , ca l cu lated 
that of E u O to be —145.2 k c a l . / m o l e . F o r m u l a s for the ca l cu lat ion of the 
enthalpy of format ion , G i b b s energy of format ion , entropy, a n d heat 
capac i ty of crystal lohydrates L n 2 0 3 · n H 2 0 for L n = N d , P r , a n d C e 
have been devised b y M a s l o v a n d M a s l o v (134). 

Table VI . Enthalpies, Entropies, and Gibbs Energies of Formation 
of Lanthanide(III) Oxides at 298.15°K. a 

Oxide Structure6 - Δ Η Ρ X 10~3 - A S f ° s - A F P X 10'3 

S c 0 1 > B bcc 228.1 ± 0.05 c [35.6] 
35.54* 

217.5 
ΥΟχ.5 bcc 227.73 ± 0.27 d 

[35.6] 
35.54* [217.1] 

L a 0 1 5 hex 214.29 ± 0.19 e 35.18" 203.80 
C e 0 1 5 hex 217.46 ± 0.05 1 [35.2] [207.0] 
P r 0 1 5 hex 217.9 ± 0.8 9 [35.4] [207.4] P r 0 1 5 

bcc 218.4 ± 0.8" [35.4] [207.8] 
N d 0 1 5 hex 216.08 ± 0.12" [35.3] [205.6] 
P m 0 1 5 — [216.5] [35.4] [206] 
S m 0 1 5 m 216.95 ± 0.24* [35.4] [206.4] 
EuOx.5 m - 1 9 6 . 9 ± 0 .5 } [36] [186] 
G d 0 1 5 m 216.97 ± 0.43* [34.4] [206.7] 
T b 0 1 > 5 bcc 218.4 ± 1.01 [35.8] [207.7] 
D y 0 1 5 bcc 222.92 ± 0 .47 m [35.7] [212.3] 
H o 0 1 5 bcc 224.78 ± 0.58 n [35.7] [214.1] 
E r O L 5 bcc 226.80 ± 0.23 0 [35.5] [216.2] 
T m O i . 5 bcc 225.7 ± 0.7 p [35.7] [215.1] 
Y b 0 1 > 5 bcc 216.84 ± 0.27 q [34.5] [206.6] 
L u 0 1 > 5 bcc 224.5 ± 0 .9 r [35.6] [213.9] 

a O n basis discussed i n text. U n i t s : cal . , g.f.m., °K. 
5 bcc = body-centered cubic ( C-type ), hex = hexagonal ( A - type ), m = monocl inic 
( B - t y p e ) . 

9 H u b e r , et al. (71); cf. also M a h (133). 
d H u b e r , H e a d , and Ho l l ey (75). 
e L a 2 0 3 ; the combustion value [—428.59] of H u b e r and H o l l e y (80) is adopted. 
This is i n good accord w i t h that [—428.57 ± 0.19] of F i tzg ibbon , Ho l l ey , and 
Wadsb (47), that of Spedding and F l y n n (171), and that of Montgomery (142), as 
we l l as w i t h the value [—430.0] of V o n Wartenberg (186), provided the enthalpy 
of solution data of Spedding and F l y n n (171) are used rather than the Bommer and 
H o h m a n n (13) value. F o u r earlier determinations differ by more than 10 kcal . , but 
the solution value of Mat ignon (135) is close [—427 .7 ] . 
1 Kuznetsov, et al. (110) w h i c h accords w i t h Gerassimov, et al. (49). The value of 
Brauer, Ginger i ch , and Holtschmidt ( 16) for the reaction C e O i . 5 + 0.25 0 2 = C e 0 2 

is about 4 kcal . more negative. M a h (132) obtains —213.5 ± 0.4 kca l . /mole . 
' Stubblefield, E i c k , and E y r i n g (175). 
h N d 2 0 3 ; the combustion value of H u b e r and H o l l e y ( 79 ) taken in preference to 
those of Spedding, Eberts , and N a u m a n n (170) [ - 2 1 4 . 8 8 and - 2 1 3 . 8 2 ] because 
of uncertainty i n the latter due to lack of analytical data for non-metall ic impurities. 
* S m 2 0 3 ; the combustion value of Huber , Matthews, and Ho l l ey (83) is taken in 
preference to that of Spedding, Eberts , and N a u m a n n (170) [—212.40] for the rea
son cited in (h); cf. Montgomery and Hubert (143). 
} H u b e r , et al. (72) by combustion i n oxygen. The i r enthalpies of solution indicate 
4 f f ° = —4.3 ± 0.6 kca l . /mole for the reaction E u 2 0 3 ( c u b i c ) —» E u 2 0 3 ( m o n o -
c l i n i c ) . [Cf. Stuve (178)]. 
k G d 2 0 3 ; the combustion value of H u b e r and Ho l l ey (82) is preferred to that of 
Spedding, Eberts , and Naumann (170) [—213.46] for the reason cited i n (h). 
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3. W E S T R U M Chemical Thermodynamics 35 

1 Stubblefield, E i c k , and E y r i n g (176). 
m H u b e r , H e a d , and Ho l l ey (73). 
n H u b e r , H e a d , and H o l l e y (76). 
0 E r 2 0 3 ; the combustion value of Huber , H e a d , and Ho l l ey (74) is taken i n prefer
ence to that of Spedding, Eberts , and N a u m a n n (170); cf. (h). 
* Huber , H e a d , and Ho l l ey (77). 
q H u b e r , H e a d , and Ho l l ey (73). 
r H u b e r , H e a d , and Ho l l ey (78). 
s A l t h o u g h the values in brackets are properly indicated as estimated, they have been 
taken from Tables I I , I I I , and V and are based (as noted i n these Tables) on experi
mental data for oxygen, most metals, and many oxides. 
* Y 2 0 3 ; Goldstein, et al. (55). 
" L a 2 0 3 ; the entropy data of Justice and West rum (92) have been taken i n prefer
ence to those of Goldstein , et al. (55). 

Table VII. Thermodynamics of Formation of Other 
Lanthanide Oxides at 298.15°K. a 

Oxide Structureh - Δ Η Ρ X 10-3 -ASfof —AFf° X 1 
CeOi.67 bcc [233] [40.3] [221] 
CeOx.72 rh [238] [42.4] [255] 
CeOx 7 8 rh [244] [44.1] [231] 
C e 0 1 8 1 rh [247] [44.8] [234] 
C e 0 2 bcc 260.18 ± 0.16 e 50.80" 245.0 
P r 0 1 7 1 bcc 223.5 ± 0.8 d [40.1] [211.5] 
PrOi.74 rh [225] [40.9] [212.8] 
P r O 1 8 0 bcc 227.6 ± 0.8 d [43.2] [214.7] 
P r 0 2 bcc 232.9 d [47.4] [218.8] 
T b O t 7 2 rh 223.3 ± 1.0 e [40.4] [211.2] 
T b 0 1 - 8 1 tr i 226.4 ± 1.0 e [42.4] [213.8] 
TbO., bcc [231] [46.7] [217] 
a O n basis discussed i n text. U n i t s : cal . , g.f.m., °K. 
6 bcc = body-centered cubic ( C-type ), rh = rhombohedral , t r i = trigonal. 
c H u b e r and Ho l l ey (81). 
d Stubblefield, E i c k , and E y r i n g (175). 
e Stubblefield, E i c k , and E y r i n g (176). 
f A l though the values in brackets are properly indicated as estimated, they have been 
taken from Tables I V and V and are based (as noted i n these Tables) on experi
mental data for oxygen, most metals, and many oxides. 
0 CeO>; Westrum and Beale (194). 

Higher Temperature Thermodynamic Measurements 

Oxides. Determinat ions of the enthalpy a n d der ived functions b y 
the method of mixtures have also been made for purposes of meta l lurg i ca l 
a n d ceramic appl icat ions on most of the lanthanide ( I I I ) oxides usual ly to 
temperatures of about 2000°K. (100, 152,153, 154). T h e results of these 
determinations have been s u m m a r i z e d i n T a b l e V I I I . 

K i n g a n d Chris tensen (98) a n d Kuznetsov a n d R e z u k h i n a (108) 
have independent ly determined the h i g h temperature enthalpy of C e 0 2 . 
T h e latter workers (109) have also determined the enthalpy of ce
r i u m ( I I I ) oxide f r om 578° to 1168 °K. E a r l i e r studies have been s u m 
m a r i z e d i n the compi la t i on b y K e l l e y (94). I n a dd i t i on to studies on the 
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36 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

sesquioxides reported i n T a b l e V I I I , Pankratz made h i g h temperature 
enthalpy determinations on P r O i . 8 3 3 , TbOi .719 , a n d T b O i . 8 i 2 to at least 
850°K. ( ISO) . E n t h a l p y increments for the C a n d Β forms of E u 2 0 3 , 
T m 2 0 3 , a n d Y b 2 0 3 were determined f r om 298° to 1600 °K. b y d r o p 
ca lor imetry b y Tsagare i shv i l i a n d Gve les ian i (182). 

Table VIII. High Temperature Entropies of the 
Lanthanide ( III ) Oxides α 

S ψ α 298 
Oxide Structure 

1000° Κ. 2000°Κ. 

S e 2 0 3
6 cubic 32.34 54.02 

Y 2 < V cubic 31.22 56.00 

L a 2 0 3
a hex. 35.42 58.40 

C e 2 0 3
e a, hex. 39.12 — 

β, hex. 40.96 — 
E r 2 0 3 ' — 38.26 — 
N d 2 0 3

c hex. 37.03 62.48 
S m 2 0 3

c cubic 38.65 — 
mono. 38.31 63.79 

E u 2 0 3
c cubic 40.13 — 

mono. 39.38 64.98 
G d 2 0 3

c cubic 34.75 — 
mono. 34.21 56.56 

T b 2 o 3 ' cubic 37.42 — 
D y 2 0 3 * cubic 36.73 60.17 
H o 2 0 3 * cubic 35.62 58.23 
E r 2 0 3 * cubic 34.99 57.36 
T m 2 0 8 ' cubic 36.28 58.54 
Y b 2 0 3 « cubic 36.62 58.83 
L u 2 0 3

 6 cubic 33.76 55.62 
a Units: ca l , g.f.m., °K. «(152) 
6 (152 ) '(15Q) 
c (154) ° (153) 

Transitions 

T t A H t 

1330° 310 

895° 130 

1680° 310 
1365° 150 

(100) 

Metals. H i g h temperature thermal functions plus enthalpies of 
transi t ion a n d me l t ing of c e r ium, n e o d y m i u m , a n d samar ium meta l have 
been determined to 1370°K. f rom enthalpy increment determinations 
us ing a B u n s e n ice calor imeter b y Spedd ing , M c K e o w n , a n d D a a n e (172). 
These properties for eight other lanthanide metals were reported b y 
D e n n i s o n , Gschne idner , a n d D a a n e (34). T h e i r results are summar i zed 
i n T a b l e I X . Va lues for y t t r i u m , praseodymium, europ ium, a n d y t t e r b i u m 
have been determined b y B e r g ( 8 ) , a n d are to be p u b l i s h e d b y B e r g , 
S p e d d i n g , a n d D a a n e (9, 10). 
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3. W E S T R U M Chemical Thermodynamics 37 

Table IX. High Temperature Thermal Properties 
of Lanthanide Metals 

Element S ° T — S° 0 Transition Melting 

1000° Κ. 1800°K. τ . ASt τ 
χ m 

A S m 

Sc* 16.16 21.92 1608 0.60 1812 1.86 

C e c 27.11 1003 0.70 1077 1.15 
N d c 26.82 — 1135 0.63 1297 1.31 
S m c 27.72 — 1190 0.63 1345 1.53 
G d 6 25.06 — 1533 0.61 1585 1.52 
T b b 26.25 34.25 (Ζ) 1560 0.77 1630 1.58 

26.12 33.90(0 1657 [0.56] 1682 [1.53] 
H o 6 26.23 34.13(Ζ) 1701 [0.66] 1743 [1.67] 
E r b 25.95 33.73(Ζ) — — 1795 2.65 
T m 6 25.44 20.25 — — 1818 2.21 
L u 6 20.07 25.03 — — — — 

" U n i t s : cal . , g.atom, °K. 
6 (34) 
9 (173) 

Thermodynamics of Vaporization and Decomposition 

Oxides. Decompos i t i on pressure measurements on the T b O ^ system 
b y E y r i n g a n d his col laborators ( 64 ) have been supplemented b y s imi lar 
a n d re lated studies on the P r O r system (46) a n d on other lanthanide -
oxygen systems (43, 44). Extens ive a n d systematic studies of vapor i za 
t i on processes i n lanthanide-oxide systems have been undertaken b y 
W h i t e , et al. (6, 188,196) us ing convent ional K n u d s e n effusion measure
ments of the rates of vapor i zat i on of the oxides into h i g h v a c u u m . C o m 
b inat i on of these data w i t h in format ion on the entropies a n d G i b b s 
energy functions of reactants a n d products of the react ion yie lds en 
thalpies of react ion. I n favorable instances (i.e., i f spectroscopic data 
on the gaseous species are a v a i l a b l e ) , the enthalpies of f ormat ion a n d 
the stabil it ies of previous ly undetermined i n d i v i d u a l species are also 
der ived . T h e rates of vapor i zat i on of 17 lanthanide-oxide systems (196) 
a n d the vapor i zat i on of l an thanum, n e o d y m i u m , a n d y t t r i u m oxides at 
temperatures between 22° a n d 2700°K. have been reported (188). 

Three significant studies b y W h i t e , et al. invo lve the vapor i zat i on 
of L a 2 0 3 a n d N d 2 0 3 (56), mass spectrometric determinat ion of the 
enthalpies of sub l imat ion of rare-earth metals (198), a n d the thermo
dynamics of vapor i za t i on of the rare-earth oxides at e levated tempera 
tures (197). T h e first a n d t h i r d studies also invo lve the dissoc iat ion 
energy of the gaseous monoxides. T h e i r exper imental w o r k on the oxides 
i n c l u d e d four types of measurements: (a ) determinat ion of the rates of 
vapor i za t i on of L a 2 0 3 , N d 2 0 3 , S m 2 0 3 , G d 2 0 3 , L u 2 0 3 , a n d Y 2 0 3 at h i g h 
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38 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

temperatures us ing the K n u d s e n effusion technique, ( b ) determinat ion 
of the composi t ion of the so l id ( I I I ) oxides as a func t i on of the extent 
of vapor i zat i on b y x-ray p o w d e r di f fract ion methods, ( c ) determinat ion 
of the compos i t ion of the vapors effusing f rom the K n u d s e n ce l l b y mass 
spectrometric methods, a n d ( d ) determinat ion of the e q u i l i b r i u m con
stants (as a funct ion of temperature a n d the re lated thermodynamic 
funct ion ) for the isomolecular oxygen-exchange reactions, 

L n ( g ) + L n O ( g ) * ± L n ' ( g ) + L n O ( g ) , 

i n w h i c h L n a n d L n ' represent different rare-earth elements f r om the 
group : L a , C e , P r , N d , Sm, E u , T b , L u , a n d Y . T h e thermodynamic 
analysis of the effusion data was per formed b y a modi f ied " t h i r d - l a w " 
technique w h i c h d i d not require knowledge of the vapor-phase compos i 
t i on but on ly of the species present. A por t ion of the results of their 
vapor i za t i on studies is presented i n T a b l e X . I n add i t i on , these authors 

Table X . Thermodynamics of Vaporization of 
Lanthanide ( III ) Oxides a 

Δ Η Ρ / d v 
Oxide Δ Η ν Υ For MO(g) (kcal./mole) ForMO(eV) 

Y 2 0 3 502.6 - 5 . 0 ± 5.0 7.10 ± 0.2 

L a 2 0 3 430.2 - 2 7 . 9 ± 5.0 8.26 ± 0.2 
N d 2 0 3 428.0 - 3 1 . 2 ± 7.0 7.24 ± 0.3 
S m 2 0 3 443.2 - 2 4 . 0 ± 7.0 5.77 ± 0.3 
G d 2 0 3 453.3 - 1 8 . 6 ± 7.0 7.02 ± 0.3 
L u 2 0 3 495.7 - 5 . 3 ± 7.0 6.90 ± 0.3 
a W h i t e , etal (197). 
h ΔΗϋ°ο, standard enthalpy of vaporization at 0°K. for the reaction L n 2 O a ( e ) —•> 
2 L n O ( g ) + 0 ( g ) . 
c àHf°o, standard enthalpy of formation for L n O ( g ) at 0°K. 
d D°o, standard dissociation energy of L n O ( g ) at 0°K. 

examined the vapor i za t i on of P r 6 O n , C e 0 2 , E u 2 0 3 , a n d T b 4 0 7 , but the 
results have not been reported since changes i n the so l id phase compos i 
tions y i e l d t ime-dependent rates of vapor izat ion . 

A s t r ik ing correlat ion results f r om a compar ison of the dissociat ion 
energies of the gaseous monoxides w i t h the var ia t ion of the enthalpies of 
sub l imat ion of the metals g iven i n T a b l e X I . A l t h o u g h bo th show large 
variat ions, these variat ions are almost ident i ca l for b o t h sets of data . 
T h e increments i n the b i n d i n g energies of the monoxides must co inc ide 
almost w i t h those i n the cohesive energies of the corresponding so l id 
metals. T h e increment g radua l ly ( a n d essentially monoton ica l ly ) be
comes more posit ive w i t h increasing atomic number . Since it is possible 
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3. W E S T R U M Chemical Thermodynamics 39 

Table XI . High Temperature Thermodynamic Functions 
for the Lanthanide Metals 

Metal AUs°0
b S°gooo°K.C 

Y 99.0 53.4 

L a 103.0 56.5 
N d 76.6 57.4 
Sm 50.0 57.4 
G d 84.1 58.2 
L u 94.7 55.1 

° W h i t e , et al. (197, 198). 
6 Standard enthalpy of sublimation at 0°K. k c a l . / g r a m atom. 
c F o r the gaseous phase; units : c a l . / ( g r a m atom ° K . ) . 

to pred ic t the trends of the enthalpies of sub l imat ion a n d of the dissocia
t i on energies for the gaseous lanthanide oxides, these values can be used 
to pred ic t the thermodynamics of the vapor i zat i on of the so l id sesqui-
oxides. Prev ious ly ment ioned w o r k (56) o n the vapor i za t i on of L a 2 0 3 

a n d N d 2 0 3 ind i ca ted that the react ion proceeds essentially as fo l lows : 

L n 2 0 3 ( c ) ^ 2 L n O ( g ) + O ( g ) 

T h e vapor izat ion of P r 2 0 3 , N d 2 0 3 , S m 2 0 3 , a n d E u 2 0 3 at temperatures 
rang ing f r o m 1950° to 2350°K. has been s tudied b y P a n i s h (149 ? 150) , 
w h o ana lyzed the species effusing f rom a K n u d s e n effusion ce l l w i t h a 
t ime-of- f l ight mass spectrometer. 

Mass spectrophotometric study of the vapor i zat i on e q u i l i b r i a i n the 
system lanthanum- lanthanum oxide (27) y ie lds D 0 ° K . ( L a O ) = 8 . 1 5 ± 
0.35 eV a n d AH°0°K. — 189 db 8 k c a l . / m o l e for the react ion 

L a O ( g ) = L a ( g ) + 0 ( g ) . 

V a p o r pressure vs. temperature data are presented graph i ca l l y for the 
rare earths b y Beavis (7). 

T h e thermodynamics of gaseous y t t r i u m monoxide have been inves
t igated b y A c k e r m a n n , et al. (1), a n d the dissociat ion energy of the 
s cand ium monoxide molecule mass-spectrometrical ly was determined b y 
Smoes, et al. (168). These authors identi f ied a n d determined atomizat ion 
energies for the suboxides S c 2 0 , Y 2 0 , Y 2 0 2 , L a 2 0 , a n d L a 2 0 2 . V a p o r 
pressures of oxides of L a , C e , P r , N d , S m , E u , G d , D y , H o , E r , a n d L u 
were determined b y the effusion method over the range 1980° -2400°C. 
b y K u l v a r s k a y a a n d M a s l o v s k a y a (105). 

A l t h o u g h such data do not appear to have been taken, the fac i le 
revers ib i l i ty of the P r O ^ system, for example, suggests the des i rab i l i ty 
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4 0 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

of the direct ca lor imetr ic determinat ion of the p a r t i a l m o l a l thermody
namic quantit ies for the var ia t i on i n x, as has been done for U 0 2 + # b y 
G e r d a n i a n a n d D o d é (50) u t i l i z i n g a h i g h temperature microcalor imeter . 
T h e greater r a p i d i t y of the oxygen evo lut ion a n d adsorpt ion at m u c h 
l ower temperatures i n the P r O ^ system w o u l d greatly fac i l i tate the study 
even w i t h intermediate temperature adiabat ic calorimeters. 

Semenov obta ined enthalpies of sub l imat ion of S c 2 0 3 a n d dissocia
t i on of S c O b y mass spectrometry ( J 6 5 ) . 

Metals. K r u g l i k h , et al. (104) measured saturated vapor pressures 
of e r b i u m , samar ium, a n d y t t e r b i u m b y the K n u d s e n effusion method , 
a n d s tandard (average) sub l imat ion entropies of 18.4, 20.7, a n d 25.6 
c a l . / ( g r a m atom °K . ) were der ived . Nesmeyanov , et al. (146) s tudied 
the vapor pressure of y t t r i u m b y an integra l var iant of the effusion tech
n ique . S i m i l a r studies at h igher temperatures b y H e r r i c k (70) on sama
r i u m meta l have been interpreted i n good accord b y b o t h first a n d second 
l a w methods. Idea l gas thermodynamic functions have been der ived 
f r o m 100°K. to 6000°K. at 100° intervals for bo th act in ide a n d lanthanide 
elements b y F e b e r a n d H e r r i c k (45 ) . 

Monochalcogemdes 

T h e discovery b y M a t t h i a s , et al. (136) that E u O (bo th a n oxide 
a n d a n insulator ) is ferromagnetic has s t imulated considerable research 
on d iva lent e u r o p i u m chalcogenides. These are par t i cu lar ly interest ing 
materials because they combine several features of the idea l He i senberg 
ferromagnet w i t h l o ca l i zed spin-only moments for the magnet ic ions a n d 
the re lat ive ly s imple fee crystal structure. O n l y the te l lur ide has a n t i 
ferromagnetic order ing . E u O is the on ly monochalcogenide whose heat 
capac i ty has been determined over a sufficient reg ion (15°—280° K . ) to 
permit useful thermodynamic evaluations (63). T h e i r data inc lude a 
large a n d sharply defined anomaly at 69.2 ± 0.2 °K. due to the onset of 
ferromagnetism. 

T h e heat capac i ty of E u S was measured to test the predict ions of 
sp in-wave theory f r om 1° to 38°K. b y M c C o l l u m a n d C a l l a w a y (137) 
a n d independent ly f rom 10° to 35°K. b y M o r u z z i a n d Teaney (145). A 
sharp Néel peak was f o u n d at 16.2 °K. M a g n e t i c a n d latt ice contr ibut ions 
to the heat capacities were resolved o n the assumption of a Γ 3 dependence 
for the latt ice a n d a T " 2 dependence for the magnet ic contr ibut ion at 
temperatures above the Néel point . A plot of C T 2 vs. Τ δ y ie lds a straight 
l ine between 21° a n d 31°K. a n d a D e b y e temperature of 208°K. 

A n extended two-part i c le cluster approx imat ion i n v o l v i n g nearest-
a n d next-nearest ne ighbor exchange for p a r a - a n d ferromagnets ( w i t h 
part i cu lar reference to E u O , E u S , E u S e , a n d E u T e ) has been deve loped 
(22). H e a t capac i ty curves, C u r i e temperatures, magnet izat ion curves, 
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3. W E S T R U M Chemical Thermodynamics 41 

susceptibi l it ies, a n d spin-correlat ion functions thus der ived are i n excel 
lent accord w i t h experimental results. A second neighbor exchange inte
gra l app l i cab le for the E u S s i tuat ion has been der ived (21). S i m i l a r 
analyses for E u S based bo th on s imple a n d complete sp in-wave theory 
have also been presented (24, 25). Another app l i ca t i on of sp in-wave 
theory to E u O a n d E u S has been made b y L o w (130). H i s heat capaci ty 
values depart f r om the exper imental values at a temperature about a 
t h i r d that of the C u r i e point . Cons iderab le further evidence that E u S is 
near ly a n idea l He i senberg ferromagnet is p r o v i d e d b y the accord of its 
ca lcu lated higher temperature heat capac i ty on this m o d e l (201) w i t h 
exper imental data. 

H e a t capacities taken over the range 1.3°-20°K. (19) show a n 
extremely narrow peak at 4.58 ± 0.03 °K. at the E u S e ferromagnetic 
C u r i e temperature a n d one at 9.64 ± 0.06 °K. i n E u T e identi f ied w i t h the 
anti ferromagnetic transit ion. T h e magnet ic transi t ion entropy increments 
are 4 a n d 3 c a l . / ( m o l e ° K . ) . 

T h e congruent vapor i zat i on of L a S has been s tudied over the range 
2012°-2490°K. us ing the effusion technique w i t h the a i d of a v a c u u m 
balance a n d a mass spectrometer b y Cater , et al. (23). 

Pnictides 

T h e heat capacities of s intered specimens of L a N a n d N d N were 
measured f rom 1.2°K. to 45°K. b y Veyssie , et al. (185). L a N shows a 
sl ight anomaly at t r ibuted to magnet ic impur i t i e s ; N d N has a peak at 
27.6 =b 0.1°K. corresponding to a ( ferromagnet ic ) C u r i e transit ion. 
D e b y e θ values are 300° a n d ^ 3 6 0 °K., respectively, but the data do not 
cover an adequate range to permit evaluat ion of the thermodynamic 
properties. 

Carbides 

Time-of - f l ight mass spectrometry a n d target co l lect ion techniques 
over the range 1130°-1600°K. on E u C i . 8 7 ± o . o 7 y i e l d a value of the e n 
t h a l p y a n d G i b b s energy of f ormat ion (48). 

Hexaborides 

Studies on the thermal properties of l a n t h a n u m , c e r ium, n e o d y m i u m , 
a n d g a d o l i n i u m hexaborides i n the cryogenic reg ion f r o m 5° to 350°K. 
(193) have shown the presence of two types of anomalies i n the latter 
three substances. A t temperatures near 10 °K. there appears a l a m b d a -
type anomaly i n each w h i c h is rather characterist ic of a magnet ic trans
formation. A t s l ight ly higher temperatures this is f o l l owed b y Schottky-
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l ike anomalies. T o a first approx imat ion these anomalies resemble those 
to be expected f rom a set of crystal- f ield Schottky levels a n d can be 
treated i n the same fashion as those i n the oxides. It seems evident that 
i n the case of the g a d o l i n i u m compound , the sp l i t t ing deduced as a 
consequence of interpret ing this anomaly as a Schottky effect is m u c h 
larger than expected for the second-order interact ion of the crystal field 
w i t h the spin-orbi t c oup l ing vector, w h i c h mechanism is be l i eved to h o l d 
for rare-earth ions. A Schottky anomaly w i t h the ratio of 3:1 ( for the 
excited to ground state) is needed to exp la in the curve. Dif f icult ies of 
interpretat ion suggest caut ion i n der iv ing chemica l thermodynamic values 
based u p o n hexaboride data (except for l a n t h a n u m hexabor ide) u n t i l 
the interpretat ion of the observed anomalies i n these conduct ing mate
rials has been clari f ied. 

Entha lp i es of sub l imat ion based o n K n u d s e n effusion measurements 
have been determined for L a B 6 b y G o r d i e n k o , et al. (57). T h e thermo
dynamics of f ormat ion of lanthanide hexaborides f r om oxides have been 
deduced b y Por tno i , et al. (162); vapor izat ion a n d stabil it ies have been 
studied b y S m i t h (168). 

Halides 

T h e interest i n the crystal l ine field parameters a n d the magnet ic t r a n 
sitions i n the lanthanide tr ihal ides has preceded determinat ion of m a g -
netocaloric a n d other thermal data. Recent magnet ic suscept ib i l i ty 
measurements on C e C l 3 , P r C l 3 , a n d N d C l 3 (42) have ind i cated unex
p l a i n e d cooperative anomalies. H e a t capac i ty measurements over the 
range 0.26°K.-4.2°K. (93) revealed a single sharp peak at 0.27 °K. i n d i 
cat ing cooperative o rder ing but no anomaly at the prev ious ly reported 
suscept ib i l i ty peak ( 0.345 ° K . ) . T h e data do not permit an entropy 
evaluat ion. 

H e a t capacities have been reported on D y C l 3 · 6 H 2 0 a n d N d C l 3 * 
6 H 2 0 ( 1 . 1 ° - 2 2 0 ° K . ) (160) , on L u C l 3 · 6 H 2 0 ( 1 . 4 ° - 2 2 3 ° K . ) (159 ) , o n 
L a C l 3 · 7 H 2 0 a n d P r C l 3 · 7 H 2 0 ( 5 ° - 2 6 2 ° K . ) (66), on G d C l 3 · 6 H 2 0 
( 1 . 1 ° - 2 5 9 ° K . ) (67), a n d on H o C l 3 · 6 H 2 0 a n d E r C l 3 · 6 H 2 0 ( 1 . 2 ° -
230.8°K.) (158). Unfor tunate ly , these data do not extend u p to 298°K. 
so that precise entropy comparisons are not avai lable at these tempera
tures. B y p lo t t ing C/T vs. Τ for the above data, C o b b l e (28) f o u n d near 
l inear i ty above 120°K., extrapolated the data to 298°K., a n d b y means 
of a n analysis s imi lar ( but not so deta i led ) to that a lready discussed for 
the oxides, the results g iven i n T a b l e X I I are obtained. 

B y subtract ing the total est imated magnet ic contr ibut ions , net or 
lattice entropies are obta ined w h i c h appear to be more variant t h a n those 
for the sesquioxides. T h e last c o l u m n indicates a near constancy of the 
rat io of ( S n e t / C p ) 2 9 8 ° κ , Therefore , G d C l 3 · 6 H 2 Q a n d E r C l 3 · 6 H 2 Q have 
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Table XII. Entropies for Hydrated Lanthanide Halides at 298.15°K. f t 

Entropy, 298° K. 

Compound 

L a C l 3 

P r C l 3 

N d C l 3 

G d C l 3 

D y C l 3 

H o C l 3 

E r C l 3 

L u C L 

• 7 H 2 O c 

7 H o O c 

• 6 H 2 0 
• 6 H 2 0 
• 6 H 2 0 
• 6 H 2 0 

• 6 H 2 0 
• 6 H 2 0 

Ionic Total Magnetic C ( S n ^ / C J 
State (Extrapo (Esti Latticeb 

lated) mated) (Snet) 

110.6 0 110.6 102.6 1.08 
112.7 4.4 108.3 [101.1] d 1.07 

4Ιθ/2 99.5 4.6 94.9 86.8 1.09 
8 $7 /2 93.6 4.1 89.5 82.7 1.08 
° H l 5 / 2 96.9 5.5 91.4 82.8 1.10 ° H l 5 / 2 

96.6 5.6 91.0 82.5 1.10 
4 l 15 /2 95.3 5.5 89.8 82.3 1.08 

90.9 0 90.9 83.4 1.09 

" A f t e r Cobble (28) based on the data of Pfeffer, et al (66, 67, 158, 159, 160). 
h The net entropy is the difference between the measured entropy and the magnetic 
entropy. 
c There is some uncertainty in the stoichiometry, of these hydrates (66). 
d Est imated from the authors' ( 66 ) data on the difference between the heat capacities 
of L a C l 3 · 7 H 2 0 and P r C l 3 · 7 H 2 0 from 150° to 250°K. 

l ower latt ice entropies but correspondingly l ower heat capacities at this 
temperature. C o b b l e concludes that measurements made to near 1°K. 
have i n c l u d e d m u c h of the magnet ic entropy on these compounds. These 
a n d systematic trends make it possible to estimate entropies for a n u m b e r 
of re lated substances. 

T h e enthalpy of format ion of Y F 3 was determined b y R u d z i t i s , 
Feder , a n d H u b b a r d (164) us ing fluorine b o m b calor imetry . N d C l 3 was 
done b y solut ion methods (179), a n d the enthalpies of f ormat ion of L a F 3 

a n d P r F 3 were determined b y Po lyachenok (161) w h o employed a n 
indirect equ i l i b ra t i on technique. A recent torsion-effusion study of the 
vapor pressure of C e F 3 (115) yields second a n d t h i r d l a w values for the 
enthalpy of sub l imat ion . T h e thermodynamics of the ch lor inat ion of rare 
earths w i t h gaseous chlor ine have also been invest igated (144). G i b b s 
energies of format ion were determined for C e C l 3 b y solid-state electro
mot ive force techniques (41). 

Hydrides 

Studies of the s c a n d i u m — h y d r o g e n system b y isothermal e q u i l i b r a 
t i on were made b y L i e b e r m a n a n d W a h l b e c k (114). P a r a l l e l studies o n 
the y t t r i u m — h y d r o g e n system have been reported b y Yannopoulos , et al. 
(203). H e a t capacities on Y H 3 a n d C e H 2 8 6 over the usua l cryogenic 
range are discussed b y Bieganski , et al. (11). A pronounced anomaly at 
about 255 °K. c o u l d not be ascr ibed to a phase change or magnet ic 
order ing . 
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Miscellaneous Materials 

A m o n g the most interest ing studies of thermal properties of rare-
earth i r on garnets are the heat capac i ty measurements at l ow temperature 
of M e y e r a n d H a r r i s (65, 139), T h e i r data cover only the range 1 .4 ° -
20 °K. B e l o w 5°K. the heat capacity of y t t r i u m i r on garnet can be repre
sented b y the sum of the latt ice term proport iona l to T 3 a n d b y the sp in -
w a v e contr ibut ion of 2.15 X 10~ a T 3 / - / / ( m o l e ° K . ) . T h i s last t e rm is i n 
good accord w i t h a ca l cu lat ion based on spin-wave analysis, i n w h i c h the 
exchange interact ion coefficients were those der ived f rom Pauthenet 's 
magnet izat ion data. 

D a t a on the interesting Schottky transformations i n the lanthanide 
h y d r a t e d e thy l sulfates b y M e y e r a n d his collaborators (89, 138, 140) are 
suggestive a n d of considerable interest, but they do not cover a suffi
c ient ly extended range to permit entropy calculations. V a p o r pressure 
data of meta l l i ca l ly b o n d e d lanthanide -magnes ium alloys have been used 
also to deduce enthalpies of format ion of C s C l - t y p e compounds. Since 
data were unavai lab le , ACP values were assumed to be zero (147). 

F i n a l l y , significant advances i n the techniques of bo th thermal and 
thermochemica l measurements have come to f ru i t i on i n the last decade, 
notab ly " a n e r o i d " rotat ing-bomb ca lor imetry a n d automatic adiabat ic 
shie ld control , so that enhanced ca lor imetr ic prec is ion is possible, a n d 
the t e d i u m is greatly reduced b y h i g h speed d ig i ta l computat ion . N o n -
calor imetr ic exper imental approaches as w e l l as theoretical ones, e.g., 
ca lcu lat ion of electronic heat capaci ty contributions to d i - a n d tr ivalent 
lanthanides b y D e n n i s o n a n d Gschne idner (33 ) , are also a d d i n g to 
definitive thermodynamic functions. 

C u r r e n t interest i n h i g h temperature chemistry a n d the closely re
lated thermodynamics of the actinides w i l l p rov ide add i t i ona l s t i m u l i for 
de termin ing precise thermodynamic data i n cryogenic as w e l l as i n 
h igher temperature regions. T h e "u top ian era" i n the chemica l thermo
dynamics of the lanthanides is sufficiently far off to occasion extension 
of shrewdly devised schemes to other classes of compounds. U s e of the 
semi -empir i ca l schemes already discussed—or theoret ical ly based ones— 
plus the key c o m p o u n d concept m a y prove as effective here (desipte 
magnet ic a n d electronic compl icat ions ) as it has for hydrocarbon 
thermodynamics . 
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Preparation and Identification of Divalent 
Lanthanide Ions as Dilute Solutes in 
Alkaline Earth Halide Solid Solutions 

P. N. YOCOM 

Radio Corporation of America, Princeton, N. J. 

Each of the lanthanide elements can be obtained as a 
divalent ion in dilute solution with the alkaline earth halides 
as the solvent in either the fused state (by metallic reduction 
with either lanthanide or alkaline earth metal or photore-
duction with ultraviolet or gamma radiation) or solid state 
either by gamma irradiation, metallic reduction with alka
line earth metal or electrolysis. The divalent species has 
been identified by absorption and emission spectroscopy 
and/or electron paramagnetic resonance. Those divalent 
ions showing definite 4f configuration in their ground states 
are Pr, Dy, Ho, Er, Tm and the well known Sm, Eu, and Yb. 
The remaining ions, La, Ce, Nd, Gd, and Tb have 5d ground 
states or a low lying 4f to 5d transition, as is probably the 
case with Nd. 

* T * h i s paper reviews the w o r k of the past f ew years on p r e p a r i n g a n d 
-*· character iz ing d iva lent lanthanide ions i n d i lute so l id so lut ion i n a l k a 

l ine earth halides. B y d i lute is meant < 0.5 mole % w i t h most w o r k 
b e i n g carr ied out at about 0.05 mole % . T h i s w o r k has been s t imulated 
greatly b y the desire to obta in efficient op t i ca l masers since i t was felt 
that the a l l o w e d 4f-5d absorpt ion bands of these ions, w h i c h occur i n 
the v i s ib le por t ion of the spectrum, w o u l d permit efficient p u m p i n g . 
Because of the laser possibi l i t ies , those ions showing sharp l ine fluores
cence are the ones s tudied most completely . 

U n t i l 1960 on ly samar ium, europ ium, a n d y t t e r b i u m were ind i sput 
ab ly k n o w n to exist i n the d ivalent state. D i v a l e n t s a m a r i u m was first 
isolated i n 1906 b y M a t i g n o n a n d Cazes (17). D i v a l e n t e u r o p i u m was 
f o u n d i n 1911 b y U r b a i n a n d B o u r i o n (22). I n 1929 K l e m m a n d Schuth 
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(14) isolated d ivalent y t t e rb ium. It h a d been argued for some years 
that because of the s imilarit ies of the l i ght a n d heavy lanthanides t h u l i u m 
shou ld show a d ivalent state i n analogy to samar ium. I n 1960 A s p r e y a n d 
K r u s e ( I ) p repared T m l 2 . 

Preparation 

I n 1961 H a y e s a n d T w i d e l l ( 8 ) f o u n d that i f c a l c i u m f luoride crystals 
conta in ing tr ivalent t h u l i u m were i r rad ia ted w i t h x-rays, some of the 
t h u l i u m was converted to the d iva lent state. T h i s discovery was the first 
of m a n y i n the s tudy of d i lute solutions of d ivalent rare earth ions. M o s t 
workers prefer to study the a lkal ine earth fluorides since these materials 
are stable w i t h respect to air a n d have more attractive mechan i ca l p r o p 
erties than the a lkal ine earth chlorides, bromides , a n d iodides. E n o u g h 
w o r k has been carr ied out i n these softer materials to show that reactions 
s imi lar to those i n the fluorides do occur. 

G a m m a rays f r om spent reactor fue l rods were used for the photo -
reduct ion of the tr ivalent lanthanides. A spectral survey of these d ivalent 
conta in ing crystals has been presented b y M c C l u r e a n d Kiss (16). T h i s 
photoreduct ion technique reduces only a minor fract ion of the total t r i 
valent concentration, a n d those d ivalent ions p r o d u c e d are unstable w i t h 
respect to heat a n d / o r l ight . F o n g ( 3 ) has descr ibed these effects us ing 
d iva lent dyspros ium as an example. 

F r i e d m a n a n d L o w (6) have shown that the tr ivalent lanthanides 
dissolved i n the a lkal ine earth fluorides can be compensated b y interst i t ia l 
fluoride ions at either adjacent or remote sites. I f the interst i t ia l is adja
cent, the crystal field of the tr ivalent is ax ia l ; but i f it is remote, the crystal 
field of the tr ivalent is cubic . Measurement of the crystal field sp l i t t ing 
of rad ia t i on -produced d iva lent lanthanide ions indicate cub ic symmetry 
(16). M o r e recent measurements b y Sabisky (20) have shown a smal l 
percentage of non-cub ic sites. It is thought that the tr ivalent ions i n the 
c u b i c symmetry are the species predominant ly reduced b y rad iat ion . 

Because of the instabi l i ty of the rad ia t i on p r o d u c e d divalents , their 
use i n lasers was not desirable , a n d w o r k on finding methods to prepare 
materials conta in ing stable d ivalent lanthanides was st imulated . R e d u c 
t ion techniques were deve loped for the fused state f rom w h i c h crystals 
h a d to be g r o w n a n d also for the so l id state i n w h i c h the a s - g r o w n 
crystals contained tr ivalent ions. 

I n the fused state, the s tra ight forward method is to a l l ow either the 
lanthanide meta l or the a lkal ine earth meta l to react w i t h a mel t of the 
a lka l ine earth ha l ide a n d the lanthanide t r iha l ide . T h i s approach yields 
the des ired d ivalent ions i f inert containers are used. Satisfactory reduc 
t i on has been obta ined i n m o l y b d e n u m , tungsten, a n d tanta lum. T h e 
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4. Y O C O M Divalent Lanthanide Ions 53 

d iva lent - conta in ing melts wet these materials strongly, m a k i n g the g r o w t h 
of large, h i g h q u a l i t y crystals difficult. 

D i v a l e n t lanthanide ions have also been obta ined i n fused b a r i u m 
b r o m i d e b y P i n c h (19), w h o used ul travio let rad ia t i on for the reduct ion . 
I n this instance the photolysis p r o d u c e d bromine w h i c h was removed 
f r om the system b y its vo lat i l i ty , a n d the r e m a i n i n g d iva lent lanthanide 
ions were stable. T h i s reduct ion technique suffers f r om the same diff i 
cu l ty as the meta l l i c reduct ion technique i n that it is difficult to grow 
good crystals f r om this reactive melt . 

F o r the solid-state reduct ion techniques, crystals are g r o w n con
ta in ing tr ivalent ions, as i n the photoreduct ion process, but the divalents 
p r o d u c e d are n o w stabi l i zed . O n e of these techniques involves heat ing 
the tr ivalent crystal w i t h the appropr iate a lkal ine earth meta l . A con
venient w a y of do ing this is to heat the crystal w i t h the a lkal ine earth 
meta l i n a v a c u u m so that the crystal is b a k e d i n meta l vapor ( I I ) . T h e 
reduct ion can also be carr ied out b y solid-state electrolysis (4, 7 ) . A n 
electr ic field is a p p l i e d to the crystal at an elevated temperature such as 
above 600°C. for c a l c i u m fluoride or above 400°C. for s tront ium chlor ide . 
If the reduct ion is carr ied out be l ow these temperatures, nonun i f o rm 
results are obtained. 

I n l i ght of the w o r k of U r e (23) showing the conduct iv i ty of c a l c i u m 
fluoride be ing m a i n l y caused b y the mot ion of fluoride i on , the so l id state 
reduc t i on reactions have been interpreted i n terms of a m o d e l w h i c h 
al lows reduct ion to occur b y dif fusion of the interst i t ia l , charge compen
sat ing i on out of the crystal w h i l e an electron is injected to reduce the 
tr ivalent lanthanide . U n d e r these condit ions there is no hole or electron 
deficiency r e m a i n i n g i n the crystal , as i n the case of rad ia t i on reduct i on ; 
hence the d iva lent species is stable. 

Identification 

T h e d iva lent lanthanide ions p r o d u c e d b y the descr ibed methods 
have been ident i f ied a n d s tudied most ly b y electron paramagnet ic reso
nance a n d / o r opt i ca l spectroscopy. If the d iva lent i on has a 4f conf igura
t ion for its g round state, it has an energy l eve l scheme s imi lar to the 
isoelectronic system of the tr ivalent ion of the element of next h igher 
atomic number i n the lanthanide series. T h e difference between these 
two isoelectronic systems is i n the energy difference between states; the 
difference is less i n the d ivalent i on than i n the tr ivalent because of the 
smaller nuclear charge of the divalent . T h i s contract ion of the energy 
leve l scheme for the d iva lent ions brings the strong 4f-5d t ransit ion into 
the v i s ib le reg ion of the spectrum. It is this property w h i c h makes the 
ions interest ing for laser purposes because they can absorb efficiently i n 
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the region of the spectrum for w h i c h strong p u m p i n g lamps exist. T h e 
usua l tr ivalent ions have only weak narrow l ine absorptions i n this region. 

Table I. Studies of the Divalent Lanthanides in Alkaline 
Earth Halide Solid Solutions 

Divalent 
Ion 

L a 
Ce 
Pr 
N d 
P m 
Sm 
E u 
G d 
T b 
D y 
Ho 

E r 
T m 

Yb 

Ground State 
Configuration 

d 
(d?) 

f 

(d?) 
(d?) 

T a b l e I summarizes 

Method of 
Determination 

E P R 

E P R 

optical 
optical 

optical 
E P R 
E P R 

optical 
optical 

E P R 
optical 
optical 

Reference 

9 
16 
18 

2, 21, 25 
2, 15 

16 
16 
12 
10 
15 
24 
16 
8 

13 
2 

the studies of the d ivalent lanthanides i n a lkal ine 
earth ha l ide so l id solutions. T h e d iva lent ions of dyspros ium, h o l m i u m , 
e r b i u m , a n d t h u l i u m show the sharp- l ine fluorescent emission that is 
associated w i t h u n p a i r e d / electrons. T h e emission lines of the d ivalent 
e r b i u m seem to be abnormal ly broadened. D i v a l e n t p r a s e o d y m i u m has 
been shown b y E P R measurements to be i n the 4f g round state ( 1 8 ) , 
b u t a broad , l o w l y i n g absorpt ion b a n d (4f to 5d?) has covered the 
energy reg ion where one w o u l d expect to see fluorescent emission f r o m 
4/ excited states (16). T h i s l o w l y i n g absorption b a n d is also observed 
i n d ivalent n e o d y m i u m (16), a n d since the d ivalent g round state is n o n 
magnetic , d iva lent n e o d y m i u m has not been unequivoca l ly shown to have 
4f g round state. T h e d configuration of d ivalent ce r ium, g a do l in ium, a n d 
t e r b i u m is shown i n T a b l e I w i t h a question m a r k because a complete 
s tudy has not been made of them; however , their k n o w n properties are 
consistent w i t h the d configuration a n d w o u l d be h a r d to reconci le w i t h 
an / configuration. 
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Physical Characterization of the Metallic 
LaI 2 and CeI 2 and of the Phase LaI2.42 

JOHN D. CORBETT, ROBERT A. SALLACH and DONALD A. LOKKEN 

Institute for Atomic Research and Department of Chemistry, 
Iowa State University, Ames, Iowa 

The specific resistance and magnetic susceptibility measured 
for LaI2 clearly support the metallic formulation La3+ (I-)2e-. 
A comparable temperature dependence of resistivity was 
obtained for a mixed phase sample of CeI2. The formation 
of apparently metallic phases for only the iodides of five 
lanthanide and actinide elements is considered in terms of 
the stoichiometry, the electronic structure of the cation, the 
possible nature of the band, and the role of the anion. In 
contrast, the intermediate LaI2.42 phase exhibits semicon-
duction. Its magnetic data between 80° and 300°K. can be 
best accounted for if the reduced component is considered 
to be La2+, [Xe]5d1, with a 2T2g ground term, a spin-orbit 
coupling constant λ ~650 cm.-1, and only small covalency 
and asymmetry parameters. 

Q t u d i e s of b inary rare earth metal -meta l ha l ide systems have revealed 
^ not on ly a considerable number of new, reduced phases, but also a 
substantial ly n e w class of hal ides possessing a meta l l i c rather than a 
t ru ly reduced or l o ca l i zed character. T h e reduct ion properties of the 
chlorides, bromides , a n d iodides of the first four rare earth elements are 
s u m m a r i z e d as fo l lows i n terms of the compositions of new lower phases 
or, where absent, the l i m i t i n g solution compositions i n mole % meta l i n 
l i q u i d M X 3 : 

X La Ce Pr Nd 

C I 9 % soin. (21 ) 9 % so in . (27) P r C l 2 3 2 (12) N d C l 2 0 0 2 2 7 2 3 7 (11 ) 
B r 1 4 % so in . (30) 1 2 % so in . (30) P r B r 2 ^ (30) - - - - - - - - -
I Lal 2 . 0 0 .2 .42 (β) Cel 2 . 0 . 2 . 4 (β) PiT 2 . 0 0 , 2 . , (6) N d l 1 9 5 (11 ) 
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5. C O R B E T T E T A L . Metallic Lal2 and Cel2 57 

I n most of these systems there is clear evidence for the format ion of the 
reduced i o n M 2 + . F o r example, i n N d X 2 salts this is on the basis of m a g 
netic studies ( 3 1 ) , a n d w i t h the p r a s e o d y m i u m chlor ide a n d bromide 
phases, f r om qual i tat ive resistivity measurements a n d their s tructural 
relationships to the n e o d y m i u m chlorides accord ing to x-ray data. C r y o -
scopic data for a l l the systems l i s ted are also consistent w i t h the format ion 
of a M 2 + , as opposed to M + , solute i n d i lute so lut ion i n M X 3 (3 , 7 ) . 

T h e unexpected is f ound w i t h the iodides of the first three i n that 
they f o rm rather stable d i iodides , congruent ly me l t ing for L a l 2 , w i t h a 
structure different f rom that of " N d l 2 " ( S m B r 2 or S r B r 2 t ype ) ( I I ) . T h e 
appearance of the first three d i iodides immedia te ly suggested a more 
meta l - l ike character, a n d this was supported b y p r e l i m i n a r y e lectr ical 
a n d magnet ic measurements (6). S u c h phases are re lat ive ly rare among 
hal ides, i n c l u d i n g , i n add i t i on , on ly the un ique A g 2 F (36, 37) a n d the 
subsequently discovered G d l 2 (26) a n d T h l 2 (4). H o w e v e r , this property 
is k n o w n for most of the rare earth elements i n the monochalcogenides 
(16, 29) a n d dicarbides (33 ) , as w e l l as w i t h the oxides, sulfides, etc. of a 
number of transit ion elements. T h i s article reports more complete ly the 
evidence for this character, especial ly for L a l 2 because of its favorable 
congruent m e l t i n g property a n d diamagnet ic core background , a n d con
siders some of the important cr i ter ia for the format ion of the meta l l i c 
hal ides. Some properties re lated to the const i tut ion of the intermediate 
phase L a l 2 4 2 are also presented. 

Experimental 

Preparations were general ly as prev ious ly descr ibed ( 6 ) . S u b l i m a 
t ion of the tr i iodides was carr ied out i n glass-jacketed tanta lum to a v o i d 
the react ion of the mol ten iodides w i t h S i 0 2 to f o r m M O I a n d S i l 4 . Rods 
of M I 2 i i n . d iameter were g r o w n f rom the mel t i n tanta lum t u b i n g b y 
m a n u a l movement of this through a gradient furnace. T h i s was a s imple 
process for the congruently m e l t i n g L a l 2 , b u t single phase samples of the 
incongruent ly m e l t i n g C e l 2 a n d P r l 2 were not obta ined , even w i t h meta l 
reservoirs ma inta ined only a short distance f rom the interface. Samples 
of L a l 2 4 2 a n d of ne ighbor ing mixtures were prepared b y q u e n c h i n g suit 
able mixtures of the components f r om the a l l l i q u i d reg ion f o l l o w e d b y 
anneal ing at ^~745°C. (m.p . 7 5 0 ° C ) . So lut ion of samples for analysis 
was per formed i n closed, evacuated containers to avo id loss of u p to 
1 wt . % iod ine as H I that occurs i n open containers. 

T h e resist ivity apparatus shown i n F i g u r e 1 was constructed of 
L a v i t e a n d stainless steel, w i t h tungsten probes a n d si lver leads. T h e 
size of the sample rods accommodated was large ly d i c tated b y their l o w 
strength d u r i n g pee l ing of the tanta lum container a n d d u r i n g the m e a 
surements. T h e o r i g ina l intent to make measurements u p to near the 
me l t ing po int was defeated b y the re lat ive ly large t h e r m a l expansion of 
the d i iodides , w h i c h caused loss of current contact at l o w temperatures 
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58 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

or compressive fracture too far above room temperature. T h e entire 
apparatus was b a k e d out under v a c u u m , l oaded i n the d r y box, a n d 
jacketed i n glass under A r . D i r e c t current methods were abandoned 
w h e n the insu la t ing L a l 3 was f o und to f o rm at the current leads; even 
w i t h a sine w a v e source some recti f ication was observed u n t i l the current 
contact was made through a smal l wafer of the same meta l as the iod ide . 

Figure 1. The resistivity sample holder 

T h e potent ia l drops were measured across the sample r o d a n d a s tandard 
resistor i n series w i t h a sensitive V T V M ( v a c u u m tube vo l t meter ) w h i l e 
the wave f o r m was moni tored w i t h an oscilloscope. T w o samples of 
composi t ion L a ^ . o o * o.oi were measured f r om 77° to 344° a n d 186° to 
408°K., respectively, w i t h o u t irreversible temperature effects. O n e sam
p le of composi t ion CeI 2 .o7 was s tudied f r o m 153° to 300°K., b u t satisfac
tory P r l 2 samples c ou ld not be obtained. Because of phase relationships 
a n d the re lat ive ly h i g h resist iv ity f ound , L a l 2 4 2 was s tudied as a pel let 
f o rmed w i t h a " K B r " press us ing a V T V M i n the d r y box. T h e results 
f r o m one sample to another were somewhat erratic , par t l y because of 
extreme suscept ib i l i ty to ox idat ion, b u t were sufficient to characterize the 
c o m p o u n d as salt - l ike as opposed to metal l i c . 

Susceptibi l i t ies were determined b y the G o u y method , extrapolated 
to infinite H ( though the effect was s m a l l ) , a n d corrected for core d i a -
magnet ism w i t h Selwood's values. Measurements on L a l 2 4 2 be tween 1.2 
a n d 80°K. were made b y the m u t u a l inductance method . 

Results and Discussion 
T h e Di iod ides . T h e resistivities obta ined for t w o samples of L a l 2 

between 77° a n d 408°K. are shown i n F i g u r e 2 ( r ight o rd inate ) . Va lues 
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5. C O R B E T T E T A L . Metallic Lal2 and Cel2 59 

for l a n t h a n u m meta l ( J , 32), w i t h its h.c.p.-c.c.p. transit ion near r oom 
temperature, are also shown to i l lustrate the remarkable s imi lar i ty . T h e 
opposite curvature f o u n d for L a l 2 possibly arises because of its abnor
m a l l y large thermal expansion (see E x p e r i m e n t a l ) , g i v i n g rise to a more 
r a p i d decrease i n overlap ( b a n d n a r r o w i n g ) . T h e r o o m temperature 
va lue of 64 ± 2 /xohm.-cm. m a y also be compared w i t h 68 a n d 92 /xohm.-
cm. reported for the meta l l i c L a C 2 (33) a n d L a S (25 ) , respectively. It is 
interest ing that the result of a l inear extrapolat ion of the data shown to 
the m e l t i n g point , ^ 3 5 0 ^ohm.cm. at 830°, is w i t h i n a factor of three of 
that f r o m a s imi lar ly l ong extrapolat ion of the melt's conduct iv i ty ( as l og 
Τ vs. N L a , w h i c h is nearly l inear ) (13) to pure L a l 2 ( l i q . ) , 330-100 
/xohm.-cm. Since the increase i n resist ivity on fusion is p r o b a b l y smal l , 
this suggests that the l i q u i d retains the meta l - l ike property , as has a lready 
been in ferred f r om the cryoscopic behavior of L a l a i n L a l 2 (13). 

T h e incongruent me l t ing characterist ic of the c e r ium a n d praseo
d y m i u m di iod ides prevented the preparat ion of pure phase samples i n 
the necessary size a n d shape. T h e resistivities obta ined for a sample of 
composi t ion C e l 2 0 7 , F i g u r e 2 ( left o rd ina te ) , are mean ing fu l i n that the 
temperature dependence is s imi lar to that of L a l 2 . Since x-ray p o w d e r 
data suggest that the contaminant phase C e l 2 4 is isomorphous w i t h L a l 2 4 2 

(6), a n d presumably l ikewise effectively an insulator on this scale, the 
i m p u r i t y w o u l d serve m a i n l y to reduce the effective cross sectional area 
w i t h o u t mask ing the apparent meta l l i c i ty of C e l 2 . L o w e r resistivities on 
purer samples were obta ined at room temperature b y p r e l i m i n a r y d.c. 
methods, 300 ± 100 /Aohm. for C e l 2 0 4 a n d ^ - 3 5 0 /xohm.-cm. for a P r l 2 0 7 
composit ion. X - r a y p o w d e r data again indicate that the first two di iodides 
are isomorphous, whereas P r l 2 m a y be s l ight ly different. 

T h e absence of l o ca l i zed states is c lear ly supported b y the smal l , 
Pau l i - t ype paramagnet ism of L a l 2 , 0 ± 5 a n d (30 ± 10) Χ 10" 6 e.m.u. 
mole" 1 at 299° a n d 78°K., respectively. Va lues of this magni tude are 
characteristic of metals where they are ( i d e a l l y ) associated w i t h the 
P a u l i sp in paramagnet ism of the conduct ion electrons. I n the present 
case the results of correct ion for the d iamagnet i c contr ibut ion of the 
i od ide ions i n L a l 2 [ (104 ± 5) a n d (134 ± 10) X 1 0 ° , respect ively] are 
again r e m a r k a b l y ( a n d p r o b a b l y fortuitously ) close to those for the meta l 
( 113 a n d 139 χ 10" 6) (22). 

There is l i t t le doubt that L a l 2 is correct ly f o rmulated as L a 3 + (l~)2e~, 
a n d that a s imi lar const itut ion appears l i k e l y for C e l 2 , a n d possible for 
P r l 2 . L a l 2 does not y i e l d solvated electrons i n l i q u i d N H 3 as do the 
d iva lent metals e u r o p i u m a n d y t t e r b i u m (39); the r a p i d evo lut ion of 
hydrogen is p r o b a b l y a result of substantial ammonolysis of the L a 3 + i on . 

A t present five meta l l i c d i iod ides are k n o w n — t h e above three, G d l 2 

(26), a n d T h l 2 (4). N o other examples of meta l l i c phases are f ound i n 
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6 0 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

the other meta l -meta l ha l ide systems of these elements w h i c h have been 
examined—spec i f i ca l ly , the chlorides of a l l five a n d the bromides of a l l 
b u t g a d o l i n i u m . T h e only other ha l ide example is the enigmat ic A g 2 F . 

100 200 300 400 
T° Κ 

Figure 2. The resistivities of Lal2 ( Ο , Δ, right scale), La metal (dashed curve, 
right scale), and Cel2 07 sample left scale) 

It is w o r t h w h i l e to consider the condit ions a n d cr i ter ia w h i c h appear 
important i n accompl i sh ing the necessary overlap a n d d e r e a l i z a t i o n and 
i n l i m i t i n g this behavior substantial ly to the iodides c i ted. These are 
classified i n terms of the stoichiometry, the electronic state of cat ion, and 
the nature of the b a n d a n d the role of the anions. 

S T O I C H I O M E T R Y . A t present the observed l imi t of two ha l ide ions per 
meta l does not seem par t i cu lar ly important as a necessity for close ap
proach of the cations a n d hence suitable b a n d format ion ; rather, it more 
p r o b a b l y results f rom other characteristics of this f o rmal ox idat ion state 
for these elements. O n e possible fact to the contrary is that t h o r i u m ( I I I ) 
i od ide is ev ident ly not meta l l i c (4), though it w o u l d probab ly meet the 
second cr i ter ion be low. T h e general electronic conduct ion i n sulfide vs. 
ch lor ide melts i n the meta l - r i ch region ( as w e l l as i n the so l id state ) m a y 
be at tr ibuted to the lower an ion to cat ion rat io a n d therefore closer ap
proach of the cations ( 5 ) , a l though covalency as discussed b e l o w m a y 
be more significant. 

E L E C T R O N I C S T A T E O F C A T I O N . A more important factor for the l a n 
thanides appears to be the electronic configuration of the s imple , r educed 
ion . A s noted before (19, 26), i t appears necessary a n d p laus ib le that the 
isolated M 2 + i on shou ld have, or be close to the configuration [ X e ] 4f5dl 
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5. C O R B E T T E T A L . Metallic Lal2 and Cel. 61 

( [ R n ] 6 d 2 for T h 2 + ) i n order for overlap of some sort (vide infra) to l e a d 
to a suitable conduct ion b a n d . T h e n o r m a l , salt - l ike behavior of N d l i . 9 5 , 
S m l 2 , E u l 2 , D y l 2 , T m l 2 , a n d Y b l 2 is ent ire ly reasonable since the g round 
states a l l der ive f r om stable, we l l - sh ie lded 4f+1 configurations. It appears 
more than co inc identa l that such "cT states general ly per ta in on ly to 
d ipos i t ive rare earth meta l ions of l an thanum, ce r ium, g a d o l i n i u m , ter
b i u m , a n d lu te t ium. ( M - M I 3 systems for the last two have not been 
examined. ) T h i s fact was first general ized i n spectral studies of the 
d ipos i t ive ions i n fluorite hosts ( 23 ) , a l though i t has been recognized for 
m a n y of these i n spectroscopic studies of the gaseous ions as w e l l . T h e 
ground state configuration for P r 2 + , [ X e ] 4 / 3 , is not consistent w i t h the 
apparent ly meta l l i c character of P r l 2 . A l t h o u g h the lowest 4 f 3 5ci 1 state 
i n P r 2 + is 1.6 e.v. h igher i n the gas phase ( 3 5 ) , i t is on ly 0.4 e.v. above 
g round i n a s imple cub i c environment i n fluorite ( 2 3 ) , so that greater 
crystal field or b a n d i n g effects c o u l d read i ly result i n an effective "d" 
state. 

N A T U R E O F T H E B A N D A N D T H E R O L E O F T H E A N I O N S . T h e role of the 
anions a n d the type of b a n d i n g are important i n any considerat ion of the 
absence of meta l - l ike phases for these metals w i t h other ha l ide anions. 
W h i l e i t is p robab ly true that the d i iodides are electrostatical ly the most 
stable to d isproport ionat ion among the d ihal ides , as w i t h n o r m a l i od ide 
salts (38), the nature of the b a n d i n g itself appears to be more significant 
i n the present discussion. A considerable amount has been w r i t t e n about 
this property of the meta l l i c M S ( a n d M 3 S 4 ) phases of the rare earth 
metals (8,24), general ly i n terms of an i m p l i e d or stated cat ion sublattice 
b a n d i n v o l v i n g the 5d a n d perhaps the 6s orbitals . F o r the c.c.p. mono-
sulfides this cat ion b a n d w o u l d result f r om a sufficient over lap of the 
t2g

1 states, w h i l e the corresponding sulfur orbitals r e m a i n substantial ly 
nonbond ing . A comparable behavior i n the present d i iodides (whatever 
the ir structure) is diff icult to account for w i t h this p i c ture because they 
are u n i q u e l y l i m i t e d to compounds w i t h the largest anion , w h i c h pre 
sumably w o u l d be the least favorable for cat ion-cat ion overlap. I n c l u d i n g 
p i b o n d i n g w i t h i od ide is more credib le since it shou ld be the most 
favorable here w i t h regard to bo th energy a n d over lap cr i ter ia . D e l o c a l i -
zat ion i n this case w o u l d then result f rom the b a n d i n g of the π* orbitals 
i n a per i od i c lattice. T h i s w o u l d result f r om (t2g* )* states i n the fami l ia r 
oc tahedral environment , but w i t h only one electron per meta l to be 
accommodated , a lower degeneracy w o u l d present no prob lem. C o -
valency is c r i t i ca l for adequate d e r e a l i z a t i o n i n such a b a n d (17), a n d 
this is most favorable w i t h i od ide anions. O f course the increased sh ie ld 
i n g of d orbitals so obtained, par t i cu lar ly through s igma b o n d i n g , w i l l 
enhance overlap i n either m o d e l [ compare the effect of oxide vs. f luoride 
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62 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

w i t h the 3d elements (28)]. Some idea of possible b o n d i n g i n the other 
meta l l i c d i iodides can be obta ined f r om the structure recently determined 
for T h l 2 , where a layer structure s imi lar to that f o u n d for 8 - T a S 2 indicates 
d e r e a l i z a t i o n only w i t h i n the sheets (18). 

T h e rare earth elements under discussion appear to be un ique 
i n possessing sufficient r a d i a l extension i n the 5d orbitals for adequate 
overlap w i t h the iodides. [The inversely re lated smal l value of the t h i r d 
i on izat ion energy is perhaps more important w i t h regard to the alternate 
format ion of l o ca l i zed states on reduced cations ( 2 6 ) ] . O r b i t a l contrac
t i on i n the heavier lanthanides w o u l d be expected to reduce the l i k e l i h o o d 
of de loca l i zed states so that lu te t ium ( I I ) m a y not f o rm a meta l l i c iodide . 
T h e extensive d isproport ionat ion expected for this state ( 7 ) m a y prec lude 
the format ion of any n e w phase at a l l . A l oca l i zed metal -metal b o n d i n g 
seems evident i n the unusua l G d C l i . 6 (26) w h i l e the 5dl states of ele
ments immediate ly f o l l ow ing the lanthanides , h a v i n g bo th increased co
ord inat ion number a n d more t ight ly b o u n d valence electrons, general ly 
exhib i t l o ca l i zed meta l -meta l interactions. F o r example, h a f n i u m ( I I I ) 
i od ide is an insulator a n d exhibits on ly a smal l temperature- independent 
paramagnet ism (34), whereas the b o n d i n g is l o ca l i zed i n T a l 4 w i t h the 
format ion of discrete dimers ( 9 ) . There is no h a f n i u m d i i od ide repre
senting a constant stoichiometry, w h i l e the more numerous a n d t ight ly 
b o u n d electrons i n the closest t h i n g to a tanta lum d i i od ide , T a l 2 3 3 (2), 
find de loca l i zed metal -metal -halogen b o n d i n g i n discrete clusters m u c h 
more profitable. M u c h more needs to be learned about transitions of 
this type. 

T h e monosulfides of the rare earth elements behave dif ferently f r o m 
that discussed here since these are meta l - l ike for a l l but those elements 
f o rming the most stable d iva lent states. H e r e a general p roc l i v i ty towards 
f o r m i n g tr iposit ive ions seems more important (as i n the metals t h e m 
se lves )—a property usual ly considered to result f r om a fortuitous b a l 
ance between ion izat ion a n d lattice or solvation energies. T h e sulfides 
have also been interpreted i n terms of a degeneracy of the upper 4f levels 
w i t h a 5d b a n d (where app l i cab le ) (10). I n contrast to the hal ides , 
there is l i t t le di f ferentiation of the e lectr ica l properties among the mono
sulfides, monoselenides, a n d monotel lur ides (29 ) . 

The Intermediate Phase L a l 2 4 2 . T h e composi t ion of this phase was 
further defined w i t h powder pattern data for nine samples ( 2.36 < I / L a 
< 2.51 ) w h i c h were quenched f rom the l i q u i d reg ion a n d annealed just 
b e l o w the me l t ing po int for 2 - 7 days. C e r t a i n diffractions of the n e i g h 
b o r i n g L a l 3 a n d L a l 2 phases were detectable i n f a i r l y smal l amounts 
( < ± 0 . 0 6 i n I / L a ) so that the interpo lated composi t ion is p r o b a b l y 
uncerta in b y not m u c h more than ± 0 . 0 1 i n I / L a , exclusive of systematic 
errors i n analysis. 
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5. C O R B E T T E T A L . Metallic Lal2 and CeL 63 

T h e resistivities of pressed pellets of the c o m p o u n d were i n the range 
of 10 2 to 10 3 ohm. -cm. at r oom temperature, w i t h a negative temperature 
coefficient of about 10" 2 deg." 1 . A more thorough invest igat ion of the elec
t r i c a l properties was not made, because the semiconduct ing character is 
i n such obvious contrast to that of L a l 2 . It shou ld be noted that l o ca l i zed 
states are evident i n the melt u p to at least this composi t ion accord ing to 
conduct iv i ty studies (13). I n this case a resonant charge transfer process 
brought about b y the i od ide ions w o u l d account for not on ly the de
pendence of e lectronic conduct ion on temperature a n d on meta l concen
trat ion but also for the presence of conduct ion w i t h the d1 ions considered 
here, but not w i t h the inert f+1 ions l ike N d 2 + . 

100 200 300 
T,eK 

Figure 3. M e / / vs. Τ for LaliU2 

Solid curve with open circles: Gouy data. 
Dashed curve: mutual inductance data (smoothed). 
Lighter solid curves: theory for d1, 2Ίζ„, with A: X = 550 cm.'1, k = 0.7, Δ / λ : 
0.4; Β: λ = 750 cm.'1, k = 1.0, Δ / λ = 0.9. 

M a g n e t i c data suggest strongly that the reduced states so ind i ca ted 
for this phase are those of l an thanum ( I I ) , [ X e J S d 1 . W i t h XD = 1.46 X 
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64 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

10 4 e.m.u. the molar suscept ib i l i ty of L a l 2 4 2 is descr ibed f a i r l y w e l l 
between 77° a n d 295 °K. b y a C u r i e - W e i s s re lat ionship , Xp X 10 6 = 0 .151 / 
( Γ + 151). F o r the presumed 5 8 % lanthanum ( I I ) content μ w o u l d be 
1.45β, certainly not that of a 4f state (2.54)8). E x t e n d i n g the measure
ments d o w n to 1.2°K. b y the (less sensitive) m u t u a l inductance method 
fa i l ed to reveal the magnet ic order ing that the C u r i e - W e i s s descr ipt ion 
w o u l d i m p l y . T h e room temperature result, χρ = 5.77 X 10~4 e.m.u. 
m o l e - 1 , or ^ e t i = 1.17/3 ( based on 5 8 % L a 2 + ) is too l o w a n d the tempera
ture dependence too great for a d1 state w i t h ground state terms 2 A or 2 Ε 
— t h a t is, i n an environment of f a i r l y l o w symmetry. Assumpt i on of a 
2T2g g round term, corresponding to L a 2 + i n octahedral symmetry , together 
w i t h a p laus ib le spin-orbit c oup l ing constant gives the best descr ipt ion 
of the data, perhaps as good as f requent ly encountered i n better k n o w n 
systems (14). T h e exper imental dependence of /x ( > f f on temperature is 
shown i n F i g u r e 3, together w i t h theoret ical curves (15) for two extremes 
of spin-orbit c oup l ing constant, covalency k, a n d tetragonal asymmetry 
parameter ν ( = Δ / λ ) that fit the G o u y data as w e l l as possible. Inter
mediate choices of constants λ, k, a n d v, (650, 0.8, 0.6, for example ) give 
appropr iate ly intermediate curves. T h e λ value compares to 640 c m . - 1 

estimated b y j0rgensen for L a 2 + (20); i n any case the value is not very 
c r i t i ca l i n this range, a n d add i t i ona l effects descr ibed empi r i ca l l y at this 
po int b y k a n d ν are qui te smal l . T h e agreement w i t h theory at lower 
temperatures is poor; assuming the presence of a temperature - independ
ent component i n χρ does not he lp , a l though more negative values for 
Pascal 's constants w o u l d . T h i s degree of agreement between theory and 
experiment cannot be obta ined anywhere else w i t h lower symmetries, 
larger υ values, or for other configurations ( d2, f1, etc. ). 

M e a n i n g f u l E S R or spectral data have not been obtained. O n l y a 
b a n d at 29800 cm." 1 , w i t h a shoulder at 27800 cm." 1 , can be resolved i n 
the reflectance spectrum of the b lack c o m p o u n d i n K I ; the energy and 
intensity bo th suggest these arise f rom charge transfer processes. 

T h e ind i ca ted octahedral coordinat ion at first m a y seem unusual 
w h e n compared w i t h the n ine - fo ld coordinat ion f ound i n the b a r i u m 
hal ides , N d X 2 , etc. and the e ight - fo ld coordinat ion of the smaller L a 3 + 

i o n i n its tr ihal ides . H o w e v e r , the geometry i n the latter may depend on 
at ta in ing a m a x i m u m dispersion energy, whereas i n the present case the d1 

state m a y be able to real ize a good dea l more f rom a crystal field effects i n 
an environment of h igher symmetry. T h e t r i i od ide is ev ident ly re lat ive ly 
loosely b o u n d compared w i t h the l ower iodides. D e n s i t y estimates of 
5 to 5.3 g ram cm. " 3 for L a l 2 4 2 a n d L a l 2 f r om measurements bo th on 
samples as prepared a n d on pressed pellets indicate molar volumes of 
these two phases are less than 5 0 % of the appropr iate average of those 
of the components L a a n d L a l 3 . 
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6 

Fluorite-Related Oxide Phases of the 
Rare Earth and Actinide Elements 

LEROY E Y R I N G 

Arizona State University, Tempe, Ariz. 

Cerium, praseodymium, and terbium oxides display ho
mologous series of ordered phases of narrow composition 
range, disordered phases of wide composition range, and 
the phenomenon of chemical hysteresis among phases which 
are structurally related to the fluorite-type dioxides. Hence 
they must play an essential role in the satisfactory develop
ment of a comprehensive theory of the solid state. All the 
actinide elements form fluorite-related oxides, and the trend 
from ThOx to CmOx is toward behavior similar to that of 
the lanthanides already mentioned. The relationships among 
all these fluorite-related oxides must be recognized and 
clarified to provide the broad base on which a satisfactory 
theory can be built. 

' H p h e incentive for s chedul ing a sympos ium on the chemistry of the 
lanthanides a n d actinides is der ived i n part f rom the value of exam

i n i n g the s imilarit ies and interrelat ionships w h i c h exist between these 
analogous sequences of elements. T h e chemica l analogies w h i c h first 
suggested the ingenious act inide hypothesis many years ago are n o w 
w e l l deve loped a n d general ly recognized. It is n o w possible to go b e y o n d 
this to examine subtle s imilarit ies a n d variations. Indeed , i n the two 
chemica l ly re lated / - she l l groups nearly one t h i r d of the k n o w n elements 
prov ide extended series of elements a n d compounds whose properties 
vary cont inual ly i n each sequence but w i t h overlap to prov ide one of the 
most va luab le testing grounds i n a l l of chemistry for any theory w h i c h 
m a y be advanced. T h e i somorphism exist ing among the oxides of the 
act in ide a n d lanthanide elements i n the composi t ion range R O ^ , 1.5 < 
x < 2.0, gave early support to the act inide hypothesis , but n o w a more 
care fu l scrut iny of the details is possible a n d shou ld l ead to a greater 
apprec iat ion of the q u a l i t y of the var iat ion i n chemica l behavior a long 
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68 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

the two series. W e are not d iscouraged b y the fact that oxides i n this 
composi t ion range behave neither l ike l a n t h a n u m nor a c t i n i u m oxides. 

Perhaps of greater significance is that this double sequence of c om
plex oxides w i l l p l a y a central role i n e luc idat ing the nature of nonsto i ch i -
ometry i n c h e m i c a l systems. T h e phenomena of ordered intermediate 
phases of narrow composi t ion (homologous series) , nonsto ichiometr ic 
phases of w i d e l y var iab le composi t ion resul t ing f r om order-disorder 
transformations, a n d chemica l hysteresis are exhib i ted among them w i t h 
unusua l var iat ion . T h e entire quest ion of the nature of nonstoichiometr ic 
behavior is r a p i d l y approach ing a n e w leve l of understanding , a n d con
t i n u e d careful development of knowledge of these oxides is necessary i n 
evo lv ing the total p ic ture . 

T h e state of knowledge of these oxide systems is not yet ready for 
a f u l l rev iew. Rather , this discussion sketches the present state of k n o w l 
edge w h i c h is f a i r l y complete for some oxide systems, s k i m p y for others, 
a n d v i r t u a l l y nonexistent for a few, w i t h the hope that i t shal l be con
t i n u e d u n t i l this mother lode sha l l have been empt ied of her treasure. 

Studies a n d discussions of the past several years have l e d to the 
rea l izat ion that b i n a r y inorganic compounds of elements exh ib i t ing alter-
valent character, such as the transit ion meta l oxides, t end to show an 
u n m i x i n g of prev ious ly observed ranges of composi t ion into a sequence 
of ordered phases be long ing to an homologous series whose structures are 
re lated b y some s imple structural p r inc ip l e . T h e earliest indicat ions of 
this were seen b y Magnéli (36, 37) on the mo lybdenum-oxygen system 
a n d have been enlarged a n d extended b y h i m a n d his colleagues to a 
w i d e range of transit ion meta l oxides. A general r ev iew of the extent of 
such studies a n d the s tructura l pr inc ip les invo lved has been presented b y 
W a d s l e y (48), w h o has greatly extended our knowledge of ordered inter 
mediate phases. Nonsto i ch iometry has been discussed i n deta i l over the 
years b y A n d e r s o n (5, 6), w h o has recent ly synthesized the extant ideas. 
T h e general pattern of behavior of meta l oxides capable of var ia t ion i n 
composi t ion is to f o rm a homologous series of phases h a v i n g some s imple 
re la t ing structural p r inc ip l e , a n d d isordered phases of w i d e composi t ion 
range i n w h i c h the disorder is not at the leve l of po int defects but rather 
of defect complexes or domains of the order of five to 20 uni t cells i n 
l inear dimension— i .e . , there is short- but not long-range order. Coherence 
makes such phases thermodynamica l l y stable. T h e occurrence of hystere
sis, the magni tude of the thermochemica l properties , as w e l l as cons id 
erations of the energy requirement for large concentrations of po int 
defects, suggest that such d o m a i n structures exist (11, 28). 

It must be kept i n m i n d that each nonstoichiometr ic system is un ique , 
a n d that each ordered phase, each p o l y m o r p h , a n d each disordered phase 
has its o w n range of stabi l i ty . W h e n e v e r tangents to the free energy 
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6. E Y R I N G Oxide Phases 69 

curves (G,x) for the various stable phases can be constructed, two-phase 
regions are ind i cated . S u c h two-phase regions are usual ly rea l i zed only 
for the lowest surfaces i n any reg ion of Τ a n d x. T h i s means that no two 
oxide systems are expected to be ident i ca l but w i l l vary as the s tabi l i ty 
ranges of a l l possible species dictate. It is convenient to discuss the most 
thoroughly studied oxide systems a n d establ ish a nomenclature for the 
phases w h i c h c o u l d be expected i n each of the oxide systems of the 
lanthanide a n d the act inide elements. 

Fluorite Related Phases in the Rare Earth Oxides 

Comprehens ive studies of the P r O x - 0 2 system have cu lminated i n a 
deta i led paper b y H y d e et al. ( 3 0 ) , w h o rat ional ize previous w o r k a n d 
describe isobaric studies whose results were a p o w e r f u l too l i n exposing 
the intricacies of that system. T h e T b O x - 0 2 system has l ikewise been 
s tudied b y H y d e a n d E y r i n g (32) us ing the isobaric technique a n d the 
results of previous studies r ev i ewed a n d discussed. I n add i t i on , the 
T b O x - Q 2 system is compared w i t h that of P r O x - 0 2 (30) a n d C e O x - 0 2 

(13). References 13, 30, a n d 32 should be consulted for exper imental 
details a n d for a discussion of previous work . Brauer (15, 16) has re 
cently r ev i ewed current studies on a l l the rare earth oxides. 

Weight change, mg 
0 10 20 30 40 50 60 70 80 90 100 

1.50 1.60 1.70 1.80 1.90 2.00 

Composition, χ in PrO x 

Figure 1. Projection of the PrOx~Oz phase diagram 
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7 0 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

A phase d iagram of the system P r O a ; , 1.5 < χ < 2 .0 , is shown i n 
F i g u r e 1. A p p a r e n t i n this d i a g r a m are an homologous series ( R » 0 2 „ _ 2 , 
η = 4 ,7 ,9 ,10 ,11 ,12 ) of phases of n a r r o w composi t ion range w h i c h de
compose to give d isordered nonstoichiometr ic phases at h igher tempera
ture. Phase designations adopted for this system, shown i n T a b l e I , sha l l 
be used here to indicate phases be l ieved to be isomorphous or analogous. 

Table I . Members of the RnC>2n - 2 Series and Disordered Phases 
of the Rare Earth Oxides 

Stoichiometric Phase 
ue of η formula χ in ROw symbol 

4 C e 2 0 3 (hex.) 1.500 A 
P r 2 0 3 (hex.) 
T b 2 O s (hex.) 
T b 2 0 3 ( m o n c l . ) 1.500 Β 
P r 2 0 3 (b .c .c . ) 1.500 C 
T b 2 0 3 (b .c .c . ) 
C e O i 6 ± δ 1.5-1.7 σ 
P r O i e ± δ 
T b O l e ± δ 

7 C e 7 0 1 2 1.714 ι 
P r 7 0 1 2 

T b 7 0 1 2 

9 C e 9 0 1 6 1.778 ζ 
P r » O l e 

ζ 

10 C e 5 0 9 1.800 e 
P r B O e 

11 1.818 δ 
P r n O 2 0 

T b u O 2 0 

12 P r 6 O n 1.833 β 
T b e O n (?) 

β 

C e O i j + δ 1.7-2.0 a 
P r O x 7 + δ 
TbOx .7 + δ (?) 

00 C e 0 2 2 .000 F 
P r 0 2 

T b Q 2 

P r a s e o d y m i u m diox ide crystall izes i n the fluorite-type structure 
(space group F m 3 r a ) w i t h four p r a s e o d y m i u m atoms a n d eight oxygen 
atoms per un i t ce l l . T h i s structure m a y be v i sua l i zed easily as an infinite 
array of coordinat ion cubes (each consisting of a P r atom at the center 
w i t h eight Ο atoms at the corners) stacked so that a l l cube edges are 
shared. 

I f one v iews this configuration at r ight angles to the b o d y d iagona l 
of one of the cubes (perpend icu lar to the < 1 1 1 > axis of the u n i t c e l l ) , 
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6. E Y R I N G Oxide Phases 71 

planes conta in ing only meta l or oxygen atoms appear stacked i n the 
sequence Ac aCb cBa h A, where cap i ta l letters represent meta l planes 
a n d lower case letters those of oxygen (23). 

T h e C- type rare earth structure ( space group Ia3 ) , w h i c h is the other 
end-member of the fluorite-related series of phases, has the same stacking 
sequence, but one-fourth of the oxygens are miss ing f rom each oxygen 
p lane i n an ordered way . T h e result of this o rder ing is that i n the C- type 
structure a l l the oxygen vacancies m a y be considered as l a y i n g i n strings 
a long the four < 1 1 1 > directions of the fluorite ce l l . These strings are 
non- intersect ing, a n d their closest approach removes oxygens f r o m the 
face diagonals of the intervening [ R O s ] cubes g i v i n g six coordinat ion of 
one of two types to a l l the meta l atoms. 

T h e intermediate ordered phases observed i n the rare earth oxides 
have structures w h i c h are obv ious ly re lated to those of the end-members 
descr ibed above i f one compares the x-ray di f fraction patterns (46). 
T h e structure of the t phase, P r 7 O i 2 , has been determined. It m a y be 
represented i n terms s imi lar to those used above b y v i s u a l i z i n g it as 
consist ing entirely of the strings of six coordinated meta l atoms r u n n i n g 
i n one < 1 1 1 > d irect ion only. T h e creation of the str ing generates 
"sheaths" of seven coordinated meta l atoms surrounding i t f o r m i n g a rod . 
W h e n these rods are a l igned para l l e l to one another y i e l d i n g the P r T O i 2 

structure (23, 31, 32, 46) on ly six a n d seven coordinat ion exists. It is sug
gested (32) that the strings are the s tructural entity re lat ing a l l the inter 
mediate oxides a n d the end-members. Since 1 / n t h of the cations are i n the 
strings a n d each cat ion has two of its o r i g ina l eight oxygens miss ing , a 
composi t ion R 0 2 n - = R , ? 0 2 „ _ 2 is observed. 

T h e other phases w i t h η > 7 are be l i eved to consist also of strings 
r u n n i n g i n only one < 1 1 1 > d irect ion , but for each of these there must 
be increasing regions of [ R O s ] groups as the composi t ion P r 0 2 ( η = oo ) 
is approached . 

T h e d isordered σ phase is be l i eved to consist of a C - type oxide, w i t h 
some of the oxygen positions a long the strings filled, in terrupt ing the 
strings b u t mainta in ing the cub i c symmetry . 

T h e a phase, on the other h a n d , must consist of a fluorite-type matr ix 
w i t h segments of strings b u n d l e d together i n increasing amounts as 
oxygen is lost f r om the P r 0 2 structure. T h e bundles are be l i eved to be 
at r a n d o m along the four < 1 1 1 > directions of the fluorite ce l l preserving 
cub i c symmetry . W h e r e the bundles so or iented approach each other, 
regions of C - type are created. T h i s is suggested b y the weak super
structure reflections i n x-ray di f fract ion f rom the a phase of the C e 0 2 - Y 2 0 3 

m i x e d oxides (12). T h e complexes of rods are not fixed i n the α phase 
but are free to translate. T h e α-σ m i s c i b i l i t y gap represents the reg ion i n 
w h i c h the lab i le a transforms to the r i g i d σ. 
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72 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Proposed p a r t i a l (T,x) phase diagrams for the C e O x (13) a n d T b O x 

( 32 ) are shown i n F igures 2 a n d 3. T h e existence of some of the homolo 
gous series are seen i n each, b u t the p r i n c i p l e feature is the w i d e range of 
σ a n d a phases w i t h a m i s c i b i l i t y gap. 

12 
1 f 

—r— 

10 h k -

Ί \ a 

1 8 

- \ \ 
X 

Ρ 6 ϊ 
*— \ 

4 
-L -r| -σ 

L i U ι i 
1.5 1.6 1.7 1.8 1.9 2.0 

χ i n Ce O x 

Figure 2. Projection of the CeOxO2 

phase diagram 

Figure 3. Projection of the TbOx-02 phase diagram 

A l l three po lymorphs of the rare earth sesquioxides are shown b y 
either C e 2 0 3 ( A - t y p e ) , P r 2 0 3 ( A a n d C - type ) or T b 2 0 3 (A, B, a n d 
C - t y p e ) . M u c h w o r k is n o w u n d e r w a y on the existence a n d re lat ionship 
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6. E Y R I N G Oxide Phases 73 

of these three types, a n d there is a great dea l of disagreement as to 
whether they do i n fact represent po lymorphs i n the thermodynamic 
sense. B r a u e r (15, 16) reviews progress i n this area of research to the 
end of 1965, but considerable w o r k has been reported since then w i t h 
l i t t le agreement. T h e areas of h i g h temperature transformation are d is 
cussed b y Foëx (24, 2 5 ) , w h o has observed phase transitions u p to the 
me l t ing po int of the oxides; b y Boganov a n d R u d e n k o (14) a n d G l u s h -
kova a n d Boganov (27) w h o address themselves to revers ib i l i ty of the 
transitions a n d the differences i n composit ion; b y H o e k s t r a ( 2 9 ) , w h o 
reports extensive w o r k on the pressure dependence of the transitions a n d 
revers ib i l i ty among them. 

Fluorite Related Phases of the Actinide Metal Oxides 

A l l the act inide elements whose oxides have been s tudied can be 
made as fluorite-type dioxides. F o r most of them this is their most stable 
f o r m i n air at r oom temperature. T h e fluorite-related phases of each 
act in ide element k n o w n w i l l be discussed i n d i v i d u a l l y before a c o m p a r i 
son is made w i t h the rare earth oxides (45). 

Thorium. T h 0 2 is one of the most thermal ly stable oxides k n o w n , 
but i t forms a s l ight ly oxygen-deficient, congruent ly -vapor iz ing so l id 
ThOi .998 (3 ) at temperatures of about 2500°C. T h 0 2 is a fluorite-type 
d iox ide w i t h a = 5.999A. 

Protoactinium. F luor i t e - type P a 0 2 is k n o w n , but no evidence exists 
for P a 0 2 . a ? phases w h i c h almost certa inly c o u l d be made. Nonf luor i te -
type h igher oxides ( i.e., P a 2 O r , ) have been s tudied to some extent. 

Uranium. O f a l l oxide systems invest igated, those of u r a n i u m must 
be the most thoroughly s tudied , revea l ing i t to be one of the most complex 
b i n a r y systems k n o w n . W e sha l l concern ourselves here only w i t h the 
fluorite-related phases U 0 2 ± x . A phase d i a g r a m of the reg ion of interest 
is shown i n F i g u r e 4, w h i c h is a composite of the U 0 2 + x reg ion proposed 
b y Roberts (43) a n d the UO<>.x reg ion observed b y M a r t i n a n d E d w a r d s 
(39 ) . 

T h e extra oxygen i n fluorite-related U 0 2 + x has been located i n n e u 
tron di f fract ion studies b y W i l l i s (50) to be accommodated i n the fluorite 
latt ice b y the generation of complex groups descr ibed as 2 :2 :2 configura
tions consisting of two interst i t ia l oxygens d i sp laced about 1A. a long the 
< 1 1 0 > d i rec t ion f rom the holes i n the center of the fluorite uni t c e l l , 
a n d two oxygen interstit ials d i sp laced about 1A. a long the < 1 1 1 > d irec 
t ion f r o m the two n o r m a l sites vacated. T h e positions of the u r a n i u m 
atoms are unaffected b y this rearrangement. 

T h e U 4 0 9 phase results w h e n one of these 2 :2 :2 complexes i n every 
two un i t cells of the parent U 0 2 is l i n k e d together w i t h its neighbors i n 
an ordered way . T h e complete structure is not k n o w n . A t h i g h tempera-
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74 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

tures the U 0 2 + x phase m a y exist w i t h complex concentrations greater 
than i n U 4 0 9 . A c c o r d i n g to A n d e r s o n (6 ) the transformation between 
U4O9 a n d U 0 2 + o . 2 5 is accompanied b y on ly a s m a l l entropy increase, 
i n d i c a t i n g some but not great d i sorder ing i n the transit ion. 

M a r t i n a n d E d w a r d s (39) have s tud ied the phase d i a g r a m for the 
U 0 2 - U region, w h i c h shows a U 0 2 . x phase as sketched i n F i g u r e 4. 
U s u a l l y hypersto ich iometr ic U 0 2 disproportionates w h e n cooled to give 
U 0 2 a n d U ; however , A c k e r m a n n et al. (2) have observed a U 0 2 phase 
of a = 5.4714A., a s ignif icantly larger un i t ce l l than for U 0 2 0 o -

T h e latt ice parameter of the U 0 2 + a phase decreased w i t h increasing 
O / U ratio f rom a = 5.4705A. for U 0 2 . Va lues of the latt ice parameters 
of \J02+W a n d \]409.ν are on smooth curves l y i n g above a l ine j o in ing the 
end-members U 0 2 and U 4 0 9 ( 35 ) . ( T h e pseudo-ce l l of the latter is a = 
5.4453A. ) A c t u a l l y , the U 4 0 9 structure is cub i c w i t h weak superstructure 
lines i n d i c a t i n g that the true uni t ce l l has an edge of 4a = 21.8A. a n d 
the body-centered space-group I43e£ (50 ) . 

N e p t u n i u m . T h e fluorite-type N p 0 2 is the stable oxide f o rmed i n 
air w h e n n e p t u n i u m oxysalts are decomposed, but almost no studies have 
been carr ied out i n the oxygen-defect region. A c k e r m a n n et al. ( I ) i n 
s tudy ing the vapor izat ion process of NpO^. observed A - t y p e N p 2 0 3 i n 
quenched samples w h i c h h a d been 7 0 % vapor i zed . It is l i k e l y that the 
two phases were f o rmed f rom a nonstoichiometr ic N p 0 2 . x phase b y d is 
proport ionat ion as the sample was cooled. 

uo2 

1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 
χ in UO x 

Figure 4. Projection of the U02 ± x-02 phase diagram 
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6. E Y R I N G Oxide Phases 75 

Roberts a n d W a l t e r (44) s tud ied the irrevers ible decomposi t ion on 
N p 3 O s bu t observed no phases intermediate to N p 3 0 8 a n d N p 0 2 . H y p e r -
sto ichiometric N p 0 2 has not so far been reported . 

P l u t o n i u m . G a r d n e r et al. (26) have made a careful h i g h tempera
ture x-ray di f fraction study of the p luton ium-oxygen system i n the range 
f r om room temperature to 900°C. observing di f fract ion f rom oxide sam
ples contained i n s i l i ca capi l lar ies . T h e y rev i ew brief ly previous w o r k 
apropos of phase transformations (i.e., thermal a n d e lectr ica l measure
ments) a n d construct a phase d i a g r a m as shown i n F i g u r e 5. 

T h e phases they observed were P u O i r,io (b . c . c , a = 11.05); P u O i . 6 i 
(assumed b . c . c , a = 10.99); P u O i . 9 8 ( f . c . c , a = 5.40) w h i c h is the l ower 
composi t ion l i m i t of P r 0 2 ( f . c . c , a = 5.396); β P u 2 0 3 ( P u O i . 5 i o ± 0.005 
hex., a — 3.8417 =b 0.0003A., c = 5.9530 ± 0 .005A. ) ; a n d at least one 
cub i c phase of w i d e l y var iab le composit ion P u O t T , 1.61 < χ < 2.0. B e 
tween 300° a n d 600°C. i n this composi t ion range there is a m i s c i b i l i t y 
gap w h i c h cont inuously narrows u n t i l i t is supposedly closed. 

700 

500 

Ρ 300 
ι— 

100 

1.5 1.6 1.7 1.8 1.9 2.0 
x in PuOx 

Figure 5. Projection of the Pu0^02 

phase diagram 

C e r t a i n features of the study were emphas ized such as the fact that 
a l though the P u O i . 6 i phase was assumed b . c . c , the powder patterns were 
not good enough to show the superstructure l ines. A l so the eutectoid i n 
the proposed d i a g r a m of C h i k a l l a et al. (22) was not observed i n the 
x-ray studies. N o satisfactory explanat ion of e lectr ica l resist iv ity a n d 
t h e r m a l expansion measurements w h i c h l e d to this earl ier construct ion 
has emerged. G a r d n e r et al. (26) also l ooked for but d i d not see any 
ind i cat ion of ordered intermediate phases at l o w temperatures such as 
were descr ibed above for the rare earth oxides nor d i d they observe a 
fa i lure of the m i s c i b i l i t y gap to close as w o u l d have occurred i f the end 
members , P u O i 6 i a n d P u O i 9 8 , h a d different symmetries. T h e y c o u l d 

1 1 1 i 1 I ι -

σ α 

. l c + σ 

1 1 1 i 1 I ι -

σ α 

1 C + F 
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76 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

not, however , have observed a narrow two-phase reg ion since h i g h reso
lu t i on a n d sharp diagrams w o u l d have been requ i red . O n e can observe 
f r o m their p u b l i s h e d data that a shift occurs i n slopes of the a vs. χ l ines 
for oxides between P u O i . 6 9 o a n d P u O i 7 i 7 , w h i c h m a y suggest a d i scont i 
n u i t y i n this reg ion permi t t ing the construct ion of the narrow m i s c i b i l i t y 
gap r e q u i r e d i f the P u O i . e i a n d P u O i . 9 8 have different symmetries. A br ie f 
discussion of this po int is g iven be low. 

I f this gap exists, the system bears even greater resemblance to the 
c e r i u m oxide system a n d for m a n y m i x e d oxides (12)—especially i f one 
assumes that o rder ing u p o n coo l ing is b l o cked i n some way . T h i s is not 
l ike ly , however , since the h i g h temperature d isordered phase cannot 
easily be quenched i n other systems. Bre t t (18) f ound that samples 
quenched f r o m 900 °C . i n l i q u i d nitrogen resulted i n a - P u 2 0 3 a n d P u 0 2 . 
Tens imetr i c studies w o u l d he lp to settle the quest ion of phase re la t i on 
ships i f one c o u l d achieve e q u i l i b r i u m r a p i d l y enough at reasonable 
temperatures a n d the extremely l o w pressures requ i red . 

M a r k i n et al. (38) have determined the e.m.f. of h i g h temperature 
ga lvanic cells i n v o l v i n g the p l u t o n i u m oxide-oxygen system. T h e plots 
of p a r t i a l m o l a l free energy of oxygen vs. temperature show a pro found 
change i n the composi t ion interva l 1.691 a n d 1.812. I n m a n y respects 
the behavior of PuO# is qui te s imi lar to CeO^. 

A m e r i c i u m . Some years ago A s p r e y a n d C u n n i n g h a m (7 ) s tudied 
the t h e r m a l decomposi t ion of P r 0 2 a n d A m 0 2 i n a ca l ibrated react ion 
vo lume. T h i s w o r k presaged the tensimetric w o n d e r of the P r O i P - 0 2 

system already discussed a n d ind i ca ted the relat ive s imp l i c i t y of the 
A m O a r 0 2 system i n the accessible temperature range. A m 0 2 appeared 
to lose oxygen smoothly to a composi t ion of A m O i . 8 5 at 1400°C. where 
it h a d an e q u i l i b r i u m oxygen pressure of 13 m m . H g i n contrast to the 
m u c h easier but in terrupted loss for P r O ^ resul t ing f r om the several stable 
intermediate phases. Asprey 's curves do show some minor breaks i n the 
l og ρ vs. l/T plots w i t h a change of slope at A m O i . 8 7 7 i n one of the runs. 
It is not at a l l certain that these are signif icant since they were not cor
roborated i n the w o r k discussed be low. 

A recent study b y C h i k a l l a a n d E y r i n g (21) of the A m O * system, i n 
c l u d i n g tensimetric a n d x-ray di f fract ion measurements, has been com
pleted . T h e results agree w i t h Asprey 's measurements w i t h i n the expected 
accuracy of his work . A reversible single phase A m 0 2 . i P reg ion for 0 < χ 
< 0.2 is observed at 1172°C. a n d 0 < x < 0.007 at 866° C , w h i c h were 
the l imits of composi t ion avai lable to the isothermal tensimetric tech 
n ique . A s t r ik ing feature of the isotherms is the dist inct change i n slope 
w h i c h occurs at a composi t ion of A m O i . 9 9 at 866°C. T h e break occurs 
at decreasing composit ions reaching A m O i . 9 7 at 1172°C. T h i s feature is 
reminiscent of a break i n the curve of latt ice parameter vs. compos i t ion 
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6. E Y R I N G Oxide Phases 77 

of the ternary oxide C e ^ Y i . ^ O ^ at M O i 9 5 w h i c h was considered b y B e v a n 
et al. (12) to be caused b y a transit ion f rom r a n d o m to complexed defects. 
T h e change is not sharp but occurs revers ib ly over a considerable pressure 
range i n a l l cases. T h i s break natura l ly shows u p i n the der ived thermo
d y n a m i c quantit ies , AS a n d AH. C h i k a l l a also points out that the i m p u r i t y 
concentrat ion w o u l d undoubted ly affect the behavior i n the region AmOx, 
2.0 > χ > 1.99. 

X - r a y di f fraction studies b y C h i k a l l a (21) on cooled a n d quenched 
samples show that the single phase A m O r , 1.8 < χ < 2.0, stable at h i g h 
temperatures, disproportionates too r a p i d l y to be quenched ; a l l the r o o m 
temperature d iagrams show two p h a s e s — A m 0 2 . o o a n d A m O i . g . I n the 
range A m O i r> + a, Ο < χ < 0.20, a cont inuously changing C - type phase is 
observed as shown b y the cont inua l shift i n the latt ice parameter as a 
funct ion of composit ion. B o t h cooled a n d quenched samples give the 
same results; even one quenched f r om 460°C. seems to be i n the single 
phase region. 

I n terms of the rare earth oxides a m i s c i b i l i t y gap between A m 0 2 -
A m O i . s exists, w i t h some complicat ions i n the A m O i . n to A m O i 8 region. 
B r o a d σ a n d a regions exist at h i g h temperature a n d m a y be separated b y 
a m i s c i b i l i t y gap. 

C u r i u m . A centra l p r o b l e m i n the cur ium-oxygen system is the lack 
of precise knowledge of the compositions for the phases w h i c h have been 
observed. Genera l l y , it has been assumed that there is an analogy be
tween this system a n d those discussed above. T h e fluorite-type phase 
w i t h the smallest latt ice parameter is considered to be C m 0 2 , a n d the 
most f u l l y r educed C- type oxide is assumed to have the composit ion 
C m 0 1 5 . 

W a l l m a n n (49) has prepared C- type C m 2 0 3 (a = 11.01 ± 0.01) b y 
i g n i t i n g c u r i u m nitrate on a p l a t i n u m plate i n air (this y ie lds a b lack 
intermediate o x i d e ) , f o l l owed b y reduct ion w i t h pur i f i ed hydrogen at 
temperatures f rom 600° to 850°C. T h e C- type sesquioxide transforms 
spontaneously at r oom temperature i n a f ew days to the hexagonal A - t y p e 
sesquioxide (a — 3.80 ± 0.02A., c — 6.00 ± 0 .03A. ) , presumably a result 
of rad ia t i on effects. 

U s i n g an automatic record ing thermal balance Posey et al. (41, 42) 
have made isobaric a n d isothermal studies ind i ca t ing the existence of 
regions of s tabi l i ty h a v i n g approximate composit ions C m O i 7 i a n d 
C m O i . 82 , as w e l l as phases of var iab le composi t ion C m O i 5 + A a n d C m 0 2 . x . 
T h e breaks are not usual ly sharp ; hence, the stable phases show an 
apprec iable range of composi t ion especial ly for the C m O i . g a to C m O i . 7 8 

region w h i c h m a y invo lve several different phases. 
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A complete isobar at 159 m m . of H g shows the n o r m a l breaks at 
C m O i . 8 a n d C m O u i n the reduct ion ha l f of the cyc le but exhibits an 
extreme hysteresis loop i n the ox idat ion part of the cyc le w h i c h d i d not 
close u n t i l a composi t ion near C m 0 2 was reached. T h i s behavior , to a 
lesser degree, is exh ib i ted b y the rare earth oxide systems discussed above. 

Isothermal measurements seem to conf irm the more expressive iso
bar i c results a n d even indicate a possible complex i ty i n the CmOi .so - i . sa 
region. 

S m i t h (47) has observed a C m O , r fluorite-type phase of var iab le 
latt ice parameter (a = 5.38 to 5 .52A.) . T h i s p r o b a b l y represents the 
entire composi t ion range between C m 0 2 a n d C m O i 5 — t h e diagrams not 
b e i n g good enough to see superstructure lines characteristic of a C- type , 
σ phase or any of the other intermediate phases. ( W a l l m a n n (49) ob
served a — 2(5.50) for C - type C m 2 0 3 ) . 

Perhaps w i t h such intense rad ioac t iv i ty complete order ing is impos
sible, a n d a l though the tensimetric measurements definitely show the 
greatly increased stabi l i ty at certain concentrations the order is not w e l l 
enough established to show u p i n the x-ray diagrams. T h i s behavior is 
observed i n the m i x e d C e 0 2 T b 0 8 0 . r system where the presence of C e 
prevents the complete o rder ing necessary to give resolut ion i n the h i g h 
temperature x-ray di f fraction patterns (20), but the tensimetric measure
ments indicate unmis takab ly the format ion of the t phase (33). 

Ternary Actinide-Lanthanide Oxide Phases. A n interesting l i n k 
exists between the ordered oxide phases of the lanthanide elements on 
the one h a n d a n d the act in ide oxides on the other. B a r t r a m describes the 
preparat ion a n d structures of ternary oxides h a v i n g the composi t ion 
U 0 3 ' 3 R 2 0 3 or U R 6 O i 2 , where R represents a rare earth atom (10). 
These structures are isomorphous w i t h the R 7 O i 2 phases prev ious ly dis 
cussed for the b i n a r y C e , P r , a n d T b oxides. I n the ternary oxides the 
u r a n i u m atoms fill a l l the meta l positions a long the strings a n d the oxygens 
are shi fted i n t o w a r d the vacant sites a long the str ing. T h e R atoms are 
seven coordinated i n the sheaths surrounding the strings as ind i ca ted 
above. 

Observed Trends 

T h e fluorite-related oxide phases w h i c h are k n o w n i n the lanthanide 
a n d act inide series are d i sp layed i n T a b l e I I for closer comparison. T h e 
most obvious feature is that the oxide systems of C e , P r , a n d T b reveal 
greater complex i ty than any of the act inide elements so far s tudied . T h e 
dioxides of the act inide elements are more easily reduced as one goes 
f rom T h 0 2 to C m 0 2 showing an approach to the behavior of the l a n 
thanides. M o r e complete measurements on C m O x a n d BkOx m a y w e l l 
show m a r k e d s imi lar i ty to the rare earths. 
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6. E Y R I N G Oxide Phases 79 

A l l 12 elements l i s ted i n T a b l e I I f o rm dioxides of the same structure. 
M o s t of them f o r m sesquioxides h a v i n g the Α- ,Β-, or C - type rare earth 
structure a n d demonstrate s imi lar p o l y m o r p h i s m . T h e analogous inter 
mediate oxides are also obvious ly possible, a n d the R„02n-2 homologous 
series c o u l d exist. T h e quest ion as to whether such phases are i n fact 
observed depends ent ire ly on the f o rm of the free energy surface. T h e 
factors de termin ing the shape a n d relat ive positions of the free energy 
m i n i m a of each phase are not understood. E v e n metastable phases are 
observed to be f o rmed under circumstances where order ing is m u c h 
slower than transformation to another d isordered phase (i.e., σηι — > am 

i n P r C y . 
F i g u r e 6 shows the lattice parameters vs. composi t ion of the phases 

discussed above. F o r the C- type sesquioxides or σ phases the pseudo-
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of some hnthanide and actinide elements as a function 

of composition 
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fluorite ce l l d imens ion is used for comparison. T h e latt ice parameters of 
a l l the intermediate oxide phases l ie above a straight l ine jo in ing values 
for the d iox ide a n d C- type sesquioxide. 

Table II. Existence Diagram for R n 0 2 u - 2 Phases of Some 
Lanthanide and Actinide Elements 

Phase 
Type A Β C σ ι ζ e δ β α F 

η 4 4 4 1.5 < χ 7 9 10 11 12 1.7 < χ 00 

x(ROJ 1.50 < 1.7 1.71 1.78 1.80 1.82 1.83 <2.0 2.00 

Ce X Χ Χ Χ Χ X Χ Χ 
Pr X X χ χ χ χ X Χ Χ χ 
T b X X X χ χ χ ? ρ χ 
U / Y / x χ χ 
T h χ χ 
P a χ 
U χ χ 
N p X ? χ χ 
P u X X χ ? χ χ 
A m X X X χ ? ? χ χ 
C m X X χ χ ? ? χ ? χ χ 
Bk χ 

Corre la t i on of the s tandard free energy change for the react ion 
| R 2 0 3 + | 0 2 = ROL> w i t h the change i n the heats of atomizat ion of the 
respective oxides per equivalent 0 2 ( F i g u r e 7) i l lustrates w e l l the ob
served trends i n stabi l i ty . A difference of 10 kca l . per equivalent of oxygen 
i n the energies of a tomizat ion corresponds to oxygen dissociation pressure 
differences of about 100 orders of magnitude. T h e oxygen dissociation 
pressure of a part i cu lar oxide composi t ion shows a definite t rend w i t h i n 
each series increas ing w i t h atomic number . T h e order, i n the region of 
over lap of the two series, is ind i ca ted b y the oxygen dissociation pressure, 
at some temperature, of R 0 1 7 i 4 w h i c h increases i n the order P u , C e , A m , 
P r , T b , a n d C m . 

Chemists , accustomed to the vagaries of the two series of elements, 
real ize that facts f o r b i d any s imple progression i n properties. T h i s is true 
for the lanthanide elements because of the perturbat ion of properties 
a c company ing the s tab i l i z ing effect on the electrons of an empty , hal f -
filled a n d f u l l 4/ shel l . It is accentuated i n the case of the actinides where 
one has 6d, 7s, a n d 5/ levels so close together i n energy that the early 
members of the series behave as though they h a d no / electrons. H o w e v e r , 
as one progresses d o w n the act inide series the / electrons definitely be
come less avai lable for b o n d i n g as they do i n the 4f elements. 

A c k e r m a n n a n d T h o r n (4 ) emphasize the importance , i n interpret ing 
h i g h temperature vapor izat ion results, of k n o w i n g the composi t ion a n d 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

06



6. E Y R I N G Oxide Phases 81 

nature of the so l id phase. E v e n T h 0 2 lost oxygen i n congruent v a p o r i z a 
t ion at 2500°C. ( 4 ) . A l l other act inide dioxides s tud ied have a h igher 
oxygen dissociat ion pressure than T h 0 2 at the same temperature a n d 
w o u l d be expected to f o rm an a phase. T h i s was observed to a great 
degree i n U 0 2 . x , strongly suggested i n N p 0 2 . ,r, a n d c lear ly demonstrated 
i n P u 0 2 _ x , A m 0 2 . x , a n d C m 0 2 _ x . I n add i t i on , C m 0 2 . x showed stable 
intermediate phases at C m O i , 7 1 a n d C m O i 8 . T h e fact that C m shows 
+ 3 a n d + 4 valences w i t h a 5f conf iguration for C m 3 + emphasizes the 
greater ava i lab i l i t y of the 5f electrons for b o n d i n g than exists i n the rare 
earths where G d 3 + w i t h 4f electrons forms on ly the sesquioxide. 

°o 

45 

1 

Pu 

Ι ΐ ι ι 

40 

V Ce 

-

35 -

30 

Am° 
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25 

20 \ 

15 - \ 

10 -
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Tb 

ι I ι 1 
12 1 4 

Δ ( Δ H ) 

16 18 20 22 

A T O M I Z A T I O N 

Figure 7. Free energy change for the reaction 
R02(c) = V2R2Os(c) + V4 02(g) correlated with 
the differences in atomization energy per equiv
alent of oxygen for R02(c) and R203(c). All 

values are given in kcal. per equivalent 
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82 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T h e structural pr inc ip les enumerated above for the intermediate 
phases of the rare earths, i n c l u d i n g the a phase, presuppose a structure 
w h i c h w o u l d be better character ized b y oxygen vacancies than b y meta l 
interstit ials . It is tac i t ly assumed that the a phases of the act inide oxides 
w o u l d be analogous. H o w e v e r , At las a n d Sch lehman (8 ) have s tudied 
the pressure dependence of e lectr ica l conduct iv i ty on composi t ion a n d 
oxygen pressure a n d conc lude f r om mass-action analysis that the defects 
i n P u 0 2 - ^ i n the temperature region 1100° -1600°C. are predominant ly 
interst i t ia l p l u t o n i u m ions, usual ly P u 4 + . I n this treatment the arb i t rary 
assumption is made that the defects do not interact. T h e data cover the 
composi t ion range P u 0 2 . o - i 8 , where one w o u l d expect extensive defect 
interactions. C h i k a l l a (21) has considered the various attempts to deter
mine the type of defects i n the oxygen deficient fluorite phases, P u 0 2 _ X y 

CeOy-œ, a n d A m 0 2 . H e concludes that a l though the mass-action 
treatment agrees i n a l l cases w i t h a meta l interst i t ia l m o d e l an oxygen 
vacancy m o d e l might exp la in the results as w e l l , especial ly i f the defects 
are p a i r e d or complexed. O n the other h a n d there m a y be no apprec iable 
defect concentration at a l l i n a w e l l annealed a phase w i t h d o m a i n 
structure. 

A s a matter of p r inc ip l e any of the systems showing both the sesqui
oxide (even the C - type ) a n d the fluorite-type d iox ide must exhib i t a 
m i s c i b i l i t y gap somewhere. F o r this reason the σ is d is t inguished f r om 
the a phase. In a l l cases where thorough studies have been possible, a 
gap has indeed been found . 

S o l i d so lub i l i ty i n rare earth oxide systems has been s tudied exten
sively . There is no doubt of complete so lubi l i ty , often ca l l ed isomorphous 
replacement between oxide phases of the same symmetry as i n mixtures 
of P r 0 2 a n d C e 0 2 or i n the sesquioxides of one type. I n these cases 
Vegard 's l a w appears to h o l d prec ise ly (40). 

Because of the close re lat ionship between the C- type a n d the fluorite-
type structures m u c h attention has been g iven to the range of solut ion 
between phases h a v i n g these structures. B r a u e r a n d G r a d i n g e r (17) 
ind i ca ted that i n solutions i n v o l v i n g C e 0 2 or T h 0 2 w i t h the tr ivalent 
rare earths, phase separation is most common, but there were cases 
w h i c h appeared to f o rm complete so l id solut ion (i.e., C e 0 2 w i t h S m 2 0 3 , 
G d 2 0 3 , or D y 2 0 3 ) over the entire range of composit ion. 

T h i s is apropos of the basic quest ion of whether or not one m a y go 
cont inuously between different structures h a v i n g different symmetries. 
I n p r i n c i p l e this should not be possible (19, 34); however , certain cases 
have been reported , a n d the one ment ioned above is used b y Zern ike 
(51) against the basic ph i l osophic arguments. 

B e v a n (12) a n d his colleagues have s tudied prec ise ly those systems 
reported to be single phase b y B r a u e r a n d G r a d i n g e r a n d have shown 
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6. E Y R I N G Oxide Phases 83 

them to be at least two phase. A m i s c i b i l i t y gap at about 6 0 % sesquioxide 
is observed i n each case. T h i s removes one of the p r i n c i p l e arrows f r o m 
the b o w of those w h o w o u l d argue against the requirements of basic 
theory a n d raises the question as to whether , i n fact, there are any 
exceptions. T h i s is a quest ion w h i c h can only be settled b y p r i n c i p l e since 
more a n d more care ful s tructural determinations m a y be made a n d c o u l d 
reveal narrow two-phase regions. 

C h i k a l l a (21) has considered the poss ib i l i ty that rad ia t i on damage 
is a major cause of fa i lure to order among the intermediate act inide 
oxides. T h i s w i l l certa in ly be a factor against order ing , but the dec ided ly 
greater tendency of the short l i v e d C m O x to show order ing indicates that 
it is on ly one of m a n y factors. X - r a y di f fraction patterns m a y f a i l to revea l 
the presence of ordered intermediate phases i n C m O x because of the h i g h 
rad iat ion . H o w e v e r , tensimetric measurements m a y reveal order where 
x-ray measurements f a i l , as was true for the C e y T b i . y O x system (33 ) . 
H i g h temperature x-ray di f fraction measurements us ing h i g h intensity 
tubes m i g h t be r e q u i r e d to see the true s tructural changes at temperature 
a n d at e q u i l i b r i u m for h i g h l y radioact ive materials . 
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7 

Lanthanide and Actinide Absorption 
Spectra in Solution 

W. T. CARNALL and P. R. FIELDS 
Chemistry Division, Argonne National Laboratory, Argonne, Ill. 

We have calculated sets of theoretical energy levels for the 
trivalent actinides and lanthanides and correlated these 
levels with transitions observed in the solution absorption 
spectra of these elements. Using the eigenvectors resulting 
from this energy level calculation, we have computed the 
theoretical matrix elements required to account for the 
observed band intensities in the two series of elements. The 
extent to which the theoretical calculations can be corre
lated with experimental results has been discussed, and 
some applications for the intensity relationships are pointed 
out. 

>nphe solut ion absorpt ion spectra of the tr ivalent lanthanides a n d ac t i -
nides are compr ised of d ist inct ive sharp, rather weak absorpt ion bands 

w h i c h have been observed p r i m a r i l y i n the vis ible-near u.v. reg ion of the 
spectrum. M o s t of these bands arise f r om transitions w i t h i n the /^-elec
tron configuration. H o w e v e r , the extent to w h i c h bo th their energies a n d 
intensities can be correlated w i t h theoret ical ly ca lcu lated energies a n d 
intensities has been explored only recently (2, 14). I n this paper we w i l l 
emphasize the theoret ical treatment of exper imental results i n two re lated 
stages. F i r s t , the energies of the transitions observed i n d i lute a c i d so lu
t i on are re lated to ca l cu lated energy levels. T h e eigenvectors der ived 
f r o m the energy l eve l calculations are then used as a basis to calculate 
b a n d intensities. 

M o s t p u b l i s h e d work on the energy levels i n the tr ivalent lanthanides 
a n d actinides has been carr i ed out i n crystal l ine m e d i a , where the ident i ty 
of a l eve l i n terms of a g iven coup l ing scheme can be exper imental ly 
establ ished (8, 19). I n at tempt ing s imi lar correlations i n aqueous so lu
t ion , one must re ly heav i l y on the l eve l identif ications establ ished i n 
crystals. W h e r e crystal data is not avai lable , extrapolat ion of parameters 
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7. C A R N A L L A N D F I E L D S Absorption Spectra 87 

f r om ne ighbor ing elements is r e q u i r e d to make leve l assignments. O n e 
objective of this study is to correlate the energy levels a n d intensities 
of a l l the tr ivalent lanthanides a n d actinides i n a single solvent m e d i u m . 
F o r the intensity study, relationships deve loped i n aqueous solutions can 
then serve as a basis for compar ing the results i n m a n y other m e d i a i n 
w h i c h strong complexes are formed. 

Experimental 

T h e spectral measurements were made i n fused s i l i ca cells whose 
p a t h lengths v a r i e d f r om 1.0 to 5.0 cm. a n d were observed us ing a h i g h 
resolut ion pr i sm-grat ing record ing spectrophotometer. T h e useful spec
t r a l range of the instrument was 0.18-2.6 μ. T h e lanthanides used were 
obta ined commerc ia l l y as oxides w i t h a stated p u r i t y of > 9 9 . 9 % ; h o w 
ever, each ba t ch of oxide was checked spectrographical ly before use. 
These oxides were dissolved i n either D C 1 0 4 or H C 1 0 4 for the absorpt ion 
spectra measurements ( 3 ) . Solutions of the actinides were prepared 
f r om h i g h l y pur i f i ed stock solutions b y techniques prev ious ly discussed 
(4). 

Energy Level Calculations 

T h e tota l energy of a system consisting of a po int nucleus w i t h an 
infinite mass, surrounded b y Ν electrons can be represented b y the 
H a m i l t o n i a n ( 19 ) , 

where p o represents the k inet i c energy of a l l the electrons a n d their 
cou lomb interact ion w i t h the nucleus ; p e involves the cou lomb interact ion 
between pairs of electrons, a n d p s o takes into account the magnet ic 
interactions of the electrons, of w h i c h the coup l ing of sp in a n d orb i ta l 
angular momenta is the most important effect for / -electrons. 

U s i n g a central field approx imat ion i n w h i c h i t is assumed that each 
electron moves independent ly i n an average spher ica l ly symmetr i c poten
t i a l , i t is possible to solve for the energies of the different configurations. 
Ca lcu lat ions of this type show that the /^-configuration is the lowest 
energy configuration for the tr ivalent lanthanides a n d actinides. 

Since i t can be demonstrated that the te rm p o does not affect the 
energy l eve l structure w i t h i n a g iven configuration a n d since the absorp
t i on spectra of the tr ivalent lanthanides a n d actinides invo lve transitions 
between states w i t h i n the /^-configuration, i t is not necessary to concern 
ourselves w i t h p o any further. A substantial s impl i f i cat ion is also possible 
i n f o rmula t ing p e . I n c l u d i n g the effect of electrons i n closed shells i n 
the ca lculat ion mere ly shifts the energy of a conf iguration; thus, for our 
purposes i t is on ly necessary to consider the electrostatic interact ion 
between electrons i n the incomplete 4/ or 5/ shel l . 
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88 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T h e so lut ion of the r e m a i n i n g terms i n the H a m i l t o n i a n , p e a n d $ l s o 

can be wr i t t en as 

E = Ee-\- Eso 

6 

where £ e = Y]fFk (k even) 
k = 0 

a n d 

T h e electrostatic energy is expressed as a sum of r a d i a l integrals F f c , 
a n d coefficients f w h i c h represent the angular part of the interact ion. 
S i m i l a r l y Aso represents the angular part of the sp in-orbi t interact ion a n d 
£ Λ / is a r a d i a l integral , re ferred to as the sp in orbi t c o u p l i n g constant. T h e 
angular parts of bo th perturbat ion energies can be evaluated us ing 
Racah's tensor operator f o rmal i sm, a n d assuming the Russel l -Saunders 
( S L J ) c ou p l i n g scheme. T h e r a d i a l dependence is diff icult to calculate 
theoretical ly , a n d i n pract ice these functions are treated as parameters 
to be evaluated f r om exper imental data. There are, therefore, three elec
trostatic parameters, F 2 , F 4 , a n d F 6 a n d one sp in-orbi t parameter , £ n / , to 
be determined b y a fit to observed energy levels for w h i c h assignments 
have been made i n an appropriate c o u p l i n g scheme ( i n this case S L J ). 

Since the spin-orbi t interact ion is large for the lanthanides and 
especial ly large for the actinides, the S L J basis states are m i x e d , a n d the 
calculations are actual ly carr ied out i n intermediate coup l ing . 

T o i l lustrate the effect of the various perturbations , consider as a 
t y p i c a l example, P r 3 + . A s shown i n F i g u r e 1, considerat ion of the electro
static interact ion of two 4/-electrons ( P r 3 + ) gives rise to a set of seven 
degenerate energy levels. These are further spl i t b y inc lus ion of sp in -
orb i t interact ion, to 13 levels w h i c h are ca l l ed field-free levels since they 
represent the spectrum of P r 3 * as observed i n P r 3 * vapor where there are 
no l igands about the P r 3 + ions. I n fact, these levels are also degenerate. 
A d d i t i o n a l sp l i t t ing does occur w h e n the i on is incorporated i n either a 
so l id or l i q u i d matr ix . T h i s l i g a n d field sp l i t t ing is s m a l l c ompared w i t h 
the other effects considered, a n d the i n d i v i d u a l levels are n o r m a l l y not 
resolved i n solut ion spectra. F o r our purposes i t is sufficient to ident i fy 
the center of gravi ty of a g iven absorpt ion b a n d w i t h the appropriate 
field-free level . 

Since at this po int w e have no method of exper imental ly ident i f y ing 
a g iven absorpt ion b a n d i n solut ion i n terms of its descr ipt ion i n the S L J 
c o u p l i n g scheme, w e re ly on the s imi lar i ty i n b a n d energy w i t h that 
establ ished for P r 3 + i n various crystal matrices. F i g u r e 2 shows the ex
per imenta l ly determined positions of the center of gravi ty of the levels 
of P r 3 * i n L a C l 3 ( 1 7 ) , L a F 3 (5 ) a n d the levels f ound i n P r 3 + vapor (7 ,18) . 
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7. C A R N A L L A N D F I E L D S Absorption Spectra 89 

F o r iso lated bands there is no quest ion of the proper assignment, but as 
can be seen, even w h e n the bands are not isolated i t m a y be reasonable 
to make assignments to the solut ion spectra. I n the case of P r 3 + , the 
spectra i n L a F 3 resembles qui te closely that f o u n d i n solution. 

As the number of / -electrons increases, the process of assigning levels 
becomes more compl i cated . I t is not often that the p u b l i s h e d results for 
lanthanide spectra i n crystal m e d i a compare as favorably as those for 

ENERGY LEVELS OF P r + 3 ( 4 f 2 ) 
Energy 

cm"1 χ I0"3 

50 

45 

0.4 μ 25 f-

0.5μ 20 h-

0.67^ 15 

\.0μ 10 

2.0 μ 5 

,—ο 

' S - ' 

"Ρ — 
•ι -

μ jo 

E l e c t r o s t a t i c 
Energy Le ve l s 

s ^—4 -ι 
' ^ - — 3 1880 

2 
^—6 

4280 

<=] 150c 

340 cm"1 

<=] 100 cm-1 

<|] 90 cm-' 
<1] 30cm-» 

<§] 200cm-l 

<| ] 150 cm-' 

4_1 <I_] 200 cm-1 

E l e c t r o s t a t i c 
ami S p i n - O r b i t 
E f f e c t s Comb ined 

T o t a l S p l i t t i n g 
in a F i e l d of 
D 3 h Symmetry 

Figure 1. Energy levels due to electrostatic, spin-orbit and crystal 
field interactions in Pr3+ 

P r 3 + i n L a F 3 to P r 3 + i n solution. F o r the lanthanides i n the m i d d l e of the 
series where the most complex spectra occur, m u c h of the w o r k i n crystals 
is s t i l l p re l iminary . T h i s p r o b l e m is even more acute for the actinides. 
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9 0 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

W h e r e p u b l i s h e d values of F 2 , F 4 , F 6 , a n d ζ were not avai lable , i n i t i a l 
assignments were based on levels ca lcu lated f rom the parameters Fk a n d 
ζ w h i c h were obta ined b y extrapolat ion f r om ne ighbor ing members of 
the series (4). B o t h F 2 a n d ζ can be assumed to be approx imate ly l inear 
functions of Ζ ( atomic n u m b e r ) w i t h i n the series, a n d b y us ing the ratios 
F4/F2 a n d F 6 / F 2 ca l cu lated for a 4f or 5f hydrogen i c e igenfunct ion ( 1 5 ) , 
a l l three electrostatic parameters can be evaluated f r o m F 2 alone. 

ι 1 1—^-i 1 1 1 1 1 1 r 1 1 1 I Γ 

3 p _ l j 3 p 3 H 

Figure 2. Comparison of the absorption spectra of Fr3+ in aqueous solution 
with the energy levels found experimentally for Pr3+ in (A) vapor phase (free-

ion levels) (7, 18) , (B) LaCl3 crystal (17) , (C) LaF3 crystal (5) 

T h e results of a p p l y i n g the foregoing discussion to a ca lcu lat ion of 
energy levels for spectra of the lanthanides i n d i lute a c id so lut ion are 
shown i n F igures 3—5. T h e best values of the four parameters obta ined 
f r o m the data are s u m m a r i z e d i n T a b l e I. Since the fit to the data at 
h igher energies becomes quite poor i n m a n y cases, on ly the bands ob
served at < 30000 cm. " 1 are shown except for G d 3 + ( F i g u r e 4 ) , where 
a l l of the excited levels occur at > 30000 cm." 1 . 

T h e same type of approach i n terms of fitting energy levels to the 
absorpt ion bands observed i n the tr ivalent act inide elements has a lready 
been reported ( 4 ) . H e r e the problems were somewhat more f ormidab le 
because of the pauc i ty of crystal data a n d the m u c h greater density of 
levels observed i n the spectral reg ion over w h i c h solut ion absorpt ion 
spectra c ou ld be obtained. E x p e r i m e n t a l data a n d ca lculated energy 
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7. C A R N A L L A N D F I E L D S Absorption Spectra 91 

levels are shown i n F i g u r e 6. T h e four parameters der ived f r om the data 
are also shown i n T a b l e I. 

T h e values of F 2 for the tr ivalent lanthanides a n d actinides are 
p lo t ted vs. Ζ (a tomic n u m b e r ) i n F i g u r e 7, a n d those of ζ are shown 
graph i ca l l y i n F i g u r e 8. Va lues of F 2 a n d £ 5 / for actinides above c u r i u m 
were extrapolated f r om the l ight ha l f of the series assuming a l inear 
re lat ionship for the parameters ( 9 ) . These parameters, i n turn , were 
used to calculate the expected energy levels for B k 3 + , C f 3 + , E s 3 + , a n d F m 3 + . 
These, together w i t h the absorpt ion spectrum of C f 3 + , w h i c h was recent ly 
measured jo int ly w i t h scientists f rom the L a w r e n c e R a d i a t i o n L a b o r a 
tories ( 6 ) , are shown i n F i g u r e 9. 

Sets of eigenvectors w h i c h describe each of the states i n intermediate 
coup l ing , are obta ined f rom the calculations of the energy levels. These 
eigenvectors are an essential element i n establ ishing the correlat ion 
between exper imental b a n d intensities a n d those ca lculated f rom theory. 

Table I. Parameters Used to Calculate Energy Levels Observed in the 
Solution Absorption Spectra of the Trivalent Actinides and Lanthanides 

No. of 
{-electrons E j F 6 ζ 

2 304.7 50.82 5.106 714.5 
N d 3 + 3 333.6 48.06 5.450 874.1 
P m 3 + 4 351.0 47.70 5.300 1030 
S m 3 + 5 371.8 54.02 6.027 1171 
E u 3 + 6 470.6 70.91 4.953 1297 
G d 3 + 7 488.4 46.28 6.219 1454 
T b 3 + 8 486.7 69.17 5.859 1681 
D y 3 + 9 420.0 58.00 6.346 1900 
H o 3 + 10 415.0 68.80 7.270 2163 
E r 3 + 11 433.2 67.10 7.360 2393 
T m 3 + 12 447.6 67.12 7.336 2652 
U 3 + 3 196 27.9 3.16 1666 
N p 3 + 4 225 32.0 3.62 2070 
P u 3 + 5 240 34.1 3.86 2292 
A m 3 + 6 419 55.6 1.98 2190 
C m 3 + 7 370 21.0 4.90 2918 
B k 3 + 8 299 42.5 4.81 3263 
C f 3 + 9 318 45.2 5.12 3580 
E s 3 + 10 338 48.1 5.44 3900 
F m 3 + 11 358 50.9 5.76 4220 

Calculation of Intensities 

A n y theoret ical treatment of the intensities of the in t ra f - e l e c t r o n 
transitions observed i n tr ivalent lanthanide a n d act inide spectra must 
beg in w i t h a consideration of the possible mechanisms invo lved , a n d a 
n u m b e r of authors have examined this p r o b l e m i n deta i l ( I , 2, 19). T h e 
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92 L A N T H A N I D E A C T I N I D E C H E M I S T R Y 
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Figure 3. Absorption spectra of Ce3+, Pr3+, Nd3+, Pm3+, Sm3+, and Eu3+ in 
dilute acid solution 

results show that w h i l e there is some magnet ic d ipo le character i n a f ew 
transitions, only an i n d u c e d electric d ipo le mechanism can account for 
the intensities observed for most of the bands. T h e designation i n d u c e d 
or forced electric d ipo le is used to acknowledge the fact that true electric 
d ipo le transitions require a par i ty change and cannot occur w i t h i n the 
same configuration because the i n i t i a l a n d final states have the same 
par i ty . Since the intensities of the intra f v -e lectron transitions are ex
tremely weak compared w i t h true electric d ipo le transitions, they can be 
accounted for b y assuming that a smal l amount of the character of 
h i g h e r - l y i n g configurations of opposite par i ty are m i x e d into the /^-elec
t ron states. T h i s m i x i n g is assumed to be accompl ished via the o d d terms 
i n the potent ia l o w i n g to the l i g a n d field experienced b y the lanthanide 
or act inide ion . It w i l l be noted that the invers ion operator cannot be 
one of the symmetry elements i n such a l i g a n d field. 

J u d d (14) has a p p l i e d the forced electric d ipo le mechanism to t ran 
sitions w i t h i n the f v - e lec tron configuration and was able to develop an 
expression for the osci l lator strength of a g iven transit ion. ( F o r purposes 
of c ompar ing results we have defined τ λ = ( 2 / + 1) Τλ where Τ λ is the 
term used i n Judd's paper (2,14).) 
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7. C A R N A L L A N D F I E L D S Absorption Spectra 93 

T h i s expression can be w r i t t e n : 

Ρ = σ [ T 2 ( M 2 ) 2 + T 4 ( M 4 ) 2 + T , 6 ( M 6 ) 2 ] 

Μ χ = ( f ^ | | U < w | | f V V ) A - 2 , 4 , 6 . 

Ρ is the osci l lator strength defined b y Ρ = 4.31 Χ 10~9 / u ( σ ) άσ where 

€i ( σ ) da is the area under the observed absorpt ion b a n d , σ is the 

energy of the transit ion i n w a v e numbers a n d 6< its absorbance. Μ λ are 
the matr ix elements of the un i t tensor operator U a ) . T h i s operator con
nects the i n i t i a l a n d final states - » ψ'/, w h i c h were i n t u r n of the f o r m : 

C ( « , S , L ) are the intermediate c oup l ing coefficients; a represents extra 
q u a n t u m numbers that might be necessary to describe the state com
plete ly a n d \fa S L / > are the basis states i n the SLJ c oup l ing scheme. 
F o r m u l a s for ca l cu la t ing the matr ix elements Μ λ , us ing the eigenvectors 
obta ined on the basis of the energy l eve l fits a lready discussed, are g iven 
i n Ref . 2. T h e parameters τ λ are a funct ion of the quantit ies that describe 
the immediate environment of the ion , the index of refract ion of the 
m e d i u m , a n d the r a d i a l wave functions of the states invo lved . Since w e 
are not at this t ime able to calculate τ λ , a l though i n p r i n c i p l e this can 
be done, w e adopt a semiempir i ca l procedure for testing the v a l i d i t y of 
the theory. T h e quantit ies , τ χ , are evaluated b y re la t ing the exper imen
ta l ly determined osci l lator strength, P , to the energy of the transit ion, σ, 
a n d the ca lcu lated matr ix elements, M v 

I n pract ice , w e exper imental ly determine the area of as m a n y bands 
i n the absorpt ion spectrum of a g iven lanthanide or act inide as w e have 
been able to ident i fy w i t h dist inct SLJ levels. I n some cases a single b a n d 
or group of bands extending over not more than a f e w h u n d r e d cm. " 1 

results f r o m several transitions of nearly the same energy. I n such i n 
stances i t is f requent ly possible to treat the b a n d or group as a un i t w i t h 
the tota l matr ix element e q u a l to the sum of the elements associated w i t h 
each transit ion contr ibut ing to the b a n d . T h e extent to w h i c h this fitting 
procedure can be a p p l i e d is l i m i t e d b y b o t h the increasingly poor fit of 
the ca lcu lated levels a n d the greater density of levels at h igher energies. 
F i n a l l y , a least-squares fit is made to determine the best set of values 
for τ λ . Agreement between the theory a n d experiment can then be 
determined b y compar ing exper imental osci l lator strengths w i t h those 
ca lcu lated based on the single "best" set of values for τ χ . 
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94 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

42. 40. 38. 36. 34. 32. 

c m - 1 x I 0 3 

Figure 4. Absorption spectrum of Gd3+ in dilute acid solution 

A s an example, the experimental a n d ca lcu lated osci l lator strengths 
for H o 3 + i n d i lute a c i d are shown i n T a b l e I I . T h e fit is quite good for the 
levels shown but i n c l u d i n g bands beyond —24000 cm." 1 apprec iab ly 
increases the dev iat ion between Ρ ( calc. ) a n d Ρ ( expt. ). S imi lar results 
were reported earlier for P r 3 + , N d 3 + , E r 5 + , T m 3 + , a n d Y b 3 + i n d i lute a c i d (2). 

T h e parameters τ λ obta ined for a l l of the lanthanides i n d i lute ac id 
solution are s u m m a r i z e d i n T a b l e I I I . Before appra is ing the significance 
of the data i t should be noted that what amount to selection rules ( t r i 
angular condit ions on 6-/ symbols invo lved i n the calculations of the 
matr ix elements) determine whether or not [ Μ λ ] 2 can have posit ive 
values. T h u s ML> can only have non-zero values for Δ / < 2; M 4 has n o n 
zero values for Δ / < 4, etc. H e n c e w e find that M ( 5 has the largest n u m b e r 
of non-zero matr ix elements, M 4 has a moderate number of non-zero 
elements, a n d M 2 has re lat ive ly few non-zero matr ix elements. It is clear 
f rom the data i n T a b l e I I I that τ β is the best determined of the three τ λ p a 
rameters, as i t should be. Tl>, i n contrast, is poor ly determined i n most of 
the cases—indeed one can generalize that τ 2 has a probable magni tude of 
< 1 Χ 10" 9 a n d makes essentially no contr ibut ion to > 9 0 % of the 
ca lcu lated oscil lator strengths i n d i lute a c i d solutions. Its important role 
i n hypersensit ive transitions w i l l be ment ioned later. 

T h e parameters for E u 3 + a n d G d 3 + are based on a m i n i m u m of data. 
T h e ground state of E u 3 + has J = 0 ( 7 F 0 ) . T h i s imposes the spec ia l 
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7. C A R N A L L A N D F I E L D S Absorption Spectra 95 

Table II. Comparison of Calculated and Observed Oscillator 
Strengths for H o 3 + in 0 . 1 M H C l 0 4 

(cmr1) (cmr1) Vexpt> X 10* Pcalc> X 10' 

8,673 8,706 1.04 1.37 
11,235 11,258 0.20 0.25 
13,368 13,317 0.02 0.02 
15,607 15,545 3.68 3.66 
18,632 18,689 5.11 4.95 
20,609 20,735 3.15 3.26 
22,177 22,247 6.61 6.61 
24,032 23,883 3.20 3.27 
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Figure 5. Absorption spectra of Tb3\ Dy3+, Ho3+, Er3*, Tm3+, and Yb3+ in 
dilute acid solution 

condi t ion that M 2 is non-zero on ly for transitions i n w h i c h Δ/ = 2; M 4 for 
Δ/ = 4; M 6 for Δ/ — 6. T h u s , the transit ion 7 F 0 -> 5 D 2 de termined the 
ind i ca ted value of τ 2 . There is one other transit ion w i t h i n the spectral 
range for w h i c h mean ing fu l assignments seemed possible a n d this was a 
Δ/ = 6 transit ion. S i m i l a r l y , the bands observed i n G d 3 + were such that 
on ly values for τ 2 a n d τ 6 c o u l d be calculated. 

I n the case of T b 3 + , on ly one leve l ( 5 D 4 ) can at present be fit. T h e 
ind i ca ted parameters for T b 3 + i n T a b l e I I I are extrapolated, based on 
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96 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

those ca l cu lated for other members i n the series. T h e values of τ λ for Y b 3 + 

are also extrapolated, since there is on ly one /^-transit ion i n Y b 3 + . T h e 
ind i ca ted parameters a l l o w a good fit to the observed intensity. 

I t is c lear f r om the present data that the theory does successfully 
account for the exper imental ly observed intensities of lanthanide absorp
t i on bands u p to ^ 3 0 0 0 0 cm." 1 . Intensity calculations b e y o n d —30000 
c m . " 1 are not presently feasible because of the dif f iculty i n m a k i n g energy 
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or 
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Φ ω < 
oc 
< 
o 

|oj7 II 7 9 ° 5|3I7H % Il 5 15 % 15 3 
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Figure 6. Absorption spectra of Us+, Nps\ Tus\ Ams+, and Cms+ in dilute 
acid solution 
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7. C A R N A L L A N D F I E L D S Absorption Spectra 97 

ζ 

Figure 7. Variation of F2 with atomic number Ζ in 
the 4£ and 5f series 

l eve l assignments. I n t u r n i n g to s imi lar at tempted fitting procedures w i t h 
the act in ide elements one is immed ia te ly impressed b y the poor corre la
tions obtained. Tentat ive values of τ λ for the l i ght tr ivalent actinides are 
g iven i n T a b l e I V . T o a certain extent the large errors i n the parameters 
m a y be traced to poor correlat ion between levels observed i n crystals 
a n d those f ound i n solution, but a more deta i led examinat ion of the 
p r o b l e m reveals that, for example, i n P u 3 + ( F i g u r e 6 ) the matr ix elements 
needed to account for the large double b a n d centered near 17500 cm. " 1 

are too smal l . T h e reason for these poor fits i n the l i ght actinides is not 
obvious since the assumptions made i n d e r i v i n g the theoret ical expression 
for osci l lator strength should a p p l y to bo th the lanthanides a n d actinides. 
O n e possible explanat ion m a y arise f rom the fact that excited conf igura
tions i n the actinides seem to occur at l ower energies than their l a n 
thanide counterparts. 

It is , therefore, par t i cu lar ly signif icant that beg inn ing w i t h A m 3 + - C m 3 + 

the fits to exper imental intensity data appear to improve . T h e large 
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98 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

deviations i n τ 2 a n d τ 4 i n C m 3 + reflect the fact that they are poor ly 
de termined—most of the b a n d intensities observed are accounted for b y 
r 6 . Based on a set of eigenvectors der ived f rom the extrapolated values 
of F 2 a n d ζ for C f 3 + , the compar ison between ca l cu lated a n d observed 
osci l lator strengths for the first seven observed bands is satisfactory. A n 
i m p r o v e d energy leve l fit to C f 3 + w o u l d be expected to improve the 
intensity correlat ion. A p p a r e n t l y , the agreement between theory a n d 
experiment improves as the actinides become more rare ear th - l ike—that 
is, as atomic n u m b e r increases a n d 3 + becomes the most stable valence 
state. 

U + 3 N p + 3 P u + 3 A m + 3 C m * 3 B k + 3 C f + 3 Es * 3 F m + 3 c m " ' 

c m - 1 

2 8 0 0 

2 6 0 0 

2 4 0 0 

£nf 2 2 0 0 

2 0 0 0 

1800 

1600 

1400 

1200 

1000 

8 0 0 

6 0 0 P r + 3 Nd + 3 Pm + 3 Srr f 3 Eu + 3 G<f 3 Tb + 3 Dy + 3 Ho + 3 E r + 3 T m + 3 

Ζ 

Figure 8. Variation of ζ with atomic number Ζ in 
the 4{ and 5f series 

O n e interest ing a n d useful result of the present invest igat ion is the 
ind i ca t i on that the intensity calculations m a y be used as the basis for 
ref ining the energy leve l fits. F o r example , i f w e examine the ca l cu lated 
matr ix elements for H o 3 + i n the 28000-31000 cm. 1 reg ion ( T a b l e V ) , we 
find that at least qua l i ta t ive ly the 5 G 2 l eve l should be weak, f o l l o w e d b y 
a not i ceably stronger transit ion to 5 G 3 near 29000 cm. " 1 ; then the pattern 
shou ld be weak, very strong, weak for 3 K 6 , 3 F 4 , 5 G 2 . I f a v e r y strong 
b a n d were observed as l o w as 30200 cm. " 1 , we w o u l d assign the 3 F 4 l eve l 

ο ACTINIDES 
Δ LANTHANIDES 
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7. C A R N A L L A N D F I E L D S Absorption Spectra 99 

Table III. Values for τ\ for the Lanthanides in Dilute Acid Solution 

r2 X 109 η x 1 0 9 T6 X 109 

P r 3 + - 2 . 7 ± 44. 20.8 ± 1.61 27A ± 2.80 
N d 3 + 1.58 ± 0.57 5.48 ± 0.51 10.2 ± 0.70 
P m 3 + 3.26 ± 0.41 3.77 ± 0.68 5.20 ± 0.34 
S m 3 + 1.54 ± 1.14 4.10 ± 1.10 3.42 ± 0.51 
E u 3 + 0.84 — 4.8 
G d 3 + 1.7 — 5.9 
T b 3 + —0 ^ 4 
D y 3 + 1.73 ± 0.32 2.08 ± 0.48 4.96 ± 0.16 
H o 3 + 0.49 ± 0.17 4.28 ± 0.34 3.69 ± 0.17 
E r 3 + 1.59 ± 0.22 2.26 ± 0.36 2.38 ± 0.18 
T m 3 + 0.76 ± 0.88 2.36 ± 0.39 2.48 ± 0.23 
Y b 3 + 1.0 2.3 2.4 

Table IV. Values of τ χ for the Actinides in Dilute Acid Solution 

T % X 109 rh X 109 r6 Χ 109 

U 3 + 460 ± 30 70 ± 20 240 ± 20 
N p 3 + - 4 0 ± 30 30 ± 30 190 ± 7 
P u 3 + 160 ± 130 - 7 0 ± 80 90 ± 2 
A m 3 + 5 10 70 
C m 3 + 54 ± 69 - 3 5 ± 112 50.6 ± 2.7 

2 J — 
7 5 

l i f Î ί ι" 
9 3 13 II J Fm + 3

 15 

J — 
4 

4 2 7 9 5 1 3 2 6 

III ! II I II Î1ÎÎ 
2 6 5 7 

CO 

t 
3 

CO 

9 15 9 II 7 3135 9 21 17 15 15 7 7 3 9 II 13 11 

mm * 

JUL 
Cf +3 

HIKJ Η Ό 

I I 
0 1 2 3 5 4 Bk +3 

28 26 24 22 20 18 16 14 12 10 8 6 4 2 0 

cm"1 χ I03 

Figure 9, Calculated free-ion levels for Bks+, Cfs+, Es3*, and 
Fm3+ together with the experimentally determined absorption 

spectrum of Cf3+ in dilute acid solution 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

07



100 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

to that b a n d a n d inc lude this l eve l i n de termin ing F 2 , F 4 , F 6 , a n d ζ. I n i t i a l 
results show that such a procedure great ly increases the number of levels 
that can be assigned i n solut ion spectra. 

It is c lear that the present results are consistent w i t h the mechanism 
a n d f o rmulat ion proposed b y J u d d . O f the three parameters τ 2 , τ 4 , a n d r 6 , 
i t has been demonstrated that τ 2 has par t i cu lar ly interesting properties . 
Studies of lanthanide spectra i n mol ten nitrate salts ( 2 ) , i n organic 
solvents (2, 16), a n d i n the vapor phase (10, 11) have shown that the 
va lue of τ 2 can v a r y an order of magni tude or more depend ing u p o n the 
environment. W h e r e i t has been feasible to determine the values of τ 4 

a n d r 6 i n systems where τ 2 was enhanced, it was f o u n d that they were 
near ly e q u a l to those i n aqueous solution. 

T a b l e V . M a t r i x Elements f o r H o 3 + 

Calculated 
S'L'J' Energy (cm. *) [ M 4 ? iM6y 

3 H e 2 8 , 3 9 6 0 .1362 0 .0828 0 .0071 

*U 2 8 , 4 3 0 0 .0186 0 .0050 0 .1548 
°G 2 2 8 , 6 3 5 0 0 0 .0040 
5 G 3 2 8 , 9 7 5 0 0 0 .0135 3*e 30 ,264 0 .0028 0 .0004 0 .0020 
3 F 4 3 0 , 7 3 8 0 0 .1526 0 .0034 
5 G 2 3 1 , 1 1 2 0 0 0 .0009 

D u r i n g this invest igat ion, w e f ound that on the average, one or two 
transitions i n the v is ib le or near in f rared spectral range i n each lanthanide 
p r o v e d to have large matr ix elements for M 2 . I n each case these t rans i 
tions were the ones that showed a hypersensit iv i ty to the environment 
a n d conformed to the selection rule A J = ± 2 , as po in ted out b y J0rgensen 
a n d J u d d (12). Var i ous theories have been proposed to account for this 
hypersensit iv i ty , a n d the magni tude of r 2 has been used to test their 
v a l i d i t y (10). 

L a r g e values of τ 2 can be accounted for b y assuming that the s y m 
metry type of the l igands d i rec t ly coordinated to the centra l i on is l i m i t e d 
to the groups ( I ) : 

C8, C„. where η = 1,2,3,4,6 and Cnv where η = 2,3,4,6. 

F u t u r e investigations w i l l test this hypothesis a n d m a y i n a dd i t i on be 
able to correlate the magni tude of τ 2 w i t h the type of b o n d i n g as w e l l . 
T h e present s tudy should prove useful to future w o r k i n a var ie ty of 
m e d i a b y serving as a basis for comparison. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

07
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8 

Electronic Spectra of Lanthanide 
Compounds in the Vapor Phase 

D. M. GRUEN, C. W. DEKOCK, and R. L. McBETH 

Argonne National Laboratory, Argonne, Ill. 

The vapor phase spectra of the tribromides and triiodides 
of Pr, Nd, Er and Tm and of the 2,2,6,6-tetramethyl-3,5-
heptanedionates of Pr, Nd, Sm, Eu, Dy, Ho, Er and Tm 
have been measured in the range 4,000-30,000 cm. -. The 
transition intensities of most of the f <— f transitions in the 
gaseous molecules are comparable with those found in 
crystal and solution spectra. The hypersensitive transitions 
obeying the selection rules ΔJ = ±2, ΔL ≤ 2, ΔS = 0, are 
greatly enhanced, particularly in the gaseous halide mole
cules. This result led to reconsidering various intensity 
mechanisms. It appears that the vibronic mechanism can 
account for both the environmental sensitivity and the mag
nitude of the τ2 parameter. The large oscillator strengths of 
the hypersensitive transitions in the vapor phase molecules 
can be rationalized in this manner. 

s part of a cont inu ing study of the electronic spectra of lanthanide 
compounds i n the vapor phase ( I I ) , w e report here the spectra of 

the gaseous tr ibromides a n d tr iodides of P r , N d , E r , a n d T m a n d of the 
gaseous 2,2,6,6-tetramethyl-3,5-heptanedionates of P r , N d , S m , E u , D y , 
H o , E r , a n d T m ( 9 ) . Spectra of gaseous lanthanide compounds are 
v i r t u a l l y unexplored , i n contrast to crysta l a n d solut ion spectra, a n d can 
be expected to contr ibute n e w in format ion concerning energy levels a n d 
intensities oif*-f transitions. 

A recent development of interest i n interpret ing the absorpt ion 
spectra of lanthanide ions has been a theory of absorpt ion intensities 
deve loped independent ly b y J u d d (14) a n d b y Ofe l t (21) w h i c h repre
sents an important advance f r om earl ier treatments of this p r o b l e m (3, 

T h e re lat ive ly narrow, l o w intensity absorpt ion bands of the rare -
earths have been s tudied a great dea l over the years, a n d most of the 

2 5 ) . 
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8. G R U E N E T A L . Electronic Spectra 103 

electronic transitions g i v i n g rise to the bands have b y n o w been assigned. 
T h e energies of the bands are affected on ly to minor extents w h e n the 
c h e m i c a l environment of the rare-earth i on is changed, a n d this can be 
understood i n terms of the effective sh ie ld ing of the 4f electrons b y the 
remainder of the electrons of the i on core. S i m i l a r l y , for most transitions 
the b a n d intensities are inf luenced on ly to a s m a l l degree b y changes i n 
c h e m i c a l environment . There are about a dozen transitions d i s t r ibuted 
among eight of the rare earths whose intensities differ b y factors of 
10-100 depen d i ng on the l i g a n d . These transitions have been the object 
of numerous exper imental investigations, a n d their intensities i n different 
m e d i a have been invest igated extensively (5,12,16,19, 20, 23, 26). T h e y 
have been ca l l ed T iypersens i t ive " transitions b y J0rgensen a n d J u d d ( 1 3 ) . 

A n u m b e r of studies of rare-earth spectra i n condensed phases (2, 4, 
17, 18) have conf irmed that the theory of J u d d a n d of O fe l t can account 
for the observed intensities of e lectr ic -dipole transitions w i t h i n the 4f 
configuration on the basis of three phenomenolog i ca l parameters τ 2 , τ 4 , 
a n d τ 6 . These studies have also s h o w n that the parameter τ 2 is very sensi
t ive to the rare-earth i on environment w h i l e τ 4 a n d τ 6 are re lat ive ly 
insensitive to the environment . I n the earl ier gas-phase n e o d y m i u m 
tr iha l ide study, i t was f ound that τ 2 is enhanced to such an extent re lat ive 
to the τ 4 a n d τ 6 parameters that the osci l lator strength of the hypersensi 
t ive 4 Î 9 / 2 — 4 G 5 / 2 t ransit ion is a factor of 10 h igher than i n condensed 
phases ( I I ) . 

W i t h the general success of the three-parameter theory i n account ing 
for transi t ion intensities, i t is appropr iate to attempt an interpretat ion of 
the τ λ parameters i n terms of fundamenta l quantit ies . I n v i e w of the 
existence of hypersensit ive transit ions, i t is interest ing to find the o r ig in 
for the remarkable var ia t i on of τ 2 w i t h changes i n the l igands surrounding 
the lanthanide ion . J0rgensen a n d J u d d (13) examined a n u m b e r of 
mechanisms for the var ia t i on of τ 2 a n d conc luded that the sensit ivity of 
τ 2 was at t r ibuted to a mechanism i n v o l v i n g inhomogeneit ies i n d u c e d i n 
the die lectr ic . J u d d has recently proposed a different mechanism w h i c h 
depends on ly on the po int group symmetry p r o v i d e d b y the l i g a n d 
environment of the rare-earth ion . (15 ) . T h e earl ier w o r k ( I I ) on the 
gas phase spectra of the n e o d y m i u m hal ides showed that neither of these 
mechanisms was able to account for the strong enhancement of τ 2 i n the 
case of the gaseous molecules. 

T h e present study was undertaken i n order to test further the v a l i d i t y 
of the theoret ical m o d e l on a n u m b e r of gaseous rare earth compounds 
a n d to compare the relationships of the τ λ parameters f o u n d for the gas 
phase spectra w i t h those determined f rom solution spectra. S u c h c o m 
parisons hope fu l ly w i l l he lp establish the correct mechanism responsible 
for the env ironmenta l sensit ivity of τ 2 . 
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104 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Calculations 

T h e intensity of a transi t ion is measured b y its osci l lator strength Ρ 
w h i c h m a y be w r i t t e n 

P = 4 - 3 1 X 1 ° - 9 [ ( ^ 2 p ] / - W d " ( 1 ) 

where η is the refractive index of the m e d i u m , e is the molar ext inct ion 
coefficient a n d ν is the energy of the transit ion i n wavenumbers . T h e 
refract ive index factor, 9η/(η2 + 2 ) 2 w i l l be essentially un i ty for the gas 
phase a n d was neglected i n our calculations. 

J u d d ( 13 ) has shown that the osci l lator strength of an i n d u c e d elec
tr i c d ipo le transit ion m a y be re lated to the energy of the transit ion (v, i n 
cm. 1 " ) a n d the square of the matr ix elements of the un i t tensor operators 
C 7 a ) connect ing the i n i t i a l a n d final states via three phenomenolog i ca l 
parameters Τ λ ( λ = 2, 4, a n d 6) accord ing to E q u a t i o n 2. 

p = J j T j y ( * j \ \ u a ) \ \ * ' j ' ) 2 · (2> 
λ = 2,4,6 

T o fac i l i tate the compar ison of the parameters for different ions a n d w i t h 
the solut ion data of C a r n a l l , F i e l d s , a n d W y b o u r n e (4) ( subsequently 
re ferred to as C F W ) , w e have f o l l owed their suggestion a n d rewr i t t en 

E q u a t i o n 2 i n the f o r m 

P = Σ ryy^j H U<» H ψ', Y m + 1 . (3) 

λ even 

F o r a more complete discussion of the theoret ical treatment the reader 
shou ld consult Ref . 4. 

T h e osci l lator strengths were ca l cu lated f r o m the observed spectra 
us ing E q u a t i o n 1. F o r the two cases i n w h i c h the magnet ic -d ipo le t rans i 
t i o n intensity is apprec iable , the 4 i i 5 / 2 — 4 I i s / 2 transit ion of E r 3 + a n d the 
3 H 6 — 3 f f 5 t ransi t ion of T m 3 + , its va lue was subtracted f rom the to ta l 
intensity, a n d the res idua l osci l lator strength was ascr ibed to the electric 
d ipo le transit ion. T h e magnet ic d ipo le osci l lator strengths used were 
those ca lcu lated b y C F W . 

I n those systems w h i c h c o u l d be ana lyzed b y E q u a t i o n 3, the parame
ters τ λ were determined b y a least-squares analysis. T h e [ 1 7 ( λ ) ] 2 matr ix 
elements were those ca lcu lated b y C F W . T h e error i n the parameters 
was c omputed i n the usual manner . T h e measure of the fitting is ex
pressed b y the root mean square ( rms ) dev iat ion def ined b y 

/ s u m of squares of d e v i a t i o n 
\ n u m b e r of o b s e r v a t i o n s — n u m b e r of p a r a m e t e r s 
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8. G R U E N E T A L . Electronic Spectra 105 

Results 

Gaseous E r B r 3 a n d E r l 3 . T h e spectrum of gaseous E r B r 3 is shown i n 
F i g u r e 1, w h i l e the ca lculated a n d observed oscil lator strengths together 
w i t h the [ I / 2 ] 2 matr ix elements are g iven i n T a b l e I. T h e τ λ parameters 
ca l cu lated f r om a least-squares fit of E q u a t i o n 3 are g iven i n T a b l e V . 
T h e fit to E q u a t i o n 3 for the E r B r 3 vapor spectra is as good as that 
obtained b y C F W for their so lut ion spectra. A l t h o u g h r 4 a n d τ 6 are not 
w e l l defined i n the vapor spectra, they have near ly the same values as i n 
so lut ion. T h e r 2 va lue is three times larger than most so lut ion values 
m a k i n g τ 2 30 times larger than τ 4 or τ 6 . T h e increase i n τ 2 is solely respon
sible for the large intensity of the transitions to the 2 H n / 2 a n d 4 G n / 2 

states ( T a b l e I ) . 

4 0 

2 0 

4 0 > Ι-Ο-ΰ: Ο 
ω 
ω 2 0 < 
ce < 
_l o s 

2.0 

1.0 

Er I 3 Vapor 993°C 

Er B r 3 Vapor I I 0 5 ° C 

I \ /Ni L «=k. 

i * = 6.90 4e=3.28 E r 3 + in IM DCI0 4 23°C 
26,380 , Il 19,120 

il i 
3 0 28 26 2 4 22 2 0 18 16 14 12 10 8 6 4 2 

c m * 1 x I 0 " 3 

Figure 1. Absorption spectrum of gaseous Erl3 and 
ErBr3 compared with Er3+ ion in I m DClOu 

T h e spectrum of gaseous E r l 3 was ana lyzed us ing E q u a t i o n 3 even 
though on ly five transitions were avai lable w i t h w h i c h to fit the three 
parameters ( T a b l e I ). T h e transitions located between 20,000 a n d 22,000 
cm. " 1 were not used because of baseline difficulties. T h e parameters for 
E r l 3 vapor indicate the same t rend as those for E r B r 3 vapor ; r 4 a n d τ 6 

are near ly the same as the solut ion values, w h i l e τ 2 is a factor of 5 larger 
than m a n y of the solut ion values ( T a b l e V ). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

08



106 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

S ' L T 
4Î1 * l 3 / 2 

hi/ 2 
9/2 

4 F 9 / 2 

4 ^ 3 / 2 
2 H l l / 2 
4 F 7 / 2 

4 F 
4 F 

δ / 2 
3 /2 

4 Q 
2 K 

" 9 / 2 
1/2 

•15/ 2 

Table I. Oscillator Strengths of E r B r 3 ( g ) and E r l 3 ( g ) 

Ρ X 10 e 

4 G 9 / 2 

2 Q / 2 

rms deviation}" 

Calculated 
energy 
(cm.'1) 

6547 
10177 
12325 
15144 
18305 
19211 
20300 
21950 
22308 
24478 
26434 
27226 
27412 
27952 

0.0195 
0.0291 

0 
0 
0 

0.7326 
0 
0 
0 
0 

0.8970 
0.0229 

0 
0 

ErBr„ 

Expt. 

0.93 
1.87 

0 
1.25 

2.89 
0.46 

0 
2.27 

99.2 
0.77 

1.22 X 10~6 

Calc. 

1.67 
1.67 

.25 
1.62 

1.77 
0.56 
0.32 
0.68 

98.3 
2.8 

Erh 

J 57.5 J 58.8 J 

Expt. 

0.58 
1.01 
1.44 
2.3 

95.5 

0.6 X 10~6 

Calc. 

0.21 
1.55 
0.90 
2.5 

95.5 

1 Root-mean-square deviation calculated from Equat i on 4. 

3 0 0 h 

2 0 0 

100 

o_ 
oc 
ο 
CO m < 
oc 
< 

100 

7 5 

5 0 

2 5 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 

I 0 8 7 ° C Nd I 3 Vapor I I 9 0 ° C 

r 

Nd B r 3 Vapor I I 9 5°C 

A i 

λ - ,1 jkK I 

«12650 = 11.0 

N d 3 + in 0.3 M 
D C I 0 4 at 23°C 

4 0 

2 0 

3 0 28 2 6 2 4 22 2 0 18 16 14 12 10 8 6 4 2 

c m " 1 χ I 0 - 3 

Figure 2. Absorption spectrum of gaseous Ndl3 and 
NdBr3 compared with Nd3+ ion in 0.3m OClOh 
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8. G R U E N E T A L . Electronic Spectra 107 

Gaseous N d B r 3 and N d l 3 . T h e spectra of gaseous N d B r 3 a n d N d l 3 

appear i n F i g u r e 2 together w i t h a comparison of the aqueous spectra, 
w h i l e the observed osci l lator strengths a n d [ ί / 2 ] 2 matr ix elements appear 
i n T a b l e I I . T h e ca lcu lated τ λ values appear i n T a b l e V . A l l of the n o n -
hypersensit ive transitions i n the vapor phase have osci l lator strengths 
w h i c h are approx imate ly the same as those f o u n d b y C F W i n solution. 
T h e τ λ values were ca lcu lated assuming that τ 4 a n d τ 6 were near ly the 
same as f ound i n solution, ^ 1 Χ 10" 8 a n d τ 2 was ca lcu lated f r o m the 
intensity of the 4 i 9 / 2 to 4 G 5 / 2 hypersensit ive transit ion. 

Table II. Oscillator Strengths for NdBr(g) and N d l 3 ( g ) 

Calculated 
energy 

P Χ 106 

S'L'T (cmr1) [C7<«>]« NdBr3 Ndl3 

4 i 1 3 / 2 3875 0.0001 S 
\ 

l13/2 
4 l i 5 / 2 5950 0 
4 F 3 / 2 11232 0 
4 F 6 / 2 12277 0.0009 
2 H 9 / 2 12527 0.0092 < 36 46 
4 S 3 / 2 13113 0 
4 F 7 / 2 13268 0.0010 
4 F 9 / 2 14587 0.0010 \ 4 

2H11/2 15864 0.0001 f M * ό 

4 G 5 / 2 16897 0.8968 S ^ n _ f t 

2 G 7 / 2 17044 0.0755 1 ό ό Ό ό ό Ό 

2K13/2 18803 0.0068 ί 
4 G 7 / 2 18823 0.0551 I 22 5 
4 G 9 / 2 19260 0.0046 ( 
2Kw/2 20806 0 
2 G 9 / 2 20897 0.0010 
2 D 3 / 2 21041 0 
4 G 1 1 / 2 21272 —0 
%Fl/2 22903 0 
2 D , 5 / 2 23549 0 
2 D 3 / 2 26047 0 
4 D 3 / 2 27945 0 

T h e 4 I i i / 2 state, w h i c h lies ^ 2000 c m . 1 " above the ground 4 i 9 / 2 a n d 
is thermal ly popu la ted to the extent of about 2 0 % , provides a compl i cat 
i n g factor i n ca l cu lat ing the observed intensities f r om E q u a t i o n 3. F o r 
example, the transit ion located i n the 14,000-15,000 cm. " 1 reg ion has been 
assigned to the 4 i n / 2 — 2 G 7 / 2 t ransit ion w h i c h is hypersensit ive w i t h 
[ C / 2 ] 2 = 0.3663 (11 ) . T h e ca lcu lated osci l lator strength for this t rans i 
t i on is 2.7 Χ 10" 3 for N d l 3 a n d 1.8 X 10" 5 for N d B r 3 vapor . T h e agree
ment between the observed a n d ca lculated osci l lator strengths substan
tiates this assignment. 
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108 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

A l t h o u g h the τ λ parameters are not w e l l defined for the gaseous 
N d B r 3 a n d N d l 3 spectra, the general result that τ 2 is enhanced w i t h re 
spect to its solut ion value is def initely established. 

Gaseous P r B r 3 and P r l 3 . T h e spectra of gaseous P r B r 3 a n d P r l 3 are 
shown i n F i g u r e 3 together w i t h the spectrum of aqueous P r 3 + . T h e ob
served osci l lator strengths w i t h the corresponding [ £ / 2 ] 2 matr ix elements 
are shown i n T a b l e I I I . T h e τ λ parameters appear i n T a b l e V . 

P r l 3 Vapor l !30°C 

_ l I I L 

Pr B r 3 Vapor M 9 0 ° C 

1 € 2 2 5 0 0 = 9.98 

P r 3 + in 0.4 M D C I 0 4 

at 2 3 ° C 

3 5 
3 0 
2 5 
2 0 * 
15 ν-
10 > 

5 f 

3 0 2 8 26 24 22 2 0 18 16 14 12 10 8 6 4 2 
c m " 1 χ 1 0 " 3 

Figure 3. Absorption spectrum of gaseous Prl3 and PrBrs 

compared with Pr3+ ion in 0.4m COlOh 

Table I I I . Oscillator Strengths for PrBr 3 (g ) and P r l 3 ( g ) 

Ρ X 106 

Energy 
S'L'J' cm.'1 (W)2 

3 H 6 4438 0.0001 
4829 0.5081 
6267 0.0655 

»F 4 6910 0.0174 
10176 0.0019 

^ 2 17741 0.0029 
SP0 20683 0 

21302 0 
*!« 21496 0.0087 
3P2 22690 —0 

PrBr* 

20.0 

1.0 

PrL 

40.0 

13.4 
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8. G R U E N E T A L . Electronic Spectra 109 

T h e salient feature of the gaseous praeseodymium hal ide spectra is 
the absence of transitions w i t h measurable intensities at energies greater 
than 7000 cm. 1 " . T h e absence of transitions to the 3P 2,i,o> x l e a n d 1 D 2 states 
is par t i cu lar ly s t r ik ing since these are the most intense transitions i n aque
ous solution. Since these transitions are not observed i n the vapors, an est i 
mate of the m a x i m u m value for the τ 4 a n d τ 6 parameters m a y be made on 
the assumption that the transitions have an osci l lator strength < 1 Χ 10" 6 . 
O n this basis, τ 4 a n d τ 6 are ca l cu lated to be < 3 Χ 10" 9 . A n estimate of τ 2 

can be made f rom the intensity of the transitions i n the 4000-7000 c m . 1 " 
reg ion w h i c h are to the 3 F j ( / = 2,3,4) states. S u c h an analysis again 
indicates that τ 2 is approx imate ly 20 to 30 times larger than r 4 a n d τ 6 , 
w h i c h is s ignif icantly larger than observed i n most solut ion spectra. 

Some of the absorpt ion intensity i n the 4000 to 5000 cm. " 1 reg ion is 
ca lcu lated to arise f r om the 3 H 5 - 3 F 3 transit ion. T h e 3 H 5 state lies — 2100 
cm. " 1 above the g round 3 H 4 state a n d is 2 0 % thermal ly popu la ted at the 
temperature of the measurement. T h e [ I / 2 ] 2 matr ix element for the 3 H 5 -
3 F 3 t ransit ion is 0.3142 w h i c h leads to a ca l cu lated osci l lator strength of 
^ 3 Χ 10" 6 for the i od ide a n d 2 Χ 10" 6 for the b romide at an energy of 

4100 cm. 1 " . 

2 0 h 

15 

i - 15 

T m 3 + in IM D C I 0 4 (25°) 

1.0 

I LiA ι ι ι/ Ν ι ι U \J \ι ι / i\ LA ι I 
3 0 2 8 26 2 4 22 2 0 18 16 14 12 10 8 6 4 2 

c m " 1 χ I 0 " 3 

Figure 4. Absorption spectrum of gaseous Tml3 and 
TmBr3 compared with Tm3+ ion in lm DClOu 
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110 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Gaseous T m B r 3 and T m l 3 . T h e spectra of gaseous T m B r 3 a n d T m l 3 

appear i n F i g u r e 4 together w i t h the spectrum of aqueous T m 3 + . T h e 
exper imental a n d ca lcu lated osci l lator strengths appear i n T a b l e IV, w h i l e 
the τ λ values are g iven i n T a b l e V . 

Table IV. Oscillator Strengths of T m B r 3 ( g ) and T m l 3 ( g ) 
Ρ X 106 

Calculated 
energy 

S'L'J' (cm.'1) 

» H 4 5 5 0 8 0 .2300 
3H5 8 3 2 2 0 .1073 

1 2 6 3 6 0 .5470 
1 4 2 8 0 0 

3F2 1 4 9 9 6 0 
i G 4 2 1 4 2 1 0 .0006 
W2 2 8 1 0 3 0 

TmBr3(g) Tmls(g) 

Expt. 

12.0 
2.7 

15 .3 

j> 3.3 

4.5 

Calc. 

12.0 
4.8 

12.2 
4.7 

1.2 

Expt. 

10.7 
4.6 

25 .3 
11.0 

Calc. 

10.7 
4.4 

11.1 
4.7 

Pr 

E r 

T m 

T m " 

T 2 

T4 
T6 

T2 
T 4 

T6 

T2 

T2 
T 4 

T 6 

T 2 

T6 

Table V . Values of τ χ 
Bromide 

— 5 Χ 1 0 " 8 

< 3 Χ 1 0 " 9 

< 3 X 10~ 9 

2 Χ 1 0 " 7 

1 X 1 0 " 8 

1 X 1 0 " 8 

6.51 ± .16 Χ 1 0 " 8 

1.6 ± 2.7 X 10~ 9 

1.8 ± 1.2 X 1 0 " 9 

5.9 ± 1.2 Χ 1 0 " 8 

- 0 .9 ± 1.2 Χ ΙΟ" 8 

0.5 ± 3.5 Χ 1 0 " 8 

4.6 X 10~ 8 

3 X 1 0 " 9 

3 Χ 1 0 " 9 

Iodide 

- 1 X 10~ 7 

< 3 X 10~ 9 

< 3 Χ 1 0 " 9 

3 Χ 1 0 " 7 

1 X 1 0 " 8 

1 X 1 0 " 8 

10.6 ± .1 Χ 1 0 " 8 

6.4 ± 1.5 Χ 1 0 " 9 

- 1.6 ± 1.0 Χ 1 0 " 9 

9.8 ± .5 Χ 1 0 " 8 

- 4.4 ± .6 Χ 1 0 " 8 

1.3 ± .2 Χ 1 0 " 8 

4 .06 Χ 1 0 " 8 

3 Χ 1 0 " 9 

3 X 10~ 9 

1 Calculated assuming T4 and τ% are average solution values. 

T h e τ λ parameters were ca lcu lated bo th b y a least-squares fit to 
E q u a t i o n 3 a n d b y setting τ 4 a n d τ 6 e q u a l to their solut ion values a n d 
ca l cu la t ing τ 2 f r om a fit to the 3 F 4 l eve l . T h e least-squares method is not 
very re l iable since on ly five transitions are avai lable for T m B r 3 a n d only 
four for T m l 3 . Since for the two most intense transitions, 3 F 4 a n d 3 H 4 , 
a l l the υ λ matr ix elements are large, the re lat ionship between the τ λ p a 
rameters cannot be evaluated. W h e n τ 4 a n d r 6 are set equa l to the ir 
solution values, r 2 again is a factor of 10 larger than τ 4 or τ 6 , a n d there is 
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8. G R U E N E T A L . Electronic Spectra 111 

l i t t l e loss i n the over -a l l fitting of E q u a t i o n 3 except for the transit ion to 
3H4 for T m l 3 . 

Some General Remarks. T h e energies a n d intensities of the absorp
t ion m a x i m a f ound i n rare-earth ha l ide vapor spectra are brought to
gether i n T a b l e V I . 

O n l y i n the case of E r B r 3 were there enough transitions avai lable to 
make a rigorous analysis of the spectrum i n accordance w i t h E q u a t i o n 3. 
T h e chief reason l i m i t i n g the n u m b e r of observable f<r-f transitions for 
the other rare-earth hal ides was the appearance of a rather intense b r o a d 
i m p u r i t y b a n d located at about 28,000 cm. 1 for the t r ibromides , a n d at a 
somewhat lower energy for the tr i iodides . F o r the bromides , this t rans i 
t i on increased i n intensity w i t h t ime w h e n the temperature was above 
1 0 0 0 ° C , w h i l e for the iodides it was a lready detectable at 850°C. T h e 
nature of the i m p u r i t y is not k n o w n at this t ime, but the shape a n d 
intensity of the b a n d suggest that i t is caused b y a charge transfer t rans i 
t ion of the i m p u r i t y species. T h e i m p u r i t y was not a vo lat i le one since 
spectra taken b e l o w 800°C. on cells w i t h the i m p u r i t y present d i d not 
revea l any transit ion at 28,000 cm." 1 . U s i n g the 0 ~ > 0.1 o.d. recorder i t 
was possible to obta in the spectra of E r B r 3 vapor to 30,000 cm. " 1 at a 
sufficiently l o w temperature so that the i m p u r i t y transit ion d i d not appear. 
T h e presence of the i m p u r i t y d i d not affect the intensity of the other 
rare-earth transitions, except for those near the t a i l of the i m p u r i t y 
transit ion, > 23,000 cm. " 1 for the bromides a n d > 20,000 cm. " 1 for the 
iodides since i t was diff icult to determine the baselines i n these regions. 

Gaseous 2,2,6,6«Tetramethyl-3,5-Heptanedionates. W i t h E isentraut 
a n d Sieverss (9 ) d iscovery of a group of vo lat i le lanthanide chelates, the 
lanthanide 2,2,6,6-tetramethyl-3,5-heptanedionates abbrev iated M ( t h d ) 3 , 
an interest ing group of compounds for vapor phase spectral invest igat ion 
became avai lable . 

T h e vapor spectra of the M ( t h d ) 3 compounds w i t h M == P r , N d , S m , 
E u , D y , H o , E r , a n d T m are shown i n F igures 5 a n d 6. T h e arrows 
indicate absorpt ion o w i n g to v i b r a t i o n a l overtone a n d combinat ion bands 
of the organic chelate moiety . T h e remain ing absorpt ion bands arise f r om 
f f transitions of the rare-earth constituents. T h e energies a n d molar 
absorptivit ies of the / / absorpt ion m a x i m a are shown i n T a b l e V I I . 

T h e features of par t i cu lar interest f r om the po int of v i e w of the 
present study are the hypersensit ive transitions i n the gaseous spectra. 
T h e y constitute the most prominent features of the spectra, and the ir 
osci l lator strengths are l is ted i n T a b l e I X . 

Discussion 

T h e unexpected finding that the osci l lator strengths of the hyper 
sensitive transitions i n lanthanide vapor spectra are larger than i n m a n y 
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112 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Table VI . Energies and Intensities of the 

PrBr3 

cm. 1 α 
€ 

Frl3 e NdBr3 e Ndl3 e 

4 1 0 3 17 4 1 3 5 32 1 0 5 7 0 2 1 0 5 6 0 2 
4 6 2 9 6 4 3 5 0 3 1 0 9 9 0 3 1 0 9 9 0 3 
4 6 7 7 10 4 6 6 0 s h 15 1 1 4 3 0 6 1 1 3 6 0 2 
5 0 2 5 4 4 6 8 0 18 1 2 2 2 0 7 12220 6 
5 1 5 0 3 5 0 0 0 9 1 4 6 7 2 7 1 3 1 6 0 2 
5 6 2 0 1 5 1 8 0 7 1 4 9 0 0 11 14641 13 
5 9 6 0 1 5 6 8 0 2 1 5 0 0 0 13 14891 32 
6 4 7 0 1 5 9 5 0 s h 2 1 5 0 9 0 10 1 4 9 3 6 s h 2 8 
6 8 5 0 0.5 6 0 3 0 3 1 6 2 6 0 2 5 16194 9 0 

6 1 0 0 s h 2 1 6 4 6 9 115 16334 3 4 5 
6 4 3 0 4 1 6 5 9 8 8 5 1 6 4 6 9 2 5 0 
6 7 8 0 3 1 6 6 5 6 105 1 6 5 1 5 2 2 0 

1 6 7 5 0 6 0 16611 175 
1 6 8 0 6 4 5 1 6 7 0 3 115 
1 6 8 4 9 4 0 16778 8 5 
1 6 9 7 5 3 0 1 6 8 7 7 7 5 
1 8 8 6 7 8 18900sh 64 

a c = l i ters /mole -cm. 

condensed phases demonstrates the need for a better understanding of 
the intensity mechanisms invo lved i n / <— f transitions. 

T h e hypersensit ive transitions ( Δ / < 2 ) were g iven b y J0rgensen 
a n d J u d d (13) a n d are l i s ted i n T a b l e V I I I together w i t h their energies. 
T h e pert inent osci l lator strengths determined i n the course of the present 
w o r k are g iven i n T a b l e I X . 

T h e best intercomparison of τ 2 , τ 4 , a n d τ 6 values between different 
solut ion a n d vapor spectra can be made i n the case of E r 3 + since data for 
a larger n u m b e r of transitions have been obta ined for i t than for the other 
lanthanide ions. T h e τ λ values for E r 3 + i n D C 1 0 4 a n d L i N 0 3 - K N 0 3 

eutectic solutions (data of C F W ) a n d for E r ( t h d ) 3 , E r B r 3 , a n d E r l 3 

vapors (present w o r k ) are l i s ted i n T a b l e X . It can be seen that r 4 a n d τ 6 

are r ough ly constant i n a l l of these systems w h i l e τ 2 increases b y a factor 
of 66 i n go ing f r om an aqueous solut ion to the t r i i od ide vapor . 

A l t h o u g h the data are not as complete for the other lanthanides , it 
is possible to give the approximate ranges of τ 2 w h i c h span the values 
assumed b y this parameter i n the systems w h i c h have been invest igated 
u p to now. T h e range of r eva lues for so lut ion a n d vapor spectra of the 
lanthanides based on the best current ly avai lable data are l isted i n T a b l e 
X I . T h e salient conclusions to be d r a w n f rom this survey are that τ 2 has 
exper imental ly been f ound to vary b y as m u c h as a factor of 100 a n d that 
the largest values of τ 2 occur i n the t r ib romide a n d t r i i od ide vapor spectra. 
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8. G R U E N E T A L . Electronic Spectra 113 

Gaseous Rare-Earth Halide Absorption Maxims 

ErBr3 € Erl3 € TmBr3 e Tml3 € 

6435 0.8 6450 3 5586 1.5 5571 2.3 
6501 1.4 6515 4 6053 4 5903 2.3 
6578 0.8 6561sh 2 6561 12 6016 4.6 

l O l O l s h 1.1 8110 0.6 6493 14 
10162 2.8 10172 7 8210 1.1 8103 1.4 
10204sh 1.8 10245 5 8237 1.2 8196 1.9 
15151 0.4 15151 1 8319 1.2 8237 1.7 
16393 2.5 16420 2 8417 1.1 8305 2.1 
18903sh 17 18832 32 8547 1.0 8403 1.9 
19047 29 19000 53 8650 1.3 8510 1.6 
19197 50 19157 33 8673 1.2 8620 1.6 
20161 0.9 19197 49 12453 2.0 12415sh 4.9 
21929 0.4 20242 4 12682 8 12615 13 
25773 13 21459 7 12853 18 12804 22 
25974 24 26178 13262 0.3 13175 1 
26178 41 26336 13937 0.4 14285 2.7 
26350 56 14357 0.9 14577 2.4 
26595sh 1 14662 0.8 14858 3 
27000 1 15004 1.2 

21254 1.3 
21551 6 

It is appropr iate to discuss the mechanisms w h i c h have been p r o 
posed to account for the v a r i a b i l i t y of τ 2 since the correct mechanism is 
the key to unders tanding the intensities of the hypersensit ive transitions. 

Inhomogeneous Dielectric. A f t e r a deta i led examinat ion of a n u m b e r 
of mechanisms, J0rgensen a n d J u d d (13) c onc luded that the o r ig in of 
the sensit ivity of r 2 is i n the inhomogenei ty of the die lectr ic . T h i s m e c h a 
n i s m supposes that there is an asymmetr ic d i s t r ibut ion of the dipoles 
i n d u c e d b y the electromagnetic field i n the m e d i u m surround ing the 
lanthanide ion . A c c o r d i n g to this mode l , the var ia t ion of the electric 
vector across the lanthanide i on becomes great enough to induce hyper 
sensitive pseudoquadrupo le transitions i n the lanthanide ion . T h e effect 
depends on the square of the parameter £, g iven b y 

15 n 2 - l / a V / λ \ ( 8 ) 

* 4TT 2 n ( n 2 + 2) 

where a is the lattice constant, R is the nearest ne ighbor distance, λ is 
the wave length of l i ght , a n d η is the b u l k refract ive index. F o r η = 1.5, 
λ _ 5000 Α., R = a = 2.5 Α., ξ is f ound to be e q u a l to 150. Subst i tut ing 
for η i n E q u a t i o n 8 the va lue 1.001, a reasonable approx imat ion of the 
b u l k refract ive index of gaseous substances, gives a va lue of | 2 w h i c h is 
lower b y a factor of 10 6 than that obta ined for the condensed phase. 
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114 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

It seems clear that this par t i cu lar mechanism i n the f o r m or ig ina l ly 
presented cannot account for the gas phase intensities. 

Forced Electric Dipole Transitions. I n more recent work , J u d d (15) 
has g iven further attention to the p r o b l e m of intensities. A c c o r d i n g to 
this work , under certain symmetry restr icted circumstances, the H a m i l -
ton ian for the interact ion of a lanthanide i on w i t h its neighbors can 
conta in spher i ca l harmonics Yhm w i t h k •= 1 i f the electrons of the rare-
earth i o n produce an electric field at the nucleus that exactly cancels that 

cm"1 χ 10"3 

Figure 5. Absorption spectra of the rare-earth chelate vapors 
(A) Pr(thd)3 at 320°C. (B) Nd(thd)3 at 320°C. 
(C) Sm(thd)3 at 309°C. (D) Eu(thd)3 at 282°C. 
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8. G R U E N E T A L . Electronic Spectra 115 

τ « 1 ' 1 ' 1 1 Γ 

cm"1 χ I0"3 

Figure 6. Absorption spectra of the rare-earth chelate vapors 
(A) Dy(thd)3 at 286°C. (B) Ho(thd)s at 335°C. 
(C) Er(thd)3 at 288°C. (D) Tm(thd)s at 294°C. 

c o m i n g f r om the ne ighbor ing ions. I n c l u d i n g the terms Yim i n the H a m i l -
tonian w i l l affect on ly the parameter τ 2 a n d not r 4 or τ 6 . T h e intensities 
of spectral lines satisfying quadrupo le selection rules should be p a r t i c u 
l a r l y sensitive to the symmetry of the nearest neighbors surroundings. 

A n electron di f fract ion study of gaseous n e o d y m i u m hal ides has been 
per formed ( I ) a n d interpreted i n terms of p lanar Dsn molecules. I n the 
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116 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

absence of evidence to the contrary, one must assume that N d B r 3 a n d 
N d l 3 a n d p r o b a b l y the hal ides of the other lanthanides are p lanar i n the 
vapor phase. As already ment ioned , i n order for the forced electric 
d ipo le mechanism to d i sp lay a strong τ 2 dependence, the presence of 
harmonics Ykm w i t h k = 1 i n the static e lectr ic field potent ia l created b y 
the l igands surrounding the 4f ions is r equ i red . J u d d (15) gives a table 
of po int group symmetries w h i c h satisfy this requirement . A po int s y m 
metry DSJl has Ykm'g w i t h k o d d but none w i t h k = 1. T h i s mechanism 
is r u l e d out i n the case of the lanthanide hal ides if , as ind i ca ted b y exper i 
ment, these molecules are not stat ical ly disorted. It w o u l d be desirable 
to obta in add i t i ona l in format ion on the symmetry of these molecules. T h e 
structures of the M ( t h d ) 3 compounds i n the vapor are not k n o w n . It is 
l i k e l y that the lanthanide meta l atom is surrounded b y six oxygens. F o r 
the forced electric d ipo le mechanism to be operative, the site symmetry 
w o u l d have to be l ower than Oh. 

V i b r o n i c M e c h a n i s m . j0rgensen a n d J u d d (53) considered a n d re
jected the v i b r o n i c mechanism as the source of the observed hypersensi 
t i v i t y for lanthanide i on solutions since the ca lcu lated magni tude of τ 2 

was too s m a l l b y a factor of 10 3 c ompared w i t h exper imental values of τ 2 . 
T h e s ituation appears to be entirely different for gaseous molecules. 

I t is convenient to use E q u a t i o n 6 as g iven b y J0rgensen a n d J u d d (13) 
for the solut ion case a l though it should be modi f ied for app l i cat ion to the 
gas phase. A c c o r d i n g l y 

T 2 / ( 2 J + 1) ^ 2 1 [ N ( p " ) X V ( p ' ) e ] Χ ΙΟ" 7 (9) 

where p" is the ampl i tude of osc i l lat ion, Ν is a dimensionless factor of 
the order of 10, a n d ρ is the radius of the lanthanide i on for an isolated 
gaseous molecule . W e consider appropr iate v ibrat ions (the out-of-plane 
b e n d i n g v ibrat ions of the N d X 3 molecules or a m o d e of an octahedral 
complex i n w h i c h the centra l atom beats against the cage of the six 
l igands so as to leave the center of mass of the system unchanged) as 
the intensity g i v i n g ones a n d chose p " — 0.1 A . W i t h ρ = 1 A . the 
value τ 2 ca l cu lated b y means of E q u a t i o n 9 turns out to be — 1 Χ 10" 7 , 
i n approximate agreement w i t h experiment. 

T h e difference i n our estimate of the magni tude of τ 2 a n d the earl ier 
estimate (13) is at tr ibuted to the fact that for the gaseous molecules ρ 
m a y be taken to be the radius of rare-earth i on , ,—' 1 A . 5 whereas ρ was 
chosen to be 4 A . i n the earl ier w o r k w h i c h re lated to the h y d r a t e d rare -
earth i on i n aqueous solution. Because of the inverse 6th power de
pendence on ρ i n E q u a t i o n 9, a factor of — 4000 is ga ined on decreasing 
Ρ f r o m 4 to 1 A . 

It w o u l d appear that the v ibron i c mechanism can account for the 
hypersensi t iv i ty a n d the observed magni tude of the gas phase intensities. 
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8. G R U E N E T A L . Electronic Spectra 117 

Compound 
P r ( t h d ) 3 

Table VII. Energies and Intensities of the Gaseous Rare-Earth 
Chelate Absorption Maxima 

Compound 

N d ( t h d ) s 

H o ( t h d ) 3 

T m ( t h d ) s 

cm. 1 e 
5235 5.3 
6578 2.8 

16835 0.3 
17361 0.1 
19230sh 0.4 
20491sh 3.2 
20920 4.5 
22123 4.4 

11111 1.4 
11337 1.4 
12345 2.9 
12500 2.9 
13297 2.9 
13513 2.9 
16556sh 14.8 
16883 32.8 
17050 32.4 
17346 22.2 
18744 7.6 
18779 8.2 
18867 7.1 
23148 8.5 

15337 0.7 
18181sh 0.8 
18518 1.2 
17497 2.7 
20512 1.1 
21645 48.0 
21905 50.2 
21978sh 48.1 
22321 39.6 
23584sh 3.5 
23752 4.3 
25706 8.1 
26178 12.8 

6250sh 1.7 
8305 3.4 

12376 2.8 
12706 8.8 
14450 1.0 
14792 1.0 
21276 3.2 
23364sh 6.0 
25773sh 20.7 

Sm(thd) 1 3 

E u i t h d ^ 

D y ( t h d ) , 

E r ( t h d ) 3 

cm. 1 e 
6289 2.5 
6578 3.6 
6993 4.3 
7462sh 1.5 
8064 1.0 
9174 0.3 
9293 0.3 
9469 0.3 

20408 1.3 
21367sh 1.6 
22935 3.9 
23809 5.8 

18656 0.6 
21482 3.4 
21598 4.5 

7836 12.0 
7936sh 10.5 
9090 2.0 

10695 1.3 
11111 1.4 
12345 1.1 
17605 0.6 
22026 2.5 

6578 0.8 
6756 0.8 
9900 0.4 

10152 0.9 
10257 0.7 
12658 0.3 
15384 1.6 
15527sh 0.9 
18518sh 1.6 
18726 3.8 
19157 25.9 
20491 0.7 
24630 3.3 
25316sh 4.5 
25773 15.3 
26178 34.2 
26385 35.3 
26809sh 13.8 
27100sh 19.1 
27397sh 25.8 
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118 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Table VIII. Hypersensitive Transitions in the Lanthanides 0 

Tripositive Ground Excited Energy 
Ion Configuration State State cm.'1 

*H4
 3 F 2 4 ,800 

m5
 3 F 3 4 ,100 Pr f 

N d f 3
 4 V 2 4 G V 2 17 ,300 

' 4 l i i / 2 2 Q / 2 14 ,900 
S m f « H 5 / o ° F 1 / 2 6 ,200 
E u f 7 F 0

 5 D 2 2 1 , 5 0 0 
D y f « H 1 5 / 2 « F 1 1 / 2 7 ,700 

«J 8 * G e 2 2 , 2 0 0 
° ' r>J8

 3 H 0 2 6 , 2 0 0 
E r , n 4 i i 5 / 2 2 H 1 1 / 2 19 ,200 

f 4 / i 5 / 2 4 ^ ι ι / 2 2 6 , 5 0 0 
3 H 6

 3 F 4 12 ,600 
3 H C

 3 H 4 5 ,500 
T m ρ 

a D a t a from J0rgensen and l u d d (13). 

Table IX. Oscillator Strengths, P, of Hypersensitive Transitions 
in Gaseous Lanthanide Compounds 

Excited ^ 
Ion State 

P r 3 F 2 

N d 4 G 5 / 2 

D y « F 1 1 / 2 

H o 5 G G 

E r 2 H l J / 2 

T m ^ " / a 
3 F 4 

T h e oscillator strengths of these transitions in aqueous solutions are in the range 1 to 
10 Χ ΙΟ" 6 . 

Table Χ . τ χ Values for E r 3 + Solution and Vapor Spectra 

T\ χ 108 

Bromide Iodide Chelate 

— 2 0 — 4 0 15 
3 3 0 5 3 0 120 

— — 3 2 

— — 178 
5 8 9 6 34 
9 9 — 8 5 
15 2 5 12 

Medium τ2 τ6 

D C 1 0 4 ) Q ι t* ° 1 6 0 2 3 0 2 4 

L i N O ; r K N O , S 2 > o l u t l o n 2.2 0 .25 0 .19 
C h e l a t e ) 5 — 0 . 3 — 0 . 4 
T r i b r o m i d e > V a p o r 6.5 0 .16 0 .18 
T r i i o d i d e ) 10.6 — — 

Table XI . Range of T 2 -Values for Solution and Vapor Spectra 

A q u e o u s so lut ions 1-2 X 10"° 
L i N 0 3 - K N 0 8 eu tec t i c soins. 1-2 Χ 1 0 " 8 

C h e l a t e vapors 0 . 5 - 1 Χ 10~ 7 

B r o m i d e a n d i o d i d e v a p o r s 0 . 5 - 3 Χ 1 0 " 7 
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8. G R U E N E T A L . Electronic Spectra 119 

Compound 

P r ( t h d ) 3 

N d ( t h d ) 3 

S m ( t h d ) 3 

E u ( t h d ) 3 

D y ( t h d ) 3 

H o ( t h d ) 3 

E r ( t h d ) 3 

T m ( t h d ) s 

T a b l e X I I . 

Experimental m.p., °C. 

222-225 
215-217.5 
198.5-200 
188.5-189 
181-183.5 
182.5-185 
182.5-183.5 
171-174 

Literature m.p., °C. (7) 

222-224 
215-218 
195.5-198.5 
187-189 
180-183.5 
180-182.5 
179-181 
171.5-173.5 

Experimental 

Bromides a n d Iodides. T h e absorpt ion spectra of the gaseous rare -
earth hal ides were measured w i t h a C a r y 14 H spectrophotometer. T h e 
exper imental procedure has been descr ibed prev ious ly (11). I n this 
s tudy a double furnace was used, a l l o w i n g the rare-earth ha l ide vapor to 
be heated to a h igher temperature than the so l id or l i q u i d a n d a l l o w i n g 
a basel ine determinat ion at the temperature of interest. I n add i t i on , a 
0 0.1 f u l l scale opt i ca l density s l idewire was employed w i t h the C a r y 
14 H spectrophotometer, increasing its sensit ivity b y a factor of 10. W i t h 
this arrangement transitions w i t h opt i ca l density of 0.005 c o u l d be ob 
served easily. 

T h e molar absorptivit ies for P r B r 3 a n d P r l 3 vapor were determined 
f r om S h i m a z a k i a n d N i w a ' s (22) vapor pressure equations for the solids 
a n d the extrapolations used i n the earl ier gaseous N d B r 3 a n d N d l 3 s tudy. 
T h e heat capacities a n d heats of fusion for P r B r 3 a n d P r l 3 were taken 
f r om D w o r k i n a n d B r e d i g s (7,8) data. T h e vapor pressure equations 
obta ined for so l id a n d l i q u i d P r B r 3 are g iven b y Equat i ons 5 a n d 6 
respect ively 

log P a t m ( P r B r 3 ( s ) ) = - 4.28 log Τ + 24.279 (5) 

log P a t m ( P r B r 3 ( l ) ) = * ™ - 7.04 log Τ + 31.189 (6) 

a n d for so l id a n d l i q u i d P r l 3 b y Equat i ons 7 a n d 8 respect ively 
— 17109 

log P a t m ( P r I 3 ( s ) ) = y - 5.59 log Τ + 29.047 (7) 

—14QR7 

log P a tm(PrI 3 ( l ) ) - f - 7.05 log Τ 4- 31.322 (8) 
Since no accurate vapor pressure data are avai lable for the e r b i u m 

a n d t h u l i u m hal ides , the molar absorptivit ies were determined d i rec t ly 
f r om a w e i g h e d amount of the respective rare-earth hal ides. G o o d results 
c o u l d be obta ined f r o m this m e t h o d i f the respective halogen, bromine , 
or i od ine were a d d e d to the c e l l such that its pressure at 1000°C. was 
— 1 atm. T h i s procedure greatly reduced the react ion of the rare-earth 
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120 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

ha l ide vapor w i t h the quartz as ev idenced b y the fact that 8 0 % of the 
rare-earth ha l ide was recovered after a determinat ion . I n general , the 
average of the weights before a n d after was used to calculate the molar 
absorpt iv i ty . T h e values g iven for the mo lar absorpt iv i ty are p r o b a b l y 
correct to w i t h i n ± 2 5 % . 

A l l the rare-earth hal ides were prepared b y the a m m o n i u m ha l ide 
m e t h o d descr ibed b y T a y l o r a n d Carter (24) a n d were used w i t h o u t 
further puri f i cat ion. T h e rare-earth oxides ( M i c h i g a n C h e m i c a l ) used 
to prepare the hal ides were of 99 .8% p u r i t y or better. 

T h e absolute values of the osci l lator strengths m a y be i n error b y 
as m u c h as ± 2 5 % ; however , the relat ive intensities, w h i c h determine 
the re lat ive magnitudes of τχ, are k n o w n to w i t h i n ± 5 % except for the 
very weak transitions of the less volat i le p r a s e o d y m i u m a n d n e o d y m i u m 
hal ides for w h i c h the errors m a y be as large as ± 2 5 % . 

2 ,2 ,6 ,6 -Tetramethyl -3 ,5 -heptanedionates . T e n mi l l imoles of each of 
the rare-earth chelates were prepared b y the m e t h o d of E isentraut a n d 
Sievers ( 9 ) . H ( t h d ) f r om the Pierce C h e m i c a l C o . , R o c k f o r d , 111. was 
used w i thout further pur i f i cat ion . F i v e mmoles of the 9 9 . 9 % rare earth 
oxide ( M i c h i g a n C h e m i c a l C o r p . , Saint L o u i s , M i c h . ) were dissolved i n 
the sto ichiometric amount of 6N H N 0 3 , a n d appropriate amounts of H 2 0 
a n d 9 5 % E t O H were a d d e d to make 50 m l . of 5 0 % ethanol solut ion 
conta in ing the r e q u i r e d amount of rare-earth nitrate. T h e d r i e d product 
was s u b l i m e d at 180°C. in vacuo, recrysta l l i zed f r om n-hexane in vacuo, 
a n d v a c u u m dr i ed . A l t h o u g h no e lemental analyses were made o n the 
final product , the me l t ing points were taken on a Fisher-Jones m e l t i n g 
po int apparatus, a n d the results obta ined were compared w i t h the l i t e r a 
ture values shown i n T a b l e X I I . T h e products were stored i n evacuated 
desiccators. 

T h e general procedure for obta in ing the absorpt ion spectrum of each 
c o m p o u n d consisted of a d d i n g a w e i g h e d amount of the c o m p o u n d to a 
10 or 20 cm. ce l l w h i c h h a d been evacuated prev ious ly a n d flamed out. 
T h e ce l l was then re turned to the v a c u u m l ine , evacuated, a n d sealed 
off w i t h a h a n d torch. A b s o r p t i o n spectra measurements were m a d e 
us ing a C a r y 14 Η spectrophotometer. T h e un ique characteristics of this 
instrument , w h i c h permits its use u p to temperatures of 2400°K. or 
h igher , have been descr ibed b y G r u e n (10). T h e cells were heated b y 
a hor i zonta l ly pos i t ioned 1 2 " l ong M a r s h a l l furnace. T h e furnace was 
m a i n t a i n e d at the desired temperature b y an automatic control ler . S m a l l , 
aux i l iary , p l a t i n u m - w o u n d tube heaters contro l led b y variacs surrounded 
each end of the opt i ca l ce l l . T h e temperature of these furnaces was 
m a i n t a i n e d at a l eve l just sufficient to prevent condensation of the meta l 
chelate on the ce l l w indows . 

T h e absorpt ion spectrum was recorded at various temperatures u n t i l 
there was no further increase i n the m a x i m u m of the most intense peak. 
A t this temperature, the entire spectrum f rom 4000-30,000 c m . " 1 was 
then recorded. 

T h e molar ext inct ion coefficients were ca l cu lated as out l ined b y 
D e K o c k a n d G r u e n (6). T h e concentrat ion of the absorb ing species was 
ca l cu lated f r om the measured vo lume of the ce l l a n d the k n o w n quant i ty 
of mater ia l a d d e d to the ce l l . 
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Preparation, Structure and Spectra of Some 
Tetravalent Praseodymium Compounds 

LARNED B. ASPREY, JAMES S. COLEMAN, and MARTIN J. REISFELD 

University of California, Los Alamos Scientific Laboratory, Los Alamos, Ν. M. 

Several fluoride complexes of tetravalent praseodymium 
have been prepared, and their lattice parameters and ab
sorption spectra have been ascertained. The compounds 
Na7Pr6F31 and Na2PrF6 were prepared by reaction of ap
propriate mixtures of PrF3 and NaF in the presence of 
fluorine gas. PrF4 was prepared by extracting NaF from 
Na2PrF6 with liquid anhydrous HF in a fluorine atmos
phere. The space groups are: Na7Pr6F31 is rhombohedral 
(R3); Na2PrF6 is orthorhombic (Immm); and PrF 4 is mono-
clinic (C2/c). The spectra show characteristic absorption 
peaks at 2893, 2873, and 2889 cm.-1 for the three com
pounds, corresponding to the electronic transition 2F5/2 —> 
2F7/2, and lead to a value of ζ4f = 824 ± 2 cm.-1. 

/^\f a l l the lanthanide elements, on ly a few f o r m compounds i n w h i c h 
the lanthanide is i n the plus four ox idat ion state. T h e dioxides of 

cer ium, praseodymium, a n d t e r b i u m have a l l been prepared , as have the 
tetrafluorides of c e r ium a n d terb ium. C o m p l e x chlor ide , sulfate, a n d 
nitrate compounds of P r 4 + have also been reported ( 2 ) . T h i s paper re 
ports the preparat ion of pure P r F 4 a long w i t h latt ice constants a n d 
spectroscopic data. T h e compounds N a 7 P r 6 F 3 i a n d N a 2 P r F 6 have also 
been made , a n d s imi lar data are given. 

Experimental 

T h e sod ium compounds conta in ing tetravalent P r were prepared b y 
heat ing int imate mixtures of P r F 3 a n d the a l k a l i fluorides i n the desired 
sto ichiometric ratios i n the presence of fluorine gas ( I ). P r F 3 was pre 
p a r e d b y a d d i n g aqueous H F to a c i d solutions of P r ( I I I ) , f o l l owed b y 
treat ing the a i r -d r i ed so l id w i t h fluorine gas at 400°C. for several hours. 
S o d i u m fluoride was used w i t h o u t further treatment. T h e two anhydrous 
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9. A S P R E Y E T A L . Tetravalent Praseodymium Compounds 123 

compounds, N a F a n d P r F 3 , were then ground together i n m u l l i t e mortars 
i n a n inert atmosphere. T h e fluorination reactions were carr ied out i n a 
n i c k e l reactor. Inert a l u m i n u m oxide containers were used i n the fluori
nat ion. T h e mixtures were fluorinated i n the temperature range of 3 0 0 -
500°C. at 1-4 a tm. of fluorine for two or more hours. A n alternative 
m e t h o d for p r e p a r i n g N a 2 P r F 6 was also employed . A mixture of P r e O n 
a n d N a F i n the desired stoichiometric proport ions was p laced i n the 
reactor. T h e mixture was fluorinated d i rec t ly at 450°C. for several hours 
under a fluorine pressure of 2 a tm. T h e product obta ined i n this manner 
was N a 2 P r F 6 , i dent i ca l to that prepared b y the P r F 3 p lus N a F technique. 

T o prepare P r F 4 , a different technique was necessary ( 3 ) . A sample 
of N a 2 P r F 6 obta ined b y one of the previous methods was p laced i n a 
K e l - F tube connected to the gas h a n d l i n g system. A p l u g of Tef lon w o o l 
was p l a c e d over the sample. I n the presence of 1/2 atm. of fluorine gas, 
H F was condensed onto the sample. A f t e r several minutes , the tube 
was inverted , a n d the l i q u i d was filtered off through the w o o l p l u g . T h e 
H F p lus fluorine treatment was repeated three more times. T h i s w a s h i n g 
process w h i c h extracted the N a F f rom the N a 2 P r F 6 p r o v e d sufficient to 
generate a sample whose net we ight corresponded w i t h i n 1% of that 
expected for a conversion to P r F 4 . 

Results 

X - r a y powder patterns were obta ined for the three P r ( I V ) c om
pounds. F o r N a 7 P r 6 F 3 i , a rhombohedra l ( R 3 ) structure was f ound , 
isostructural w i t h N a 7 U 6 F 3 i . N a 2 P r F 6 was f o u n d to be isostructural w i t h 
or thorhombic y - N a 2 U F 6 ( I m m m ) . T h e mater ia l ident i f ied as P r F 4 was 
f o und to be isostructural w i t h monoc l in i c U F 4 ( C 2 / c ) . T h e der ived 
lattice parameters a n d uni t c e l l volumes are g iven i n T a b l e I. 

Table I. Structure and Lattice Parameters for P r 4 + Compounds 

Compound Structure and Space Group Lattice Parameters Volume (A3) 
P r F 4 Monoclinic ( C 2 / c ) 

h = 
β = 
c = 

12.47 A . 
10.54 A . 

126.4° 
8.18 A . 

865.4 

N a 7 P r 6 F 3 1 Rhombohedral (R3) a = 
. a — 

8.96 A . 
107.9° 

583.6 

N a 2 P r F 6 Orthorhombic (Immm) a = 
b = 
c = 

5.54 A . 
3.97 A . 

11.57 A . 

254.5 

A computat ion was made of the nearest-neighbor distances a n d 
b o n d angles i n v o l v i n g the central p raseodymium i o n i n order to ascertain 
the structure a n d symmetry of the first coordinat ion spheres for the three 
compounds . These structures are dep i c ted i n F i g u r e 1. 
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124 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

I n a l l cases the p r a s e o d y m i u m m a y be considered as e ight - fo ld 
coordinated. F o r N a 2 P r F 6 the loca l symmetry is cub ic , w i t h eight fluo
rines approximate ly equidistant at a distance of 2.23 A . F o r P r F 4 the 
structure is that of a tetragonal ant ipr i sm again conta in ing eight fluorines 
approx imate ly equidistant f rom the praseodymium at distances rang ing 
f r om 2.20 to 2.28 A . T h e s i tuation for N a 7 P r 6 F 3 i is s l ight ly more complex. 
T h e structure m a y be v i e w e d as a distorted ant ipr i sm w i t h eight fluorines 
at v a r y i n g distances between 2.08 a n d 2.23 A . A n i n t h fluorine atom is 
also b o n d e d to the praseodymium a n d is located on top of one of the 
faces of the ant ipr i sm at a distance of 3.02 A . A l t h o u g h w e have here a 
true case of n ine - fo ld coordinat ion , the l ong n i n t h P r - F b o n d st i l l a l lows 
us to v i e w the structure as e ight- fo ld coordinate. 

Figure 1. Structure of first coordination sphere of fluorides 
around tetravalent praseodymium ion 

I n contrast to the t y p i c a l l y green color of P r 3 + compounds , the mate
rials reported here are whi te , w i t h the N a 7 P r 6 F 3 i showing a s l ight t a n 
cast. A b s o r p t i o n spectra were taken on a l l three compounds i n b o t h the 
v is ib le a n d in frared regions. Samples were ground i n an inert atmosphere 
w i t h F l u o r o l u b e oils of v a r y i n g viscosities to obta in good mul l s . T h e 
mul l s were p laced between C a F 2 flats for observation. A C a r y M o d e l 14 
spectrophotometer was used for measurements i n the range 2000-25000 
Α., a n d a P e r k i n - E l m e r M o d e l 521 spectrophotometer was u t i l i z e d for the 
reg ion of 1500-4000 cm." 1 . Spectra were also taken at l i q u i d n i trogen 
temperatures. T h e l o w temperature spectra i n the region of 2800-3000 
cm. " 1 are shown i n F i g u r e 2. 

Whereas the spectra of P r 3 + t y p i c a l l y exhibit three bands i n the 
reg ion of 4000 A . ar is ing f r om transitions to the 3 P 0 ) i , 2 mul t ip le t , none of 
the ox id ized P r ( I V ) samples showed such transi t ions—further evidence 
for the existence of the plus four state of the P r . P r 4 + has a 4 / 1 e lectronic 
configuration, a n d therefore the absorpt ion spectrum should consist of a 
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9. A S P R E Y E T A L . Tetravalent Praseodymium Compounds 125 

single l ine , corresponding to a / = 5 / 2 —» 7 / 2 transi t ion ar is ing f r o m the 
spin-orbi t c oup l ing r e m o v i n g the degeneracy of the 2 F level . If a plot is 
made for the lanthanide ions of f 4 / vs. Ζ -\- I, a straight l ine is obta ined 
i n the reg ion f r om C e 3 + to E u 3 + ( f 4 / is the spin-orbit c oup l ing constant, 
Ζ the atomic number , a n d 7 the ox idat ion state.) T h i s l ine predicts a 
va lue of f 4 / for P r 4 + of 820 cm." 1 . T h i s value , under the free- ion approx i 
m a t i o n leads to an expected absorpt ion for P r 4 + at 2870 cm." 1 . E x p e r i 
menta l ly , for N a 2 P r F 6 , N a 7 P r 6 F 3 i , a n d P r F 4 , strong absorptions are f o u n d 
at 2873, 2893, a n d 2889 cm." 1 , respectively. A n average value of 2885 
cm. " 1 is therefore taken as the energy of the 2 F 5 / 2

 2 F 7 / 2 t ransi t ion i n 
P r 4 + w i t h a £ 4 / va lue of 824 cm. " 1 , as compared w i t h a pred i c ted va lue of 
820 cm." 1 . I n a d d i t i o n to the peaks shown i n F i g u r e 2, a number of weak 
bands were observed, rang ing f r om 403 to 3910 cm." 1 . T h e absorpt ion at 
403 c m . " 1 p r o b a b l y arises f rom the asymmetr ic P r - F stretching v ibra t i on , 
but the or ig in of the other peaks ( probab ly crystal - f ie ld components ) has 
not been ascertained as yet. A n interest ing feature of the above data m a y 

3000 2900 2800 3000 2900 2800 3000 2900 2800 

C M " ' 

Figure 2. Infrared spectra taken at 80°K. of praseodymium-fluoride 
complexes 

be f o u n d b y examin ing the spectrum of N a 2 P r F 6 . F o r this structure, i n 
w h i c h a site conta in ing an invers ion center is present, the electric d ipo le 
moment mechanism cannot be operative. I n this case w e w o u l d o rd inar i l y 
expect a m a r k e d d i m i n u t i o n i n intensity for the transit ion. A l t h o u g h the 
presence of a sp l i t t ing i n the m a i n peak of 12 cm. " 1 might suggest the exist
ence of two different symmetry sites i n the sample, x-ray invest igat ion, as 
prev ious ly noted, gave no such ind icat ion . U t i l i z i n g the m u l l technique , 
w e have no idea as to the relat ive osci l lator strengths of the transit ion for 
the three compounds. T h e most l ike ly mechanism for the apparent en
hancement of the intensity of the transit ion i n N a 2 P r F 6 is a v ibron i c cou 
p l i n g of one of the fundamenta l in frared v i b r a t i o n a l modes. F u t u r e w o r k 
u t i l i z i n g single crystals a n d po lar izat ion data should resolve the question. 
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Thermodynamic Parameters of Fluoride 
Complexes of the Lanthanides 

JEFFREY B. WALKER and GREGORY R. CHOPPIN 

Florida State University, Tallahassee, Fla. 

Solvent extraction, potentiometry, and calorimetry have 
been used to determine the thermodynamic parameters of 
the formation of the monofluoride complex of the trivalent 
lanthanide ions at 25°C. and an ionic strength of 1M 
(NaClO4). The enthalpies were all endothermic, ranging 
from 4.0 to 9.5 Kcal./mole; consequently, the large, positive 
entropies, ranging from 25 to 48 cal./°C./mole, explain the 
high stability constants. This large entropy results from the 
decrease in overall water structure when the fluoride ion is 
complexed. The difference in the enthalpies of formation 
of LnF2+ and LnAc2+ can possibly be explained by a differ
ence in covalence for Ln-F and Ln-O bonds. 

Tj« v a h i a t i n g the enthalpy a n d entropy changes associated w i t h the f o rma-
t i on of complexes of lanthanide ions has p r o v i d e d evidence o n their 

structure i n aqueous solutions. T h e ha l ide ( 1 0 ) , nitrate ( 9 ) , a n d th io -
cyanate (8) complexes are w e a k outer-sphere i o n pairs for w h i c h a smal l 
exothermic enthalpy of f ormat ion is sufficient to overcome the smal l 
negative entropy. T h e sulfate complexes have larger s tabi l i ty constants 
as a result of a re lat ive ly large posit ive entropy predominat ing over an 
endothermic enthalpy ( I I ) . T h e enthalpy a n d entropy values were s i m 
i lar to corresponding values for propionate complexes of the lanthanides 
( 7 ) . Since the latter are l i k e l y inner-sphere complexes, i t is probable 
that the sulfate complexes are of the same nature a l though there m a y 
be some contr ibut ion f r o m outer-sphere i on -pa i r ing . Previous reports 
(15, 16) h a d ind i ca ted that the fluoride complexes were m u c h stronger 
t h a n any of these other lanthanide complexes w i t h inorganic l igands. It 
was of interest to determine the enthalpies a n d entropies of complexat ion 
i n order to ga in insight into the fluoride complexes. 

127 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

10



128 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Experimental 

Reagents. A l l reagents were analyt i ca l grade, a n d a l l aqueous so lu
tions were prepared w i t h d i s t i l l ed water . 

L A N T H A N I D E P E R C H L O R A T E S . Stock solutions, approx imate ly 0 . 3 M , 
were prepared as descr ibed prev ious ly ( 5 ) . T h e solutions were s tandard
i z e d b y passing al iquots through a c o l u m n of H + - f o r m Dowex-50 resin 
a n d t i t rat ing the l iberated a c i d w i t h s tandard sod ium hydrox ide . 

I R O N P E R C H L O R A T E . T h e ferrous perchlorate a n d ferric perchlorate 
solutions were prepared as descr ibed b y K u r y ( 1 5 ) . 

S O D I U M F L U O R I D E . Buf fered solutions of p H 3.0 rang ing i n sod ium 
fluoride concentrations to 0 . 0 2 M ( 0 .01M free fluoride i o n ) were prepared 
us ing sod ium perchlorate to obta in a total i on ic strength of 1 M . 

D I N O N Y L N A P H T H A L E N E S U L F O N A T E . Solutions of this l i q u i d cat ion 
exchanger i n heptane were prepared a n d s tandardized as descr ibed else
where ( 9 ) . 

T R A C E R S . 1 4 4 C e , 1 4 7 P m , a n d 1 5 2 " 1 5 4 E u were obta ined f rom O a k R i d g e 
N a t i o n a l Labora tory , w h i l e 1 6 9 E r , 1 7 0 T m , a n d 1 7 5 Y b were prepared b y 
i r rad ia t i on i n the U n i v e r s i t y of F l o r i d a N u c l e a r Reactor . 

E q u i p m e n t . P O T E N T I O M E T R I C T I T R A T I O N S . T h e apparatus consisted of 
three i d e n t i c a l glass cells of about 25 m l . capacity , fitted w i t h a four-hole 
Tef lon p l u g ( for the p l a t i n u m electrode, the agar salt br idge , a buret , a n d 
an inlet for n i t rogen gas ). T h e cells were jacketed for c i r cu la t ing water 
at 25.0 ± 0.1 ° C . T h e inter ior of the cells were coated w i t h epoxy resin 
to e l iminate react ion between hydrof luor ic a c id a n d the glass. T h e so lu 
tions were agitated b y magnetic stirrers, a n d the cells were connected 
e lectr ica l ly b y agar salt bridges. T h e p l a t i n u m electrodes were connected 
to a di f ferential voltmeter of infinite impedance ( F l u k e m o d e l 8 8 1 A ) . 
T h e ni trogen atmosphere above the solutions prevented aerobic oxidat ion 
of ferrous ions to ferr ic ions. 

C A L O R I M E T R I C T I T R A T I O N S . T h e calorimeter was of about 50 m l . 
capac i ty a n d jacketed so i t c o u l d be insulated b y v a c u u m . T h e top, 
fitted to the calor imeter b y a ground glass joint, h a d tubes w h i c h housed 
thermistor , heater a n d buret inlets. T h e solutions were s t i rred m a g 
net ical ly . T h e buret was attached to a 30 m l . reservoir w h i c h , together 
w i t h the calorimeter , was immersed i n a constant temperature water 
b a t h at 25.00 ± 0.02°C. M o r e details are to be f ound i n previous 
publ icat ions (6, 23). 

Procedure . P O T E N T I O M E T R I C T I T R A T I O N S . T h e half -cel ls consisted of 
the f o l l o w i n g solutions: 

(A) N a C 1 0 4 , H C 1 0 4 , F e ( C 1 0 4 ) 2 , F e ( C 1 0 4 ) 3 

( Β ) N a C 1 0 4 , H C 1 0 4 , Fe ( C 1 0 4 ) 2 , Fe ( C 1 0 4 ) 3 

(C ) N a C 1 0 4 , H C 1 0 4 , F e ( C 1 0 4 ) 2 , F e ( C 1 0 4 ) 3 , L n ( C 1 0 4 ) 3 

T h e F e ( C 1 0 4 ) 2 a n d F e ( C 1 0 4 ) 3 concentrations were 8 X 1 0 " 4 M ; the 
H C 1 0 4 , between 0.05 a n d 0 . 1 0 M ; the L n ( C 1 0 4 ) 3 , 6 X 1 0 " 3 M ; the N a C 1 0 4 , 
sufficient to make the total i on i c strength 1 M . A d d i n g aliquots of solutions 
of N a F (μ = 1 M ) to cells Β a n d C caused differences i n potent ia l because 
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1 0 . W A L K E R A N D C H O P P I N Lanthanide Fluoride Complexes 1 2 9 

of the f ormat ion of complexes of ferr ic - f luoride i n ce l l B , a n d of L n F 2 + 

a n d of ferr ic - f luoride complexes i n ce l l C . 

S O L V E N T E X T R A C T I O N . T h e procedures used are descr ibed elsewhere 
( 9 , 10). A l t h o u g h p r e l i m i n a r y experiments showed that e q u i l i b r i u m was 
establ ished w i t h i n two hours, a l l samples were m i x e d for 2 4 hours. D u p l i 
cate 1 - m l . al iquots of the organic phase were counted either i n a w e l l 
counter ( for g a m m a emission) or as d r y samples i n a 2π p ropor t i ona l 
counter ( for beta emission ). 

C A L O R I M E T R I C T I T R A T I O N S . T h e procedure a n d calculations have 
been descr ibed prev ious ly ( 6 ) . 

Results 

It was necessary to use the potent ia l difference w h e n t i t rat ing be 
tween cells Β a n d A to calculate the stabi l i ty constants for f ormat ion of 
F e F 2 + ( K i ) , F e F 2

+ ( K 2 ) , a n d F e F 3 ( K 3 ) . K n o w l e d g e of the e q u i l i b r i u m 
constants for two other reactions were r e q u i r e d : 

H F = H + + F " K H F = 0 . 0 0 1 0 7 1 

Fe» + + H 2 0 = F e ( O H ) 2 + + H + K h = 0.0017 3 

T h e f o l l o w i n g assumptions were also m a d e : 
( 1 ) N e g l i g i b l e complex ing of ferrous ions b y fluoride ions. T h i s h a d 

been veri f ied prev ious ly (4,18). 
( 2 ) T h e presence of H F 2 ~ c o u l d be neglected ( 2 2 ) . 
( 3 ) N e g l i g i b l e complex ing of ferrous a n d ferr i c ions b y perchlorate 

ions ( 1 2 ) . 
( 4 ) Ferrous i o n hydrolys is was too smal l to be detected (17). 
C o n s i d e r i n g n o w only cells Β a n d A , the potent ia l of the concentra

t i on c e l l B - A was g iven b y : 

„ _ - R T (Fe»+) B (Fe»+) A m 

" F ( F e ^ M F e ^ 

U s i n g sto ichiometr ic considerations: 

( S F - ) B = ( H F ) B + ( F - ) B + ( F e F 2 + ) B + 2 ( F e F 2
+ ) B + 3 ( F e F 3 ) B (2) 

( S F e 3 + ) B = ( F e 3 + ) B + ( F e F 2 + ) B + ( F e F 2
+ ) B + ( F e F 3 ) B + ( F e O H 2 + ) B 

(3) 

( S F e 3 + ) A = ( F e 3 + ) A + ( F e O H 2 + ) A (4) 

Another useful re lat ion was : 

T h i s was justif ied since the i n i t i a l concentration of hydrogen ions i n 
b o t h cells Β a n d A was the same, a n d the changes i n hydrogen i on con-
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130 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

centrat ion on complexat ion were negl ig ib le . F r o m these equations, i t 
was possible to der ive : 

w h i c h can be rearranged a n d subst i tuted to g ive : 

( τ ) . = {<*•»• - < S F e I , ) " + ( F e " ) ' ( 1 + WT. 
- Κ Λ ( Ρ β » · ) , ( ™ ) * " 2 K , K , i C , ( F e " ) , ( ™ ) * j- (7) 

U s i n g Equat i ons 6 a n d 7, Kly K 2 , a n d K 3 can be ca lcu lated b y an 
iterative procedure , as out l ined prev ious ly (15 ) . A l l calculations i n the 

Table I. Potentiometric Titration Data" 

Dysprosium 
F e 3 + = 8.34 X 1 0 ' 4 M 
F e 2 + = 8.34 X 1 0 ' 4 M 
D y 3 + = 0.01076M 

Volume 
NaF Added Fluoride EB_A EC_A 

(ml) (10*M)a (mV) (mV) 
0.100 6.52 13.19 11.06 
0.025 8.14 16.72 14.18 
0.025 9.75 20.17 17.00 
0.025 11.36 23.31 19.61 
0.025 12.96 26.23 22.14 
0.025 14.56 29.01 24.54 
0.025 16.15 31.64 26.84 
0.025 17.73 34.03 29.05 
0.025 19.31 36.40 31.16 

Neodymium 
F e 3 + = 7.28 X 10~ 4 M 
F e 2 + = 7.36 X 10~ 4 M 
N d 3 + = 0.005990M 

0.100 6.52 13.24 13.00 
0.025 8.14 16.71 16.00 
0.025 9.75 20.04 19.10 
0.025 11.36 23.16 21.70 
0.025 12.96 26.04 24.20 
0.025 14.56 28.87 27.10 
0.025 16.15 31.73 29.60 

a Accumulat ive concentration of fluoride. 
6 (μ) = 1 M , N a C l 0 4 ; Τ = 25.0 ± . 0 2 ° C ; [H + ] = 0 .0908M. 
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10. W A L K E R A N D C H O P P i N Lanthanide Fluoride Complexes 131 

present w o r k were per formed w i t h an I B M 709 Computer . T h e results 
for the stabi l i ty constants of the successive ferr ic - f luoride complexes at 
an i o n i c strength of 1 M ( N a C 1 0 4 ) at 25°G. were : 

K x = 170.0 
Kz= 8.7 
K 3 = 1.2 

These values compare favorab ly w i t h those reported b y K u r y at μ = 0.5 
a n d 25 °C . T h e s tab i l i ty constants of the lanthanide fluoride complexes 
were obta ined b y compar ing changes i n the potent ia l i n c e l l C w i t h those 
i n that of c e l l Β u p o n a d d i n g sod ium fluoride solution. O w i n g to the 
inso lub i l i t y of L n F 3 , on ly a f ew (often on ly s ix) al iquots of s od ium 
fluoride solut ion c o u l d be a d d e d to ce l l C before prec ip i tat ion interferred. 
Prec ip i ta t i on c o u l d be observed easily since u p o n its occurrence, the 
potent ia l between cells C a n d A w o u l d dr i f t r a p i d l y to l ower values. 

T w o t y p i c a l sets of potent iometr ic t i trat ion data are presented i n 
T a b l e I , w h i l e the data for solvent extraction measurements are g iven 
i n T a b l e I I . A g a i n , an iterative ca lcu lat ion procedure was used to obta in 

Table I I . Experimental Results of Solvent Extraction of 1 6 9 E r and 1 4 7 Pm° 

Activity (Er) 
Fluoride Concentration (counts/min.) 

of Aqueous Phase 1 
(10*M) Organic Aqueous Kd 

0 31180 13574 0.435 
5.0 25155 19599 0.779 

10.0 16622 28132 1.692 
15.0 15789 28956 1.833 
20.0 13090 31664 2.419 
25.0 12408 32346 2.607 
30.0 10905 33849 3.104 
40.0 8700 36054 4.144 
45.0 6878 37876 5.507 
50.0 6613 38141 5.768 

0 41500 8963 0.216 
5.0 36575 13925 0.381 

10.0 34253 16247 0.474 
15.0 29795 20705 0.695 
20.0 21780 28720 1.319 
25.0 23309 27191 (1.167) 
30.0 18929 31571 1.668 
40.0 13732 36768 2.678 
45.0 — — — 
50.0 — — — 

μ = 1 M N a C l 0 4 , Τ = 25.0 ± 0 . 2 ° C , [ H + ] = 0.001 A i . 
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132 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

the s tabi l i ty constants, w h i c h are l i s ted i n T a b l e I I I . A l so i n c l u d e d i n 
this table are the results of the solvent extraction measurements as w e l l 
as the s tabi l i ty constants reported b y K u r y (15, 16) a n d others (19, 20). 
T h e error l imits represent one standard dev iat ion ( 1 χ σ ) . 

T w o t y p i c a l sets of the ca lor imetr ic data are presented i n T a b l e I V . 
T h e enthalpies of complexat ion were ca lcu lated as descr ibed prev ious ly 
(6). T h e heat of d i l u t i o n of the lanthanide perchlorate was checked b y 
t i t rat ing two of the lanthanides (μ = 1M, p H == 3.0) w i t h N a C 1 0 4 

(μ = 1 M , p H = 3.0). N o heat was observed. T h e heat of d i l u t i o n of 
the sod ium fluoride was checked b y t i t rat ing 1 M N a C 1 0 4 ( p H = 3.0) 
w i t h N a F (μ = 1 M , p H = 3.0). A s m a l l heat of d i l u t i o n was observed 
for the first two points i n the t i t rat ion ; after this i t was negl ig ib le . T h e 
heats of d i l u t i o n of the sod ium fluoride were accounted for i n the 
calculat ions. 

T h e resul t ing thermodynamic parameters for the format ion of the 
monof luoride complexes at 25 °C . i n an ionic m e d i u m of 1 M N a C 1 0 4 

are g iven i n T a b l e V . T h e error l imits represent one s tandard deviat ion . 

Table III. Stability Constants for the Reaction at 25°C. 

L n s + + F " = L n F 2 + 

Potentiometry Solvent Extraction Potentiometry 
μ = 0.5Μ (15, 17) 

480 ± 70 
1301 ± 200 
104 < 103 (19) 

Ion μ = 1Μ A* : I M 

L a 470 ± 30 
Ce 650 ± 80 528 ± 127 

Pr 1030 ± 80 
N d 1220 ± 100 
P m — 1437 ± 244 
Sm 1310 ± 40 
E u 1540 ± 50 1593 ± 198 
G d 2060 ± 190 
T b 2660 ± 130 
D y 2900 ± 260 
H o 3320 ± 130 
E r 3460 ± 100 3669 ± 660 
T m 3650 ± 110 3680 ± 294 
Yb 3830 ± 270 3965 ± 476 
L u 4110 ± 290 
Y 4020 ± 360 

2358 ± 350 

8500 ± 1280 (20) 

Discussion 

F r o m T a b l e V w e see that the h i g h stabi l i ty of the fluoride c o m 
plexes of the lanthanide ions is a t tr ibuted to a large posit ive entropy i n 
contrast to the negative values f ound for the f ormat ion of the mono-

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

10



10. W A L K E R A N D C H O P P i N Lanthanide Fluoride Complexes 133 

Table IV. Calorimetric Titration Data" 

Praeseodymium 
Pr3 + = 0.03846M 
Initial vol . = 50.76 m l . 
[ F - ] = 0 .025M 

Fluoride Complexed 
Added Fluoride Q Qacc AH1 

(ml) (106M) ( cal) (cal) (kcal/M) 

0.50 238 0.06828 0.06828 5.60 
0.50 471 0.06828 0.13656 5.60 
0.50 700 0.07308 0.20964 5.73 
0.49 918 0.07162 0.28126 5.81 
0.52 1147 0.06577 0.34703 5.68 
0.50 1362 0.06870 0.41573 5.68 

Average = 5.68 
± 0.06 k c a l . / M 

Thulium 
T m 3 + = 0.0467M 
Initial vol . = 51.31 m l . 
[F" ] = 0.025M 

0.52 249 0.11315 0.11315 8.76 
0.50 484 0.11164 0.22479 8.87 
0.48 706 0.10126 0.32605 8.75 
0.49 927 0.10126 0.42731 8.64 
0.52 1159 0.10126 0.52857 8.47 

Average = 8.70 
± 0.11 k c a l . / M 

αμ=1Μ NaC10 4 ; Τ = 25.00 ± 0.02°C.; [H + ] = 0.001M. 

chlor ides , nitrates, a n d thioeyanates. T h e entropy values obta ined i n the 
present s tudy are s ignif icantly larger than the corresponding values for 
the monoacetate, glycolate, a n d sulfate complexes as i l lustrated i n F i g u r e 
1. I n F i g u r e 2, a s imi lar compar ison is presented for the enthalpies of 
complexat ion for the monoacetate, glycolate, E D T A a n d fluoride systems. 
T h e enthalpies for the fluoride complex are more endothermic than any 
of the others. T h e enthalpies for outer-sphere i on p a i r i n g w i t h chlor ides , 
nitrates, a n d thioeyanates are exothermic, w h i l e those for the inner sphere 
sulfate complexes are endothermic , corresponding r ough ly to the acetate 
values. 

C o n s i d e r i n g these t h e r m o d y n a m i c values, w e suggest that fluoride 
forms inner-sphere complexes l ike the acetate a n d sulfate rather than 
i o n pairs l ike ch lor ide , nitrate , a n d thiocyanate. S i m i l a r to the other 
inner-sphere complexes, s tabi l i ty is a t tr ibuted to the posit ive entropies 
w h i c h have been interpreted i n the earl ier studies as reflecting the 
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134 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

d isrupt ion of the h y d r a t i o n zone around the lanthanide i on u p o n 
complexat ion . 

F l u o r i d e i on differs f r om most anions inasmuch as it has a strong 
order ing effect on water. Consequent ly , w e w o u l d expect that d e h y d r a 
t i on of the fluoride i on u p o n complexat ion w o u l d affect the entropy 
values. T h e equat ion for complexat ion i s : 

L n ( H 2 0 ) / + + F ( H 2 O y - - » L n F ( H 2 0 ) / + + (x + y - z)H20 

T h e entropy change w o u l d be : 

AS = S ° L n F ( a q ) + (x + y — z ) S ° H 2 0 — S ° L n ( a q ) — S ° F ( a q ) 

W e can focus on the effect of the fluoride i o n dehydrat i on b y rearranging 
to : 

AS + S ° F ( a q ) = S ° L n ( a q ) + (x + y — z ) S ° H 2 o — S ° L n F ( a q ) = A S ' F 

Unfor tunate ly , data on the S° values are not avai lab le i n solutions 
of μ = 1 M for w h i c h the AS data were obta ined . T h e values of x, y, a n d ζ 
are u n k n o w n . A n estimate of the extent of the o rder ing effect of the 
fluoride i on can be at tempted b y compar ing the fluoride data w i t h the 
acetate data i f S ° F ( a q ) a n d S ° A c ( a q ) for μ = 0 . 0 0 M are used (21) to 
ob ta in AS -f- S 0

X ( a q ) values. S ° L n ( a q ) w o u l d have the same value i n b o t h 
l i g a n d solutions (therefore, X is constant) . S° L n X (aq) is not l i k e l y to be 
the same, but i t is also u n l i k e l y that the difference w o u l d be large. T h e 
va lue reported for S ° F ( a q ) is —2.3 c a l . / d e g r e e / m o l e , w h i l e S°Ac(aq) is 

Table V . Thermodynamic Parameters at 25°C. t t 

Ion —AF(kcal. /mole ) AH(kcal./mole) AS(cal./degree/r 

L a 3.64 ± 0.22 4.00 ± 0.07 25.6 ± 0.8 
Ce 3.84 ± 0.50 4.82 ± 0.17 29.0 ± 1.8 
Pr 4.11 ± 0.33 5.74 ± 0.08 33.1 ± 1.1 
N d 4.21 ± 0.34 6.83 ± 0.10 36.9 ± 1.2 
Sm 4.25 ± 0.13 9.39 ± 0.10 45.8 ± 0.5 
E u 4.35 ± 0.13 9.22 ± 0.15 45.4 ± 0.7 
G d 4.52 ± 0.41 8.90 ± 0.20 45.1 ± 1.5 
T b 4.67 ± 0.23 7.51 ± 0.13 40.8 ± 0.9 
D y 4.72 ± 0.42 7.03 ± 0.05 39.4 ± 1.4 
H o 4.80 ± 0.19 7.26 ± 0.04 40.4 ± 0.7 
E r 4.83 ± 0.14 7.43 ± 0.18 41.2 ± 0.8 
T m 4.86 ± 0.15 8.66 ± 0.18 45.4 ± 0.8 
Yb 4.89 ± 0.34 9.56 ± 0.10 48.5 ± 1.2 
L u 4.93 ± 0.35 9.53 ± 0.20 48.5 ± 1.4 
Y 4.91 ± 0.44 8.32 ± 0.08 44.5 ± 1.5 

> = 1M (NaC10 4 ) for the reaction: L n 3 + + F" = L n F 2 + . 
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10. W A L K E R A N D C H O P P I N Lanthanide Fluoride Complexes 135 

+ 2 0 . 8 c a l . / d e g r e e / m o l e . F i g u r e 3 is a p lot of the A S + S ° X ( A S X ) 
values as a funct ion of a tomic number . T h e n u m e r i c a l agreement is 
fortuitous cons ider ing the assumptions invo lved . Nevertheless, i t w o u l d 
seem correct to assume that, qual i tat ive ly , the agreement between A S ' F 

a n d A S ' A c indicates that the greater s tabi l i ty of the fluoride complexes 
c ompared w i t h the acetate complexes is caused b y the increase i n entropy 
associated w i t h the increase i n the disorder of the solvent water w h e n 
fluoride ions are removed b y complexat ion. Correspondence of the two 
curves i n F i g u r e 3 is further evidence for the s imi lar i ty i n the nature of 
the L n - A c 2 * a n d L n - F 2 * species—i.e., inner sphere complexes. 

EDTA 

Ζ 

Figure 1. Entropy of formation of the monoligand complex as a 
function of the atomic number of the lanthanides for EDTA, 

fluoride, acetate, and glycohte ligands 
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136 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Figure 2. Enthalpy of formation of the monoligand complex 
as a function of the atomic number of the lanthanides for EDTA, 

glycolate, acetate, and fluoride ligands 

A s imi lar treatment of the enthalpies us ing —78.66 k c a l . for the AH°f 

of F " ( a q ) (21) a n d —116.84 k c a l . for the AH°f of A e ~ ( a q ) (21) increases 
the difference i n ftie enthalpies of the fluoride a n d acetate such that 

A H L n F ( a q ) - A H L n A c ( a q ) = 40-46 kcal 

( i g n o r i n g the p r o b l e m of s tandard state difference a n d assuming χ a n d ζ 
are e q u a l i n bo th cases ). There are too m a n y possible variables to a l l ow 
f r u i t f u l discussion of the results of this r ough estimate. F o r example, 
since bo th bonds are predominant ly ionic , the differences i n electronega
tivit ies c o u l d result i n different effective d ie lectr ic constants i n the B o r n 
equat ion w h i c h c o u l d cause differences of this magni tude i n the en
thalpies . Since such an effect should be almost constant across the 
lanthanide series, i t w o u l d not seem to account for the difference i n shape 
of the curve for fluoride i n F i g u r e 2 c ompared to those of the other 
l igands . 
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10. W A L K E R A N D C H O P P I N Lanthanide Fluoride Complexes 137 

T h e oxyanion l igands w o u l d a l l have larger nephelauxet ic effects 
than w o u l d fluoride. Consequent ly , w h i l e the b o n d i n g i n b o t h the fluoride 
a n d acetate complexes is p redominant ly ionic , there w i l l be a greater 
difference i n the covalent contr ibut ion between these two than between 
acetate a n d other oxyl igands i n c l u d i n g water . I t is dif f icult to assess the 
covalent contr ibut ion i n these complexes, but as a first approx imat ion 
w e can consider changes i n charge transfer energies as ref lecting the 
covalency changes ( 1 3 ) . 

J0rgensen (14) has shown that the var ia t i on i n the w a v e n u m b e r of 
the first electron transfer transit ion of lanthanide complexes can be ap 
prox imate ly pred i c ted b y the equat ion 

where W is a funct ion characterist ic of the l igands , the factor q(E-A) 
represents the monotonie decrease of the 4f energy across the series, q 
b e i n g the n u m b e r of / electrons, a n d D representing the sp in -pa i r ing 
energy. T h e theory can be further refined g i v i n g an equat ion conta in ing 
the R a c a h Parameter E 3 a n d the sp in orbi t c o u p l i n g constant (14). H e 

E = W - q(E-A) + Constant (q) ( D / 1 3 ) 

Φ 
Φ 

σ>50 

10 

57 59 61 63 65 67 69 71 

Figure 3. Comparison of the values of AS'X (= AS + S°J for 
the formation of LnF2+ and LnAc2+ 

AS'F —o-o-o-o 
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CALCULATED COVALENCY ENTHALPY DIFFERENCES 
CI - Br 

Ζ _ • 3 
^ I 1 I I L 

χ EXPERIMENTAL ENTHALPY DIFFERENCES 

Z F - Ac 

I I I I I I I U L _ 
57 59 61 63 65 67 69 71 

Ζ 

Figure 4. Comparison of the difference in en
thalpies for the formation of LnF2+ and LnAc2+ 

with the "covalence difference" between the chlo
ride and bromide complexes in ethanol 

used the above equat ion to predic t the charge transfer energies of 
L n 3 + - B r " i n E t O H . F r o m the results of Barnes (2) w e have obta ined the 
var iat ion i n the wavenumber of the chlor ide- to - lanthanide charge transfer 
b o n d . ( see T a b l e I . ) 

U s i n g these results, i t is possible to predict , qual i tat ive ly , the v a r i a 
t i on i n the covalent contr ibut ion between the chlor ide a n d b r o m i d e c o m 
plexes to AH complexat ion. W e assume that the ground state energy of 
the complex m a y be wr i t t en 

Complex = Ε(Μ 3 + Χ~) + C E ( M * + X ) 

a n d that C w i l l v a r y approx imate ly as 1/E ( change transfer ) . T h e n the 
contr ibut ion A H c o v a i e n t to the observed AH should v a r y as 

/ 1 _ 1 \ _ £<b> - E<a> 
\ECTw ECT<h) ) E<a)E<b> 
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10. W A L K E R A N D C H O P P i N Lanthanide Fluoride Complexes 139 

Table VI . Predicted Variation in the Wavenumber of the First Electron 
Transfer Band of L n 3 + - X " complexes in Ethanol (X" = C l " , Br") 

Using the Equation E = W — q(E — A) + C(q)D/U 

E(Br-) - E(Cl-) / w w χ 1 Q 3 

q Ion C(q) E(kK)Br~i21) E(kK)Cl- E(Br) X E(Cl-)K 

0 L a 3 + 0 70 71 - 2 . 0 
1 Ce 3 * - 8 63 66 - 7 . 2 
2 P r 3 + - 1 6 56 61 - 1 5 . 0 
3 N d 3 + - 2 4 49 (49)* 55 - 2 2 . 0 
4 P m s + - 3 2 42 50 - 3 8 . 0 
5 S m 3 + - 4 0 35 (40.2)* 

28 (31.2)* 
45 (45.7)* 
36 (36.2)* 

- 6 4 . 0 
6 E u 3 + - 4 8 

35 (40.2)* 
28 (31.2)* 

45 (45.7)* 
36 (36.2)* - 7 9 . 0 

7 G d 3 + +48 73 71 +3.9 
8 T b 3 + +40 66 64 +4.7 
9 D y 3 + +32 59 61 - 5 . 6 

10 H o 3 + +24 52 55 - 1 0 . 0 
11 E r 3 + +16 45 50 - 2 2 . 0 
12 T m 3 + + 8 38 (44.5)* 

31 (35.5)* 
45 - 4 1 . 0 

13 Y b 3 + 0 
38 (44.5)* 
31 (35.5)* 40 (41.0)* 

W = 
(E~A) = 

D = 

: 70 k K 
: 3.0 k K 
: 6.5 k K 

- 7 3 . 0 

W 
( E - A ) 

D 

Exper imental values. 

where the E's denote the charge transfer energies i n the complexes a and 
b respectively. F o r a decrease i n covalent character ( E ( b ) > E ( a ) ) , AHcov 

is posit ive. 

I n T a b l e V I the results of this treatment are l isted. Unfor tunate ly , 
charge transfer data are not avai lab le for the complexes ( f luoride a n d 
acetate) of interest. H o w e v e r , as a qual i tat ive estimate of the manner 
i n w h i c h AHCOY varies across the lanthanide series w i t h change i n the 
nature of the anion , w e have p lo t ted on re lat ive scales the values i n 
final c o l u m n of T a b l e V I a n d the differences i n the enthalpies for the 
fluoride a n d acetate complexes ( F i g u r e 4 ). T h e s imi lar i ty of the curves 
provides some evidence that the var ia t ion i n enthalpy for the fluoride 
complexes compared w i t h the oxyanion complexes is poss ib ly a t t r ibuted 
to a decrease i n the covalent contr ibut ion as a result of the smaller 
nephelauxet ic effect of fluoride compared to oxygen. 
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Volatile Rare Earth Chelates of β-Diketones 

ROBERT E. SIEVERS, KENT J. EISENTRAUT, 
and CHARLES S. SPRINGER, JR. 

Aerospace Research Laboratories, ARC, Wright-Patterson Air Force Base, Ohio 
DEVON W. MEEK 

Ohio State University, Columbus, Ohio 

A number of volatile rare earth chelates containing the 
ligands, 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedi-
one, [H(fod)], and 2,2,6,6-tetramethyl-3,5-heptanedione, 
[H(thd)] have been synthesized and investigated. The fod 
complexes are more volatile than other known compounds 
of the lanthanide elements. The fod complex of Sc(III) 
and the lanthanide thd compounds are anhydrous. The fod 
chelates of Y(III) and the lanthanides are isolated as hy
drates but can easily be dehydrated in vacuo over Ρ4O10. 
Gas chromatographic and thermogravimetric data reveal 
that the volatilities of the complexes increase as the ionic 
radii of the metal ions become smaller. 

as chromatography is an effective technique i n s tudy ing meta l co-
ord inat ion compounds. It has been used i n separat ing geometr ical 

isomers, i n k inet i c a n d e q u i l i b r i u m measurements, i n e luc idat ing s to ichi 
ometry, i n reso lv ing opt i ca l isomers, i n ul trapuri f i cat ion , i n studies of 
meta l - l i gand interactions a n d the solvation of meta l complexes, a n d i n 
meta l analysis at the ultra-trace l eve l (18). 

T o be amenable to invest igat ion b y gas chromatography, meta l c o m 
pounds must be volat i le a n d thermal ly a n d so lvo lyt i ca l ly stable at the 
temperatures necessary for reasonably r a p i d e lut ion . M a n y meta l chelates 
of β-diketones have been f o u n d to possess these properties a n d have 
been successfully chromatographed. U n t i l recently, however , almost a l l 
gas chromatographic studies h a d been l i m i t e d to complexes of the t rans i 
t i on a n d representative elements because of the pauc i ty of vo lat i le , ther
m a l l y stable, lanthanide compounds. 

A m o n g the m a n y rare earth complexes of β-diketones that have been 
descr ibed (1, 12, 15, 16), the tris compounds general ly have the most 
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p r o m i s i n g p h y s i c a l properties. Recent ly i t has been demonstrated that 
the rare earth ions tend to accommodate extra donor groups easily to 
f o r m complexes w i t h coordinat ion numbers larger than six (1, 15). B e 
cause of this proc l i v i ty , most of the tris b identate complexes are iso lated 
as hydrates. N o t e w o r t h y exceptions are the complexes of s cand ium ( I I I ) ; 
the acetylacetonate (10) a n d the trif luoroacetylacetonate (18) have been 
s tudied chromatographica l ly . O u r discussion w i l l refer p r i m a r i l y to 
chelates of the lanthanides a n d y t t r i u m . 

C u n n i n g h a m , Sands, a n d W a g n e r have recently reported the first 
x -ray crysta l lographic s tudy of a tris rare earth ( I I I ) chelate (6). T h e 
y t t r i u m i on i n [ Y ( a c a c ) 3 ( H 2 0 ) 2 ] * H 2 0 (acac = the uninegat ive anion 
of 2 ,4-pentanedione) , is e ight-coordinate, be ing b o n d e d to three acety l 
acetonate rings a n d two water molecules. T h e t h i r d water molecule 
associated w i t h each complex is not coordinated to the meta l i on b u t 
takes par t i n a cha in of hydrogen bonds to l i n k the molecules i n pairs . 
T h e coordinat ion po lyhedron about the y t t r i u m is a distorted square 
ant ipr i sm. 

T h e presence of water has been postulated to cause the t h e r m a l 
ins tab i l i ty of m a n y of the hydrates (3, 4, 20), a n d attempts to chromato-
g r a p h n e o d y m i u m ( I I I ) trif luoroacetylacetonate d ihydrate have fa i l ed 
(23). There is some evidence that hydrolys is occurs at e levated tem
peratures (3, 4, 20). F u r t h e r m o r e , there are indicat ions that certain 
complexes undergo hydrolys is w h e n a l l o w e d to stand in vacuo, even at 
r o o m temperature (20 ) . F o r these reasons the chelates are diff icult to 
dehydrate b y convent ional means. M a n y of the c laims i n the older 
l i terature that anhydrous tris chelates were obta ined must be considered 
questionable because the assignments of composi t ion were either arb i t rary 
or were based on ana ly t i ca l methods re lat ive ly insensitive to the amount 
of water present. Some investigators, however , have reported reasonably 
we l l - character ized anhydrous tris complexes (4,11,15), bu t most of these 
are not sufficiently volat i le a n d stable to be chromatographed. 

I n the early stages of this research (5, 18, 22), i t was reasoned that 
the nature of the l i g a n d " s h e l l " should greatly influence such phys i ca l 
properties of the complexes as vo lat i l i ty . T h i s can be manifested i n 
several ways , the most s tr ik ing of w h i c h is the effect of incorporat ing 
fluorocarbon moieties i n the l i g a n d shel l . A more subtle, but equal ly 
important facet of the "she l l concept" is the contro l of the number a n d 
type of coordinated groups b y judic ious selection of l igands i n w h i c h 
steric c r o w d i n g becomes significant. T h i s leads one to conclude that the 
most p romis ing approach i n prepar ing anhydrous, vo lat i le tris complexes 
w o u l d be to choose l igands that are sufficiently b u l k y to decrease the 
l i k e l i h o o d that hydrates w o u l d be formed. A thorough invest igat ion of 
the tris chelates of 15 tervalent rare earth meta l ions w i t h 2,2,6,6-tetra-
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11. siEVERS E T A L . Chelates of β-Dïketones 143 

methyl -3 ,5-heptanedione, [ H ( t h d ) ] (see F i g u r e 4 for structure of a n i o n ) , 
revealed that these compounds were isolated as anhydrous materials a n d 
l e d to the first successful separation and e lut ion of lanthanide complexes 
b y gas chromatography (7). 

Incorporat ing fluorocarbon moieties increases the vo la t i l i ty of β-
diketonate complexes (18 ) . T o reta in the steric effect of the b u l k y t h d 
l igands a n d to take advantage of the vo lat i l i ty effect of fluorocarbon 
substituents, the l i g a n d , l , l , l ,2 ,2 ,3 ,3-heptaf luoro-7,7-dimethyl-4 ,6-octane-
dione, [ H ( f o d ) ] (see F i g u r e 5 for structure of a n i o n ) , was synthesized. 
F i f t e e n tris complexes of tervalent rare earth meta l ions w i t h this b u l k y 
fluorinated l i g a n d have been prepared a n d studied . T h e i r properties are 
compared w i t h other rare earth complexes, p r i n c i p a l l y those of t h d . 

Experimental 

Syntheses. T R I S ( 2,2,6,6 - T E T R A M E T H Y L - 3,5 - H E P T A N E D I O N A T O ) L N ( m ) 
C O M P L E X E S . 

T h e syntheses of the rare earth t h d complexes have been reported 
earl ier (7). 

T E T R A K I S ( 2 , 2 , 6 , 6 - T E T R A M E T H Y L - 3 , 5 - H E P T A N E D I O N A T O ) Z R ( I V ) . T h e 
Z r ( I V ) t h d complex was prepared b y a l i g a n d subst itut ion react ion 
i n v o l v i n g Z r ( I V ) acetylacetonate a n d H ( t h d ) . Z i r c o n i u m ( I V ) acety l -
acetonate was freshly pur i f i ed b y prec ip i ta t ion f r om hot benzene u p o n 
a d d i n g l o w b o i l i n g petro leum ether. T h e m e l t i n g po int ( 1 9 5 ° - 1 9 8 ° C . ) 
agreed w i t h the l i terature va lue (26). A quant i ty (4.88 grams, 0.01 mo le ) 
was dissolved i n 120 m l . of carbon tetrachlor ide . A n excess of H ( t h d ) 
(9.21 grams, 0.05 mo le ) was a d d e d to the solut ion, w h i c h was then 
w a r m e d i n an evaporat ing d i sh on a steam b a t h under a stream of a i r 
u n t i l a p o w d e r y so l id remained . A f ter a d d i n g 2.8 grams (0.015 m o l e ) 
of fresh H ( t h d ) a n d 40 m l . carbon tetrachlor ide , the above procedure 
was repeated. T h e resul t ing so l id was exposed to the atmosphere for 
four days w i t h occasional s t i r r ing a n d crushing w i t h a s t i r r ing r o d . T h e 
y i e l d of this c rude product was 7.7 grams, w h i c h corresponded to 9 3 . 4 % 
y i e l d (based on Z r ( a e a c ) 4 ) . T h e crude product was recrysta l l i zed f r o m 
b o i l i n g ethanol u p o n coo l ing i n a refrigerator. T h e resul t ing w h i t e crys 
ta l l ine mater ia l was col lected b y filtration, washed w i t h ethanol , a n d 
d r i e d for one hour in vacuo at room temperature (m.p . 3 3 6 ° - 3 4 2 ° C . ) . T h e 
N M R spectrum i n CCI4 exhibits peaks at 1.08 [ C ( C H 3 ) 3 , r e l . area-72] 
a n d 5.69 ( C H , re l . area-3.6) p .p .m. downf ie ld f r o m the in terna l s tandard , 
tetramethylsi lane. T h e molecular we ight measured i n benzene was 818 
(theoret ical , 824) . A n a l . calc. for Z r ( t h d ) 4 , Z r C 4 4 H 7 e 0 8 : Z r , 11.07; C , 
64.11; H , 9.29. F o u n d : Zr , 11.11; C , 64.16; H , 9.22. 

1 , 1 , 1 , 2 , 2 , 3 , 3 - H E P T A F L U O R O - 7 , 7 - D I M E T H Y L - 4 , 6 - O C T A N E D I O N E . 1,1,1,2,2,-
3,3-Heptafluoro-7,7-dimethyl-4,6-octanedione was prepared b y a C l a i s e n 
condensation (19). A n h y d r o u s sod ium methoxide ( M C B = M a t h e s o n 
C o l e m a n , a n d B e l l ) (54.03 grams, 1 mo le ) was suspended i n a p p r o x i 
mate ly 400 m l . of d i e t h y l ether. O n e mole (100.16 grams) of p inacolone 
( M C B ) was a d d e d s l owly to this st irred s lurry . A dark r ed , c l o u d y 
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144 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

solut ion resulted. T o this so lut ion, 242.11 grams (1 mo le ) of e thy l hepta -
fluorobutyrate (Pen insu lar C h e m . Research, Inc . ) was a d d e d dropwise . 
T h e solut ion remained tomato-red. W h e n st i rr ing ceased, a l i g h t y e l l o w 
so l id settled to the bot tom of the react ion vessel, l eav ing a clear, dark 
r e d so lut ion. T h e mixture was a l l o w e d to stand overnight . A so lut ion of 
55 m l . of 1 8 M H 2 S 0 4 i n approx imate ly 800 m l . of d i s t i l l ed water was 
a d d e d to the solut ion w i t h s t i rr ing . A l i g h t y e l l o w organic layer sepa
rated above the clear, colorless aqueous layer . B o t h layers were s l ight ly 
ac id ic . T h e aqueous layer was washed three times w i t h a total of ap 
prox imate ly 250 m l . of d i e t h y l ether. T h e washings were c o m b i n e d w i t h 
the organic layer , a n d the who le mixture was d i s t i l l ed under v a c u u m o n 
a 1 2 " V i g r e a u x co lumn. A f ter two subsequent f ract ional dist i l lat ions a 
m i d d l e fract ion [we igh ing 193.9 grams ( 6 5 . 5 % ) B . P . 33°C . /2 .7mm. ] of 
c lear colorless l i q u i d w i t h a pungent odor was obtained. 

T h e colorless product darkened u p o n standing for several days ( even 
w h e n stored i n a dark bott le ) but no decomposi t ion products c o u l d be 
detected i n the proton N M R spectrum. [The f o l l o w i n g peaks were 
observed for the complete ly eno l ized neat sample : 1.23 [ C ( C H 3 ) 3 , r e l . 
area-9.00] , 6.09 ( C H , re l . area-0.96), 14.76 ( O H , r e l area-0.93) ; (peak 
positions are g iven i n p .p .m. downf ie ld f r om the in terna l s tandard tetra-
methy ls i lane ) . ] T h e phys i ca l properties were ident i ca l w i t h those of a n 
ana lyzed sample synthesized b y a different method (24 ) . T h e y i e l d of 
this react ion was f o u n d to be fa i r l y insensitive to the order of a d d i n g 
pinacolone a n d e thy l heptafluorobutyrate. 

T R I S ( 1,1,1,2,2, 3 , 3 - H E P T A F L U O R O - 7 , 7 - D I M E T H Y L - 4 , 6 - O C T A N E D I O N A T O ) -
M O N O A Q U O L N ( I I I ) [ A L S O Y ( I I I ) ] C O M P L E X E S A N D T R I S ( 1 , 1 , 1 , 2 , 2 , 3 , 3 - H E P -
T A F L U O R O - 7 , 7 - D I M E T H Y L - 4 , 6 - O C T A N E D I O N A T O ) L N ( I I I ) [ A L S O Y ( I I I ) A N D 
S c ( I I I ) ] C O M P L E X E S . A l l of the rare earth f od chelates were synthesized 
b y the f o l l o w i n g general method . T h e h y d r a t e d rare earth ( I I I ) nitrate 
was prepared as descr ibed before ( 7 ) , a n d 0.011 mole was dissolved i n 
the m i n i m u m amount of absolute methano l ( M C B ) . T h e p H of the 
resul t ing solut ion was adjusted ( p H paper ) to a va lue between 4 a n d 6 
b y a d d i n g a so lut ion of 4 . 1 2 M aqueous N a O H . I n another vessel, H ( f od ) 
(0.033 mo le ) was dissolved i n approx imate ly 20 m l . of absolute methanol . 
T h i s solut ion was neutra l i zed w i t h 8.01 m l . of 4 . 1 2 M N a O H solut ion. 
T h e two solutions were m i x e d w i t h s t i rr ing . T h e entire mixture was 
a d d e d dropwise over a p e r i o d of approx imate ly two hours to ca. 400 m l . 
of d i s t i l l ed water w h i c h was st irred r a p i d l y . T h e so l id complex p r e c i p i 
tated, a n d the mixture was st irred u n t i l the prec ip i tate was i n the f o r m 
of fine granules. T h e result ing mixture was suct ion filtered w i t h an 
aspirator a n d air d r i e d for approx imate ly one hour. T h e product isolated 
was the monohydrate [except for S c ( f o d ) 3 w h i c h was isolated as an 
anhydrous l i ght y e l l o w o i l ] . T h e yie lds of crude products averaged ca. 
8 7 % a n d ranged f r om ca. 7 4 % to essentially quant i tat ive . 

T h e crude produc t was twice recrysta l l i zed f r o m the m i n i m u m 
amount of methylene ch lor ide ( B a k e r " A n a l y z e d " or M C B "Spectro-
q u a l i t y " ) necessary to dissolve i t at r oom temperature b y coo l ing to a 
temperature < 0 ° C . T h e crystals were d r i e d in vacuo for approx imate ly 
12 hours between each crystal l izat ion. T h e pur i f i ed product was de 
h y d r a t e d i n a v a c u u m desiccator over P4O10 for one week. 
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11. s i E V E R S E T A L . Chelates of β-Diketones 145 

E U R O P I U M ( I I I ) C O M P L E X E S O F O T H E R / 3 - D I K E T O N E S . T h e complexes, 
( C 2 H 5 ) 3 N H [ E u ( h f a ) 4 ] a n d ( C H 8 ) 4 N [ E u ( h f a ) 4 ] , were synthesized b y 
the methods descr ibed b y M e l b y , Rose, A b r a m s o n , a n d C a r i s ( 15 ) . T h e 
tris b identate chelates, E u ( t f a ) 3 · 2 H 2 0 , a n d E u ( t t a ) 3 · 3 H 2 0 , were 
obta ined commerc ia l l y ( D i s t i l l a t i o n Products Industr ies ) a n d were a n 
a l y z e d pr i o r to use. T h e l igands corresponding to the various symbols 
are as fo l lows : t fa—l , l , l - t r i f luoro -2 ,4 -pentaned ionate , hfa—1,1,1,5,5,5-
hexafluoro-2,4-pentanedionate, a n d t ta—4,4 ,4 - tr i f luoro - l ( 2 - th ienyl ) -1,3-
butanedionate . 

Characterization of thd and fod Complexes. T h e rare earth t h d a n d 
f o d chelates were character ized b y the f o l l o w i n g measurements: ele
menta l analyses, molecular weights , in f rared spectra, nuc lear magnet ic 
resonance spectra on the Se, L u , Y , a n d L a chelates, K a r l F i s cher t i t r a 
tions, a n d m e l t i n g points. D e t a i l e d properties a n d e lemental analyses 
have been descr ibed elsewhere (7, 24). 

Gas Chromatography. A l l gas chromatographic data were obta ined 
on an F a n d M M o d e l # 8 1 0 research chromatograph. A l l co lumns were 
constructed of Tef lon ( D u P o n t ) t u b i n g of 4.5 m m . i . d . T h e carrier gas 
used was h e l i u m w h i c h h a d been passed through molecular sieves. Spe
cific condit ions for a part i cu lar experiment are g iven under Results. 

Thermogravimetric Analyses. A l l thermogravimetr ic ana ly t i ca l data 
were obta ined on a D u P o n t M o d e l # 9 5 0 Thermograv imetr i c A n a l y z e r . 
T h e atmosphere over the sample was h e l i u m gas w h i c h h a d been passed 
through molecular sieves. T h e h e l i u m flow rate was kept constant 
throughout a l l experiments at 60 m l . / m i n . , a n d the sample heat ing rate 
was 10°C. /min . At tempts were made to keep the sample masses used 
as near ly the same as possible (10 m g . ) , to max imize comparab i l i ty . 

Results 

T h e lanthanide t h d chelates were isolated as anhydrous complexes, 
M ( t h d ) 3 ( 7 ) . T h e f od chelates (except for that of Sc ) were isolated as 
monohydrates , M ( f o d ) 3 · H 2 0 . T h i s sto ichiometry was conf irmed b y 
K a r l F i s cher t itrations, e lemental analyses, a n d in f rared spectroscopy. 

C a r e f u l examinat ion of thermograms obta ined f r om h y d r a t e d fod 
samples reveals a 1 - 2 % we ight loss at temperatures i n the v i c i n i t y of 
100°C. T h i s suggests the vo la t i l i za t i on of the mole of water present. 
(Percentages of water ca lculated for monohydrated formulat ions range 
f rom 1.67 for the L u complex to 1.81 for that of Y . ) T h e resul t ing a n 
hydrous compounds vapor ize w i t h o u t apparent decomposit ion. Mass 
spectroscopic results for the h y d r a t e d fod chelate of l u t e t i u m show a 
large water peak a n d a parent i o n mass peak ( m/e = 1057, the theoretical 
mass of L u ( f o d ) 3 is 1061) (14). N o peak is observed i n the h igher mass 
region corresponding to the parent i on of L u ( f o d ) 3 · H 2 0 (m/e = 1079) , 
i n d i c a t i n g that the hydrate dissociates at the temperature a n d pressure 
of the i o n source. T h e rest of the spectrum is s imi lar to those of the t h d 
chelates. A l s o K a r l F i s cher t itrations of M ( f o d ) 3 samples stored in vacuo 
over P4O10 for over a week show no detectable water . F r o m these data , 
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146 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

i t is apparent that the M ( f o d ) 3 · H 2 0 compounds can be dehydrated at 
elevated temperatures a n d / o r r educed pressures w i t h no apprec iable 
hydrolys is . T h e anhydrous compounds are hygroscopic i n the atmos
phere , causing some properties such as me l t ing po int a n d percentage of 
hydrogen as determined b y e lemental analysis to be sensitive functions 
of the history of the sample. T h e m e l t i n g points of the f od chelates g iven 
i n T a b l e I i l lustrate this effect; they are l owered , i n some cases rather 
drast ica l ly , b y the presence of water. T h e values reported i n the last 
c o l u m n of T a b l e I are the lowest observed. T h i s same phenomenon has 
been noted for different rare earth β-diketonate complexes b y other 
investigators (4, 11, 20). H y d r a t i o n a n d dehydrat ion of the f od c om
plexes appear to be total ly reversible processes; the me l t ing points of the 
h y d r a t e d a n d anhydrous states of a part i cu lar f od chelate can be repro
d u c e d b y d r y i n g or exposing to the atmosphere as necessary. T h e rather 
w i d e me l t ing range exhib i ted b y any part i cu lar f od c o m p o u n d i n either 
state is further ind icat ive of the sensit ivity of the compounds to moisture. 

T h e molecular we ight data obta ined for the f od chelates i n chloro
f o r m ( T a b l e I I ) show that the species present are discrete monomers. 
N o evidence of po lymer i c species i n solutions of the t h d compounds was 
f o u n d ( 7 ) . 

B o t h series of compounds can be v a c u u m s u b l i m e d between 100 
a n d 2 0 0 ° C ; however , sub l imat ion should be v i e w e d as a fa i r ly stringent 
pur i f i cat ion m e t h o d for the f od compounds because of their re lat ive ly 
l ower thermal s tabi l i ty as compared w i t h the t h d complexes. W h i l e the 
t h d chelates are thermal ly stable to ca. 3 0 0 ° C , the f od compounds de
compose at temperatures on ly s l ight ly above 200°C. 

T h e results of a gas chromatographic study are shown i n F i g u r e 1. 
T h e logarithms of the absolute retention times a n d the retention volumes 
re lat ive to the hydrocarbon , eicosane ( n - C 2 o H 4 2 ) , are p lo t ted against the 
ion ic r a d i i of the six coordinate, terposit ive meta l ions (25) for most of 
the t h d a n d f od chelates. T h e f o l l o w i n g condit ions were e m p l o y e d : 
c o l u m n , 14 c m . long , p a c k e d w i t h 1 0 % ( w / w ) S E - 3 0 ( a p o l y d i m e t h y l -
siloxane s u p p l i e d b y G e n e r a l E l e c t r i c ) on C h r o m o s o r b W ( J o h n s - M a n -
v i l l e , 6 0 / 8 0 m e s h ) ; carr ier gas flow rate, 100 m l . / m i n . ; c o l u m n tempera
ture, 171 ° C ; thermal conduct iv i ty detector temperature, 227 °C . ; 
in ject ion port temperature, 230°C. T h e anhydrous fod chelates were 
dissolved i n benzene w h i c h h a d been d r i e d over molecular sieves # 1 3 X 
( L i n d e ) , a n d these samples were injected w i t h a microsyr inge . Sample 
sizes of saturated solutions ranged f r om 0.1 to 2 ^liters. S imi lar results 
were obta ined for the t h d chelates on a c o l u m n conta in ing 1 0 % ( w / w ) 
A p i e z o n Ν (a mixture of h i g h molecular we ight hydrocarbons supp l i ed 
b y T h e J . G . B i d d l e C o . ) on G a s - P a c k F ( 7 ) . 
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11. siEVERS E T A L . Chelates of β-Diketones 147 

Table I. Melting Points of thd and fod Rare Earth Complexes 

Metal Ion Melting Point (°C.) 

( M ) M ( t h d ) 3 * M ( f o d ) 3 » M ( f o d ) 3 · H 2 O c 

Sc 152-155 <25 <25 
L u 172-174 118-125 111-115 
Y b 166-169 125-132 112-115 
T m 171.5-173.5 140-146 110-115 
E r 179-181 158-164 104-112 
Y 169-172.5 162-167 108-112 
H o 180-182.5 172-178 103-111 
D y 180-183.5 180-188 103-107 
T b 177-180 190-196 92-97 
G d 182-184 203 -213 d 60-65 
E u 187-189 205 -212 d 59-67 
Sm 195.5-198.5 208-218 d 63-67 
N d 215-218 e 210-215 d 210—215d 

Pr 222-224" 218 -225 d 218 -225 d 

L a 238-248 e 215-230* 215-230* 

" A s isolated (7). 
b Stored in vacuo over P4O10 for at least one week. 
c Exposed to the atmosphere for at least one day, after dehydration as i n b. 
d Sample melted w i t h decomposition. 
6 Taken in a sealed, evacuated capil lary tube. 

Table II. Molecular Weights of fod Rare Earth Complexes 

Metal Ion Theoretical Found* 

Y 992 990 
L a 1042 1052 
Pr 1044 1050 
N d 1048 1042 
Sm 1054 1049 
E u 1056 1050 
G d 1061 1060 
T b 1062 1058 
D y 1066 1054 
H o 1068 1060 
E r 1071 1059 
T m 1072 1060 
Yb 1077 1065 
L u 1079 1070 

" C a l c u l a t e d for the monohydrated species, M ( f o d ) 3 · H 2 0 . 
b Measured in chloroform solutions of samples w h i c h had been dr ied ca. 4 hours in 
vacuo over sil ica gel ( not P4O10 as i n the foregoing ). 
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A chromatogram showing the e lut ion of Y b ( t h d ) 3 a n d the h y d r o 
carbon, tetracosane ( n - C 2 4 H 5 o ) , is i l lustrated i n F i g u r e 2. T h i s c o l u m n 
was 15 cm. l ong , contained an A p i e z o n l i q u i d phase a n d was thermostated 
at 185°C. 

T h e thermogravimetr i c curves of several e u r o p i u m compounds a n d 
tetracosane are shown i n F i g u r e 3. T h e thermograms of some of the tris 
rare earth t h d chelates a n d the tetrakis z i r c o n i u m c o m p o u n d are presented 
i n F i g u r e 4, a n d those of the tris f od chelates are shown i n F i g u r e 5. 

Discussion 

T h e thermograms of E u ( t f a ) 3 · 2 H 2 0 a n d E u ( t t a ) 3 * 3 H 2 0 ( F i g u r e 
3 ) show c lear ly the t h e r m a l instab i l i ty problems w h i c h have been at tr ib 
u ted to water of hydra t i on i n some rare earth β-diketonate hydrates . It 
w i l l be noted that large percentages of residues s t i l l r emain at tempera
tures above 450°C. Char les a n d Ohlmann« (3 ) showed a s imi lar curve 
for E u ( t t a ) 3 · 2 H 2 0 a n d postulated the f o l l o w i n g equations to expla in 
the two major breaks i n the curve. E q u a t i o n 1 is 

^ 1 0 0 ° C . 
E u ( t t a ) 3 · 2 H 2 0 - » E u ( t t a ) 3 · H 2 0 + H 2 0 (1) 

~ 2 5 0 ° C . 
E u ( t t a ) 3 · H 2 0 - » E u ( t t a ) 2 O H + H ( t t a ) (2) 

the s imple dissociation of 1 mole of water w h i l e E q u a t i o n 2 involves 
the hydrolys is b y the r e m a i n i n g mole of water to produce the nonvolat i le 
basic c ompound . Pope , Ste inbach, a n d W a g n e r (20) have shown that 
such reactions occur i n the acetylacetonate cases. 

I n contrast w i t h the unstable complexes, the tris complexes of t h d 
a n d fod , even though the latter are isolated as hydrates , are complete ly 
vo l a t i l i z ed w i t h no apparent decomposit ion. I n the l i ght of the obvious 
ease of dehydrat ion of the f od complexes, there is some doubt that the 
water is coordinated to the meta l ion . A n alternate poss ib i l i ty is that i n 
the case of the b u l k y fod complexes the water molecule m a y instead be 
hydrogen-bonded to an electronegative site on the l i g a n d shell . I f this is 
true, it w o u l d appear that the b u l k y t h d a n d fod l igands have effectively 
b l o c k e d the access to add i t i ona l coordinat ion sites on the metal i on . 

It has been suggested that the b u l k y tert-butyl groups i n t h d c o m 
plexes prevent more than three l igands f rom approach ing the lanthanide 
i o n ( I ) . T h i s hypothesis was advanced to account for unsuccessful at
tempts to synthesize tetrakis complexes of t h d w i t h tr ivalent lanthanides. 
T h e synthesis of Z r ( t h d ) 4 reported here demonstrates that it is possible 
to introduce a f ourth t h d group a n d indicates that there is s t i l l a s ig 
nif icant amount of r oom avai lable i n the tris lanthanide complexes. 
C r o w d i n g must be considered on ly i n relat ive terms, however , a n d this 
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11. S I E V E R S E T A L . Chelates of β-Diketones 149 

observation does not affect the earl ier contention that steric c r o w d i n g 
decreases the l i k e l i h o o d of hydrate formation. T h e thermodynamics of 
steric repuls ion must be we ighed against the thermodynamics of l i g a n d -
meta l b o n d formation. Steric factors w o u l d be expected to be more read i ly 
manifested for the association of a neutra l l i g a n d w i t h the neutra l tris 
complex of a tervalent i on than for an anionic l i g a n d satisfying the charge 
requirements of quadr iva lent z i r c o n i u m . Fur thermore , the h y d r o p h o b i c 
character of the l i g a n d shel l , as manifested i n M ( t h d ) 3 , m a y w e l l m i n i 
m i z e the l ike l ihood of hydrate formation. 

T h e apparent vo la t i l i ty of the t r i e t h y l a m m o n i u m tetrakis (hexaf lu-
oroacety lacetonato )europate ( I I I ) complex (21) ( F i g u r e 3 ) is especial ly 
interest ing w h e n compared w i t h the nonvolat i le t e t ramethy lammonium 
analog. O n e c o u l d conceive of the f o l l o w i n g e q u i l i b r i u m 

E t 3 N H [ E u ( h f a ) 4 ] ç± E t 3 N + E u ( h f a ) 3 + H ( h f a ) (3) 

as exp la in ing these observations. It is expected that increasing the t e m 
perature w o u l d cont inua l ly dr ive the e q u i l i b r i u m t o w a r d the side favored 

IONIC R A D I U S , A 
Figure 1. Gas chromatographic retention data as a function of ionic 
radius (25). Column temperature: 171°C. Liquid phase: SE-30, Helium 

flow rate: 100 ml./min. For detailed conditions, see Results section 
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150 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

b y the r emova l of the more volat i le products b y the carr ier gas. Because 
the t e t ramethy lammonium analog cannot enter a s imi lar e q u i l i b r i u m , i t 
shows no tendency to vapor ize under comparable condit ions , a n d at 
considerably h igher temperatures i t eventual ly decomposes. H o w e v e r , 
L i p p a r d has recently reported the sub l imat ion , at temperatures between 
180° a n d 2 3 0 ° C , of C s [ Y ( h f a ) 4 ] , w h i c h apparent ly can exist i n the gas 
phase as a stable ion pa i r (13 ) . Consequent ly , the mode of vapor i zat i on 
of the t r i e t h y l a m m o n i u m c o m p o u n d is not presently k n o w n w i t h certainty. 

O f greater interest are the orders of e lut ion of the tris complexes 
ev idenced i n F i g u r e 1. T h e trend of l ower retention t ime w i t h decreasing 
ion ic radius reported b y Eisentraut a n d Sievers ( 7 ) is reaffirmed for bo th 
the t h d a n d the fod systems. It w i l l be noted that the retention data 
cannot be correlated w i t h mass. T h e retention times of the y t t r i u m 
points are correlative i n the ion ic radius plots but are anomalous i n the 
analogous atomic n u m b e r or mass curves. 

Y b ( C 3 3 H 5 7 0 6 ) 
M.W. = 723 

I I I I I 1 1 

0 4 8 12 16 20 24 

R E T E N T I O N T I M E (MlN.) 

Figure 2. Gas chromatographic elution of Yb(thd)3 and 
tetracosane. Column temperature: 185°C. 
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T h e thermogravimetr i c ana lyt i ca l data exhib i ted i n F igures 4 a n d 5 
show that the t rend i n vo la t i l i ty ar is ing f rom the lanthanide contract ion 
is r ea l a n d not a specific so lut ion effect ( 17 ) . T h e chelates of the larger 
meta l ions are vapor i zed at h igher temperatures than those of smaller 
radius . T h e on ly exception to this t rend is the thermogram of S c ( f o d ) 3 

w h i c h is not shown i n F i g u r e 5 but is almost co inc identa l w i t h the curve 
for T m ( f o d ) 3 . It is interest ing to observe i n the chromatographic exper i 
ment ( F i g u r e 1) that the S c ( f o d ) 3 retention t ime occupies its p red i c ted 
pos i t ion i n the r a d i i plot . 

T h e reasons for the correlat ion of vo la t i l i t y w i t h size of meta l i on 
are not ent ire ly clear, but we w i s h to offer the f o l l ow ing hypotheses. O n e 
m i g h t assume that i n go ing f r om the larger lanthanides to the smaller 
members the l o ca l dipoles present i n the molecules either become smaller 
or are more efficiently shie lded , so as to cause a decrease i n in termolecu -
lar attractive forces. 

A n alternate explanat ion assumes that variations i n the pos i t ion of 
possible monomer ^± po lymer e q u i l i b r i a w i t h ionic radius cause the 
observed t rend i n vo lat i l i ty . T h e r e is longstanding evidence that acety l -
acetonate chelates of the lanthanides tend to po lymer ize i n solut ion (2, 
9 ) , the molecular we ight values (2) b e ing anomalously h i g h . F i l i p e s c u , 
H u r t , a n d M c A v o y (8 ) have recently f ound other examples of w h a t 
appear to be monomer -d imer e q u i l i b r i a . C o n s i d e r i n g the t rend i n v o l a 
t i l i t y one can image that monomer ^± po lymer transformations c o u l d take 
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152 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 
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Figure 4. Thermogravimetric curves of some rare earth thd complexes 
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Figure 5. Thermogravimetric curves of the rare earth fod complexes 
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11. siEVERS E T A L . Chelates of β-Diketones 1 5 3 

place i n the condensed phase ( so l id , l i q u i d , or solut ion as i n the chro
matographic experiments) i n e q u i l i b r i u m w i t h the monomer ic gaseous 
species. If, for example, the l a n t h a n u m complex were to po lymer ize more 
extensively than the more compact lu te t ium compound , i t c o u l d exhibi t 
a l ower apparent vapor pressure. W e have conc luded that this hypothesis 
is i n a l l p r o b a b i l i t y incorrect , on the basis of the molecular we ight data 
discussed i n the Results section a n d presented i n T a b l e I I . There is no 
evidence for po lymer formation i n any of the complexes examined i n the 
present study. 

M o s t of the f od chelates are e luted before eicosane ( F i g u r e 1 ) . 
F i g u r e 2 shows that even i n the less volat i le t h d system, where the 
presence of fluorine does not compl icate matters, Y b ( t h d ) 3 is e luted 
before tetracosane. T h i s is shown to be the true order of volat i l i t ies of 
these compounds b y the thermograms i n F igures 3 a n d 4. F i g u r e 3 shows 
that E u ( t h d ) 3 vaporizes at lower temperatures than tetracosane under 
ident i ca l condit ions, w h i l e F i g u r e 4 indicates the vo la t i l i zat ion at lower 
temperatures of Y b ( t h d ) 3 as compared w i t h E u ( t h d ) 3 . 

F i g u r e 1 also confirms the w e l l establ ished fact that fluorinating the 
β-diketonate l i g a n d increases the ease of e lut ion of the corresponding 
meta l complex f rom gas chromatographic columns (18). A n y part i cu lar 
M ( f od ) 3 chelate is e luted w e l l before its t h d analog. S i m i l a r l y , a com
parison of F igures 4 a n d 5 indicates the increased vo lat i l i ty of the fluoro
carbon compounds relat ive to their equivalent hydrocarbon analogs. T h e 
fod chelates are the most vo lat i le rare earth compounds yet reported. 
T h e occurrence of a number of h i g h l y electronegative fluorine atoms i n 
the coordinat ion shel l of the meta l i on apparent ly reduces the inter-
molecular forces. 
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Europium Chelates as Laser Materials 

DANIEL L. ROSS and JOSEPH BLANC 

RCA Laboratories, Princeton, N. J. 

A variety of lasers based on tetrakis β-diketonates of Eu3+ 

have been developed over the last few years. A summary 
of the chemistry and energy transfer in these laser systems 
is presented, with particular attention to the salts of tetrakis 
benzoyltrifluoroacetone chelates of europium. Chemical 
effects attributed to solvents, benzene ring substitutions in 
the ligand, differing cations, and deuteration are consid
ered. These effects manifest themselves most markedly in 
the variability of laser thresholds from compound to com
pound and solvent to solvent. The thresholds reflect associa
tion-dissociation equilibria, as well as energy transfer 
processes in the ligand and throughout the manifold of 
Eu3+ states. 

/ C o n s i d e r a b l e w o r k over the past few years has been st imulated b y 
^ Weissman's observation (35) that ultravio let excitat ion of organic 
chelates of e u r o p i u m brings about efficient intramolecular energy transfer 
f rom l i g a n d excited states to europ ium emissive levels a n d b y the sug
gestions of W h a n a n d C r o s b y (36) a n d Schimitschek (34) that e u r o p i u m 
chelates c o u l d be the basis of laser systems. T h i s research has resulted i n 
the demonstrat ion of laser act ion b y solutions of chelates of e u r o p i u m w i t h 
benzoylacetone (20), d ibenzoy lmethane ( 3 0 ) , tri f luoroacetylacetone (31), 
thenoyltri f luoroacetone (31), a n d benzoyltri f luoroacetone a n d its r i n g -
subst ituted derivatives (25, 28, 31, 33). Laser act iv i ty was observed 
i n i t i a l l y at temperatures near — 1 4 0 ° C . Recent ly , r oom temperature 
operat ion (28) of europ ium chelate lasers has been observed, a n d the 
poss ib i l i ty of a c i r cu la t ing , r oom temperature l i q u i d chelate laser, a 
feature w h i c h shou ld permit l ong term, repet i t ive flashing b y external ly 
coo l ing the solution, has been demonstrated (32). 

O n e significant advance i n the field of lanthanide chemistry resul t ing 
f rom research i n this area is the unequ ivoca l demonstrat ion that the 
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156 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

tr ivalent lanthanides prefer to show a coordinat ion number of eight i n 
their react ion w i t h bidentate l igands such as β-diketones a n d ortho 
phenanthro l ine (1,22). A l l of the successful laser systems have r e q u i r e d 
the use of compounds of the type C + [ ( β-diketono ) 4 E u ] " as the act ive 
species, where C + is a cat ion, either substituted a m m o n i u m , or, i n one 
case, N a + (27). I n the case of the benzoylacetonates a n d d i b e n z o y l -
methides, the tris chelates have been shown to be inact ive a n d to have 
quite different spectroscopic properties (2, 23, 30). 

Several articles (29) po int out that the most significant property of 
these compounds w h i c h l imits their usefulness as laser materials is their 
h i g h ultravio let ext inct ion coefficients, necessitating the use of extremely 
t h i n sections of l i q u i d ( ca. 1-6 m m . ) to achieve un i f o rm excitation of the 
solutions conta in ing the concentrat ion of chelate r e q u i r e d (ca. 1 0 " 2 M ) 
for laser act ion. A t present, i t appears that no attempts to overcome this 
fundamenta l l imi ta t i on b y us ing other europ ium derivatives w i t h l ower 
ext inct ion coefficients or b y different energy transfer paths (12, 16) have 
met w i t h success. T h e w i d e range of spectroscopic a n d chemica l be 
hav ior to be f ou nd w i t h i n this general class of compounds suggests that 
f r u i t f u l w o r k can be done t o w a r d o p t i m i z i n g those properties w h i c h are 
r e q u i r e d for efficient laser performance of the tetrakis β-diketono euro
p i u m chelates (9,21). 

W e shal l discuss the results of invest igat ing the effects of chemica l 
changes on the performance a n d spectroscopic properties of e u r o p i u m 
chelate laser materials . M u c h of our w o r k has been done w i t h the salts 
of tetrakis chelates of e u r o p i u m w i t h benzoyltri f luoroacetone ( B T F A ) . 
These materials were chosen for study because the h i g h room temperature 
photoluminescent q u a n t u m efficiency of e u r o p i u m fluorinated diketone 
derivatives, a n d the fact that several of t h e m h a d been observed to lase 
at room temperature ( i n acetonitri le ) suggested that, b y w o r k i n g at l o w 
temperatures, w e might be a l l o w e d considerable freedom i n invest igat ing 
the effect of v a r y i n g a n u m b e r of the chemica l properties of this system 
wi thout its be ing prevented, via excessive nonradiat ive energy losses, 
f r om exhib i t ing laser act ion. T h e chemica l effects to be considered here 
are those of solvent, l i g a n d benzene-r ing subst itut ion, the cat ion, a n d 
deuteration. 

F o r the w o r k discussed i n the f o l l o w i n g sections, w e have used as 
l o w temperature laser solvents for B T F A chelates a 2 :1 :1 mixture of 
β-ethoxypropionitrile, β-ethoxyethanol, a n d acetonitri le , ( E E A ) , w h i c h 
forms a clear m e d i u m to about 135 °K., a n d a mixture , reported b y 
Samelson, L e m p i c k i , a n d Brecher (26), of equa l parts of prop ion i t r i l e , 
butyroni t r i l e , a n d isobutyronitr i le ( "n i tr i le solvent") w h i c h seems to 
remain clear at l ower temperatures. 
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12. Ross A N D B L A N C Europium Chelates 157 

Effect of Solvent 

T h e dissociation of tetrakis chelates into mixtures of nonlas ing tris 
chelates ( a n d possibly lower forms ) a n d free diketonate an ion i n solution 
has been discussed extensively b y Brecher , Samelson, a n d L e m p i c k i (5 , 
26). These workers have shown that the degree of dissociat ion of a g iven 
c o m p o u n d is m a r k e d l y affected b y the nature of the solvent. F o r example, 
the p i p e r i d i n i u m salt of e u r o p i u m tetrakis benzoylacetonate was f o u n d 
to be 3 7 % dissociated into tris or lower forms i n a 3:1 ethanol -methanol 
solut ion at 93°K., w h i l e a d d i n g d i m e t h y l f o rmamide to this system i n 
creased the dissociat ion to 8 2 % . S i m i l a r l y , the d ibenzoy lmethane d e r i v a 
t ive showed a change f rom 43 to 5 1 % dissociat ion for the two solvent 
mixtures. I n this latter case, however , the reduct ion i n efficiency caused 
b y the increase i n dissociation is more than compensated for b y a different 
effect—that of an interact ion between the d imethy l f o rmamide a n d the 
remain ing tetrakis chelate ions (poss ib ly to f o r m a nine-coordinate c o m 
p l e x ) , w h i c h results i n a change i n the symmetry about the e u r o p i u m i on 
a n d thus the emission spectrum. T h e net effect is a considerable decrease 
i n the laser threshold of the a l coho l -d imethy l formamide solution. [ B y the 
term "laser thresho ld" w e mean that amount of energy ( i n these cases, 
the ultravio let l i ght p r o v i d e d b y a xenon flash tube) w h i c h must be de
l i vered to the laser device to b r i n g it to the po int at w h i c h the onset of 
laser act ion is observed.] 

T h e p i p e r i d i n i u m benzoyltri f luoroacetone der ivat ive shows even 
more interest ing behavior . I n the a lcohol mixture , it is complete ly d is 
sociated. A d d i n g d imethy l f o rmamide decreases the degree of dissociat ion 
to 4 7 % , w h i l e a so lut ion of this c o m p o u n d i n n i t r i l e solvents ( i n w h i c h 
the benzoylactonate is f ound to be complete ly dissociated ) even at r o o m 
temperature, is less than 1 0 % dissociated. T h e h i g h inherent q u a n t u m 
efficiency of this a n d closely re lated fluorinated chelates ( 1 5 ) , a n d the 
specific benefic ial effect of n i t r i l e solvents has permi t ted laser act ion to 
occur at room temperature w i t h , for example, p i p e r i d i n i u m ( B T F A ) 4 E u 
i n acetonitr i le (28). 

It appears that dissociation of tetrakis chelates i n so lut ion to give 
free l i g a n d anions ( w h i c h show phosphorescence l i fet imes l ong w i t h 
respect to those of i o n fluorescence) (4) is responsible for ïeports of the 
observation of b o t h molecu lar phosphorescence a n d i on fluorescence f r o m 
solutions of certain e u r o p i u m β-diketonates, the u n e q u a l l i fet imes of 
w h i c h l e d to the suggestion that energy transfer to the e u r o p i u m i o n 
came f rom a different tr ip let l eve l (or a h igher tr ip let l eve l ) t h a n that 
f rom w h i c h phosphorescence is observed. 

I n some cases, solvent molecules take part i n a chemica l react ion 
w i t h the chelate. F r y a n d P i r i e (14) have shown that b o t h heat a n d 
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158 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

ultravio let l ight brought about the format ion of acetophenone a n d e thy l 
acetate (reverse C l a i s e n condensation of the l igands ) i n a so lut ion of 
e u r o p i u m tris benzoylacetonate i n 3:1 ethanol -methanol a n d that this 
react ion, p r o b a b l y the cause of the " a g i n g " of these solutions noted b y 
L e m p i c k i a n d Samelson (19 ) , was accelerated b y a d d i n g p iper id ine . 

Besides inf luencing the propor t ion of tetrakis chelate present i n 
solut ion, solvents can also p lay a role i n the nonradiat ive deact ivat ion of 
the excited states of the chelate molecule especial ly at h igher tempera
tures. Before intramolecular energy transfer takes place, the l i g a n d 
singlet a n d tr ip let states are vu lnerable to quench ing . If the solvent 
molecules have energy levels be low those of the l igands, s imple quench 
i n g b y energy transfer f rom l i g a n d tr ip let to quencher tr iplet can occur 
as demonstrated b y B h a u m i k a n d E l - S a y e d (3 ) w h o observed that cis-
pipery lene quenched the fluorescence of europ ium thenoyltri f luoroacetone 
a n d trif luoroacetylacetone derivatives. 

V i b r a t i o n a l interactions of the solvent w i t h the electronic states of 
the chelate m a y also be expected to be a source of deact ivat ion. T h i s 
m a y par t ia l ly account for the shorter l i fetimes a n d lower q u a n t u m effi
ciencies reported for tris chelates w h i c h , l a c k i n g the fourth l i g a n d , are 
less w e l l shie lded f rom the solvent. T h i s process should increase i n 
importance as the gap increases between the tr ip let energy l eve l a n d 
the upper i o n leve l w h i c h receives this energy (see d iscussion b e l o w ) . 
W e have observed ( T a b l e I I I ) that w h i l e the q u a n t u m y i e l d of fluores
cence f rom ( B T F A ) 4 E u chelates increases b y about 4 0 % i n E E A on 
coo l ing f rom room temperature to 165 °K. it changes only 1 0 % i n the 
" n i t r i l e solvent," a n d the l i fe t ime change is about 1 0 % i n either solvent. 
Par t of this difference m a y be caused b y greater dissociat ion at room 
temperature i n E E A (poss ib ly caused b y the presence of the β-ethoxy-
e thano l ) , but there is a smal l but measurable difference i n the tr ip let 
levels (as determined b y measur ing the phosphorescence of the gado
l i n i u m chelates) i n the two solvents. I n E E A , the tr ip let lies s l ight ly 
be l ow the 5 D 2 E u level , but i n the n i t r i l e solvent there is an essentially 
exact m a t c h of these t w o levels. 

The Effect of Ring Substituent 

W e prepared a n u m b e r of derivatives of benzoyltri f luoroacetone 
bear ing substituents on the meta a n d para positions of the benzene r i n g 
a n d converted these to the corresponding e u r o p i u m tetrakis chelates. 
Schimitschek (33) has s tudied the nine B T F A derivatives obta ined b y 
subst i tut ing fluorine, ch lor ine , or b romine at the ortho, meta , or para 
pos i t ion of the r i n g . T a b l e I shows that substituents can have a con
siderable effect on the laser threshold of these compounds a l though the 
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12. Ross A N D B L A N C Europium Chelates 159 

q u a n t u m yields a n d li fetimes are less sensitive, a n d the effects (cf. 4-
fluoro ) m a y be smaller at l o w temperature. 

Table I. Effect of Ring-Substituent on Properties 
of E u [ B T F A ] 4 Chelates 

Substituent Cation Laser Τ δ ϋ 0 

Threshold0 msec. Reference 

4 - C H 3 0 - Piperidinium >4.00 f c — 0.56 present work 
3 ,4 -C l 2 - Piperidinium 3.31 6 0.75 d present work 

H 2,4,6-trimethylpyridinium 1.00 h 0.70d 0.63 present work 
4 - C F 3 2,4,6-trimethylpyridinium 3.14* 0.70d present work 
4-1 2,4,6-trimethylpyridinium 2.53 b 0.70d 0.58 present work 
4-F 2,4,6-trimethylpyridinium 1.5V 0.74 d present work 
4-F Dimethylammonium 1.0 e 0.67 e 0.63 33 
4-C1 Dimethylammonium 1.2 e 0.67 e 0.63 33 
3-C1 Dimethylammonium 1.2 e 0.67 e 0.63 33 
2-C1 Dimethylammonium 0.5 e 0.67 e 0.54 33 

a Normalized to [BTFA] 4 Eu pip = 1.00 with each combination of solvent and 
temperature. 
* At 168°K. in E E A . 
c At 294°K. in acetonitrile. 
d At 145°K. in E E A . 
6 Φ is the quantum yield of 5 D G —> 7 F2 E u fluorescence with the chelate irradiated in 
its ultraviolet absorption band; these values were obtained at room temperature in 
acetonitrile by comparison with the "standard" of Ref. 15. 

T h e r e appear to be three p r i n c i p a l ways that r i n g substituents c a n 
affect the over -a l l efficiency of energy transfer f rom l i g a n d to e u r o p i u m 
ion . F i r s t , the substituents can influence the pos i t ion of the tr ip let l eve l 
of the l i gand . It has been emphas ized (6,7, 8) that a good m a t c h of the 
tr ip let l eve l w i t h a n upper leve l of the e u r o p i u m i on ( i n these cases 5 D 2 ) 
is important for efficient energy transfer. Secondly , b y resonance a n d 
induc t ive effects, the substituent can change the electron density at the 
keto-enol oxygen atoms a n d thus affect the degree of covalency of the 
metal-to-oxygen b o n d a n d the ease of transmission of energy t h r o u g h 
these bonds. B y the same mechanism, the electronic effects of the sub
stituents can influence the chemica l s tabi l i ty of the chelate a n d affect the 
posi t ion of the dissociation e q u i l i b r i u m i n solution. O r t h o substituents 
can presumably p l a y an add i t i ona l role o w i n g to their steric effects. T h e 
larger the ortho substituent, the more it c o u l d be expected to influence 
the re lat ive positions of the four l igands around the e u r o p i u m atom. 
O r t h o substituents, b y some combinat i on of these mechanisms, seem to 
show the most pronounced effects on laser performance of B T F A chelates. 

Schimitschek (33) has shown that b y in t roduc ing an ortho halogen 
atom into the benzene r i n g of these compounds the room-temperature 
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160 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

laser threshold can be m a r k e d l y l owered , even though the q u a n t u m 
efficiencies of the resul t ing compounds are lower than that of the u n -
subst i tuted B T F A derivat ive . H e interprets the lower q u a n t u m efficiency 
of these compounds as caused i n part b y a shift of the energy of the 
l i g a n d tr ip let state a n d suggests that the lower laser threshold m a y be 
expla ined b y the observation that of the two p r i n c i p a l 5 D 0 —> 7 F 2 emission 
bands f ound at — 6120 a n d 6140A. at l o w temperature, the relat ive 
intensity of the lasing, shorter wave length transit ion is increased m a r k e d l y 
i n the ortho subst ituted chelates. S u c h a subtle change i n the details of 
the emission spectrum is exactly w h a t one w o u l d expect as a result of a 
m i n o r repos i t ioning of the l igands around the europ ium i o n brought 
about b y steric effects. 

T h e interp lay of the various effects of substituent is poor ly understood 
at present a n d deserves further study. 

The Effect of Cation 

W e have reported ( I ) that the emission spectra of so l id C + [ d i -
k e t o n o ) 4 E u ] ~ salts can be inf luenced b y the nature of the cat ion. Inas
m u c h as each tetrakis chelate anion must have a cat ion as its near ne igh 
bor i n the crystal latt ice, it w o u l d be expected that the size a n d other 
steric features of the cat ion c o u l d affect the preferred geometric arrange
ment of the four l igands around the europ ium i on so as to m i n i m i z e 
cat ion-anion interactions. Since the structural details of the e u r o p i u m 
fluorescence are determined b y the symmetry at the europ ium i o n site, 
sl ight rearrangements of the relative positions of the l igands w i l l change 
these features of the emission spectrum. 

W e were l ed to the conclusion that i n solut ion as w e l l , at least at 
l o w temperature, there is significant interact ion between the cat ion a n d 
the chelate anion , perhaps b y w a y of some sort of i on p a i r i n g . A l t h o u g h 
it showed on ly about 1 0 % more dissociat ion a n d no apprec iable differ
ence i n its usua l spectroscopic properties f rom the p i p e r i d i n i u m salt, the 
t e t rapropy lammonium salt of the benzoylacetone chelate d i d not undergo 
laser act ion. A cat ion effect is shown b y the data l i s ted i n T a b l e I I where 
the t e t rapropy lammonium i on shows an adverse effect on the laser be
hav ior of B T F A chelates as w e l l . 

A possible w a y i n w h i c h changes i n the cat ion might influence the 
chelate solutions, other than b y an i on p a i r i n g mechanism, is b y changing 
the pos i t ion of the e q u i l i b r i u m : 

C + [ L 4 E u ] - ±̂ L , E u + C L ; 

if C + is R 3 N H + : 

R 3 N H + L " ±̂ R 3 N + L H 
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12. Ross A N D B L A N C Europium Chelates 161 

where C + is the cat ion, L f is the diketonate anion, a n d L H is the neutra l 
β-diketone. 

T h e thermodynamic stabi l i ty of C + L " c o u l d c lear ly influence the pos i 
t i on of this e q u i l i b r i u m . T h e importance of this effect is shown b y the 
w o r k of R e i d e l a n d Char les (23) w h o prepared salts of [ ( B T F A ) 4 E u ] ~ 
w i t h 15 different subst ituted a m m o n i u m cations a n d observed a more 
than threefo ld change i n laser threshold at 0 ° C . on go ing f r om p i p e r i 
d i n i u m through q u i n o l i n i u m . T h e increase i n threshold rough ly paral le ls 
an increase i n the p K b of the amine f rom w h i c h the cat ion is der ived for 
those compounds w i t h other than quaternary a m m o n i u m ions, a n d for 
the q u i n o l i n i u m salt these workers showed that the extent of dissociat ion 
to tris chelate is about 4 0 % , as compared w i t h 1 0 % or less for the 
p i p e r i d i n i u m compound . 

Table II. Effect of Cation on Threshold of C + [ B F T A ] 4 E u 

Cation Threshold" Reference 
P i p e r i d i n i u m 1 . 0 0 b 2 4 ; present w o r k 
2 , 4 , 6 - T r i m e t h y l p y r i d i n i u m 1 . 0 0 b present w o r k 
I m i d a z o l i u m 1 . 0 9 b present w o r k 
T e t r a m e t h y l a m m o n i u m 1 . 1 6 e 24 
n - B u t y l a m m o n i u m 1 . 3 3 c 24 
P y r i d i n i u m 1 . 5 0 e 24 
T r i e t h y l a m m o n i u m 1 . 8 3 e 24 
T e t r a e t h y l a m m o n i u m 3.00 e 24 
T e t r a p r o p y l a m m o n i u m 3.00* 24 
T e t r a p r o p y l a m m o n i u m 1 . 6 2 b present w o r k 
Q u i n o l i n i u m > 3 . 0 e 24 

a These thresholds fall into two groups : the set reported in ref. 24, measured in aceto
nitrile at 273°K. and those of the present work, done in E E A at 140°K.; within each 
group, the values are normalized to [ B T F A ] 4 E u pip = 1.00 although the absolute 
value of the threshold is, of course, different under the two experimental conditions. 
b At 140°K. in E E A . 
e At 273°K. in acetonitrile. 
d At 243°K. in acetonitrile; presumably the figure compared with the piperidinium salt 
at the same temperature will be higher. 

I n one case, a change of the cat ion has been observed to shift the 
f requency of the laser emission. L e m p i c k i a n d co-workers (27) observed 
that a d d i n g sod ium acetate to a solution of p i p e r i d i n i u m tetrakis ( ben -
zoylacetono) e u r o p i u m i n an alcohol ic so lut ion changed the laser fre
quency f rom 6131 to 6114A. a n d suggested that here, a n e w species, " a n 
adduct of the tetrakis chelate a n d the cat ion, " is f o rmed w i t h a different 
symmetry. 

I n order to test for the poss ib i l i ty of i on p a i r i n g i n solut ion, w e 
w i s h e d to change the cat ion i n a w a y that w o u l d not d i s turb the dissocia
t i on e q u i l i b r i u m . B y subst i tut ing the deuterated p i p e r i d i n i u m ion , i n 
w h i c h the p iper id ine carbon-bound hydrogen atoms are rep laced b y 
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deuter ium, for n o r m a l p i p e r i d i n i u m , gives a new c o m p o u n d ( " [ B F T A ] 4 E u 
d10 p i p " ) i n w h i c h the steric effects, base strength, a n d degree of solvation 
of the cat ion shou ld be as near ly as possible the same as i n the undeuter -
ated salt. I f d irect interactions of the chelate electronic states w i t h the 
cat ion were to be important , a change i n the spectroscopic properties or 
laser behavior should be noted. 

Table III. Effect of Deuteration on Properties of 
Piperidinium [ B F T A ] 4 E u Chelates 

5 D 0 , msec. 
Chelate Solvent 

[ B T F A ] 4 E u p i p E E A * 
[ B T F A ] 4 E u p i p " n i t r i l e " c 

[ B T F A ] 4 E u p i p C H 3 C N 
[ B T F A ] 4 E u p i p C D 3 C N 
[ B T F A ] 4 E u d w p i p E E A 
[ d 5 B T F A ] 4 E u p i p E E A 
[ 4 B T F A ] 4 E u dw p i p E E A 
[ d 5 B T F A ] 4 E u d10 p i p C H 3 C N 
[ < i 5 B T F A ] 4 E u d w p i p " n i t r i l e " 
[<2 5 BTFA] 4 E u d w p i p C D 3 C N 
[ T F T B D 8 ] 4 E u p i p E E A 
[ T F T B D a ] 4 d1Q p i p E E A 

a Thenoyltrifluoroacetone. 
h See text. 
c 1:1:1 Butyronitr i le , isobutyronitrile, propionitri le. 
d Obtained by comparison to " s tandard" of Ref. 15. 

0.62 
0.63 
0.66 
0.70 
0.63 
0.65 
0.63 
0.69 
0.62 
0.69 

0.68 
0.70 
0.64 
0.66 
0.70 
0.68 
0.66 
0.66 
0.72 
0.71 
0.73 
0.70 

298° 168° 298° 168° 

0.35 0.59 

0.63 
0.63 
0.36 
0.40 
0.41 
0.63 

0.63 

0.59 
0.59 
0.59 

Relative Laser 
Threshold 
(168°K.) 

1.00 

0.64 
0.59 
0.47 

1.62 
0.99 

The Effect of Deuteration 

A s can be seen i n T a b l e I I I , deuterat ion of the p i p e r i d i u m i on i n the 
B T F A chelate d i d lower the threshold of laser act ion at l o w temperature 
a l though no significant change was noted i n the emission spectrum, 
q u a n t u m y i e l d , or l i fet ime of i o n fluorescence (25 ) . T h i s c lear ly d e m o n 
strates that, at least at l o w temperatures, the p i p e r i d i u m i on is sufficiently 
near the e u r o p i u m chelate cat ion to affect s ignif icantly some por t i on of 
the energy transfer scheme at h i g h i l l u m i n a t i o n intensities. T h i s finding 
p r o m p t e d us to prepare the corresponding compounds w i t h the five l i g a n d 
benzene r i n g hydrogen atoms also subst i tuted b y deuter ium. T h e result
i n g materials ( " d 5 B T F A " der ivat ives) also showed a significant decrease 
i n laser threshold at l o w temperature ( T a b l e I I I ) a l though at these 
temperatures the pert inent q u a n t u m yields a n d l i fet imes were , w i t h i n 
exper imental error, the same throughout the series of four compounds 
(25 ) . These threshold reductions were especial ly surpris ing . A l t h o u g h 
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12. Ross A N D B L A N C Europium Chelates 1 6 3 

F r e e m a n , Crosby , L a w s o n ( 1 3 ) , K r o p p , a n d W i n d s o r (17, 18) h a d re 
por ted that h y d r a t e d e u r o p i u m chlor ide crystals a n d aqueous solutions 
of e u r o p i u m salts, respectively, showed considerable enhancement of i o n 
fluorescence a n d l i fetimes u p o n subst i tut ion of H 2 0 b y D 2 0 , the latter 
workers have reported (37) that "wet " hydrocarbon solutions of the 
thenoyltri f luoroacetone chelate of europ ium showed no enhancement of 
q u a n t u m y i e l d a n d l i fet ime u p o n rep lac ing the H 2 0 present b y D 2 0 . 
T h e y suggested that whereas deuterat ion enhanced the fluorescent p r o p 
erties of the free ions b y i n h i b i t i n g nonradiat ive deact ivat ion of the 5 D 0 

leve l , the q u a n t u m efficiency of 5 D Q luminescence obta ined u p o n direct 
excitat ion of this l eve l (JO, 11) is a lready so h i g h i n the fluorinated d i -
ketone chelates (e.g. thenoyltri f luoroacetone) that deuterat ion of the 
environment should have l i t t le further enhanc ing effect. 

A d d i t i o n a l evidence w h i c h shows that the deuter ium enhancement 
of laser performance is not p r i n c i p a l l y caused b y an increased efficiency 
of the transfer of energy f r om l i g a n d to e u r o p i u m i on is p r o v i d e d b y the 
data i n T a b l e I V w h i c h show that the a lready short l i fe t ime of the tr ip let 
state i n the g a d o l i n i u m chelate is not at a l l changed b y deuterat ion of 
the l i g a n d or solvent. 

A s discussed be low, the lack of differences i n absorption, q u a n t u m 
y i e l d , fluorescence r iset ime a n d l i fet ime, or emission spectrum between 
" n o r m a l " a n d deuterated B T F A chelates at l o w temperature, suggests 
that deuterat ion of the l igands influences the energy transfer scheme at 
some point subsequent to the 5 D D —» 7 F 2 rad iat ive step. 

H a v i n g completed our survey of the " c h e m i c a l " aspects of the chelate 
laser, w e n o w proceed to examine the energy transfer a n d loss mechanisms 
i n these systems. 

Table IV. Phosphorescence Lifetimes of Piperidinium 
[ B F T A ] 4 L n Chelates at 77 °K . 

Ln Ligand Solvent msec. 

— B T F A ' ' EEAh 170 
L a B T F A 79 
G d B T F A 3.7 (1 .0 ) 
G d 4 B T F A 3.7 (1 .3 ) 
G d B T F A C H H C N 2.7 ( 0 .89 ) 
G d B T F A C D 3 C N 2.6 ( 0 . 87 ) 
G d 4 - I - B T F A E E A 2.6 (1 .5 ) 
L u B T F A E E A 9 5 

a P iper id in ium 
b See text. 

salt of benzoyltrifluoroacetone. a P iper id in ium 
b See text. 
c T h e plots of log intensity vs. t ime of the phosphorescence of the G d chelates were 
resolvable into two components; the slow one dominates i n E E A and the fast one 
dominates in (crystall ine) CH3CN. In E E A , this behavior is independent of concen
tration over the range 10" 2 to 1 0 ~ 4 M . 
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LIGAND STATES Eu** STATES 

kDi-^Do 

«6I20A k "|- f F0 

-900 cm-i 

Figure 1. Energy level diagram for BTFA chelates of Eu3+. The arrows show 
the principle possible paths of energy migration in the system occurring at 
rates k. The dark arrows indicate the population and depopulation routes for 
the laser transition, 5D0 —» 7F2 of Eu3\ Vibrational levels of the ligand and 

ligand field splittings in Eu3+ have been omitted for simplicity 

The Energy Transfer Scheme 

T h e efficiency of fluorescence a n d laser act ion of e u r o p i u m chelates 
depends i n t u r n on the over -a l l efficiency w i t h w h i c h the energy i n i t i a l l y 
absorbed f rom a q u a n t u m of u l travio let l ight b y the l i g a n d g round state 
—» excited singlet transi t ion is transferred to the 5 D 0 l eve l of the e u r o p i u m 
ion. T h i s mult is tep process, ind i ca ted b y heavy lines i n F i g u r e 1, w i l l 
be inf luenced b y compet i t ion at each step w i t h a n u m b e r of other proc 
esses resul t ing i n energy losses. It should be remembered that i n this 
s impl i f i ed d iagram, each process shown w i t h rate constant k is i n p r i n 
c ip le a combinat i on of radiat ive a n d nonradiat ive processes. 

T h r o u g h the efforts of several workers i n this field, i t is possible to 
develop a reasonably cogent assessment of the roles p l a y e d b y these 
various processes i n e u r o p i u m B T F A chelates. 

E n e r g y i n the l i g a n d excited singlet state, S* can either re turn to 
the ground state (ks*-+s) or undergo intersystem crossing to the tr ip let 
state Τ r ) . W e do not consider here direct transfer of energy 
f rom S* to the e u r o p i u m mani f o ld , for B h a u m i k a n d E l - S a y e d (3 ) have 
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12. Ross A N D B L A N C Europium Chelates 165 

energy is transferred to the e u r o p i u m ion . T h e radiat ive por t i on of the 
deact ivat ion of S * to the ground state can be est imated f r om the absorp
t ion coefficient to be ca. 10 8 sec . - 1 , a n d B h a u m i k a n d E l - S a y e d (3 ) have 
est imated the intersystem crossing rate (k8*^T) to be 1 0 1 1 sec." 1 i n two 
established that no more than 1 0 % of the e u r o p i u m fluorescence arrives 
through this route, a n d the w o r k of C r o s b y a n d co-workers (6, 7, 8), 
H e l l e r a n d W a s s e r m a n (16 ) , a n d E l - S a y e d a n d B h a u m i k (12) have a l l 
p r o v i d e d firm evidence that the l i g a n d tr ip let is the source f rom w h i c h 

fluorinated europ ium chelates, w h i c h al lows est imation of s*—*r a s œ 

10 3 . T h e fact that the l i gand tr ip let state i n e u r o p i u m chelates c om
petes successfully w i t h the ground state for S* energy is supported 
b y consider ing the luminescence spectra of other lanthanide chelates. I n 
our study of ( B T F A ) 4 L n chelates w e have conf irmed the observations 
made i n i t i a l l y b y Yuster a n d W e i s s m a n ( 38 ) that chelates of L a a n d L u 
show, at l o w temperatures, bo th molecular fluorescence a n d phosphores
cence, w h i l e G d chelates show on ly phosphorescence. Since k8*—>s shou ld 
not be signif icantly changed on changing the lanthanide i on , this suggests 
that ks*-*T is increased i n the G d compound , an effect a t t r ibuted b y 
Yuster a n d W e i s s m a n to the fact that G d 3 + is paramagnet ic , (as is E u 3 + ) 
w h i c h leads to an increase i n the m i x i n g of the singlet a n d tr ip let w a v e 
functions i n the G d compounds a n d thus to an increase i n the transi t ion 
probabi l i t ies between them. T h i s interpretat ion receives further support 
f r om the effect of the lanthanide i on on the phosphorescence l i fetimes ( i n 
this case, intersystem crossing between tr ip let a n d ground state singlet, 
l/kT-+s) of these compounds ( T a b l e I V ) . T h e decrease i n l i fet ime on 
going f rom the free B T F A " an ion to [ ( B T F A ) 4 L a ] ~ a n d [ ( B T F A ) 4 L u ] ~ 
is presumably at t r ibuted to a n o r m a l "heavy a tom" effect, w h i l e the 
further decrease on go ing to the G d chelate can again be expla ined as a 
result of the paramagnet ism of G d . 

T h i s enhancement of intersystem crossing b y c o m b i n i n g heavy atom 
a n d paramagnet ic effects explains the relat ive insensit iv i ty of the G d 
phosphorescence l i fe t ime ( T a b l e I V ) to any add i t i ona l heavy atom effect 
(as i n the chelate w i t h i o d o - B T F A ) , or to deuterat ion of solvent or l i g a n d 
w h i c h , b y i n h i b i t i n g nonradiat ive deact ivat ion, usual ly increases the l i f e 
t ime of organic phosphorescence. T h i s insensit iv i ty of the l i fe t ime of the 
G d chelate permits us to assign the value of ca. 3 Χ 10 2 sec." 1 as the 
intr ins ic radiat ive rate for the tr ip let state for G d B T F A chelates, a n d a 
s imi lar value should a p p l y for the E u compounds. 

There are two pathways avai lable to the l i g a n d tr ip let state energy. 
It can decay to the ground state (kT^8) or i t can be transferred to the 
e u r o p i u m ion . C r o s b y a n d co-workers showed that the fluorescence effi
c iency of e u r o p i u m chelates, or i n other words kT-*D, increases as the 
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166 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

l i g a n d tr ip let state more closely matches one of the 5 D ion levels. W h i l e 
data on the value of k T ^ 1 } are not avai lable for B T F A chelates, B h a u m i k 
a n d E l - S a y e d have shown that for thenoyltri f luoroacetone a n d hexafluoro-
aceacetylacetone chelates of europ ium at room temperature, kT-*» is ca. 
1 0 1 0 sec" 1. O f these two h i g h l y efficient chelates, the former has a tr ip let 
leve l s l ight ly be l ow the e u r o p i u m 5 D 2 l eve l w h i l e that of the latter is 
s l ight ly above. Since i n B T F A chelates, the tr iplet c losely matches 5 D 2 , 
w e can reasonably assume the same value for k T ^ n i n these c om
pounds. T h i s rate is sufficiently h i g h to prec lude any significant direct 
depopulat i on of the tr iplet l eve l to the g r o u n d state at l o w temperatures. 

Since w e have argued that bo th k8*—> τ a n d kT—> ·/> are m u c h faster 
than any compet ing processes, we conc lude that, at l o w temperature i n 
undissoc iated e u r o p i u m ( B T F A ) 4 chelates, the over -a l l q u a n t u m effi
c iency of popu la t i on of the 5 D 2 l eve l is near ly uni ty . Tables I a n d III 
show, however , that even under the most favorable combinations of sol 
vent, temperature, a n d chemica l structure, the over -a l l q u a n t u m efficiency 
for 5 D 0 —> 7 F 2 emission, w h i c h comprises more than 9 5 % of the total 
luminescence for these compounds, never exceeds about 6 0 % . 

W i n d s o r a n d his co-workers (10, I I ) have shown, b y direct excita
t i on of the 5 D levels i n a n u m b e r of europ ium compounds, that the 
q u a n t u m y i e l d of 5 D G fluorescence decreases progressively as one suc
cessively excites f ) D 0 , 5 D i , a n d 5 D 2 . W h i l e the y i e l d on direct excitation 
of 5 D 0 is quite dependent on the part i cu lar c o m p o u n d a n d m e d i u m (the 
value is 0.82 for the thenoyltri f luoroacetone chelate i n acetone so lut ion ) , 
the proport ion of the energy lost between e.g. r , D 2 a n d r > D 0 w i t h i n a g iven 
c o m p o u n d is rather insensitive to changes i n the environment. These 
nonradiat ive processes f rom 5 D 2 a n d r , D i , whose nature is not understood, 
w o u l d appear to be responsible for most of the ca. 4 0 % energy loss i n 
these materials . 

O n c e the energy arrives at r > D G , it is emitted to 7 F 2 w i t h h i g h effi
c iency. Nonrad ia t i ve processes f rom r > D 0 are almost complete ly l a c k i n g 
i n ( B T F A ) 4 E u chelates i n n i t r i l e solvents as is ind i ca ted b y the relat ive 
insensit iv i ty of the l i fet ime of the r , D 0 —» 7 F 2 emission to changes i n 
environment a n d temperature. 

T h e last step we consider is the re turn of the e u r o p i u m i on to the 
g r o u n d state, 7 F 2

 7 F 0 . T h e rate, kF2-+ F o , does not influence the q u a n 
t u m y i e l d or l i fe t ime of n D 0 ~"* 7 F 2 emission, but it can be of paramount 
importance i n determin ing laser performance. E v e n wi thout deta i led 
mathemat i ca l analysis, it is clear that i f kF2r+ F q is m u c h slower t h a n kDo 

_*.F2> no net invers ion of 5 D 0 can be obta ined under steady state c o n d i 
tions since the energy w i l l t end to p i le u p i n the 7 F 2 level . There is no 
direct exper imental evidence dea l ing w i t h the magni tude of kFr-+Fo, but 
the only w a y w e have been able to rat ional ize the decreases i n laser 
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12. Ross A N D B L A N C Europium Chelates 167 

threshold brought about b y deuterat ion of ( B T F A ) 4 E u p i p is to assume 
that it is this rate w h i c h is contro l l ing the over -a l l process. T h e separation 
between 7 F 2 a n d 7 F D is 900 c m . 1 . It is not unreasonable to expect Ιϊρ^—*- FQ 

to be signif icantly affected b y the ava i lab i l i t y of molecu lar v ib ra t i ona l 
modes w i t h this energy. I n the case of the d 5 B T F A chelates, w e have 
observed the appearance of n e w absorptions i n the in f rared spectrum at 
875, 842, a n d 830 cm. " 1 shi fted to these values f r om aromatic C - H in -p lane 
deformations seen at 1105, 1082, a n d 1070 cm. " 1 i n the undeuterated 
compounds . 

W e have not been able to arr ive at theoret ical values for kFr^Fo, b u t 
i f our interpretat ion is correct, then for the undeuterated c o m p o u n d it must 
be of the same order as KDo-*F2, a n d larger ( b y a factor of two or more ) 
i n the d 5 B T F A chelates. 

I n conclusion, a l though a deta i led out l ine of bo th the chemistry a n d 
energy transfer processes i n β-diketonates of E u 3 + has emerged i n the last 
f ew years, it is c lear that m u c h exper imental a n d theoret ical w o r k needs 
to be done, especial ly on chelate-solvent interactions a n d energy loss 
mechanisms w i t h i n the e u r o p i u m i o n m a n i f o l d . 
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Complexes of the Rare Earths 

N-Substituted Iminodiacetic Acids 

LARRY C. THOMPSON, BARBARA L. SHAFER, JOHN A. EDGAR, and 
KATHLEEN D. MANNILA 

University of Minnesota, Duluth, Minn. 

The solution stabilities of the rare earth complexes with 
N-methyliminodiacetic acid, N-benzyliminodiacetic acid, 
N-phenyliminodiacetic acid, N-methoxyethyliminodiacetic 
acid, and N-methylmercaptoethyliminodiacetic acid have 
been measured at 25°C. and μ = 0.1 (KNO3). The linear 
relationship between the pk values for the ionization of the 
ammonium proton and the log K1 values for terdentate 
iminodiacetate ligands is demonstrated. This relationship is 
used to provide a measure of the free energy of formation 
of the third chelate ring in quadridentate iminodiacetates. 

The relative affinities of the HO—, CH3O—, CH3S—, 

and groups for the rare earth ions in this type 

of compound have been determined. 

" p \ u r i n g the past several years a significant research effort has been 
a p p l i e d to the aqueous coordinat ion chemistry of the rare earth ions. 

M u c h data have been obta ined concerning the affinity of these ions for 
a var ie ty of l igands (9). W e have been concerned w i t h the stabi l i ty 
constants for the s imple aminopo lycarboxy l i c a c i d chelates b u i l t u p o n 
the iminodiacetate structure a n d conta in ing a fourth potent ia l ly b o n d i n g 
group subst i tuted on the ni trogen atom (14, 15). Var i ous evidence 
indicates strongly that these species i n aqueous solut ion use m e t a l co
ord inat ion numbers larger than six. It has also been f o u n d that the 
hydroxy a n d p y r i d y l groups possess large affinities for the rare earth ions, 
a n d the latter m i g h t poss ibly be the stronger donor group, at least i n 
this type of c ompound . 

169 
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T o obta in a semiquanti tat ive estimate for this enhancement, w e 
dec ided to use the approach of Schwarzenbach i n a s imi lar s tudy w i t h 
d iva lent meta l ions (12). T h i s approach is based on the assumption that 
for l igands of essentially the same structure a l inear re lat ionship should 
exist between the ac id dissociat ion constants of the l igands a n d the sta
b i l i t y constants of the meta l chelates w h i c h they f o rm w i t h a single meta l 
i on . T h e l igands used to establish this l inear re lat ionship are N - s u b s t i -
tuted iminod iacet i c acids i n w h i c h the N-subst i tuent is not capable of 
b o n d i n g to the meta l i on . W h e n the N-subst i tuent contains a group w h i c h 
can f o rm an add i t i ona l b o n d to the meta l , it is f ound that the re lat ionship 
between the a c i d dissociat ion constant a n d the stabi l i ty constant is such 
that a posit ive dev iat ion f r om the base l ine is obtained (12). T h e m a g n i 
tude of this dev iat ion shou ld be re lated to the free energy of f o rming 
this add i t i ona l chelate r i n g ( i.e., i t is re lated to the affinity of the b o n d i n g 
group for the meta l i o n i n this par t i cu lar s t ructure ) . I n this w a y , semi
quant i tat ive estimates of the affinities of various donor groups ( or atoms ) 
for a g iven meta l i o n can be obta ined . 

T h e s tructural formulas for the l igands w h i c h are discussed i n this 
paper are g iven be low. 

,CH 2C00H 

k CH 2 C00H 

(iminodiacetic acid) I 
(N-methyliminodiacetic acid) II 

(N-benzyliminodiacetic acid) III 

(N-phenyliminodiacetic acid) I V 

(N-hydoxyethyliminodiacetic acid) V 
(N-methoxyethyliminodiacetic acid) V I 
(N-methylmercaptoethyliminodiacetic acid) V I I 

( N- ( 2-picolyl ) iminodiacetic acid ) VI I I 

( N - ( 6-methyl-2-picolyl ) iminodiacetic acid ) I X 

T h e exper imental results for l igands I , V , V I I I , a n d I X have been 
g iven i n previous communicat ions i n this series of papers. 

Experimental 
Preparation of Ligands. T h e l igands used i n this study were pre 

p a r e d b y methods g iven i n the l i terature : N-methy l iminod iaee t i c a c i d 
(4); N - b e n z y l i m i n o d i a c e t i c a c i d (4); N - p h e n y l i m i n o d i a c e t i c a c i d ( 7 ) ; 

R = H -

= C H 3 -

s H0CH 2 CH-

= C H 3 O C H 2 C H 2 -

= C H 3 S C H 2 C H 2 -
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13. T H O M P S O N E T A L . Complexes of Rare Earths 171 

N-methoxyethy l iminod iace t i c a c i d (12) a n d N - m e t h y l m e r c a p t o e t h y l i m i -
nodiacet ic a c id ( 12). T h e latter two acids were prepared b y direct ac t ion 
of chloroacetate on the amine e l iminat ing the preparat ion of the d i m e t h y l 
ester. T h e preparat ion of the free a c i d was then carr i ed out as descr ibed 
b y Schwarzenbach . T h e products were checked for p u r i t y either b y 
de termin ing their m e l t i n g points, b y e lemental analysis or b y a satisfac
tory agreement between the pfc 2 values i n T a b l e I I w i t h those i n the 
l i terature. ( F o r l igands I I , I V , V I , a n d V I I Schwarzenbach reported pfc 2 

values at 20 °C . a n d μ — 0.1 as 9.65, 4.96, 8.96, a n d 8.91. F o r l i g a n d I I I 
A n d o reported pfc 2 at 25°C . a n d μ = 0.1 as 8.90.) 

T a b l e I . E x p e r i m e n t a l D a t a for L i g a n d V I a n d L a n t h a n u m 
25°C., iu = 0 .1M ( K N 0 3 ) 

C 3+ aa pH 

1.957 X 10*- 0.979 X 10*- 1.100 4.18 
1.955 0.978 1.150 4.32 
1.952 0.976 1.225 4.55 
1.951 0.976 1.250 4.62 
1.950 0.975 1.275 4.68 
1.949 0.975 1.300 4.77 
1.947 0.974 1.350 4.93 
1.946 0.973 1.400 5.09 
1.944 0.972 1.450 5.24 
1.942 0.971 1.500 5.41 
1.940 0.970 1.550 5.58 
1.938 0.969 1.600 5.77 
1.936 0.968 1.650 5.95 
1.934 0.967 1.700 6.15 
1.933 0.967 1.725 6.24 
1.932 0.966 1.750 6.38 
1.931 0.966 1.775 6.49 
1.931 0.966 1.800 6.62 
1.929 0.965 1.850 6.93 
1.927 0.964 1.900 7.32 

a T h e value of a is moles of base added per mole of l igand. 

Solutions. T h e solutions were prepared a n d s tandardized as de
scr ibed prev ious ly (13). 

Procedure . T h e direct p H method descr ibed previous ly was used to 
determine the s tabi l i ty constants (13). T h e solutions used h a d a l i g a n d 
to meta l rat io of about 2:1 a n d the concentrat ion leve l was about 0 .001M 
rare earth ion . A l l solutions were made u p to ionic strength 0 . 1 M us ing 
potassium nitrate. E x p e r i m e n t a l data for one system are g iven i n T a b l e I . 

C a l c u l a t i o n s . D a t a for l igands I I , I I I , I V , V I a n d V I I , w h i c h are 
reported for the first t ime, were reduced to stabi l i ty constants us ing the 
p r o g r a m Gauss G modi f ied for the I B M 1620 computer (17). T h e i n p u t 
data for the computer program have been deposited as D o c u m e n t N u m 
ber 9694 w i t h the A D I A u x i l i a r y Publ i cat ions Project , Pho todup l i ca t i on 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

13



172 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T a b l e I I . F o r m a t i o n Constants f o r 
w i t h R a r e 

T = 25°C., 

I II III IV 
log K2 logK, log K2 logK, 

PK = pkt = 
2.60 2.15 

Metal pk2 = pk2 = pkj = pk2 = pk2 = 
Ion 9.33 2.33 9.63 2.04 8.89 5.05 

L a 3 + 5.89 6.23 4.70 5.42 3.99 2.6 
C e 3 + 6.19 6.46 4.89 5.75 4.26 2.5 
P r 3 + 6.41 6.70 5.22 5.84 4.51 2.5 
N d 3 + 6.51 6.71 5.13 5.99 4.44 2.73 
S m 3 + 6.67 6.85 5.41 6.06 4.64 2.79 
E u 3 + 6.73 6.92 5.40 6.07 4.60 2.81 
G d 3 + 6.69 6.90 5.37 6.09 4.60 2.85 
T b 3 + 6.75 7.11 5.63 6.33 4.85 2.98 
D y 3 + 6.88 7.18 5.68 6.36 4.85 2.81 
H o 3 + 6.97 7.21 5.69 6.35 4.90 2.87 
E r 3 + 7.04 7.40 5.94 6.54 5.09 2.94 
T m 3 + 7.20 7.47 6.00 6.59 5.15 2.82 
Y b 3 + 7.40 7.59 6.14 6.69 5.26 2.84 
L u 3 + 7.58 7.60 6.20 6.70 5.32 2.70 
Y 3 + 6.76 7.02 5.54 6.18 4.75 2.64 
Z n 2 + 7.74 6.25 7.06 3.52 
C d 2 + 6.71 5.43 
C u 2 + 6.62 
N i 2 + 3.70 
C a 2 + 3.21 
a T h e 9 5 % confidence levels for the log K\ values is ± 0.02 and for the log K 2 values 
lanthanum, cerium, and praseodymium and ± 0.04 for the remainder. 

I - [ H ] [ H A ] . , _ [ H ] [ A ] 
K t ™ [ H 2 A ] ' 2 ~~ [ H A ] 

Service , L i b r a r y of Congress, W a s h i n g t o n 25, D . C . , 20540. A copy m a y be 
secured b y c i t ing the document number a n d b y remi t t ing $3.75 for 
photoprints , or $2.00 for 35 m m . micro f i lm. A d v a n c e payment is re 
q u i r e d . M a k e checks or money orders payable to : C h i e f , P h o t o d u p l i c a 
t i on Service, L i b r a r y of Congress. 

Results 

T h e results w h i c h were obta ined for the a c id dissociation constants 
a n d the format ion constants for the rare earth chelates are g iven i n T a b l e 
I I a long w i t h the l og Kt values for the l igands w h i c h were s tudied earlier. 
W e have i n c l u d e d the measured values for some other ions w h i c h were 
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13. T H O M P S O N E T A L . Complexes of Rare Earths 173 

iV-Substituted Iminodiacetic Acids 
Earth Ionsa 

μ = 0.1 ( K N 0 3 ) 

V 

log Kt 

p k 2 = 
1.91 

PK = 
8.72 

8.00 7.14 
8.46 7.54 
8.64 7.75 
8.80 7.84 
9.10 7.98 
9.10 7.99 
9.01 7.88 
9.08 7.97 
9.08 8.06 
9.18 8.06 
9.24 8.16 
9.35 8.27 
9.38 8.39 
9.50 8.42 
9.22 7.70 

8.38 

VI 
log K i log K , 

VII 
log K i log K2 

VIII IX 
log Kt log K J 

PK = 
2.6 3.46 

pk2 = pkt = pk2 = pk2 = pk2 — 
8.95 2.00 8.89 8.21 8.30 

5.94 5.59 4.09 7.80 5.72 
6.48 5.92 4.54 8.30 6.00 
6.89 6.08 4.57 8.53 6.18 
7.10 6.19 4.91 8.64 6.28 
7.59 6.31 4.99 8.92 6.57 
7.59 6.24 5.03 8.92 6.76 
7.63 6.18 4.96 8.76 6.71 
7.68 6.24 5.04 8.87 7.16 
7.48 6.41 5.09 9.00 7.23 
7.23 6.38 5.13 9.07 7.30 
7.02 6.63 5.27 9.25 7.42 
6.69 6.60 5.40 9.40 7.54 
6.54 6.70 5.43 9.60 7.65 
6.52 6.71 5.47 9.72 7.60 
6.96 6.18 4.87 8.63 6.84 

8.34 4.44 

4.66 3.41 

is ± 0.04 or better in all cases except for ligand IV where the values are ± 0 . 1 for 

. K _ [MA] [ M A 2 ] 
' l ~ [M] [A ] ' * 2 - [MA] [A] 

used to check our exper imental procedure a n d our procedure for c a l c u 
la t ing the stabi l i ty constants. A comparison of our results for these ions 
w i t h those i n the l i terature ( g iven i n T a b l e I I I ) shows satisfactory agree
ment i n a l l cases ( I , 12). Va lues for log Kx a n d log K2 for the rare earth 
complexes of l igands I I a n d I I I have appeared prev ious ly ( 5 ) , bu t there 
is a serious d iscrepancy between our values a n d these. W e feel that our 
results are the correct ones for the f o l l o w i n g reasons: (1 ) our values for 
the contro l ions ( C a 2 + a n d / o r Z n 2 + ) are i n excellent agreement w i t h the 
l i terature. (2 ) T h e values reported for l i g a n d I I I b y H e r i n g are greater 
than the values for l i g a n d I I , even though the latter is more basic b y 
0.7 p K units. F o r a l l the other metals w i t h w h i c h these l igands have 
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Table III. Formation Constants for N-Substituted Iminodiacetic Acids 
With Metal Ions Used to Check Experimental Procedure 

M n + Ligand T, ° c . μ log K 1 log K2 Ref. 

Z n 2 + II 20 0.1 7.66 6.43 12 
C d 2 + II 20 0.1 6.77 5.75 12 
C u 2 + II 20 0.1 6.83 12 
Z n 2 + III 25 0.1 6.97 1 
C a 2 + III 25 0.1 3.13 1 
Z n 2 + I V 20 0.1 3.22 12 
N i 2 + I V 20 0.1 3.53 12 
Z n 2 + V I 20 0.1 8.43 12 
C a 2 + V I 20 0.1 4.53 12 
Z n 2 + V I I 20 0.1 8.28 4.50 12 
C a 2 + V I I 20 0.1 3.34 12 

been studied , the reverse, as expected, has been found . O u r results for 
the rare earths are consistent w i t h this t rend . 

I n order to determine the extra stabi l i ty caused b y the b o n d i n g 
groups i n the fourth posit ion, i t was necessary to construct a base l ine 
us ing l igands I , I I , I I I , a n d I V . T h i s base l ine , l og Kt = a pk2 + b, for 
L a 3 + a n d for Z n 2 + , us ing data determined i n our laboratory, is p lo t ted i n 
F i g u r e 1. T h e extra stabi l i ty of the other l igands was obta ined b y measur
i n g the dev iat ion f rom this l ine . T h e values w h i c h were obta ined are 
l isted i n T a b l e I V . T h i s extra s tabi l i ty for z inc a n d the C H 3 0 — a n d 
C H 3 S — groups at 25 °C . compares w e l l w i t h S c h w a r z e n b a c h s values at 
20 °C . (1.6 a n d 1.4 respect ive ly ) . 

Discussion 

T h e trends i n the format ion constants of the complexes reported 
here are m u c h the same as reported prev ious ly for s imi lar l igands. T h e 
over -a l l behavior of the chelates of N - b e n z y l i m i n o d i a c e t i c a c id a n d N -
methy l iminod iace t i c a c i d is v i r t u a l l y i dent i ca l to that of iminod iacet i c 
a c i d itself (13). T h e only major difference is a t t r ibuted to the different 
basicities of the l igands w h i c h determines the absolute magni tude of the 
log K i values but has l i t t le affect on the trends f r om one meta l i o n to 
another. F o r bo th l igands, the posit ion of y t t r i u m is i n the heavy earths 
for bo th log Kt a n d log K2, a l though the actual va lue is s l ight ly less than 
the ' n o r m a l " value. 

T h e l i g a n d N - p h e n y l i m i n o d i a c e t i c a c i d is a re lat ive ly weak c o m 
p lex ing agent for the rare earths, be ing about as effective as the s imple 
hydroxycarboxy l i c acids h a v i n g approx imate ly the same pfc va lue ( 9 ) . 
T h i s l i g a n d was prev ious ly shown to be a weak chelat ing agent for 
d iva lent meta l ions (12). 
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8 

7 

6 

Log K, 

5 

3 

1 1 1 I 1 I 
VII 

Ο V fy/ 
VIII 

*τ II — 

/ i l l 

-

χ ° 

-
Z n y 

-

/ X LQ 

/ I V 

i I L I 1 1 
5 6 V , 8 

. Plots of log v s . pk2 for Zn2' 

9 10 

(Δ) and L a 5 + 

Table IV. Values of Δ (log K i Experimental—Κχ Interpolated) 
for Potentially Quadridentate Ligands 

Ligand" 

Metal 
Ion 

V VI VII VIII IX 
Metal 

Ion (HO—) (CHsO—) (CH3S—) Η JO-
L a 3 + 2.6 1.6 0.0 2.8 0.6 
C e 3 + 2.8 1.7 0.1 3.1 0.7 
P r 3 + 2.8 1.7 0.1 3.2 0.8 
N d 3 + 2.9 1.7 0.1 3.2 0.7 
S m 3 + 3.1 1.7 0.1 3.3 0.9 
E u 3 + 3.0 1.7 0.0 3.3 1.1 
G d 3 + 3.0 1.6 0.0 3.2 1.0 
T b 3 + 2.9 1.5 - 0 . 1 3.1 1.3 
D v 3 + 2.8 1.6 0.0 3.2 1.4 
H o 3 + 2.9 1.5 - 0 . 1 3.2 1.4 
E r 3 + 2.8 1.5 0.0 3.3 1.4 
T m 3 + 2.8 1.5 - 0 . 1 3.4 1.4 
Y b 3 + 2.7 1.5 - 0 . 1 3.5 1.5 
L u 3 + 2.8 1.5 - 0 . 1 3.5 1.3 
γ3+ 3.1 1.4 - 0 . 1 3.0 1.5 
Z n 2 + 1.4 1.4 3 .7 b 

a T h e values are considered to be reliable to about ± 0.2 log Κ units. 
ftThis was determined from the value of log Ki reported by I rv ing and da Si lva ( 6 ) . 
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N-methoxyethy l iminod iace t i c a c id forms rare earth complexes w h i c h 
are m u c h more stable than those formed b y N - b e n z y l i m i n o d i a c e t i c a c id 
even though the pfc values are near ly the same. T h i s suggests that the 
methoxy group is coordinated i n the 1:1 complexes (15 ) . T h e over -a l l 
t rend i n the format ion constants is m u c h the same as has been reported 
for N-hydroxye thy l iminod iace t i c a c id (14). T h e 2:1 constants essentially 
para l l e l those of l i g a n d V , i n c l u d i n g the reg ion of m a r k e d decrease f r om 
t e r b i u m to lu te t ium. ( W i t h l i g a n d V this m a x i m u m comes one element 
later at dyspros ium. ) T h i s w o u l d seem to suggest that the methoxy 
group is coordinated i n the 2:1 complex as w e l l . Since the methoxy 
group is somewhat b u l k i e r than the hydroxy group, i t w o u l d be expected 
that any steric effect w o u l d be greater i n the former complexes. T h e 
decrease i n l og K2 values i n the heavy rare earths is m u c h larger for the 
methoxy compound , i n agreement w i t h the postulate of a coordinat ion 
n u m b e r larger than six a n d par t i c ipat i on of the methoxy group i n both 
the 1:1 a n d 2:1 complexes. 

T h e final l i g a n d w h i c h was s tudied , N -methy lmercaptoe thy l imino -
diacet ic a c id , has a pfc value ident i ca l to that of N - b e n z y l i m i n o d i a c e t i c 
a c id , a n d the two l igands f o rm rare earth complexes of almost the same 
stabi l i ty . T h i s w o u l d indicate that the thioether group is not b o n d i n g to 
the rare earth ion . T h e general t rend i n the log Kt values for this poten
t ia l l y quadr identate l i g a n d thus fol lows that of l igands I, I I , a n d I I I , a l l 
of w h i c h are terdentate only. L o g K2 values f o l l ow the same regular 
t rend as log K2 values of these terdentate l igands. Since for a l l other 
potent ia l ly quadr identate l igands w h i c h have been studied , there is a 
m a x i m u m fo l l owed b y a sharp decrease i n the values of log K2, this is 
add i t i ona l conf irmation that the thioether group is not an effective donor 
for the rare earths i n aqueous solution. 

E x a m i n i n g the data i n T a b l e II shows some interest ing relationships 
among various types of donor atoms. T h e rare earth ions are t y p i c a l 
Class A meta l cations ( I I ) [or " h a r d " acids i n the Pearson sense ( 1 0 ) ] 
a n d should complex i n aqueous solut ion strongly to oxygen donors. T h e 
extra stabi l i ty caused b y c los ing the t h i r d chelate r i n g should then be 
larger for the H O — a n d C H 8 0 — groups than for the C H 3 S — group. T h e 
values of Δ (0.1 to —0.1) indicate that the C H 3 S — group essentially does 
not coordinate to the rare earth ions a n d confirms the previous studies 
i n w h i c h such behavior was ind i cated for s imple acids such as S-ethyl -
th iog lyco l i c a c i d ( 3 ) . It is also of interest to note that whereas w i t h the 
transit ion metals w h i c h were studied b y Schwarzenbach ( 12 ) the C H 3 S — , 
H O — , and C H a O — groups were of near ly the same effectiveness as do
nors, there is m u c h more select ivity i n the rare earths. A comparison of the 
Δ values for the C H 8 0 — group indicates that only l ead ( Δ = 2.3) a n d 
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13. T H O M P S O N E T A L . Complexes of Rare Earths 177 

copper ( Δ = 1.9) are s tab i l i zed to a greater extent than the rare earth 
ions. F o r a l l the d iva lent meta l ions s tud ied prev ious ly there is essentially 
no d i s c r iminat ion between the H O — a n d C H 3 0 — groups. F o r the rare 
earth ions, there is a large difference i n the effectiveness of these two 
groups as donors, w h i c h amounts to an add i t i ona l s tabi l izat ion of between 
1 a n d 1.7 log Κ units for the H O — group. 

A l og i ca l explanation for these observations w i t h regard to the H O — , 
C H 3 0 — , a n d C H 3 S — groups can be obta ined us ing the usual electrostatic 
arguments for the interactions between these groups a n d the tr ivalent 
rare earth ions (8). T h e increased stabi l i ty w i t h the H O — group c o u l d 
possibly be re lated to the smaller steric interact ion i n complexes w h i c h 
have the large coordinat ion n u m b e r apparent ly characterist ic of the rare 
earths. 

T h e most surpr is ing a n d p u z z l i n g observation is the large value of 
Δ for l igands V I I I a n d I X w h i c h contain the p y r i d y l group as the fourth 
donor atom. T h e difference between the values for the two l igands is 
expl icable on the basis of steric h indrance of the m e t h y l group i n l i g a n d 
I X as discussed previous ly (15 ) . T h e absolute values of Δ for l i g a n d 
V I I I w i t h the rare earth ions are only s l ight ly less than for Z n 2 + , C o 2 + , and 
P b 2 + ( Δ — 3.5-4.0) a n d considerably larger than for some of the other 
meta l ions w h i c h have been invest igated (6). T h e reason for this is s t i l l 
obscure, par t i cu lar ly i n v i e w of the observation that on this basis the 
p y r i d y l group, i n the type of c o m p o u n d under consideration, is a more 
effective donor t o w a r d the rare earth ion than is the H O — group. Previous 
studies have shown that the p y r i d y l group does coordinate to the rare 
earth ions (16), but it w o u l d be expected that the H O — group should 
b o n d more strongly. 

I r v i n g a n d d a S i l v a (6) po int out that comparisons us ing the r e l a 
t ionship log Κ = a pfc -f- b are mis lead ing since for different ions the 
slopes can be qui te different a n d cause a reversal i n the order of s tab i l i 
ties. A l t h o u g h this is unquest ionably true for the diverse metals w h i c h 
they were consider ing, it is not true w h e n the meta l ions are qui te s imi lar . 
T h e two l igands under considerat ion have close pfc2 values so that the 
uncertainties are m i n i m i z e d . W e are more i n c l i n e d to consider that this 
enhancement is real a n d does reflect the greater affinity of the p y r i d y l 
group for the rare earth i on i n this type of c ompound . 

O n e possible explanation for this observation cou ld be the un ique 
properties of the H O — group. A s a result of the d r a i n of electrons f r om 
the Ο — Η b o n d i n g region w h e n this group coordinates to the meta l i on , 
the hydrogen atom acquires a larger par t ia l posit ive charge than i n the 
free l i g a n d . W h e n this H O — group bonds to the meta l i on , some of the 
water molecules i n the h y d r a t i o n sphere of the meta l i on are released. 
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U n d e r n o r m a l circumstances it w o u l d be expected that these water mole 
cules w o u l d escape f rom the v i c i n i t y of the complex a n d as a result , 
there w o u l d be a significant entropy contr ibut ion to the stabi l i ty of the 
complex. T h i s p a r t i a l charge on the hydrogen atom of the H O — group 
c o u l d have the effect of order ing those water molecules w h i c h were 
released f rom the hydrat i on sphere of the meta l i on and , consequently, 
result i n a decrease i n the entropy term. Such an effect is not possible 
w i t h the p y r i d y l l i g a n d , a n d it w o u l d be expected that there w o u l d be 
the n o r m a l entropy contr ibut ion to the stabi l i ty constant. 

I f this explanat ion is correct, then i t w o u l d be reasonable to expect 
qui te different contributions of Δ Η a n d A S to the stabil it ies of the com
plexes of the two l igands. T h e p r e l i m i n a r y ca lor imetr ic data w h i c h w e 
have obtained seem to support this. 

T h e nature of the interact ion between l igands of this type a n d the 
rare earth ions are s t i l l somewhat unclear a n d must awai t more definitive 
s tructural a n d spectral studies. S u c h studies are n o w i n progress, a n d we 
expect that they w i l l serve to c lar i fy some of the questions considered 
above. 
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Electronic Structure of the Actinide Elements 

MARK FRED 

Argonne National Laboratory, Argonne, Ill. 

The 5f, 6d, and 7s electrons of the elements from actinium 
to curium, all having about the same energy, produce many 
low levels. The spectra are complex, and analysis is compli
cated by the existence of two sets of low parent terms built 
on fN and fN-1d, having opposite parities and responsible for 
two almost independent sets of transitions. Within the past 
several years considerable progress has been made in the 
analysis with the aid of new data, especially Zeeman data, 
and the further help of theoretical predictions. It is now 
possible to describe the variation of binding energies of dif
ferent types of electrons as a function of atomic number and 
degree of ionization, which can be correlated with chemical 
behavior. 

Tnterest i n the electronic structure of the actinides existed before the 
·** transuranic elements became avai lable . T h i s was s t imulated b y the 
hope that knowledge of the structure c o u l d lead to predict ions about 
c h e m i c a l behavior . Since the structure was diff icult to establish, the 
chemica l behavior was established first a n d deductions were then made 
about the structure. These deductions about act inide atoms were vague 
because chemica l behavior is also inf luenced b y ne ighbor ing atoms. 
F i r s t , i t w o u l d be desirable to k n o w the structure of isolated atoms. T h e 
most precise in format ion about this comes f rom atomic spectroscopy. 
H o w e v e r , act inide spectra are very complex, a n d each element can pro 
duce tens of thosands of different l ines. H e n c e , it is difficult bo th to 
determine the energy levels w h i c h cause the transitions a n d to ident i fy 
the levels i n terms of q u a n t u m numbers and electron configurations. 
A f t e r 20 years of effort we have been able to analyze m a n y of these spec
tra a n d extract definite in format ion about the relat ive b i n d i n g energies of 
the valence electrons. 

180 
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14. F R E D Electronic Structure 181 

Energy Levels 

Leve l s are identi f ied f rom the f o l l ow ing considerations. E a c h k i n d 
of e lectron configuration gives rise to a certain n u m b e r of levels for each 
va lue of J , the total angular momentum. T h e value of the energy for each 
leve l is g iven i n p r inc ip l e b y the solut ion of Schrôdinger's equation, ex
pressed as a combinat ion of powers of r integrated over the electron 
density. Since an exact solut ion is imposs ib le i n pract ice , it is customary 
to fit the levels empi r i ca l l y us ing the angular parts of the integrals ( w h i c h 
can be determined exactly) as coefficients for the r a d i a l integrals w h i c h 
are treated as parameters. T h e parameters can be d i v i d e d into electro
static interactions (electron-nucleus a n d electron-electron) a n d spin-orbit 
interactions, w h i c h are magnetic . T h e L S leve l scheme corresponds to the 
case i n w h i c h the electrostatic parameters are large compared w i t h the 
spin-orbit parameters. T h i s scheme is a good approx imat ion for l ight 
elements. T h e spin-orbit interact ion increases r a p i d l y w i t h atomic n u m 
ber, a n d the actinides are more appropr iate ly descr ibed b y the /; c o u p l i n g 
scheme, i n w h i c h the electrostatic interact ion is smal l compared w i t h the 
spin-orbit . 

I n the general case ( intermediate coup l ing ) the different parameters 
are comparable . Leve l s w i t h the same / interact, a n d the wavefunct ions 
mix . T h e properties w h i c h depend on the wavefunct ions are consequently 
intermediate , par t i cu lar ly the g-factors a n d the relat ive intensities of 
transitions to these levels. It is an important po int that the g's a n d intens i 
ties can be ca lcu lated f rom the same parameters w h i c h determine the 
energies, so no add i t i ona l parameters are requ i red . 

Configuration. I f we find exper imental ly a set of levels whose en
ergies can be descr ibed b y the r ight n u m b e r of parameters, a n d these 
parameters also give the r ight g-factors a n d relat ive intensities, we can 
be confident i n assigning them to a g iven configuration. T h e assignment 
w o u l d be doubt fu l i f i t r e q u i r e d more parameters for this configuration 
because w e can fit any set of levels w i t h enough parameters. W e c o u l d 
obta in corroborat ion i f the g's fit a n d the parameters are consistent w i t h 
the systematics of these configurations. T h i s is va luable because often 
configurations are per turbed b y other configurations ( configuration inter 
act ion) a n d do not g ive an exact fit but a close fit. Sometimes the fit is 
not close i f the configuration interact ion is large, i n w h i c h case bo th 
configurations must be considered together. 

E v e n though a proper descr ipt ion of a configuration must be made 
i n intermediate coup l ing , i t is often useful experimental ly to ident i fy 
the levels accord ing to the nearest pure c oup l ing scheme because the 
l eve l separations, g-values, a n d intensities approx imate ly correspond. 

T h e levels of various configurations can be identi f ied f rom the ap 
propr iate secular equations. T h i s identi f icat ion was made i n the early 
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182 LANTHANIDE/ACTINIDE CHEMISTRY 

T a b l e I . N u m b e r of Levels of E a c h 

Conf. Spectrum % 1% 21/2 3 y 2 4V2 51/2 6V2 71/2 

fl A c III 1 1 
f V P a l 2 6 7 7 7 5 3 3 
f s 2 P u II 10 21 28 30 29 26 20 16 
f s 2 A m i 17 31 42 50 46 42 35 26 
fd£ P a l 8 15 19 19 17 13 9 5 
fds P u l l 184 342 457 516 517 466 390 305 
fdïs P a l 61 110 141 149 139 113 83 52 
fdsp P a ï 88 160 203 212 192 154 109 66 
fdp A m i 825 1548 2085 2386 2443 2285 1971 1576 

0 1 2 3 4 5 6 7 

/%2 P a l l 2 1 3 1 3 1 2 
fds Pa II 8 23 34 38 36 30 22 14 

U I 21 40 70 71 78 61 52 31 
/ V U I 6 7 17 13 19 14 13 7 
fds2 U I 14 36 50 59 60 54 44 31 
fds2 P u I 48 136 206 251 265 252 220 176 
/%2 P u I 14 19 37 37 46 37 38 24 
fdsp C m I 825 2373 3633 4471 4829 4728 4256 3547 

days of spectroscopy on an e m p i r i c a l basis w i thout expl i c i t knowledge of 
the energy equations, i n m u c h the same w a y that the early organic 
chemists establ ished molecular structure apparent ly b y intu i t ion . C o m 
par ison w i t h theory is essential for spectra ar is ing f rom a number of 
valence electrons. T h i s is par t i cu lar ly necessary for the lanthanides a n d 
actinides because of the presence of / -electrons, w h i c h results i n m a n y 
levels. Instead of so lv ing h i g h order secular equations for these, i t is 
more appropr iate to use the f o rmal i sm of matr ix mechanics . F o r each 
value of / the levels are descr ibed b y the eigenvalues a n d eigenvectors 
of the H a m i l t o n i a n operator, the matr ix elements be ing expressed b y the 
same Slater parameters accord ing to the tensor a lgebra of R a c a h (25, 16, 
17, 18). Racah's methods, a l though appear ing abstract, permit a great 
s impl i f i cat ion i n ca l cu lat ing the coefficients appear ing i n each matr ix 
element a n d make i t feasible to calculate them b y computer . C o m p u t e r 
ca lcu lat ion is usual ly necessary because there are s t i l l m a n y calculations 
to per form. 

Some t y p i c a l configurations w h i c h are f ound i n act inide spectra are 
shown i n T a b l e I , w h i c h lists the number of levels to be expected for each 
/ - v a l u e . I n most cases the number of levels is large a n d i n some cases 
enormous. F o r the f configurations the s i tuation is not f ormidable , a n d 
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14. F R E D Electronic Structure 183 

J f o r Some A c t i n i d e Conf igurat i ons 

8 % 91/2 I 0 y 2 111/2 I21/2 131/2 141/2 151/2 1 6 % Total 

2 
1 41 
9 5 3 1 198 

18 11 5 3 1 327 
2 107 

216 139 79 40 18 5 1 3675 
29 12 4 893 
32 11 2 1229 

1170 803 505 288 147 66 25 7 1 18131 

8 9 10 11 12 13 14 15 16 17 Total 

13 
7 2 214 

21 8 4 457 
7 2 2 107 

19 11 5 1 384 
129 87 52 27 13 5 1 1868 

20 11 8 2 2 295 
2746 1973 1308 793 435 213 91 32 8 1 36230 

i t w i l l be instruct ive to consider these first. These configurations are 
observed i n so l id compounds a n d i n solutions of the 3 + ions, a n d the same 
levels also occur i n the neutra l atoms i n the configurations / V since the 
^-electrons f o rm a closed shel l a n d do not contribute to the structure. 
T h e 4fN configurations have been s tudied for a l ong t ime i n the lanthanide 
elements a n d are n o w w e l l established. T h e same term structure is f ound 
i n the 5/* configurations of the act inides, a l though the spacings are d i f 
ferent because the electrostatic parameters are smaller a n d the sp in-orbi t 
parameter larger. T h e l ow terms are shown schemat ica l ly i n F i g u r e 1. 
T h e n u m b e r of terms increases w i t h the n u m b e r of / -electrons u p to a 
hal f -c losed shel l a n d then decreases symmetr ica l ly . T h e m a x i m u m m u l t i 
p l i c i t y also increases a n d then decreases, so that bo th factors contribute 
i n the same d i rec t ion to the d i s t r ibut ion of levels shown i n T a b l e I. F o r 
each configuration the lowest term, w h i c h is the most important , is g iven 
b y H u n d ' s rule that the lowest term is the t e rm of highest m u l t i p l i c i t y 
( x S-value) h a v i n g the largest L - v a l u e ( o rb i ta l angular m o m e n t u m ) . T h e 
LS designation for the lowest term, i n fact for a l l the terms, is an approx i 
mat i on because the c o u p l i n g is intermediate . E a c h term consists i n gen
era l of a number of levels, a n d a g iven l eve l interacts w i t h the levels of 
other terms h a v i n g the same / - v a l u e . T h e terms m i x a n d each is impure . 
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184 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 
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Figure 1. Low terms of the fN configurations of the actinides 
Parameters from Reference 4 

Matrix Elements 

A s an example of this process w e show i n T a b l e I I the energy matr ix 
elements for the J=0 levels of the configuration f6s2, us ing a set of parame
ters appropr iate for P u (also appropr iate for f^s 2, w h i c h includes the 

Table II. Numerical Energy Matrix 

Eigen 0 
value 0 51430 31405 20922 86414 77288 58542 

Term 7 F 5D1 5D2 5D3 SP1 Ψ2 sP3 

7 F 7703 7004 -1872 -3585 
5 D 1 7004 37401 3093 17595 -8579 -195 645 
*D2 -1872 3093 33866 6468 3640 345 
5 D 3 -3585 17595 6468 26890 -6485 

3 P 1 -8579 76031 -1170 10724 
3 P 2 - 195 3640 -1170 68300 -3939 
3P3 645 345 -6485 10724 -3939 48392 

-435 814 -3723 -6578 -2430 
3 P 5 456 1341 -1146 1775 -9858 5886 
3P6 4936 -1319 -4133 19200 2612 -18548 

*S1 -9906 
!S2 -5194 -707 1066 
!S3 -1651 
*S4 -5953 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

14



14. F R E D Electronic Structure 185 

lowest l eve l 7 F G of P u I ). There are 14 levels, a n d the energies are g iven 
b y the eigenvalues of a 14 X 14 matr ix . I n the L S c o u p l i n g scheme there 
is one l eve l be long ing to the 7 F term, there are three different 5 D terms 
w h i c h are designated 5 D 1 , 5 D 2 , a n d r > D 3 b y N i e l s o n a n d Koster (14), 
there are six different 3 P terms, a n d four 1 S terms. I f w e h a d a f a i r l y pure 
c oup l ing scheme, each leve l c o u l d be considered independent ly , a n d its 
energy i n zero ' th approx imat ion w o u l d be g iven b y the value of the corre
sponding d iagona l matr ix element. E a c h such element is g iven b y a 
combinat ion of parameters. There are formulas for the off -diagonal 
elements w h i c h represent the interact ion between the two different terms 
w h i c h each one connects. I f the of f -diagonal elements are smal l (more 
accurately i f they are smal l c ompared w i t h the difference between the 
d iagona l elements) then accord ing to first-order per turbat ion theory the 
levels are repe l led , a n d each is changed i n energy b y an amount g iven 
b y the square of the of f -diagonal element d i v i d e d b y the separation be
tween the d iagona l elements. T h i s amounts to treat ing each pa i r of terms 
as a 2 X 2 matr ix . B y appropr iate matr ix m u l t i p l i c a t i o n the eigenvectors 
of a matr ix are able to produce a d iagona l matr ix whose elements are 
the eigenvalues. I f the o r ig ina l 2 X 2 matr ix is near ly d iagonal , each 
eigenvector consists of a large component a n d a smal l component, a n d 
the f ract ional composi t ion of each leve l is g iven b y the squares of these 
components. T h e eigenvector components are a measure of the m i x i n g 
p r o d u c e d b y the perturbat ion . F o r T a b l e I I there are m a n y of f -diagonal 
elements. Some are push ing u p on a state, a n d others are p u s h i n g d o w n . 

f o r J = 0 Levels of f °s 2 f o r P u I 

46233 42712 9178 131005 67757 62196 35881 

sP4 3P5 s?6 *S1 ' S2 >S3 'S4 

- 4 3 5 456 4936 
814 1341 -1319 

-1146 -4133 

-3723 1775 19200 -9906 -5195 
-6578 -9858 2612 -707 -1651 
-2430 5886 -18548 1066 -5953 
50500 1058 -1861 -1581 -3692 

1058 45127 -1548 754 -4209 
-1861 -1548 40370 8151 -3502 

121739 -23334 
-1581 754 8151 -23334 56183 -3175 17260 
-3692 -3175 61439 -2942 
-4209 -3502 17260 -2942 47022 
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186 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T a b l e I I I . Percentage Compos i t i on ( C o l u m n s ) 

Eigen
value 0 51430 31405 20922 86414 77288 58542 

Term 7 F 5D1 5D2 5D3 3?1 sP2 3P3 

7J? 36.5 
5 D 1 
r>D2 
5 D 3 

18.0 

22.3 

43.5 

22.3 
58.6 10.4 

38.2 
3 P 1 
3 P 2 
3 P 3 
sp4 
3 P 5 
3 P 6 11.1 

13.1 

10.9 

75.5 
57.5 
12.1 15.2 

16.9 

*S1 
!S2 
*S3 
*S4 10.8 

19.3 
17.0 
16.8 

T h e total effect is compl i ca ted a n d must be descr ibed b y the eigenvalues 
of the who le matr ix . Some of the of f -diagonal elements are large. C o n 
sider, for example, the states ca l l ed 3 P 3 a n d 3 P 6 . T h e d iagona l elements 
are about 8000 c m . - 1 apart, but they are connected b y an element of over 
18,000 w h i c h w o u l d produce a first-order perturbat ion of over 40,000. 
T h i s w o u l d p u s h the 3 P 6 state be l ow the 5 D states at around 30,000. B u t 
the 5 D states also interact w i t h 3 P 6 , a n d the result of push ing the 3 P 6 
state through the r , D states can be thought of as an exchange, the 3 P 6 
becoming a r , D . H o w e v e r , the 5 D ' s also interact w i t h the ground state 7 F , 
a n d the final result is a large m i x i n g of 3 P 6 a n d 7 F ? even though there is 
no of f -diagonal element d i rec t ly connect ing them. 

T h e composit ions of the levels are g iven i n T a b l e I I I . N o n e of the 
levels except the highest is pure i n terms of L S basis states. T h e leve l 
ca l l ed 3 P 6 actual ly contains more of the 7 F state than does the ground 
state. Since the LS designations have l i t t le meaning , i t seems best to 
reta in the l a b e l 7 F G for the g round state because it then corresponds better 
w i t h the other 7 F levels of different / . I n the same w a y the 3 P 3 state 
w h i c h is pushed u p becomes m i x e d u p w i t h the X S states a n d is quite 
impure . F o r the r e m a i n i n g levels the largest component agrees w i t h the 
L S designations, but the impur i t ies are s t i l l apprec iable . T h e l eve l p r o p 
erties are not str ict ly those i m p l i e d b y the designation. F o r example, 
the L S selection rule AL = 0, ± : 1 forbids transitions f rom Ρ states to F 
states, but since the 7 F G l eve l of P u I contains a large amount of D state 
i t can combine w i t h a Ρ state w i t h considerable intensity. 
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14. F R E D Electronic Structure 187 

f o r J = 0 Levels of f V f o r P u I 

46233 427J2 9178 131005 67757 62196 35881 
3P5 3P6 ' S2 *S3 >S4 

52.0 

13.7 

48.8 

11.3 

52.1 

11.1 

19.4 

15.9 
20.5 

11.6 
18.2 

10.5 

87.4 
20.3 
18.3 
19.8 

54.9 
13.3 

19.0 

Another property w h i c h is affected b y impuri t ies is the g-value, 
w h i c h is g iven b y the sum of the squares of the eigenvector components 
each m u l t i p l i e d b y the L S g-factor for that component. I n general , the 
g-value is not that of a pure L S state but an intermediate state. T h i s is 
va luable i n ident i f y ing exper imental levels w i t h ca lcu lated levels, espe
c ia l l y where there are a number of close levels w h i c h can change order 
w i t h smal l changes i n the parameters. T h e converse is not necessarily 
t rue : i f a measured g-value is near a pure L S g-value, i t does not neces
sar i ly i m p l y that the leve l is near ly pure . A n example of this is the lowest 
nonzero leve l of P u I, 7FU w h i c h has an L S g-factor of 1.5012 a n d was 
measured to have a g-value of 1.4975 ( 9 ) . Desp i te this close agreement 
the l eve l ca l l ed 7Ft is on ly 6 5 % pure . M o s t of the remainder is r>Dt a n d 

5 P i , bo th of w h i c h have L S g-factors of 1.5012. A n y mixture of 7 F t , r > D i , 
a n d 3Ρχ has a g-value of 1.5012, a n d so the g-value i n this case gives no 
in format ion about the composi t ion of the level . T h e measured g-value of 
a l eve l gives evidence for the interpretat ion w h i c h is often necessary but 
sometimes insufficient a n d does not replace ca lculat ion . 

There w i l l be a separate energy matr ix for each / - v a l u e , s imi lar to 
T a b l e I I , i n v o l v i n g the same set of electrostatic a n d spin-orbi t parameters 
but w i t h different coefficients for each matr ix element. F o r the m i d d l e 
range of / there are m a n y levels. F o r example, there are 46 levels for f 6, 
7 = 4, w h i c h means that the energies for / = 4 are g iven b y the e igen
values of a 46 X 46 matr ix , a n d the eigenvectors have u p to 46 c o m 
ponents. A n average leve l i n the configuration f6 has m a n y components 
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188 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

w i t h no especial ly dominant component, a n d i t is meaningless to t ry to 
c a l l the leve l b y an L S term symbol . I t can only be descr ibed b y its 
energy a n d a str ing of numbers spec i fy ing the magnitudes of the com
ponents. There is noth ing ambiguous about this descr ipt ion , a n d one 
can calculate properties of the configuration such as g-values a n d intens i 
ties of transitions. It w o u l d be useful a n d convenient to have a phys i ca l l y 
more mean ing fu l descr ipt ion for each leve l , a n d i t is of interest to see i f 
another c oup l ing scheme might be better—i .e. , h a v i n g an energy matr ix 
w h i c h is more d iagonal . 

T h e energy matr ix shown i n T a b l e I I can be d i v i d e d into sub-
matrices as ind i ca ted i n F i g u r e 2. There are square sub-matrices a long 
the d iagonal conta in ing states of the same S a n d L h a v i n g d iagona l a n d 
off -diagonal elements determined b y both the electrostatic parameters 
a n d the spin-orbit parameter. There are rectangular sub-matrices h a v i n g 
only of f -diagonal elements connect ing terms of adjacent S a n d L, deter
m i n e d only b y the spin-orbit parameter , a n d there are rectangular sub-
matrices w h i c h are further of f -diagonal a n d contain on ly zeros. Since the 
electrostatic parameters are i n general larger than the spin-orbi t parame
ter, the large of f -diagonal elements l ie w i t h i n the square sub-matrices, as 
i n the case of the 3 P 3 - 3 P 6 interact ion ment ioned above. I n l ook ing for 
another c oup l ing scheme for the configuration f one is h a n d i c a p p e d b y 
the dif f iculty that the configuration contains only ident i ca l particles w h i c h 
must be treated equivalent ly . H e n c e , the only other c oup l ing possibi l i ty 
is /'/—i.e., the zero-order states are considered as made up of various 
combinations of / Γ ) / 2 a n d f7/2 electrons. T h e matr ix elements of these 
states l ie a long the d iagona l w i t h magnitudes g iven b y various mult ip les 
of the spin-orbit sp l i t t ing of one / -e lectron. T h e n the electrostatic inter 
actions between the electrons must be added , w h i c h w i l l contr ibute 
of f -diagonal elements not restr icted to smal l sub-matrices near the d iago
n a l . T h e result for 5f v is an energy matr ix i n w h i c h the d iagona l elements 
are smaller a n d the of f -diagonal elements larger than for L S coup l ing . 
T h i s matr ix is a transformation of the L S matr ix a n d has the same eigen
values, but because of the larger a n d more numerous of f -diagonal ele
ments the eigenvectors w i l l be spread over more components, w h i c h is 
not w h a t w e are l ook ing for. It must be conc luded that the L S scheme 
is the best that can be done w i t h the 5f configurations of the actinides. 

F o r configurations w h i c h invo lve several different types of electrons 
a d d e d to the f core, such as 5f67s7p, the general approach is s imi lar but 
more compl i cated . There are more interactions a n d more levels a n d also 
more c ou p l i n g possibi l i t ies . T h e outer electrons can be a d d e d to the f 
core one at a t ime, or first, they can be c o m b i n e d together, a n d the 
resultant added to the core. I n any case there are large energy matrices 
whose elements are g iven b y various combinations of the electrostatic 
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14. F R E D Electronic Structure 189 

a n d spin-orbit parameters. T h e p r o b l e m of interpretat ion is to find a set 
of parameters g i v i n g eigenvalues w h i c h agree as closely as possible w i t h 
the exper imental energy levels a n d agree i n other properties such as 
g-values, hyperf ine structure, a n d so on. If there is good agreement, the 
levels can be identi f ied w i t h the configuration, a n d the values of the 
parameters then describe the configuration. T h e first p r o b l e m is to find 
the exper imental levels. 

E L E C T R O S T A T I C P A R A M E T E R S 

S P I N - O R B I T P A R A M E T E R 

Figure 2. Schematic algebraic energy matrix of î6,J = 0 

Actinide Spectroscopy 

T h e spectroscopy of the actinides is difficult because these elements 
are usual ly hazardous, reactive, scarce, a n d have complex spectra. A 
suitable l ight source w h i c h has been deve loped is shown i n F i g u r e 3. It 
consists of a short l ength of quartz t u b i n g into w h i c h is s u b l i m e d about 
200 micrograms of the element as iod ide , after w h i c h the tube is sealed 
off under v a c u u m . M i c r o w a v e excitation produces a br ight source w h i c h 
lasts for m a n y hours, gives sharp spectrum lines, a n d can also be operated 
i n a magnet for Zeeman exposures. Because there are m a n y l ines, re 
q u i r i n g h i g h reso lv ing power a n d also h i g h accuracy i n wave length 
measurements, a large grat ing spectrograph is most suitable. T h e A r -
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190 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

gonne spectrograph is convenient, because it covers a large range i n one 
exposure. M o s t wave length measurements have been made m a n u a l l y 
w i t h the a i d of a d i g i t a l computer . E x i s t i n g equipment can be sa id to 
be adequate i n the photographic region, but there is a need for better 
faci l i t ies i n the in frared , w h i c h is an important region for the actinide 

- M I C R O W A V E S 
IN 

C M 

- C A V I T Y 

D I S C H A R G E 
T U B E 

L I G H T O U T 

E L E C T R O D E L E S S D I S C H A R G E T U B E 
in M I C R O W A V E C A V I T Y 

Figure 3. Light source commonly used 
to excite actinide spectra 

I n the e m p i r i c a l term analysis of a spectrum, the lines are organized 
into an array i n w h i c h the rows are character ized b y the term values of 
o d d par i ty a n d the columns b y the term values of even par i ty (or v ice 
versa ) . E a c h element of the array is defined by the difference between 
a n o d d a n d an even te rm a n d thus represents the wavenumber of a 
transit ion. T h e p r o b l e m is : g iven the observed wavenumbers , find the 
term values. F o r spectra of on ly moderate complex i ty this was done b y 
l ook ing for constant differences—i.e., pairs of lines for w h i c h the differ
ence i n wavenumber is constant w i t h i n exper imental error. I f a g iven d i f 
ference is repeated a n u m b e r of t imes, i t cannot be a t t r ibuted to chance 
b u t must represent a term difference—i.e. , the pairs of transitions a l l end 
on the same pa i r of terms. I n very complex spectra conta in ing thousands 
of lines there are mi l l i ons of possible differences f o rming a prac t i ca l ly 
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14, F R E D Electronic Structure 191 

continuous d i s t r ibut ion , a n d any difference is repeated m a n y times b y 
chance w i t h i n exper imental error. H e n c e , the real differences cannot be 
d is t inguished above the noise. M o r e in format ion than just wavenumbers 
is needed, a n d i n add i t i on to the labor of extensive wave length measure
ments the analysis of act inide spectra requires data on the Zeeman effect, 
hyperf ine structure, isotope shift, temperature classification, intensities, 
absorption or self-reversal behavior , a n d theoret ical predict ions . 

Zeeman Ef fect . T h e Zeeman effect is the most useful single source 
of in format ion . T y p i c a l patterns are shown i n F i g u r e 4. I n most cases 
these prov ide the / - v a l u e a n d g-value for each leve l i n v o l v e d i n a t rans i 
t ion. F o r example, one sees immed ia te ly that the U l ine Λ6392 is a / ===== 6 
~* / = 6 transit ion, w h i l e the l ine Λ6395 i s a / = 6 - > / = 7 transit ion, 
w i t h g's as determined b y measur ing the patterns. It turns out that the 
g-value for the / = 6 leve l of A6395 is ident i ca l w i t h one of the g-values 
for A6392 ( g == 0.751 ) w h i c h strongly suggests that bo th lines end on the 
same / = 6 level . It is the lowest leve l 5 L 6 of U I. N o n e of this c o u l d be 
guessed f rom just l ook ing at the two no-f ield lines shown i n the center 
of the patterns. I n add i t i on to i n d i c a t i n g possible relationships between 
various lines, the Zeeman effect shows whether a l ine belongs to the 
neutra l atom or the first ion . T h i s is because the / -values m a y be integra l , 
i m p l y i n g an even number of electrons, or they m a y be ha l f - integra l , 
i m p l y i n g an o d d n u m b e r of electrons. T h e m i c r o w a v e source gives bo th 
types, but the excitation is not h i g h enough for t h i r d spectra. 

Figure 4. Zeeman patterns for two lines of U I 
The no-field lines are shown in the middle 

Hyperfine Structure. A n o t h e r source of in format ion is hyperf ine 
structure. F i g u r e 5 shows two lines f rom the spectrum of s ingly i on i zed 
A m or ig inat ing f rom a c o m m o n upper leve l a n d end ing on the two lowest 
levels. It w i l l be seen that f rom wel l - reso lved patterns the l eve l spl itt ings 
can be der ived , a n d the / -values can then be deduced . Other transitions 
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192 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

to the same levels must give the same leve l spl itt ings a n d / -va lues , a n d 
so the hyperf ine structure can be used i n the same w a y as Zeeman data 
to find re lated lines. T h i s approach was used to make a p a r t i a l t e rm 
analysis of A m I a n d A m II (7). T h e method is restr icted to lines showing 
hyperf ine structure i n the o d d Ζ elements. 

I3/o-

9/ 2 -

7/2-

\-
3/ 2-

1000 

2 2 5 0 9 
J - 3 

"/2 

X 4 4 4 I 

λ 5 0 2 0 

Figure 5. 
0 - 1 0 0 0 - 2 0 0 0 

Hyperfine structure of two lines of Am II 

: , / 2 

I2 

~\ 

- 9 / 2 

The bar diagram at the bottom (scale in 10~3 cm.'1) has been calcu
lated from the level splittings averaged from a number of lines 

Isotope S h i f t . F u r t h e r in format ion comes f rom isotope shift, i l lus 
t rated i n F i g u r e 6 for a l ine of U I. I n an e m p i r i c a l t erm analysis the 
isotope shift of a l eve l can be considered a characteristic property i n the 
same w a y as the g-value or hyperfine sp l i t t ing . O n e cannot determine 
the isotope shifts of the two levels invo lved i n a transit ion f r om the one 
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14. F R E D Electronic Structure 193 

l ine alone, i n contrast to g-values a n d hyperf ine splitt ings, but on ly the 
difference i n shifts between the levels. T h e s ituation is the same as 
de termin ing energy levels f rom a transit ion, w h i c h gives on ly the energy 
difference between the levels. Isotope shifts present another independent 
property w i t h w h i c h to test for constant differences—i.e., the difference 
i n isotope shifts for pairs of l ines end ing on the same pa i r of levels must 
be constant, just l ike the pairs of wavenumbers of the l ines. Moreover , 
the isotope shift of a leve l is important i n interpret ing the level , as d is 
cussed be low. 

Intensities. F i n a l l y , there are intensities a n d the w a y they vary under 
different condit ions. T h e strong lines tend to invo lve l o w levels, but 
the correlat ion is not close. I n addi t ion the strong lines tend to l ie a long 
the d iagona l of a mul t ip l e t so that they do not show m a n y constant 
differences. F o r these reasons i t is not f r u i t f u l to attempt an analysis 
w i t h just the strong lines. A better approach is to beg in w i t h lines w h i c h 
must invo lve l o w levels because they appear i n absorpt ion i n a furnace 
or are self-reversed i n a hot electrodeless discharge tube. T h e n u m b e r 
of such lines is usua l ly large, a n d one s t i l l requires the other in format ion . 

Figure 6. Isotope shift in χ 4244 of U I 

Assigning Configuration 
W i t h the a i d of a l l these data a n d m u c h tedious w o r k one makes 

an analysis, end ing u p w i t h most of the strong lines classified a n d perhaps 
hal f of the weak lines. T h i s e m p i r i c a l analysis gives the positions of some 
hundreds of levels w i t h / -va lues a n d other properties, the latter usua l ly 
far f r o m complete. T h e p r o b l e m then becomes one of interpretat ion. O f 
course, on the basis of previous experience a n d theoret ical predict ions one 
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194 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

knows w h a t configurations to expect a n d has a r ough idea of the order 
i n w h i c h they w i l l l ie . H o w e v e r , the complex i ty of the levels is so great 
that these expectations are l i t t le he lp i n assignments. T h e Zeeman data, 
w h i c h are indispensable i n the analysis, give the / -va lues a n d g-values, 
but they say no th ing about configurations. It is impossible to assign 
configurations f rom the Zeeman data alone since each configuration has 
m a n y levels, the configurations overlap, a n d they often interact. 

T h e most useful in format ion for assigning configurations comes f r om 
isotope shifts. I n the heavy elements isotope shift is pure ly a nuclear 
vo lume effect. W h i l e the size of the nucleus is s m a l l compared w i t h the 
size of an atom, the C o u l o m b attract ion between the nucleus a n d an 
electron becomes enormous at smal l distances, a n d deviations f r om a 
C o u l o m b potent ia l near the center of the atom have a measurable effect 
on the average energy of the electron. T h i s w i l l be effective on ly for 
those electrons h a v i n g a p r o b a b i l i t y d i s t r ibut ion w h i c h remains finite as 
r —» 0, that is, ^-electrons. T h e effect is addi t ive a n d is about twice as 
m u c h for the configuration 7sr as for 7 s. ( T h e effect for the inner s-elee-
trons is m u c h larger but unobservable since these r emain und is turbed 
d u r i n g an opt i ca l transit ion. ) T h e magni tude of the effect also depends 
on w h a t other outer electrons are present because of sh ie ld ing . If two 
7s electrons are present, each shields the other, increasing the p r o b a b i l i t y 
d i s t r ibut ion per electron for large r a n d decreasing i t at smal l r. H e n c e , 
the isotope shift for 7s2 is on ly about 1.6 that of a single 7s electron. T h e 
5f electrons are also effective i n sh ie ld ing the 7s e lectron since the 5 f s 
stay inside the radon core a n d tend to squeeze the 7s further outside, 
thereby reduc ing the 7s charge density at the nucleus. T h e amount of 
this sh ie ld ing is proport ional to the n u m b e r of 5/ electrons present. T h e 
other outer electrons w h i c h m a y be present also contr ibute to the sh ie ld 
i n g of the 7s e lectron but to a lesser extent than the 5 f s because they 
extend further out. H e n c e , i f a 5f e lectron is changed to a 6d e lectron, 
the net sh ie ld ing is decreased, a n d i f the 6d is changed to a 7s or 7p , it is 
s t i l l further reduced . H e n c e , the isotope shift is increased i n this process: 
5 f7s 2 < 5f6d7s2 < 5f7s27p. T h e shifts are the same for each l eve l of 
the configuration. If two configurations interact, the levels m i x ( b y 
di f fer ing amounts ) , a n d the observed shifts are intermediate between 
the two configurations exactly as i n the effect on the g-value i n the m i x i n g 
of two levels w i t h different g-factors. 

Hyper f ine structure is another k i n d of electron-nuclear interact ion 
a n d so also indicates the presence of an s-electron. I n this case, the effect 
is not a d d i t i v e — t h e configuration s2 gives no hyperf ine structure. H y p e r 
fine structure a n d isotope shift are somewhat complementary . 

Plutonium. T h e most f u l l y k n o w n act in ide spectrum is that of n e u 
t r a l p l u t o n i u m a n d is represented i n F i g u r e 7 as an example ( 6 ) . E a c h 
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14. F R E D Electronic Structure 195 

• A P P R O X I M A T E ION IZAT ION L I M I T 
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E V E N C O N F I G U R A T I O N S 

I SOTOPE S H I F T 

5 f 6 7 s 8 s 2 4 0 -

7 s — 8 s 

5 f 5 6 d 7 s 7 p 4 5 0 

5 f 5 7 s 2 7 p 7 1 2 — > J \ 

5 f 6 6 d 7 s 2 9 0 

s - d 

5 f 6 7 s 2 4 6 5 -

ODD C O N F I G U R A T I O N S 

I S O T O P E S H I F T 

5 f 6 7 s 7 p 3 4 5 
5 f 5 6 d 2 7 s 4 8 0 1 

1 
5 f 5 6 d 7 s 2 6 4 3 J 

d s r d 2 

Figure 7. Lowest levels of various configurations in Pu J , with 
isotope shifts in 10~3 cm.'1 

The electrons which change between configurations are indicated 

configuration has levels spread over a range of more than 100,000 cm. " 1 ; 
hence, on ly the posi t ion of the lowest l eve l for each configuration is 
shown. A t present 323 even levels a n d 436 o d d levels are k n o w n , a n d 
most of them have been identi f ied as to configuration on the basis of 
isotope shifts. W h i l e the shifts deduced for each configuration are reason
able, one can be sure of a configuration on ly i f its levels conform to 
expectations. F u r t h e r identi f icat ion of the levels w i t h i n any one con
figuration i n terms of composi t ion accord ing to q u a n t u m numbers is 
m u c h less complete. F o r purposes of chemistry , one is tempted to say 
that this is sufficient, that the important t h i n g to k n o w is the energy 
r e q u i r e d to go f r om the lowest l eve l of one configuration to the lowest 
leve l of another, a n d this w e k n o w now. These numbers , however , are a 
funct ion of the Slater parameters a n d i n order to systematize the chemis
t ry of the act inide elements one needs to k n o w h o w these parameters 
change i n going f rom one element to the next. T h e parameters can be 
said to be more fundamenta l than the levels, just as the levels are more 
fundamenta l than the spectrum lines. 
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F o r each configuration the levels are g iven b y the eigenvalues of a 
large matr ix s imi lar to that of T a b l e I I . E a c h matr ix element is g iven 
b y a l inear combinat ion of the parameters. G e n e r a l expressions for the 
coefficients of each parameter based on Racah's tensor a lgebra have been 
deve loped b y J u d d (10, 11), a n d W y b o u r n e (20). Thousands of coeffi
cients are r e q u i r e d for a configuration i n v o l v i n g hundreds of levels. 
These are so tedious to evaluate that they are not yet avai lable for a l l 
the configurations of interest. A computer p r o g r a m for eva luat ing the 
coefficients has been deve loped b y C o w a n (3) a n d a p p l i e d to some 
act inide configurations. 

E v e n w i t h a l l the theoret ical apparatus avai lable , the prac t i ca l c o m 
par ison w i t h the exper imental levels is st i l l a f o rmidab le task. F o r ex
ample , for the configuration f'ds2, the lowest o d d configuration i n P u I, 
T a b l e I gives over 250 levels for each of the m i d d l e / -values . A f ter 
adopt ing a par t i cu lar set of parameters to produce a n u m e r i c a l matr ix 
for each / , the matr ix must be d iagonal ized , w h i c h requires a large 
computer . T h e eigenvalues of the matr ix must be compared w i t h the 
exper imental levels, a n d the parameters must be adjusted to give as close 
a fit as possible. Since there are m a n y more levels than parameters, i t is 
customary to make the fit b y least squares. T h e least-squares fitting pro 
cedure also requires a large computer . Besides these technica l difficulties 
one must correlate the eigenvalues w i t h the corresponding exper imental 
levels. T h e exper imental levels are always more or less incomplete , but 
one does not usual ly k n o w just w h i c h ones are miss ing . W i t h smal l 
changes i n the parameters another set of eigenvalues can be produced 
w h i c h seems to fit almost as w e l l . U n d e r these circumstances the parame
ters become somewhat indeterminate . There is the further dif f iculty that 
the levels are per turbed b y configuration interact ion, not on ly b y nearby 
configurations but also b y configurations far away i n energy a n d st i l l 
unobserved. 

Because of these difficulties it must be said that few of the exper i 
menta l act inide configurations have been fitted w i t h theory. T h e l o w 
terms are the ones most easily observed a n d recognized, but their pos i 
tions usual ly depend only on some of the parameters, a n d the r e m a i n i n g 
parameters are thus not determined. A n example of this is the lowest 
configuration i n P a I, f2ds2. T h e terms can be considered as p r o d u c e d 
b y the add i t i on of a d e lectron to each of the terms of the f2 core. T h e 
configuration f2 produces the f o l l o w i n g set of terms: 1 S , 3 P , lD, SF, 3 G , 3 H , 
1 ί . T h e triplets l ie lowest accord ing to H u n d ' s rule . R a c a h showed that 
the relat ive positions of the terms of f are s impl i f ied i f one uses certain 
l inear combinations of the Slater electrostatic parameters ca l led E°, Ε 1 , E 2 , 
a n d E 3 instead of the parameters F 0 , F 2 , F 4 , a n d F 6 . F o r example, E 3 == 
( 5 F 2 + 6 F 4 — 9 1 F 6 ) / 3 . It then turns out that the relative positions of 
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14. F R E D Electronic Structure 197 

the tr ip let terms of f2 depend on ly on E a . T h e 3 F term is above the g round 
SH t e rm b y 9 E 3 a n d the Ψ t e rm is at 4 2 E 3 . T h e parameters E 1 a n d E 2 

enter on ly i n the energies of the singlet terms, a n d i f the singlet terms are 
u n k n o w n , then E 1 a n d E 2 cannot be determined. T h i s is the case for 
P a I. T h e P a spectrum has been ana lyzed b y G iacche t t i ( 8 ) , a n d the 
levels were fitted to Slater parameters ( 5 ) . H o w e v e r , a l l the observed 
levels of f2ds2 were f ound to be based on SH a n d 3 F parents of f2, a n d 
independent values of F 2 , F 4 , a n d F 6 c ou ld not be de te rmined—only one 
l inear combinat ion of them. 

U+ 3 N p + 3 P u + 3 A m * 3 C m * 3 B k + 3 C f + 3 E s + 3 Fnri* 

Figure 8. Values of the Slater Parameter F2 for the ions U3+ to Fm3+ 

The points are Cm3+ are extrapolated 

T h e same relat ionship general ly holds for the terms of highest m u l t i 
p l i c i t y i n the configuration f. F o r example, for / 3 there are three intervals 
among the quartet terms; they do not give three parameters but only 
E 3 . T h i s fact has been used to interpret the levels of various f configura
tions observed i n solut ion or crystals. Since the observed spectra t end to 
invo lve the terms of highest or next to highest m u l t i p l i c i t y , they depend 
most ly on just one or two electrostatic parameters. It is convenient to 
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Figure 9. Comparison of observed and calculated 
levels of iGs2 for Pu I 

take F 2 as the independent parameter a n d to fix F 4 a n d F 6 i n a constant 
rat io to F 2 . F o r the 5f e lectron i n hydrogen F 4 / F 2 == 0.142 a n d F 6 / F 2 == 
0.0161. If one uses the F's i n this ratio , one can fit the observed spectra 
f a i r l y w e l l (of course, i t is necessary to a d d the spin-orbit energy as 
w e l l ) . T h e values of F 2 de r ived b y F i e l d s , W y b o u r n e , and C a r n a l l (4 ) 
are shown i n F i g u r e 8. T h e l inear dependence on atomic n u m b e r is 
s t r ik ing a n d is the k i n d of re lat ionship one general ly hopes to obta in 
for the actinides. H o w e v e r , these values of F 2 are based on the assump
t ion of hydrogenic ratios for F 4 a n d F 6 . T h e good fit does not prove the 
hydrogenic ratio but just the insensit iv i ty of the observed terms to the 
ratio . T h e h igher terms observed i n the neutra l atoms for f V do not fit 
those ca lcu lated for these ratios. F i g u r e 9 shows the comparison for 
P u I. It is s t i l l too early to give better values for F 4 a n d F 6 i n most cases. 
T h e hydrogenic approx imat ion shows that H u n d ' s ru le is obeyed for f Y , 
w h i c h is sufficient to ident i fy the lowest term of the configuration. 
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14. F R E D Electronic Structure 199 

Because of the diff iculty i n ident i fy ing observed levels w i t h ca l cu 
lated levels i n the configurations f V , it is instruct ive to consider the con 
figurations fds2. I n these configurations there are more levels to be fitted 
a n d more parameters to be determined , but one has the advantage of a 
m o d e l w h i c h is a fa i r l y good approx imat ion . T h i s m o d e l is J i / c oup l ing , 
treated b y J u d d ( 10 ) . It is assumed that the spin-orbit interact ion of 
the d-electron is larger than the electrostatic f-d interact ion. T h e n one 
has two levels, d 3 / 2 a n d dr>/2 separated b y the 2 D interva l , c oup led to 
each l eve l of the fN core. T h e core or parent levels are character ized b y 
angular m o m e n t u m J L 9 w h i c h combines w i t h the / of the ^-electron to 
produce a total angular m o m e n t u m / h a v i n g values f rom | / i — /| to / i + /. 

F i g u r e 10 shows the l o w o d d levels of P u I arranged accord ing to 
this c oup l ing scheme. T h e f 3 parent terms 6 H a n d °F are k n o w n f r o m 
crystal spectra ( 2 ) , a n d the positions of these terms should be s imi lar i n 
the free atom. T h e observed levels of P u I appear i n two groups about 
each parent level . T h e lowest set consists of a d%/2 e lectron coup led to a 
β Η Γ ) / 2 parent, g i v i n g / -values of 1 to 4. T h e levels w i t h i n each set are 
spl i t b y the electrostatic f-d interact ion, w h i c h is seen to be smaller than 
the mean d%/2-d5/2 separation. T h e advantage of this m o d e l for the 
actinides is that the energy matr ix is more d iagonal , the eigenvectors 
purer , a n d the g-values closer to the Jxj l i m i t than for the same levels 
descr ibed i n LS c oup l ing . T h i s is a rea l advantage i n attempting to corre
late observed a n d ca lcu lated levels. It is true that i n pract ice the c o u p l i n g 
is intermediate , bu t i n the process of chang ing the parameters to prov ide 

1/2 3/2 5/2 7/2 9/2 M/2 13/2 15/2 

Figure 10. The configuration î5ds2 of Pu I in ]tj coupling 
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200 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Figure 11. Approximate relative positions of f V and F M s 2 con
figurations of neutral lanthanides and actinides 

a better fit between ca lcu lated a n d observed levels one has a better 
ins ight into h o w the levels should be organized . I n the case of the con
figuration / V , where only LS c o up l ing applies , the correlat ion is more 
difficult. 

T h e hj c o u p l i n g scheme is most appl i cab le for configurations h a v i n g 
one electron outside the f core ( other than s2 ). I n P u I, for instance, one 
can recognize the levels of f V p i n the same w a y as i n F i g u r e 10, f rom 
the existence of groups because of the add i t i on of a p\/2 or p 3 / 2 e lectron 
coup led to the f core. F o r most elements the levels are s t i l l too i n c o m 
plete at present to assign m a n y of them w i t h confidence accord ing to Jij 
q u a n t u m numbers for the appropr iate configuration, a n d the parameters 
r e m a i n undetermined . I n these cases w i thout either a Jtj or an L S assign
ment of the exist ing levels one cannot be certain that they be long to a 
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14. F R E D Electronic Structure 201 

g iven configuration. There is one fortunate c ircumstance w h i c h makes 
the identi f icat ion of the lowest t e rm of a configuration quite probable , 
namely the fact that for most configurations H u n d ' s ru le is v a l i d . I n the 
case of fds2 of P u I shown i n F i g u r e 10 i n J i / c oup l ing , the lowest l eve l 
resul t ing f r om c o u p l i n g a 4 / 2 e lectron to each leve l of the lowest parent 
term, 6 H 5 / 2 - i 5 / 2 , is also a member of the lowest fds2 t e rm expressed i n 
L S coup l ing , 7 K 4 . i 0 . T h u s , i n spite of the fact that for most levels J i / 
c o u p l i n g is closer than L S , for the lowest term the two descriptions are 
equivalent . T h e p u r i t y is h i g h for each leve l of the H u n d s ru le t e rm, 
a n d the observed g-value is close to the pure L S g-factor. T h e lowest 
term of a configuration can usual ly be recognized , a n d the re lat ive pos i 
tions of different configurations established. 

F o r the phys i ca l a n d chemica l properties of atoms the electron con
figurations of most interest are the lowest. I n the neutra l act inide atoms 
there is a compet i t ion between 5fN7s2 a n d 5N~16d7s2. Some actinides have 
one of these as the l ower and some have the other. A n analogous situation 
exists for the configurations 4 f v 6s 2 a n d 4*~15<J6s2 i n the neutra l lanthanides , 
as shown i n F i g u r e 11 ( I ). F o r some t ime the choice of lowest lanthanide 
configuration appeared to be capric ious , but as more spectra have been 
analyzed , a regular i ty appears. A s imi lar regular i ty exists i n the l a n 
thanide ions, where f-f~1d separation appears as the wavenumber of 
the lowest a l l owed transit ion i n the absorpt ion spectrum. M c C l u r e a n d 
Kiss (13) have discussed the divalent lanthanides i n terms of Slater 
parameters, a n d they show that the increasing separation is caused b y 
the fact that F 2 increases w i t h atomic number a n d also the coefficient of 
F2 i n each hal f of the series. T h e break i n the m i d d l e is at tr ibuted to a 
sudden decrease i n the coefficient for F 2 a n d to the fact that the coeffi
cients for the f-d parameters change s ign b e y o n d the hal f -c losed shel l . 
L o w (12) gives the corresponding re lat ion for the tr ivalent lanthanides. 

P u , A m , a n d C m . F i g u r e 11 shows the fs2-f~1ds? separation for the 
three actinides P u , A m , a n d C m . F o r the other actinides either one of 
the configurations is u n k n o w n or the separation is u n k n o w n . T h e separa
t ion is more diff icult to establish for the actinides because i t is smaller 
a n d the transitions connect ing the two configurations are at l ong wave 
lengths beyond the reg ion of observation. T h e first two observed points 
indicate a separation about 12,000 cm. " 1 smaller than for the correspond
i n g lanthanides, as suggested b y the dashed curve. T h e re lat ionship of 
F i g u r e 11 between fs2 and f~"ds2 for the neutra l atoms holds approx i 
mate ly for the fs-f^ds separation for the first ions, a n d for f-f^d for 
the second a n d h igher ions. T h e energy of a 5/-electron is l owered re lat ive 
to 7s as a g iven atom is increasingly i on ized . T h e same also applies to 
the 6d-electron but to a lesser extent, so that the f configuration lies 
l ower relat ive to fN~xd w i t h degree of i on izat ion . 
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202 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

F o r the elements i n the first hal f of the / - s h e l l F i g u r e 11 indicates 
that less energy is r e q u i r e d to promote a 5/ electron to 6d than for the 
4f-5d p romot ion i n the lanthanides. There is a greater tendency i n the 
actinides to f o rm more b o n d i n g electrons, a n d higher valencies are more 
common. T h i s also applies to T h a n d suggests the reason T h is not 
tr ivalent l ike C e . 

Recent ly the f*s?-fds? separation has been establ ished for C m I (19) 
a n d furnishes a t h i r d point w h i c h should be a d d e d to F i g u r e 11. T h e 
C m separation is of interest because instead of l y i n g 12,000 cm. " 1 be l ow 
the corresponding separation i n G d , i t is f ound to be about 8,000 above. 
T h i s reversal presumably corresponds to the change i n s ign for the 
coefficients of the f-d parameters, w h i c h are smaller i n the actinides. It 
also corresponds w i t h the chemistry of the later actinides, w h i c h more 
resemble the lanthanides than the earl ier actinides do. 
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Optical and Electron Paramagnetic 
Resonance Spectroscopy of Actinide Ions in 
Single Crystals 

N. EDELSTEIN, W. EASLEY, and R. McLAUGHLIN 

Lawrence Radiation Laboratory, University of California, Berkeley, Calif. 

The formation and stabilization of various oxidation states of 
actinide positive ions in CaF2 crystals are described. Para
magnetic resonance and optical spectra are reported for 
divalent Am and trivalent Cm in these crystals. Tetravalent 
Cm and Pu, formed as a consequence of the intense alpha 
radiation, are identified by their optical spectra. 

" Ο are earth ions are s tabi l i zed i n the d ivalent state i n crystals of a lkal ine 
·"· earth halides (14). T h i s ox idat ion state is usual ly f o rmed b y reduc 
t i on of the tr ivalent rare earth i on to the d ivalent f o rm b y one of three 
m e t h o d s — g a m m a i r rad ia t i on of the crystals (14), so l id state electrolysis 
(4, 7 ) , or a lkal ine earth meta l reduct ion (10). T h e last two techniques 
are more efficient since under some condit ions a l l of the tr ivalent rare 
earth ions can be reduced. Recent ly w e reported the s tabi l i zat ion of 
d ivalent A m i n C a F 2 , the first w e l l character ized d ivalent act in ide ( 3 ) . 
I n this paper w e w i l l brief ly rev iew the A m w o r k a n d summarize our 
further attempts to find other d ivalent actinides. W e w i l l also report on 
the paramagnet ic resonance ( P M R ) spectra of C m 3 + i n C a F 2 . 

Experimental 

T h e act in ide -doped single crystals of C a F 2 were g r o w n b y the 
B r i d g m a n - S t o c k b a r g e r technique. A concentrated solut ion of the ac t i 
n ide i n 10-50λ of d i lute H N 0 3 so lut ion was p ipeted onto a powder of 
C a F 2 conta in ing 2 w t . % P b F 2 , w h i c h h a d been p laced i n a carbon 
cruc ib le . T h e cruc ib le a n d sample were then p laced i n a furnace, me l t ed 
under v a c u u m , a n d then the cruc ib le was l owered s lowly through the 
hot zone of the furnace. P M R measurements were taken at 4.2°K. a n d 
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4000 5000 6000 7000 

4000 5000 6000 7000 

Wavelength ( A ) 

Figure 1. (a) Optical spectrum of a radiation reduced 
Am2+-CaF2 crystal, (b) Optical spectrum of Am-CaF2 

crystal after annealing, (c) Optical spectrum of an elec-
trolytically reduced Am2+-CaF2 crystal 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

15



15. E D E L S T E i N E T A L . Single Crystals 205 

1°K. at a frequency of approx imate ly 9.0 G c / s e c . w i t h a superheterodyne 
spectrometer. O p t i c a l measurements were made at r o o m temperature 
a n d 77 °K. w i t h a C a r y M o d e l N o . 14 spectrometer a n d a J a r r e l l - A s h F - 6 
spectrometer us ing photographic plates. 

Results and Discussion 

A m i n C a F 2 . Crysta ls g r o w n w i t h A m are i n i t i a l l y l i ght p ink . O n 
standing for weeks to months they darken to a b r o w n color. T h e i n i t i a l 
absorpt ion spectrum shows lines characterist ic of tr ivalent A m ( F i g u r e 
l b ) . A s the crystal darkens because of rad ia t i on damage, n e w b r o a d 
bands grow i n as shown i n F i g u r e l a . F i g u r e l c shows the spectrum 
obta ined f r om an e lectro lyt ica l ly reduced crystal . T h e o r i g in of these n e w 
broad bands is probab ly at tr ibuted to f to d transitions of d iva lent A m . 
T h e crystals w h i c h have darkened show at 4° a n d 1°K. a six- l ine isotopic 
P M R spectrum w h i c h is assigned to the Γ 6 c rystal field state of the 
8 S Î / 2 (f) electronic configuration of d ivalent A m i n cub i c symmetry . 
Since bo th 2 4 1 A m a n d 2 4 3 A m have nuclear spins of 1=5/2, the l ine is spl it 
into six hyperfine components. T h e measured parameters of the sp in 
H a m i l t o n i a n 

'β = gβïί'~^+M'Sr 

for A m 2 + i n C a F 2 are g iven i n T a b l e I. T h e g va lue ca l cu lated for the Γ 6 

crystal field state of A m 2 + us ing wavefunct ions g iven b y L e a , Leask , a n d 
W o l f (12) a n d the L a n d e g va lue taken f rom atomic b e a m data on atomic 
A m (13) is 4.517. T h e agreement between experiment a n d theory is 
satisfactory. 

T a b l e I . A m 2 + i n C a F 2 (S ' = 1 /2 , ί = 5 / 2 ) 

g = 4.490 ± 0.002 

A Χ 10 2 (cm." 1) 
2 4 1 A m 1.837 ± 0.002 
2 4 3 A m 1.821 ± 0.002 

A i ! 4 ! ^ ) = 1.009 ± 0.001 
A ( 2 4 ^Am) 

Spin Hamiltonian parameters of A m 2 + - C a F 2 . 

A f t e r the crystals have aged for several weeks or longer, on heat ing 
to about 500°C. they emit a n intense green thermoluminescence, charac 
teristic of tr ivalent A m i n noncub i c sites. F i g u r e 2 shows the emission 
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206 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

spectrum of this thermoluminescence photographed at 500 ° C . a n d the 
absorpt ion spectrum of tr ivalent A m taken at 77 °K. There is a shift i n 
the centers of the lines caused b y different crystal fields at the t w o 
temperatures, but the emission c lear ly arises f rom ions i n sites that are 
the same as those w h i c h cause the absorpt ion spectrum. T h i s type of 
thermoluminescence has been observed i n rare earth-doped C a F 2 , a n d 
a react ion mechanism has been g iven (9, 15 ) . 

Figure 2. (Top) Emission spectrum of a radiation 
reduced Am2+-CaF2 crystal at ^500°C. (Bottom) 

Absorption spectrum of Am3+-CaF2 at 77°K. 

C m 8 + i n C a F 2 . Crysta ls g r o w n w i t h C m are i n i t i a l l y pale y e l l o w or 
almost colorless after anneal ing . Because of the damage f r om the h i g h 
rad ia t i on l eve l they are rose co lored after one hour. A f t e r 3 -4 hours the 
color has changed to b u r g u n d y , a n d i n about 15 hours the crystals are 
b lack. A t a l l temperatures the characterist ic orange g low of C m 3 + is 
present w h i c h is a t t r ibuted to emission f rom crystal field levels of the 
first excited electronic state d o w n to the ground electronic state. T h e 
change i n color of the crystal is caused b y the g r o w t h of a b r o a d ab 
sorpt ion b a n d centered at 5000A. w i t h about 2000A. h a l f - w i d t h . Besides 
this b r o a d absorpt ion b a n d w h i c h grows i n w i t h t ime, there are a n u m b e r 
of re lat ive ly sharp lines w h i c h start to appear after anneal ing . These 
l ines have been assigned to C m 4 + i n the C a F 2 crystal . F i g u r e 3 shows 
the energy leve l d i a g r a m of C m 3 + a n d C m 4 + i n the C a F 2 crystal . F o r 
comparison w e show the data of G r u b e r a n d C o n w a y on C m 3 + i n L a C l 3 

( 6 ) , a n d the data obta ined b y K e e n a n on C m F 4 ( 8 ) . 
T r i v a l e n t rare earth or act inide ions can be incorporated i n the a l k a 

l ine earth hal ides i n sites of various symmetries. Since the crystal as a 
who le must be e lectr ica l ly neutra l , charge-compensating ions must also 
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C m 3 + C m 3 +
 C1T1F4 C m 4 + 

L a C U C a F ? 

2 8 -

2 6 -

24 

2 2 -

x l O 

c m ~ ' 1 8 -

1 6 -

14 

12 

10 

8-J 

C a F ? 

5 - 3 
x 10 

9 

10 

I I 
I 2 

Figure 3. Energy level diagram of Cm3+ 

and Cm4+ in various matrices 

be present. T h e arrangement of these charge-compensating ions about 
the rare earth (or act in ide ) i o n determines the symmetry site of the 
i m p u r i t y i on a n d its crystal field splitt ings. T h e most c o m m o n symmetry 
sites present i n these types of crystals are cub ic , tetragonal , a n d t r igona l 
(16). T h e sites present depend on the w a y the crystals are g r o w n a n d 
annealed ( 5 ) . I n our C m - C a F 2 crystals w e find tr ivalent C m i n the c u b i c 
site a n d i n two different t r igona l sites. 

P r e l i m i n a r y values of the g tensor i n the two tr igonal sites are g iven 
i n T a b l e I I . A l s o i n c l u d e d is the value for the cub i c site. I n a l l three 
sites the crystal field sp l i t t ing is large, a n d at 4°K. a n d 1°K. w e see on ly 
resonance lines f rom the ground crystal field state. T h e g value for the 
cub i c site is, w i t h i n exper imental error, the same as d ivalent A m i n C a F 2 , 
a n d therefore the Γ 6 crystal field state is the lowest for this i o n also. T h i s 
g value also agrees w i t h the w o r k of A b r a h a m , J u d d , a n d W i c k m a n on 
C m 3 + i n L a C l 3 ( I ) . 

T h e n u m b e r of absorpt ion lines w e obta in f rom the C m 4 + depends 
on the temperature at w h i c h rad ia t i on damage takes place. If, after 
anneal ing , the crystal is kept at r oom temperature, more absorpt ion lines 
are f o u n d than w h e n the crystal is p laced at 77 °K. M o r e dif fusion of 
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208 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

charge-compensating ions takes place i n the crystal at the h igher t e m 
perature w i t h the consequence that more symmetry sites appear. 

T a b l e I I . C m 3 + i n C a F 2 (S ' = 1 /2) 

Cubic Site 

g = 4.492 ± .002 

Trigonal Site I 

g n = 3.41 ± .02 g_ = 6.88 ± .02 

Trigonal Site II 

g M = 2.69 ± .02 g ^=5.91 ± .02 

Spin Hamiltonian parameters of C m 3 + - C a F 2 . 

P u i n C a F 2 . Crysta ls g rown w i t h 2 3 0 P u are l ight b lue i n appearance 
a n d gradua l ly change to a deeper b lue i n periods of months. Crysta ls 
w i t h 2 3 8 P u changed to a deep, dark b lue i n a few days. O p t i c a l spectra 
of the tr ivalent 2 3 9 P u - C a F 2 crystals shows three groups of sharp lines a n d 
a number of groups of diffuse lines. T h i s result is s imi lar to that of 
L a m m e r m a n n a n d C o n w a y ( I I ) w h o f o u n d i n the spectra of t r iva lent 
P u i n L a e thy l sulfate on ly three groups of sharp l ines. T h e center of 
the three groups of sharp lines of P u i n C a F 2 agree w i t h the centers of 
the three sharp l ine groups i n the e thy l sulfate crysta l w i t h i n 300 cm." 1 . 
I n the 2 3 8 P u - C a F 2 crystal , two types of absorpt ion lines appeared w i t h 
t ime after anneal ing the crysta l ; b r o a d bands of — 1 0 0 A . h a l f - w i d t h a n d 
sharp lines of >—LA. ha l f w i d t h . W e have considered the sharp l ine 
spectrum separately f rom the other structure a n d assign it to P u 4 + i n the 
crystal . 

F i g u r e 4 shows an energy leve l d iagram of P u 4 + i n various di luents . 
T h e first c o l u m n is the data of C o h e n (2 ) on P u 4 + i n 1 M H C 1 0 4 . Because 
w e felt the agreement w i t h our data on the P u 4 + i n C a F 2 crystal ( c o l u m n 
3 i n F i g u r e 3) was not conclusive, w e c o - p r e c i p i t a t e d approx imate ly 
10 wt . % P u 4 + w i t h C a F 2 a n d took the opt i ca l spectrum of the prec ip i tate 
i n a m i n e r a l o i l m u l l . These data are shown i n c o l u m n 2. T h e agreement 
of the m u l l data w i t h the crystal data is quite satisfactory. T h e b r o a d 
bands are l i k e l y caused b y color centers f o rmed i n the crystal or associ
ated w i t h Y 3 + impuri t ies . T h e b r o a d bands f o rmed i n the 2 3 8 P u - C a F 2 

system show no correspondence w i t h the b r o a d b a n d formed i n the 
C m - C a F 2 system. 

If the 2 3 8 P u - C a F 2 c rystal after anneal ing is kept at 77 °K., no sharp 
lines appear, ind i ca t ing that no P u 4 + is f o rmed at this temperature. T h e 
b r o a d bands do appear w h i c h give the crystal a different shade of b lue 
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15. E D E L S T E i N E T A L . Single Crystals 209 

than that w h i c h appears at room temperature. A g a i n this result must be 
a t t r ibuted to the dif fusion of various species w h i c h can or cannot take 
place i n the crystal , depend ing on the temperature. 

P u 4 + P u 4 + P u 4 + 

in in in 
IM C a F 2 

C a F 2 

H C 1 0 4 
mull crystal 

2 8 -

2 6 -

- 4 

2 4 -

2 2 - — = 

2 0 - — — - 5 

1 8 -

1 6 -
- 6 

1 4 - = - 7 

1 2 - — - 8 

- 9 

1 0 - — - 10 

8 - — - 1 1 
L 12 

Figure 4. Energy level diagram of Pu*+ 

in various matrices 

Conclusion 

O u r results show that as expected A m is the act inide element w h i c h 
forms the d ivalent ox idat ion state most easily. I n our attempts to f o rm 
diva lent P u a n d C m w e f o u n d instead sharp l ine spectra caused b y the 
tetravalent state. O u r experiments do not exclude the poss ib i l i ty that 
d iva lent ions of these elements are f ormed because w e do not have a n 
unambiguous method of detection. I n our attempts to make d ivalent ions 
w e have f ou n d interest ing solid-state chemica l effects a t t r ibuted to the 
h i g h leve l of rad ia t i on i n the crystals. 
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Some Uranium-Transition Element 
Double Oxides 

HENRY R. HOEKSTRA 

Chemistry Division, Argonne National Laboratory, Argonne, Ill. 

ROBERT H. MARSHALL 

Department of Chemistry and Physics, Memphis State University, 
Memphis, Tenn. 

The preparation and properties of some double oxides of 
uranium with the seven transition elements from chromium 
through zinc are described. Thirteen compounds with the 
composition MUO4 or MU3O10 were prepared by heating 
mixed oxides in air or in sealed silica tubes, by hydrothermal 
methods, and by high pressure techniques. Four of these 
compounds, (FeUO4, FeU3O10, NiUO4 (20) and ZnUO4) 
have not been previously reported. NiUO4 has been pre
pared in two crystal forms. The thermal stability, crystal 
structure, and infrared spectrum (from 1000—200 cm.-1) of 
each of the 13 compounds has been investigated. The struc
ture of FeUO4 and α-NiUO4 is similar to CrUO4, while 
β-NiUΟ 4 and ZnUO4 crystallize in the MgUO4 structure. 
FeU3O10 has the pseudo-hexagonal lattice characteristic of 
the transition element triuranates. 

T V e c e n t investigations have shown that c h r o m i u m , manganese, cobalt , 
n i cke l , copper, a n d z inc oxides react w i t h u r a n i u m oxides at e levated 

temperatures to f o rm double oxides w i t h the formulas M U 0 4 a n d 
MU3O10. T a b l e I lists eight compounds for w h i c h some structural a n d 
thermal stabi l i ty in format ion has been reported. 

T h e double oxides are sometimes referred to as mono- a n d triuranates 
of the transit ion metals, even though the existence of U ( V I ) i n some 
of the compounds is questionable. T h i s is par t i cu lar ly true for C r U 0 4 

since d ivalent c h r o m i u m is read i ly ox id ized . W h e n the double oxides 
are referred to as uranates i n this paper, it should be borne i n m i n d that 
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2 1 2 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

the t e rm is used for convenience a n d does not necessarily indicate the 
existence of U ( V I ) i n these compounds. 

Table I. Transition Metal Uranates 

Compound Lattice Parameters Decomp. Τ References 

a b c 
C r U 0 4 4 .868 5 .048 11 .785 > 1 2 0 0 ° C . 3 , 8 
M n U 0 4 6.645 6 .983 6 .749 1 2 0 0 ° C . 2 , 4 
C o U 0 4 6.497 6 .952 6 .497 1 2 0 0 ° C . 2 , 4 
M n U 3 O 1 0

a 3.79 — 4.14 1 0 0 0 ° C . 5 
C o U 3 O 1 0 3.79 — 4.08 9 4 0 ° C . 5 
N i U 8 O 1 0 3.78 — 4.04 9 6 0 ° C . 5 , 9 
C u U 3 O 1 0 3.77 — 4.17 9 1 0 ° C . 5,10 
Z n U : ; O 1 0 7.56 — 16 .418 9 0 0 ° C . 15 

a D a t a on M n , C o , N i , and C u triuranates refer to the a-UC>3 type pseudo-cell . 

A m o n g the 1:1 oxides, C r U 0 4 is orthorhombic , space group C m m c , 
a n d is be l i eved to be isostructural w i t h B i V 0 4 ( 7 ) , w h i l e M n U 0 4 a n d 
C o U 0 4 i n space group I m m a have the | ( U 0 2 ) 0 2 | 2 " chains characteristic 
of the M g U 0 4 structure (22 ) . A monouranate of copper, thermal ly 
stable to 900°C. has also been prepared ( 5 ) , but its ce l l dimensions a n d 
symmetry are u n k n o w n . T h e complex pseudo-hexagonal lattice of the 1:3 
double oxides appears to be closely re lated to hexagonal « - U 0 3 ( 21 ) . 
Since there is l i t t le evidence for so l id so lut ion i n these compounds, the 
true uni t ce l l of the triuranates must be a m u l t i p l e of the smal l pseudo-
ce l l w h i c h contains only 1/4 f o rmula weight . T h e large hexagonal ce l l 
reported for Z n U 3 O i 0 was obta ined b y single crystal x-ray methods. I n 
add i t i on to the d r y preparat ive method , a hydro thermal synthesis has 
been reported for N i U 3 O i 0 a n d C u U 3 O i 0 (9, 10). Synthesis of hexagonal 
forms of C u U 0 4 a n d Z n U 0 4 (18) has been c la imed , but based on the 
reported ce l l dimensions, the compounds obta ined were probab ly the 
corresponding 1:3 double oxides. 

A m o n g the transit ion metals f rom c h r o m i u m through z inc , i r on re
mains the only element for w h i c h no double oxide format ion w i t h u r a n i u m 
oxide has been reported. B o t h the 1:1 a n d 1:3 compounds of manganese, 
cobalt , a n d copper have been prepared , w h i l e only the 1:1 c o m p o u n d of 
c h r o m i u m , a n d the 1:3 c o m p o u n d of n i c k e l a n d z inc are k n o w n . 

Experimental 

T h e start ing materials employed i n these syntheses were reagent 
grade compounds ; they were used w i t h o u t further pur i f i cat ion except 
for a p r e l i m i n a r y dehydrat ion of some of the oxides : U 3 O s , C r 2 0 3 , F e 2 0 3 , 
N i O , C u O , a n d Z n O were d r i e d at 8 0 0 ° C ; r U 0 3 at 500°C. T h e compo-
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16. H O E K S T R A A N D M A R S H A L L Uranium Double Oxides 213 

sit ion of M n 0 2 a n d C o 2 O a was veri f ied b y chemica l analysis a n d b y 
thermogravimetr i c analysis ( T G A ) . 

P r e l i m i n a r y T G A a n d di f ferential thermal analysis ( D T A ) curves 
were obta ined on i n d i v i d u a l oxides a n d on the m i x e d transit ion m e t a l -
u r a n i u m oxides to ascertain the react ion characteristics of the i n d i v i d u a l 
systems. T h e T G A data were obta ined on an A i n s w o r t h B R balance 
e q u i p p e d w i t h an A U recorder. Samples of 1 gram each were heated to 
1100°C. at 10°C. per minute . D T A in format ion was obta ined on a 
Tempres Research M o d e l D T - 4 A instrument. Samples w e i g h i n g a p 
prox imate ly 50 m g . were heated at 5 ° C . per minute to 1250°C. D i f f e r 
ent ia l temperatures were measured w i t h a p l a t i n u m - p l a t i n u m 1 0 % r h o 
d i u m thermocouple at a recorder sensitivity of 20 microvolts per i n c h . 

Synthetic Procedures 

D r y M e t h o d . T h o r o u g h l y ground mixtures of U 3 0 8 w i t h each of the 
transit ion element oxides were heated i n a ir at appropr iate temperatures 
for uranate synthesis as ind i ca ted b y the D T A a n d T G A results. T h e 
heat ing process was interrupted several times to permi t r egr ind ing of 
the samples. Progress of the reactions was f o l l owed b y measur ing w e i g h t 
change, b y x-ray dif fraction methods, a n d b y in f rared analyses. P o w d e r 
patterns were obta ined w i t h a P h i l i p s 114.59 m m . camera us ing N i -
filtered C u rad iat ion . In frared spectra were obta ined on K B r disks con 
ta in ing — 1 % of the double oxide, or on N u j o l mul ls w h i c h were spread 
on K B r plates for the h i g h frequency por t ion of the spectrum, a n d o n 
po lyethylene disks for the l o w frequency region. T h e spectra were re 
corded on a B e c k m a n IR-12 spectrophotometer. 

Synthesis of n ine uranates discussed i n the introductory mater ia l 
was conf irmed i n the a i r - ign i ted samples of the m i x e d oxides. E a c h 
c o m p o u n d was identi f ied b y its characterist ic x-ray di f fraction pattern. 
Some evidence was f ound for an add i t i ona l double oxide i n the copper-
u r a n i u m oxide system. T h e r m a l decomposit ion of C u U 0 4 or C u U 3 O i 0 

i n the temperature interva l between 900° a n d 1000°C. appears to give a 
r h o m b o h e d r a l structure resembl ing that of N a 2 U 2 0 7 . Measurement of 
oxygen loss suggests a f o r m u l a of C u 2 0 2 0 7 for the n e w compound , but 
its restr icted stabi l i ty range has prevented isolat ion of a pure phase to 
conf irm the postulated formula . N o evidence was obta ined i n these 
experiments for the format ion of any double oxide i n the i r o n - u r a n i u m 
oxide system nor for the existence of C r U 3 O i 0 , N i U 0 4 , or Z n U 0 4 . 

C r U 0 4 , M n U 0 4 , a n d C o U 0 4 can be synthesized convenient ly b y 
heat ing the m i x e d oxides for a day at 1000° -1100°C. T h e corresponding 
copper c o m p o u n d should not be heated above 875°C. since oxygen loss 
becomes apprec iable above this temperature. T h e oxygen content of 
monouranate samples prepared at the temperatures ind i ca ted is w i t h i n 
1 % of the theoret ical value. T h e manganese a n d cobalt compounds 
cannot be prepared be low 1000°C. since the 1:3 c o m p o u n d w i l l be 
f o rmed rather t h a n the desired 1:1 oxide. I n some instances anneal ing 
of M n U 0 4 or C0UO4 at ^ - 8 0 0 o C . has l e d to d isproport ionat ion to the 
1:3 double oxide a n d M n 2 0 3 or C o 3 0 4 . 
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214 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T h e five triuranates can be prepared at 875°C. N i c k e l , copper , a n d 
z inc triuranates are read i ly obta ined as sto ichiometric compounds ( ± 0 . 0 5 
atom oxygen) , but the corresponding manganese a n d cobalt compounds 
tend to r e m a i n oxygen deficient. A f ter three days at 900°C. the compo
sitions ca l cu lated for t y p i c a l preparations were M n U a 0 9 57 a n d C o U 3 0 9 . 4 6 . 
O x y g e n was absorbed s lowly w i t h cont inued heat ing a n d remained more 
than 1% l o w even after three months at 900°C. 

Sealed Tube Method. N o evidence for c o m p o u n d format ion was 
observed w h e n mixtures of i r on a n d u r a n i u m oxides were heated i n a ir 
to temperatures as h i g h as 1200°C. Subst i tut ing ferr ic a n d u r a n y l nitrates 
for the oxides as starting materials also proved unsuccessful . F e r r i c oxide 
a n d U O o 6 4 were the only product phases, thus g i v i n g an e m p i r i c a l for
m u l a of F e U 0 4 . i 4 i n the 1:1 mixture , a n d F e U 3 0 9 4 2 i n the 1:3 mixture . 
U n l i k e the s ituation encountered i n the other double oxide systems, the 
i r on uranates do not appear to have sufficient thermodynamic stabi l i ty to 
be synthesized at ambient oxygen pressure. 

T o achieve the requ i red oxygen composit ion, the ca lcu lated amounts 
of i r on a n d u r a n i u m oxides ( E q u a t i o n 1, 2 ) 

1050°C. 

F e O + U 0 3 _> F e U 0 4 ( l a ) 

or 
1050°C. 

2 F e 2 0 3 + U 3 O s + U 0 2 -> 4 F e U 0 4 ( l b ) 

880°C. 
F e 2 0 3 + U 3 O s + 3 U 0 3 _> 2 F e U 3 O 1 0 (2) 

were sealed into evacuated s i l i ca tubes a n d heated at the ind i ca ted t e m 
peratures for two weeks. U n d e r these condit ions react ion d i d occur to 
give the desired products . C o m p l e t e react ion was difficult to achieve, 
par t i cu lar ly w i t h the 1:3 mixture . Traces of res idual U 3 0 8 were i d e n t i 
fiable i n the x-ray films of every product . O x y g e n analysis of F e U 3 O i o 
was obta ined b y heat ing the sample at 1000°C. for 8 hrs. to decompose 
the double oxide, then at 750°C. for several hours to give F e 2 O t 3 a n d 
U 3 0 8 as final products . T h e observed we ight loss corresponded to a 
f o r m u l a of F e U 3 O 1 0 ± 0 . i for the starting mater ia l . 

Hydrothermal Method. T h e h y d r o t h e r m a l experiments were carr ied 
out i n a 20 cc. p l a t i n u m - l i n e d M o r e y b o m b (17 ) . T h e exper imental con 
dit ions were approx imate ly those used b y G i l l a n d M a r s h a l l (8 ) to s y n 
thesize C u U 3 O i 0 . T h e transit ion element oxide ( C r 2 0 3 , M n 3 0 4 , F e O , 
C o O , N i O , C u O , or Z n O ) a n d y - U 0 3 were p laced i n the b o m b w i t h 
10 m l . 0 . 0 6 M H 2 S 0 4 . T h e m i x e d oxide samples w e i g h e d approx imate ly 
2.5 grams i n a 1 M : 4 U molar ratio . T h e excess u r a n i u m was a d d e d to 
attain complete react ion of the transit ion element oxide. T h e sealed 
vessel was heated 5 days or longer at 350°C. T h e resul t ing so l id product 
was then pur i f i ed w i t h several treatments of 0 . 0 6 M H 2 S 0 4 . Excess 
u r a n i u m present as H 2 U 2 0 7 was dissolved b y this procedure to leave the 
pure tr iuranate for x-ray a n d in f rared analysis. 
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16. H O E K S T R A A N D M A R S H A L L Uranium Double Oxides 215 

These experiments indicate that the h y d r o t h e r m a l method can be 
used to prepare manganese, cobalt , a n d z inc triuranates as w e l l as the 
n i c k e l a n d copper compounds. N o evidence was obta ined for a react ion 
between either C r 2 0 3 or F e 2 0 3 a n d U 0 8 under the exper imental c o n d i 
tions used. W h e n F e O was heated w i t h U 0 3 , the p r i n c i p a l react ion 
observed was an ox idat ion of F e O to F e 2 0 3 b y hexavalent u r a n i u m . 

H y d r o t h e r m a l experiments w i t h 1:1 mixtures of the transit ion ele
ment oxide a n d u r a n i u m tr ioxide w i t h a single exception, d i d not g ive 
the desired M U 0 4 compounds. T h e C u O - U 0 3 experiment gave a m i x 
ture of C u U 0 4 , C u U 3 O i o , a n d a basic copper sulfate. A l l attempts to 
prepare 1:1 double oxides of the four r e m a i n i n g members of the series 
l e d to the format ion of the corresponding tr iuranate phase m i x e d w i t h 
unreacted transit ion element oxide. 

H i g h Pressure Method. Sometimes, certain so l id phases or c o m 
pounds w h i c h defy synthesis at ambient pressure can be prepared at 
h i g h pressures. Condi t i ons are par t i cu lar ly favorable i f the product molar 
vo lume is apprec iab ly less than that of the reactants. Since the other 
techniques fa i l ed to produce either N i U 0 4 or Z n U 0 4 , the preparat ion 
of these compounds was attempted b y a h i g h pressure method . 

T h e h i g h pressure equipment used i n these experiments was a 
2,000-8,000 ton tetrahedral a n v i l apparatus obta ined f rom Barogenics , 
Inc. T h e sample assembly a n d the procedure used have been descr ibed 
elsewhere (13) a n d w i l l not be repeated i n deta i l here. Br ie f ly , 1:1 m i x 
tures of N i O -f- U 0 3 a n d Z n O - f U 0 3 w e i g h i n g approx imate ly 1 gram 
each were w r a p p e d i n p l a t i n u m f o i l envelopes, a n d inserted into the 
sample cav i ty of a pyrophy l l i t e tetrahedron ( F i g u r e 1 ). T h e oxides were 
then heated for 30 minutes at 1000°C. w h i l e exposed to a pressure of 
40 kbar . A f ter be ing returned to ambient condit ions, the samples were 
invest igated b y x-ray and in f rared techniques. T h e synthesis of N i U 0 4 

a n d Z n U 0 4 was conf irmed i n every instance. 

Figure 1. High pressure sample assembly 
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216 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

A n attempt to prepare F e U 0 4 at 1000°C. a n d 30 kbar . p r o v e d u n 
successful, but C0UO4 a n d M n U 0 4 were synthesized under s imi lar con 
dit ions. At tempts to prepare 1:3 double oxides were unsuccessful , 
p resumably because these compounds do not possess a c lose-packed 
structure (See discussion of MU3O10 s t ructure ) . 

Results and Discussion 

C r y s t a l S t r u c t u r e . W i t h the synthesis of F e U 0 4 , N i U 0 4 a n d Z n U 0 4 , 
the 1:1 double oxide series is complete f rom c h r o m i u m through z inc . 
Three structure types are f o rmed among the seven compounds : (a ) 
C r U 0 4 , F e U 0 4 , a n d « N i U 0 4 , ( b ) M n U 0 4 , C o U 0 4 , / 2 - N i U 0 4 , Z n U 0 4 , 
a n d ( c ) C u U 0 4 . 

O u r x-ray powder data on C u U 0 4 are i n accord w i t h the "d" values 
p u b l i s h e d b y B r i s i ( 5 ) ; the symmetry appears to be monoc l in i c , but the 
space group a n d un i t ce l l parameters have not been resolved. T h e ce l l 
dimensions ca lcu lated f rom our preparations of C r U 0 4 , M n U 0 4 , a n d 
C o U 0 4 are i n excellent agreement w i t h those g iven i n T a b l e I a n d need 
not be repeated here. P o w d e r dif fraction data on F e U 0 4 , Z n U 0 4 , a n d 
the two N i U 0 4 phases are g iven i n T a b l e I I . T h e ce l l parameters c a l c u 
la ted f r om these data are: 

F e U 0 4 a = 4.883 ± 0.009 b 
a - N i U 0 4 4.820 ± 0.006 
0 - N i U O 4 6.472 ± 0.012 
Z n U 0 4 6.492 ± 0.012 

= 5.099 ± 0.009 c = 11.879 ± 0.022A. 
5.188 ± 0.006 11.627 ± 0.012A. 
6.870 ± 0.012 6.472 ± 0.012A. 
6.994 ± 0.012 6.574 ± 0.012A. 

It shou ld be noted that c/a = 1 i n the pseudo-tetragonal uni t ce l l of 
C o U 0 4 a n d β - Ν ί ϋ 0 4 , w h i l e the larger M n and Z n ions f o rm m o n o u r a -
nates w i t h c/a > 1. 

B o t h forms of N i U 0 4 have been synthesized under s imi lar c o n d i 
tions, a n d one h i g h pressure preparat ion consisted of a mixture of the 
two phases. N o tendency c o u l d be d iscerned for convert ing a to β, or 
the reverse, d u r i n g anneal ing experiments. A t present no means is k n o w n 
to determine w h i c h phase w i l l be obta ined i n any single experiment. 
T h e molar volumes at atmosphere pressure are s imi lar but suggest that 
the β - f o r m should be preferred as the pressure is increased. I n September 
1966, Y o u n g reported the synthesis of the β phase of N i U 0 4 at h i g h 
pressure (20 ) . 

T h e lattice parameters of the five triuranates prepared i n the d r y 
w a y are i n excellent agreement ( ± 0 . 0 1 A . ) w i t h the data g iven i n T a b l e 
I. A comparison of powder patterns obta ined f rom h y d r o t h e r m a l and 
d r y preparations indicates that only M n U ^ O i o shows any apprec iable 
dependence u p o n the preparat ive method employed . T h e pseudo-cel l 
dimensions are a = 3.80A. a n d c = 4.14A. w h e n the dry synthesis is 
used, a = 3.73A. a n d c = 4.12A. w h e n the h y d r o t h e r m a l procedure is 
f o l l owed . A n a l y t i c a l results have conf irmed the manganese-to -uranium 
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16. H O E K S T R A A N D M A R S H A L L Uranium Double Oxides 217 

rat io i n the h y d r o t h e r m a l c o m p o u n d (1.02 M n : 3.00 U ) . A n ident i ca l 
rat io was f ound for the d r y method double oxide. 

It is apparent f rom the p o w d e r di f fract ion data on F e U a O i o g iven 
i n T a b l e I I that the i ron c o m p o u n d closely resembles the other five 
members of the tr iuranate series. Dimens ions of the hexagonal pseudo-
ce l l obta ined f r om these data are a — 3.76A. a n d c = 4.03A. Traces of 
U3O8 persist i n the tr iuranate preparations even after the reactants have 
been heated for several weeks at 900°C. Di f f ract ion patterns free of l ines 
caused b y res idua l U 3 0 8 were obta ined b y us ing a s l ight excess of i r o n 
oxide i n the reactant mixture . N o shift i n F e U s O i o l ine positions was 
noted i n these experiments. 

Since x-ray dif fraction data on the tr iuranate powders d i d not appear 
to afford promise for determining the true crystal structure of these c o m 
pounds, efforts were made to prepare materials suitable for single crysta l 
studies. Several crystals of the desired size were obta ined i n one h y d r o -
thermal N1U3O10 preparat ion . I n add i t i on , crystals of C u U 3 O i 0 a n d 
Z n U a O i o were prepared b y the react ion of U O 3 w i t h the mol ten anhydrous 
transit ion element chlor ide i n evacuated a n d sealed s i l i ca tubes at 6 0 0 ° -
650°C. for several weeks. These crystals of the triuranates were i n v a r i a b l y 
t w i n n e d about the V axis. T h i s t w i n n i n g gives an apparent hexagonal 
symmetry to the crystal , a l though the true symmetry is lower . Several 
crystals w h i c h contained re lat ive ly large u n t w i n n e d segments were cut 
so as to isolate the u n t w i n n e d port ion . P r e l i m i n a r y single crystal data 
obta ined on these pieces gave the f o l l o w i n g ce l l parameters for N i U 3 O i o : 
a — 7 .525A, b = 6.545A., c = 16.126A., β ^ 91°C . a n d for C u U 8 O i 0 : 
a = 7.575A., b — 6.473A., c — 16.679A., β g* 91 °C . 

T h e MU3O10 S t r u c t u r e . Ippo l i tova , et al. (15) c onc luded f rom single 
crystal a n d p o w d e r x-ray w o r k that the Z n U 3 O i 0 crystal latt ice is hexago
n a l a n d that its pseudo-ce l l dimensions indicate a close s tructural s i m i 
la r i ty to a - U 0 3 . Zachariasen (11 ) showed that the a phase can be w r i t t e n 
as U O ( 0 ) 2 since two types of oxygen sites occur i n the crystal . T w o of 
every three oxygen atoms are located i n U ( 0 ) 2 layers a long the ' V 
d irect ion . T h e layers are jo ined b y the r e m a i n i n g oxygen atom to f o rm 
U—O—U—Ο chains i n the "c" d i rect ion . E a c h u r a n i u m is b o n d e d to six 
oxygen atoms i n the layer a n d to two oxygen atoms i n the chain . 

Convers i on of a - U 0 3 to M U 3 O i 0 involves the replacement of one-
four th of the u r a n i u m atoms b y d ivalent meta l ions. A s a result the 
o x y g e n - m e t a l rat io is decreased to 2.5:1, a n d oxygen "vacancies" are 
created i n the chains or i n the sheets. Ippo l i t ova et al. reported that the 
"a" d imens ion of the true tr iuranate ce l l is tw ice that of a - U 0 3 , o w i n g 
to the ordered d i s t r ibut ion of u r a n i u m a n d z i n c atoms i n the latt ice , a n d 
that the true "c" d imens ion of Z n U 3 O i 0 is four times that of a - U 0 3 
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218 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Table II. Powder Diffraction 
Element-Uranium 

FeOOk a-muou 

ί d hkl I d hkl 

F 5.900 002 V V W 5.773 002 
W 3.863 012 F 4.426 101 
M 3.366 111 W 3.865 012 
M W 3.070 103 S 3.367 111 
F 2.975 004 M 3.006 103 
F 2.629 113 F 2.905 004 
V V W 2.571 014 W 2.586 020 
F 2.546 020 W 2.533 014 
V V W 2.433 200 V W 2.402 200 
F 2.346 022 F 2.365 022 
F 2.254 202 B - F 2.233 121, 202 
F 2.218 121 V W 2.094 105 
F 2.143 105 W 2.034 212 
V W 2.064 212 M 1.9627 123 
W 1.9620 123 V W 1.9369 024,115 
F 1.9323 024 F 1.8515 204 
F 1.8870 204 F 1.8034 016 
M W 1.7686 214, 220 M 1.7612 220 
F 1.6892 222 M 1.7424 214 
V V W 1.6365 125, 032 F 1.6859 222 
F 1.6082 301 F 1.6564 032 
V V W 1.5902 131 V V W 1.6281 125 
F 1.5678 026 W 1.6085 131 
W 1.5348 206, 311,117 F 1.5505 026 
F 1.5187 224 W 1.5182 311 
F 1.5048 303 B - W 1.5004 117,133 
F 1.4897 133, 008 M 1.4810 303 
V V W 1.4774 034 F 1.4509 008, 216 
F 1.4299 018 F 1.3987 018 
V V W 1.3590 232,127 V W 1.3637 232 
F 1.3441 305 F 1.3424 127 
F 1.3321 135 F 1.3333 135 
F = faint, W = weak, M = med ium, S = strong, B = broad. 

because the layers are superposed so that the first layer is not repeated 
u n t i l the fifth layer— i .e . , 

Zn U - O - U - O - U Zn U - O - U 
1 2 3 4 5 6 7 

E a c h meta l a tom is b o n d e d to six oxygen atoms w i t h i n its layer , each 
u r a n i u m is b o n d e d to a total of seven or eight oxygen atoms, a n d each 
z inc to six oxygen atoms. T h i s structure is der ived f r om the a - U 0 3 latt ice 
b y r e m o v i n g oxygen atoms f rom the chains. 
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16. H O E K S T R A A N D M A R S H A L L Uranium Double Oxides 219 

Data on Transition 
Oxides 

β-NiUOt ZnUO,f FeU3O10 

d hkl ί d hkl I d 

F 4.679 011 W 4.568 101 V V W 5.005 
V W 4.548 101 F 3.473 020 V V W 4.639 
V V W 3.411 020 M 3.272 200 V V W 4.100 
M 3.218 200, 002 M 3.226 002 M S 4.009 
M 2.736 121 M 2.780 121 F 3.625 
F 2.665 211, 112 F 2.683 112 V W 3.414 
V W 2.351 022, 220 W 2.374 022 
V W 2.282 202 W 2.301 202 M S 3.238 
V W 2.054 013 W 2.067 301, 013 F 2.922 
V W 2.045 103, 301 V V W 2.051 103 
V V W 1.9013 222 V V W 1.9217 222 
F 1.7926 231,132 F 1.8139 132 M 2.544 
M 1.7556 321, 123 M 1.7825 321 M 2.514 
F 1.7354 312, 213 M 1.7697 123 V W 2.014 
V V W 1.7159 040 V W 1.7476 040 V V W 1.9478 
V V W 1.6157 400, 004 W 1.6394 400 V W 1.8831 
V V W 1.6092 141 w 1.6195 004 V W 1.8686 
F 1.5680 033 V W 1.5814 033 F 1.7904 
V V W 1.5303 411, 114 w 1.5383 303, 240 V V W 1.7648 

042,114 
V W 1.5144 240, 042 F 1.4839 420 W 1.7193 
F 1.4618 420 V V W 1.4639 402 W 1.7045 
V V W 1.4456 204,402 V V W 1.4547 204 F 1.6436 
F 1.4115 332, 233 V W 1.4079 323 F 1.6245 
V V W 1.3929 323 V V W 1.3940 242 V V W 1.5821 
V V W 1.3714 242 F 1.3508 422 V V W 1.5533 
F 1.3323 422, 224 F 1.3365 341 V V W 1.5175 
F 1.3153 341, 143 F 1.3045 134 F 1.4202 
F 1.2943 431, 134 F 1.2839 413, 314 F 1.3809 
V W 1.2720 413, 314, 015 F 1.2765 015 F 1.3457 
F 1.2409 152, 251 V V W 1.2075 521 F 1.3206 
V V W 1.1905 521, 125 V V W 1.1968 440,125 B - F 1.2768 
F 1.1844 215, 512 V V W 1.1894 044,215 B - F 1.2407 

O u r p r e l i m i n a r y single crystal data on the corresponding copper 
double oxide indicate that the C u U 3 O i 0 latt ice contains oxygen vacancies 
i n the sheets, rather than the chains. F i g u r e 2 depicts the atomic arrange
ment w i t h i n each layer of the crystal . T h e rectangular base of the true 
un i t ce l l , a n d the near-hexagonal pseudo-ce l l are out l ined . One - f our th 
of the oxygen atoms w i t h i n each layer are miss ing . T h e r e m a i n i n g oxy
gens are arranged so that every copper atom is b o n d e d to four oxygens 
i n a square-planar configuration. I n add i t i on , two weaker bonds are 
f o rmed w i t h oxygens s ituated above and be low the plane. T w o different 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

16



220 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

u r a n i u m sites can be d is t inguished ; one is bonded to four " layer " oxygens, 
the other to five. I n each instance two of the U—Ο bonds ( ind i ca ted b y 
double lines i n F i g u r e 2) are shorter than the r e m a i n i n g bonds. These 
pa i red , v i r t u a l l y l inear, short bonds can be considered to f o rm u r a n y l 
groups i n the C u U 3 O 1 0 lattice. T h e u r a n y l b o n d lengths are approx i 
mate ly 1.8A., w h i l e the longer U - O bonds i n the sheets range f rom 2.25 
to 2.45A. T h e c h a i n U - O b o n d lengths (2 .08A.) are v i r tua l l y i dent i ca l 
w i t h the corresponding bonds i n « - U 0 3 . 

Figure 2. CuU3O10 Structure 

A l t h o u g h our results indicate that the C U U 3 O I U oxygen "vacancies" 
occur i n the layers rather than along the chains, i t cannot be assumed 
that a s imi lar configuration occurs i n the r emain ing triuranates. Based on 
the transit ion element ionic r a d i i g iven b y Ahrens ( I ) , one notes that 
the V d imens ion of the n i c k e l , cobalt , z inc , a n d manganese double 
oxides un i t cells f o l l ow i n the same order as the respective transit ion 
element ion ic r a d i i , but that the C u U g O i o " c " d imens ion is abnormal ly 
long . T h i s fact suggests that d i rec t iona l covalent b o n d i n g governs the 
atomic arrangement i n this c o m p o u n d since covalent ly b o n d e d copper ( I I ) 
f requent ly forms four strong bonds i n a p lane w i t h two weak bonds at 
r ight angles to the plane. 
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16. H O E K S T R A A N D M A R S H A L L Uranium Double Oxides 221 

Thermal Stability. D T A a n d T G A studies have been made on the 
13 double oxides synthesized in this invest igation. T h e decomposit ion 
temperatures l is ted i n T a b l e I I I are those temperatures at w h i c h the 
D T A trace first showed a dev iat ion f rom its base l ine . Supplementary 
experiments have shown that thermal decomposit ion at constant t e m 
perature occurs 20 -30 °C . be l ow the D T A temperatures g iven i n T a b l e 
I I I . 

Table III. Thermal Decomposition of Transition 
Element-Uranium Double Oxides 

Products Compound 
No decomposi- M n U 3 O 1 0 ( I ) 

tion 
Cubic phase 4- M n U 3 O 1 0 ( I I ) 

M n 3 0 4 

U 0 2 6 + F e 2 0 3 F e U 3 O 1 0 

Cubic phase + C o U 3 O 1 0 

C o O 
N i U 3 O 1 0 + N i O N i U 3 O 1 0 

C u U 2 0 7 ( ? ) C u U 3 O 1 0 

C o m - Dec. 
pound T,°C. 

C r U 0 4 >1250°C. 

M n U 0 4 1110°C. 

F e U 0 4 840°C. 
C o U 0 4 1190°C. 

N i U 0 4 920°C. 
C u U 0 4 900°C. 

Z n U 0 4 925°C. U 0 2 6 + ZnO Z n U a O 

Dec. 
T,°C. Products 

900 M n U 3 O 1 0 ( I I ) 

1015 M n U 0 4 + U 0 2 , 

910 F e 2 0 3 + U 0 2 6 

965 C o U 0 4 + U 0 2 e 

980 N i 0 + U 0 2 6 

900 C u 2 U 2 0 7 ( ? ) + 
u o 2 6 

930 ZnO + U 0 2 6 

A l l decomposit ion reactions are endothermal except that of F e U 0 4 , 
p resumably because this is the only react ion w h i c h involves ox idat ion of 
the double oxide. N o significant difference was noted i n the D T A or 
T G A curves of the two N i U 0 4 phases. It is interest ing to note the alter
nat ing pattern i n the decomposit ion reactions of the uranates. T h e i ron , 
n i c k e l , a n d z inc double oxides tend to decompose d irect ly into their 
constituent oxides, w h i l e the manganese, cobalt , and copper compounds 
decompose to other double oxides. T h e pattern is not carr ied over into 
the decomposit ion temperatures. I n this instance, the thermal s tabi l i ty 
of the double oxides appears to vary d irect ly w i t h the characterist ic t ran 
sit ion element ox idat ion states: C r ( I I I ) > M n , C o ( I I I , I I ) > N i , Z n ( I I ) 
> C u ( I I , I ). T h e i ron compounds constitute a definite exception to this 
pattern. 

T h e two forms of M n U s O i o show differences i n their decomposit ion 
behavior as w e l l as i n their ce l l dimensions. T h e h y d r o t h e r m a l t r i u r a 
n a t e ^ ) loses —0 .6 atom of oxygen at 900°C. as it is converted to the 
d r y method oxide ( I I ) . T h e final two decomposit ion steps (1 ) to M n U 0 4 

+ U 0 2 6 a n d (2 ) to a cub ic phase ^ ~ M n U 3 0 8 . r > , are ident i ca l i n the two 
forms. It was noted earlier that M n U 3 O i 0 ( I I ) is somewhat oxygen-
deficient; the T G A data suggest that the h y d r o t h e r m a l c o m p o u n d m a y 
contain some oxygen i n excess of the tr iuranate f o rmula . There does not 
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appear to be an apprec iable so l id solut ion region about the M n U a O i o ( I ) 
composit ion. 

I n f r a r e d . Representative spectra of the double oxides are shown i n 
F igures 3, 4, a n d 5, a n d the absorpt ion m a x i m a of a l l fifteen phases are 
l i s ted i n Tables I V a n d V . As is evident f rom the spectra, the in f rared 
results on the 1:1 oxides are i n agreement w i t h the x-ray di f fraction data. 
T h r e e spectral types can be d ist inguished. Qual i ta t ive ly , the C o U 0 4 -
type spectrum appears to represent a f o rm intermediate between the 
C r U 0 4 a n d C u U 0 4 spectral types. 

T h e tr iuranate spectra are rather complex, as c o u l d be pred i c ted 
f r o m their composi t ion a n d their crystal structure. W h i l e the p o w d e r 
di f fract ion data indicate that the heavy atomic f ramework is substantial ly 
i dent i ca l i n the six triuranates, the in f rared results indicate that this is 
not true for the oxygen atom locations. T h e cobalt , n i c k e l , a n d z inc 
spectra are v i r t u a l l y ident i ca l , but substantial differences appear i n the 
spectra of the three r e m a i n i n g compounds. T h e exact significance of 
these variations can only be interpreted after complete structural in for 
m a t i o n is avai lable on the compounds, but they p r o b a b l y arise f r om 
differences i n transit ion element-oxygen b o n d i n g a n d the resul t ing adjust
ment i n uranium-oxygen bond ing . 

I 1 ι ι ι ι ι 1 
900 800 700 600 500 400 300 200 

c m - 1 

Figure 3. Absorption spectra for CuUOu, CoUOÂ9 and 
CrOOu 
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1200 1000 800 600 400 200 
WAVENUMBER CM"1 

Figure 4. Absorption spectra for CoU30lc 

CuU3O10, and FeUsO10 

ο 

I I I I I I I I I I I I 
1300 1200 1100 1000 900 800 700 600 500 400 300 200 

c m " 1 

Figure 5. Comparison of MnU3O10 spectra: I. Hydrothermal and 
II. Air Ignited 
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Table IV. Infrared Data on Monouranates 

CrUOk FeOOh a-muoj. MnU04 CoUOh β-NiUOj, ZnUOj, CuUOu 

757 S 
655 M 680 M 685 M 690 M 

552 S 565 S 560 S 
525 S 535 S 550 S 550 S 

500 S 500 sh 515 S 
448 M 455 M 460 sh 455 S 456 S 

412 W 432 W 430 M 
358 W 370 W 350 W 345 W 345 W 340 W 358 M 
350 W 342 M 
310 W 330 W 
280 W 278 W 264 M 292 W 290 W 298 M 300 w 292 W 

250 W 277 W 265 sh 268 w 268 M 
238 W 235 W 220 W 223 W 221 W 220 W 222 sh 226 W 

I n general , the spectra of h y d r o t h e r m a l a n d d r y M U 3 O i 0 preparations 
are essentially indist inguishable . T h e highest f requency absorpt ion m a x i 
m u m tends to occur at a s l ight ly h igher frequency ( 10-20 cm. " 1 ) i n the 
h y d r o t h e r m a l samples. T h i s sma l l difference c ou ld reflect a s l ight oxygen 
defic iency i n the h i g h temperature samples. Manganese tr iuranate is an 
exception to this ru le since changes i n b a n d locat ion as w e l l as intensity 
are observed (see T a b l e V a n d F i g u r e 5) . 

Table V . Infrared 

MnU3O10(I) MnU3O10(II) FeU3O10 CoU3O10 

Hydrothermal Air Sealed tube Hydrothermal 

868 S 849 S 825 S 842 M 
801 W 794 V W 
748 M 750 Sh 760 S 768 W 
684 S 701 S 
652 S 665 V W 660 S 705 S 
630 s 628 S 

570 w 573 M 592 S 
531 S 530 S 

510 s 462 M 525 S 
418 W 440 S 430 S 

387 M 380 W 380 s 
362 W 353 V W 
327 W 320 W 313 M 323 w 

305 W 307 w 
300 W 288 W 290 w 

258 W 257 w 
243 W 240 W 240 W 240 w 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

16
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A l t h o u g h deta i led structural in format ion is not avai lable for most 
of the double oxides, correlations w h i c h have been established between 
in f rared a n d x-ray data permi t a qual i tat ive interpretat ion of the spectral 
results. T h e arrangement of oxygen atoms about U ( V I ) is usual ly u n -
symmetr i ca l , w i t h two short p r i m a r y bonds a n d four, five, or six longer 
secondary bonds. T h e p r i m a r y bonds f o r m the l inear u r a n y l group, w h i l e 
the secondary bonds l ie i n or near a p lane n o r m a l to the u r a n y l axis (23). 
P r i m a r y b o n d lengths v a r y f r om 1.7A. ( b o n d strength = 2) to 2.08A. 
( b o n d strength = 1 ) . T h e double b o n d is f ound i n u r a n y l salts such as 
U 0 2 F 2 , U 0 2 C 0 3 , or N a U 0 2 ( O C O C H 3 ) 3 , w h i l e the single b o n d is e n 
countered i n the c h a i n structure of a - U 0 3 . M o d i f i e d u r a n y l bonds h a v i n g 
b o n d strengths between one a n d two a n d b o n d lengths of 1.8 to 2 A . are 
f o u n d i n some u r a n y l salts a n d i n the a l k a l i a n d a lkal ine earth uranates. 
T h e secondary bonds ( b o n d strength < 1) vary f r om 2.08 to 2.5A. i n 
length . 

T h e asymmetr ic U - O stretching v ibra t i on of the u r a n y l groups 
( b o n d strength = 2) is f o u n d at 950 ± 50 c m . - 1 , w h i l e the symmetr ic 
v ib ra t i on , n o r m a l l y inact ive i n the in f rared , can be shown to occur near 
870 c m . - 1 (11, 16). T h e u r a n y l b e n d i n g frequency is — 2 0 0 cm. " 1 As the 
u r a n y l b o n d length increases i n complex or h y d r a t e d u r a n y l salts a n d i n 
the m e t a l uranates, the asymmetr ic stretching frequency decreases—e.g., 
to 865 cm. " 1 i n K 3 U 0 2 F 5 , to 820 cm. " 1 i n the a l k a l i diuranates, to 740 c m . " 1 

Data on Triuranates 

NiU3O10 

Hydrothermal 

865 M 

769 W 

705 S 

585 M 

515 S 
430 Sh 
375 S 

323 W 
310 W 
290 W 

258 W 
240 W 

CuUsO 
Air 

848 S 

735 Sh 
690 S 

610 M 
588 M 
538 M 
513 M 
438 M 
390 M 
366 Sh 
326 W 
318 W 
283 W 
265 W 
255 W 
240 W 

ZnU3O10 

Hydrothermal 

852 M 

772 W 

703 S 

565 S 
532 S 

415 Sh 
380 S 

319 W 
300 W 
286 W 

250 M 
236 W 
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226 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

i n the monouranates a n d to 590 cm. " 1 i n N a 4 U 0 5 ( 12 ) . T h e strong ab
sorpt ion at 700 c m . - 1 i n « - U 0 3 is a t t r ibuted to the asymmetr ic stretching 
v i b r a t i o n i n the u r a n i u m - o x y g e n cha in (19). T h e anomalously h i g h 
f requency observed for the U - O single b o n d apparent ly stems f r om the 
existence of a continuous cha in rather than i n d i v i d u a l u r a n y l groups. 

T h e inverse re lat ionship between u r a n y l b o n d length a n d asymmetr ic 
stretching frequency has been shown to agree reasonably w e l l over a 
rather substantial range w i t h the predict ions of Badger 's rule . T h e f o r m 
of the ru le proposed b y Jones (16) is 

1 OR 
R u o (A.) = -jT—jj^ + 1.17 (3) 

i n w h i c h Ruo is the p r i m a r y b o n d length i n Α., Fuo is the stretching force 
constant i n mi l l idynes per Α., a n d 1.08 a n d 1.17 are constants. 

M o r e recent ly C a r n a l l , et al. (6) have po inted out that the symmetr i c 
stretching f requency cannot be determined i n m a n y u r a n y l compounds , 
thus prevent ing the ca lculat ion of Fuo. Since the error in t roduced b y 
neglect ing b o n d - b o n d interactions should be only several percent, they 
suggest use of the asymmetr ic stretching frequency only , thus p e r m i t t i n g 
modi f i cat ion of the equat ion to 

Ruo (A.) = ^ + 1.17 (4) 

where vA is the asymmetr ic stretching frequency. 
Based on the preced ing discussion, the transit ion meta l uranate 

in f rared spectra can be d i v i d e d into three portions. T h e absorpt ion 
m a x i m a i n the 1000 to 650 c m . - 1 f requency range are attr ibutable to the 
p r i m a r y uranium-oxygen stretching vibrat ions . T h e intermediate reg ion , 
f r om 650 to 350 cm. " 1 , contains stretching vibrat ions of the secondary 
uran ium-oxygen bonds, a n d the l o w frequency region contains the b e n d 
i n g modes. These l imits are not r i g i d a n d m a y show some var ia t i on 
f r om one c o m p o u n d to another, but they do serve to indicate the ap 
proximate f requency ranges. 

W h i l e the modi f ied u r a n y l stretching v ibra t i on is read i ly d iscernib le 
i n C u U 0 4 , i t is less apparent i n the cobalt type 1:1 compounds, a n d 
seems to be miss ing ent ire ly i n C r U 0 4 , F e U 0 4 , a n d « - N i U 0 4 . T h e 
spectrum of C r U 0 4 appears to support the suggestion of Fe l t en et al. (8) 
that pentavalent u r a n i u m is present i n C r U 0 4 . T h e i r alternative sug
gest ion—the presence of equa l amounts of U ( I V ) a n d U ( V I ) — i s not 
compat ib le w i t h the in f rared data unless one assumes the existence of 
U ( V I ) w i t h o u t u r a n y l type b o n d i n g i n this c ompound . It should be 
remembered that L i 4 U 0 5 a n d N a 4 U 0 5 have four p r i m a r y bonds a n d only 
two secondary bonds; the p r i m a r y b o n d stretching frequency is f o u n d 
at 590 cm. " 1 i n these compounds (14). T h u s , u r a n y l groups are not 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

16



16. H O E K S T R A A N D M A R S H A L L Uranium Double Oxides 227 

always present i n meta l uranates. U r a n y l b o n d lengths ca lcu lated f r o m 
E q u a t i o n 4 are 1.81A. for C u U 0 4 , a n d 1.86A. for the C o U 0 4 - t y p e struc
ture. T h e latter distance can be compared w i t h 1.92 =b 0.03A. reported 
b y Zachariasen (22) for the isostructural M g U 0 4 . 

U r a n y l b o n d lengths i n the seven tr iuranate phases are expected to 
show re lat ive ly l i t t le var iat ion since the observed range of the stretching 
frequency (868-842 c m . - 1 ) is on ly 26 c m . - 1 T h e U - O distance ca l cu lated 
f rom E q u a t i o n 4 is 1.76A.—only .04A. less than the p r e l i m i n a r y x-ray 
value obta ined on CUU3O10. 
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The Solid-State Chemistry of 
Americium Oxides 

C. KELLER 

University of Karlsruhe and Nuclear Research Centre, 
Karlsruhe, Germany 

Ternary and polynary oxides of trivalent to hexavalent 
americium are obtained by solid-state reactions of Am2O3 

and AmO2 with the oxides of various elements. Compounds 
of pentavalent and hexavalent americium, which are iso-
structural with the corresponding ternary oxides of Pa, U, 
Np, and Pu, are formed only with the oxides of alkali metals 
and alkaline earth metals. By reaction of AmO2 with oxides 
of tetravalent elements—e.g., SiO2, GeO2, ZrO2, HfO2 or 
ThO2—ternary oxides or oxide phases with tetravalent 
americium are stabilized. The solid-state reaction of AmO2 

with most group V elements yields compounds with tri
valent americium which are isostructural with the analogous 
rare earth compounds. In the last types of reactions 
americium exhibits a typical actinide behavior. 

T n accordance w i t h its electronic configuration a n d the result ing pos i -
A t i on i n the per iod i c system of elements the act inide element a m e r i c i u m 
is the heavy homolog of the rare earth element e u r o p i u m (14) : 

A m e r i c i u m : 5s2pQd10f 6s2pc^(8S7/2) 

E u r o p i u m : 4s2pW10f 6s2pG7s> ( 8 S 7 / 2 ) . 

Desp i te this f o rmal re lat ionship a comparison of the chemica l p r o p 
erties of the two elements shows considerable differences, not on ly of a 
qual i tat ive but also of a fundamenta l nature. A l l experiments to date 
have fa i l ed to prepare b iva lent a m e r i c i u m i n analogy w i t h E u ( I I ) . 
( C o m p o u n d s such as A m O a n d A m H 2 conta in b iva lent a m e r i c i u m only 
i n a f o rmal sense). I n contrast to the rare earth elements, a m e r i c i u m is 
able to exist i n solut ion as w e l l as i n so l id compounds i n the ox idat ion 
states + 4 , + 5 , a n d -\-6. T h i s shows a close re lat ion to the elements 

228 
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17. K E L L E R Americium Oxides 229 

preced ing it i n the per iod ic system of elements—i.e., u r a n i u m , n e p t u n i u m , 
a n d p l u t o n i u m . 

T h e 3 + valence of a m e r i c i u m is the most stable i n so lut ion as w e l l 
as i n so l id compounds, as shown b y its behavior as a t y p i c a l act in ide 
element. Because of the s imi lar ionic r a d i i of A m 3 + (r = 0.99 A . ) a n d 
N d 3 + ( r = 0.995 A . ) , there is a close re lat ionship i n the chemica l behavior 
of these elements i n the 3 + valence state. 

T w o oxides of a m e r i c i u m are k n o w n so far : A m 0 2 a n d A m 2 0 3 (40). 
A m 0 2 , w h i c h crystall izes i n the fluorite latt ice (a = 5.377 ± 0.001 Α . ) , 
is f o rmed b y anneal ing the oxalate, hydrox ide , or other easily decom
posing compounds of a m e r i c i u m i n oxygen at 800° -1100°C . R e d u c t i o n 
of A m 0 2 w i t h hydrogen at 600°C. yields the cub i c modi f i cat ion of A m 2 0 3 

( M n 2 0 3 - t y p e , rare earth C - type oxide, a = 11.03 Α . ) , at 800°C. the 
hexagonal modi f i cat ion ( L a 2 0 3 - t y p e , rare earth A - t y p e oxide, a = 3.817 
Α., c = 5.971 Α . ) . T h e system A m - O has not been invest igated sys
temat ica l ly as yet. 

Figure 1. Glove-box with thermomicrobal-
ance (type Mettler) installât ed 

T h i s paper brief ly surveys the solid-state reactions of A m 0 2 a n d 
A m 2 0 3 i n the presence of second or t h i r d m e t a l oxides at h igher tempera
tures. T h e m a i n interest is focused u p o n three types of reactions: 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

17



230 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

(a ) React ion w i t h the oxides of a l k a l i metals a n d alkal ine earth 
metals w i t h the a i m of p r o d u c i n g ternary oxides of pentavalent a n d 
hexavalent amer i c ium. 

( b ) Reac t i on w i t h oxides of the group I V elements. It was to be 
expected that i n this react ion the 4-f- valence of a m e r i c i u m w o u l d be 
mainta ined w i t h compounds of the general type A I V B I V 0 4 , a n d i n so l id 
solutions of the A 0 2 - B 0 2 type. 

( c ) T h e r m a l behavior of A m 0 2 i n the presence of oxides of group 
I I I a n d V elements. It was to be expected that a m e r i c i u m w o u l d behave 
as a t y p i c a l act inide element—i .e. , that the major i ty of the ternary oxides 
to be expected conta in A m ( I I I ) . T h i s assumption is based u p o n the 
analogous behavior of CeOL>, P r 6 O n , a n d T b 4 0 7 f o u n d i n reactions w i t h 
oxides of group V elements as w e l l as u p o n the excellent thermal s tabi l i ty 
a n d the h i g h lattice symmetry of compounds l ike M e m X m 0 3 a n d 
M e l n X v 0 4 . 

Methods of Investigation 

A l l investigations were carr ied out i n glove boxes w i t h quantit ies of 
5 -20 m g . 2 4 1 A m 0 2 . T h e exper imental results were evaluated m a i n l y b y 
x-ray analysis. I n special cases, di f ferential thermal analysis ( D T A ) a n d 
the thermogravimetr ic analysis ( T G A ) ( F i g u r e 1) were employed , re 
spectively. T h e valence of a m e r i c i u m i n the ternary oxides w i t h A m ( V ) 
a n d A m ( V I ) , after d issolut ion of the react ion product i n d i l u t e d H C 1 0 4 , 
was determined b y record ing an absorpt ion spectrum of the solution 
obtained. 

Table I . Ternary Oxides of T r i - to Hexavalent 

System Composition 

L i 2 0 / A m 0 3 L i 4 A m O f ) 

L i 6 A m 0 6 

L i 2 0 / A m 0 2 5 L i 3 A m 0 4 

L i 7 A m O , 6 

L i L i 2 0 / A m 0 2 L i 2 A m 0 3 

L i 8 A m 0 6 

L i 2 0 / A m 0 1 5 L i A m 0 2 

N a 2 0 / A m 0 3 N a 4 A m 0 5 

N a 6 A m O , 6 

N a 2 0 / A m 0 2 5 N a 3 A m Q 4 

N a 2 0 / A m 0 ! 2 N a 2 A m O s 

B a O / A m 0 3 B a 3 A m 0 6 

B a O / A m 0 2 B a A m 0 3 

B a O / A m O i δ B a O · A m 2 0 : 

S r O / A m 0 2 S r A m 0 3 

Reaction Conditions 

2LUO + 2 A m O 2 / 4 5 0 ° C . / O 2 / 4 hrs . 
3 . 5 L i 9 0 + A m O 2 / 3 6 0 ° G / O 2 / 1 2 hrs . 
1 . 5 L i > 0 + A m O 2 / 7 0 0 ° C . / O 2 / 6 h r s . 
L i 3 A m 0 4 + L i 2 O / 9 0 0 ° C . / N 2 / 1 2 h r s . 

L i 2 0 + A m O 2 / 6 0 0 ° C . / v a c u u m / 1 6 hrs . 
4 L i 2 0 + A m 0 2 / 6 0 0 ° C . / v a c u u m / 1 6 hrs . 

2 . 5 N a 2 0 2 + A m 0 2 / < 3 0 0 ° C . / O 2 / 4 hrs . 
3 . 5 N a 2 0 2 + A m O 2 / 4 0 0 ° C . / O 2 / 6 hrs . 
2 N a 2 0 2 + A m O 2 / 6 5 0 ° C . / O 2 / 4 hrs . 
N a 2 C 0 3 + A m O 2 / 7 5 0 ° C . / N 2 / 6 hrs . 

B a O o + A m O 2 / 1 1 0 0 ° C . / O 2 / 8 h r s . 
1 . 5 B a O + A m O 2 / 1 2 5 0 ° C . / O 2 / 3 0 hrs . 

B a A m O 2 / 1 2 5 0 ° G / H 2 

1 . 5 S r O + A m O 2 / 1 2 5 0 ° C . / O 2 / 3 0 hrs . 

L i 2 0 + A m 2 O 3 / 6 0 0 ° C . / H 2 / 3 0 hrs . 
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17. K E L L E R Americium Oxides 2 3 1 

Results and Discussion 

T h e react ion condit ions a n d the lattice constants of the a m e r i c i u m 
compounds descr ibed i n the f o l l o w i n g sections are l i s ted i n Tables I 
a n d I I . 

Ternary Oxides of Trivalent to Hexavalent Americium with Li th 
ium and Sodium. Solid-state reactions of A m 0 2 w i t h L i 2 0 i n oxygen at 
350° -450°C . , depend ing on the molar ratio of L i 2 0 : A m 0 2 , result i n the 
compounds L i 4 A m 0 5 a n d L i o A m 0 6 w i t h hexavalent a m e r i c i u m (4, 20). 
T h e b l a c k i s h - b r o w n L i 4 A m 0 5 has the tetragonal structure of L i 4 U 0 5 

discovered b y K o v b a (26), a n d Hoecks t ra a n d Siegel (12), respectively, 
w h i c h is a lattice der ived f r om a - U F 5 c losely re lated to the rocksalt 
structure. I n adherence to the hexagonal index ing of x-ray powder pat 
terns of the compounds L i 7 B i 0 6 a n d L i 8 P b 0 6 g iven b y Blasse ( 5 ) , a n d 
Scholder a n d H u p p e r t (38 ) , respectively, i t was also possible to deter
mine the latt ice constants of M e 6 A m V I 0 6 ( L i , N a ) , L i 7 A m v 0 6 , a n d 
L i 8 A m I V 0 6 . Desp i te the different A m : L i ratio a n d the different valence 
of a m e r i c i u m the compounds of the type L i ^ A m O e ( χ •= 6, 7, 8 ) are iso-
structural among each other. 

T h e analogous solid-state react ion of N a 2 0 2 w i t h A m 0 2 i n oxygen 
always results i n «-Na 4AmO r> of the rocksalt structure be low 3 0 0 ° C , but 
i n the temperature range between 300° a n d 5 0 0 ° C , one obtains N a 6 A m 0 6 

Americium with Alkaline and Alkaline Earth Elements 

Type of Structure 

L i 4 U 0 5 (12, 26), t e t r a g . 
L i 6 R e O f ) ( 3 8 ) , h e x a g . 
L i 3 U 0 4 ( 5 ) , t e t r a g . 
L i 7 B i 0 6 ( 5 ) , h e x a g . 

L i 2 P r 0 3 , u n k n o w n 
L i 8 P b O e ( 5 ) , h e x a g . 

« - L i E u 0 2 (3), m o n o k l i n 

a - N a 4 U O r > , c u b i c 
L i 6 R e O e , h e x a g . 
N a 3 U 0 4 (38), c u b i c 
L i 2 S n O a (27), m o n o k l i n 

B a 3 W O e , c u b i c 
C a T i 0 3 , c u b i c 

C a F e 2 0 4 , o r t h o r h o m b . 
C a T i 0 3 , p s e u d o c u b i c 

Lattice Constants (A.) T , 
Isostructural 

a c Compounds 

6.666 ± 0 . 0 0 1 4 .415 ± 0 . 0 0 2 N p , P u 
5 .174 ± 0 .005 14 .59 ± 0 . 0 5 T e , N p , P u 
4 .459 ± 0 .005 8 .355 ± 0.01 P a , U , N p , P u 
5.54 ± 0 .02 15 .65 ± 0 .05 S b , N b , T a , O s , 

P a , U , N p , P u 

5.62 ± 0 . 0 2 15 .96 ± 0 . 0 5 S n , Z r , C e , P r , 
T b , I r , P t , P u 

L a , P r , N d , S m , 
G d , E u 

U , N p , P u 
5.76 ± 0 .03 16 .10 ± 0.1 R e , T e , N p , P u 
4 .757 ± 0 .005 U , R u 
5.92 ± 0 . 0 1 11 .23 ± 0 . 0 2 T i , T c 
b = 10 .26 ± 0 . 0 2 β = 1 0 0 ° 7 ' 
8.81 ± 0 .01 U , N p , P u , M o 
4 .365 ± 0 .005 P a , U , N p , P u , 

T c , Z r 
R . E . , Y , S c 

4 .23 ± 0 .05 
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232 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Table l i a . Ternary and Polynary Oxides of Tetra-

System Composition Reaction Conditions 

A m 2 0 3 / B 2 0 3 

A m 2 0 3 / A l 2 0 3 

A m 2 0 3 / V 2 0 3 

A m 0 2 / S i 0 2 

A m 0 2 / G e 0 2 

B a O / A m O i 5 / N b 2 0 5 

B a O / A m O i 5 / T a 2 0 5 

T i O g / A m O i 5 / N b 2 0 5 

T i 0 2 / A m 0 1 5 / T a 2 0 5 

A m B 0 3 A m 0 2 + H 3 B O 3 / 9 0 0 ° C . / 1 2 hrs. 
A m A 1 0 3 A m ( O H ) 3 + A1 (OH) 3 / 1250°C . /16 hrs. 
A m V 0 3 A m V 0 4 + H 2 / 1 2 0 0 ° C . / 8 hrs. 
A m S i 0 4 A m ( O H ) 4 + S i 0 2 · aq /230°C. /7d 
A m G e 0 4 A m ( O H ) 4 + G e 0 2 · aq /230°C. /7d 
B a 2 A m N b 0 6 B a O + AmNbO 4 / 1300°C . /8 hrs. 
B a 2 A m T a 0 6 BaO + AmTaO 4 / 1300°C. /8 hrs. 
A m N b T i Q e T i 0 2 + AmNbO 4 / 1150°C. /24 hrs. 
A m T a T i 0 6 T i 0 2 + AmTaO 4 /1150°C. /24 hrs. 

Table l i b . Ternary and Polynary Oxides of Tetra-

System 

A m O i 5 / Z r 0 2 

A m 0 1 5 / H f 0 2 

A m 0 1 5 / P 2 0 5 

Composition 

A m 2 Z r 2 0 7 

A m 9 H f 2 0 7 

A m P 0 4 · 0 -0 .5H 2 O 
A m P O , 

A m 0 1 5 / A s 2 0 5 A m A s 0 4 

A m 0 1 5 / V 2 0 5 

A m 0 1 5 / N b 2 0 5 

A m V 0 4 

A m N b 0 4 

^ - A m N b 0 4 

A m 0 3 3 N b O a 

Reaction Conditions 

A m 0 2 + ZrO 2 / 1200°C. /20 h r s . / H 2 

A m 0 2 + HfO 2 / 1400°C. /20 h r s . / H 2 

A m 3 + + H P O 4
2 7 8 0 ° C . / 4 hrs. 

A m 0 2 + ( N H 4 ) 2 H P O 4 / 8 0 0 ° C . / 6 hrs. 

A m ( N 0 3 ) 3 + ( N H 4 ) 2 H A s O 4 / 1 0 0 0 ° C . 

2 A m 0 2 + V 2 O 5 / 1 0 0 0 ° C . / 1 0 hrs. 
2 A m 0 2 + Nb 2 O5/1200°C. /24 hrs. 

660°C. 
2 A m 0 2 + 3Nb 2 O 5 / 1200°C . /24 hrs. 
2 A m 0 2 + Ta 2 O 5 / 1200°C . /24 hrs. A m 0 1 . 5 / T a 2 0 5 o : -AmTa0 4 

A m 0 3 3 T a 0 3 

A m 0 1 5 / P a 2 0 5 ( A m 0 ' 5 n i , P a 0 . r > v ) O 2 2 A m 0 2 + P a 2 0 5 7 l l 0 0 ° C . / 8 hrs 

2 A m 0 2 + 3Ta 2 O 5 / 1200°C . /24 hrs. 

independent ly of the N a : A m ratio. Quant i ta t ive ox idat ion of A m ( I V ) 
to A m ( V I ) takes a surplus of about 0.3-0.5 moles N a 2 0 2 . I f there is a 
sod ium shortage, part of the A m 0 2 is present after the react ion w i thout 
h a v i n g undergone conversion to A m ( V I ) . 

T h e compounds of hexavalent a m e r i c i u m w i t h a l k a l i metals have 
l i t t le thermal stabi l i ty . A t 550°C. ( M e = L i ) a n d 700°C. ( M e = N a ) 
there is a loss of oxygen, a n d compounds w i t h pentavalent a m e r i c i u m 
are f o rmed (31 ) . T h e cont inued thermal decomposi t ion i n the system 
L i 2 0 - A m 0 2 - 0 2 results d i rec t ly i n A m 0 2 above 900° -1000°C . ; whereas 
the decomposi t ion of N a 3 A m 0 4 leads to A m 0 2 via N a 2 A m 0 3 . T h e i n d i -
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17. K E L L E R Americium Oxides 233 

and Trivalent Americium with Group III-V Elements 

Lattice Constants (A.) Isostructural 
Type of Structure - c Compounds 

R . E . 
Pr , N d , P u 
R . E . , P u 
T h - P u 
Zr, Ce , T h - P u 
R . E . 
R . E . 
L a - E u ( -Lu) 
L a - D y 

Aragonite, orthorhomb. 5.053 8.092 5.738 
L a A 1 0 3 , hexagonal 5.336 12.91 
GdVOg , orthorhomb. 5.45 5.85 7.76 
Z r S i 0 4 , tetragonal 6.87 6.20 
C a W 0 4 , tetragonal 5.04 11.03 
B a 3 W O e , cubic 8.520 
B a 3 W 0 6 , cubic 8.518 
C a T a 2 0 6 , orthorhomb. 5.34 11.00 7.53 
C a T a 2 O e , orthorhomb. 5.33 10.95 7.49 

and Trivalent Americium with Group III-V Elements 

Type of Structure 
Lattice Constants (A.) Isostructural Type of Structure 

a b c Compounds 

Pyrochlor, cubic 10.565 R . E . 
Pyrochlor, cubic 10.650 R . E . 
C e P 0 4 · 0 -0 .5H 2 O, hexag. 6.99 6.39 R . E . , C m , A c 
T h S i 0 4 , monoklin 6.73 6.93 6.41 R . E . , P u , C m 

β = 103°50' 
T h S i 0 4 , monoklin 6.89 7.06 6.62 L a - N d , P u 

β = 105° 30' 
Z r S i Q 4 , tetragonal 7.31 6.42 C e - L u 
Y T a 0 4 , monoklin 5.444 11.25 5.141 R . E . , P u 

β = 95°57' 
Z r S i 0 4 , tetragonal 5.30 11.34 R . E . 
L a 0 3 3 N b O 3 3.819 7.835 R . E . 
Y T a 0 4 , monoklin 5.489 11.21 5.115 R . E . 

β = 95°22' 
L a 0 3 3 N b O 3 3.889 7.820 L a - N d , C m 
Fluorite, cubic 5.458 L a - E r , Y , C m 

v i d u a l modes of decomposi t ion a n d the temperatures of decomposi t ion 
are ind i ca ted i n F igures 2 a n d 3. 

T h e simplest w a y to prepare the a l k a l i meta l americates (V) 
L i 3 A m 0 4 , L i 7 A m O o , a n d N a 3 A m 0 4 is b y a l l o w i n g A m 0 2 a n d L i 2 0 
( N a 2 0 2 ) to react i n a stream of N 2 + some 1% 0 2 at the temperatures 
quoted i n F igures 2 a n d 3. T h e thermal s tabi l i ty of L i 7 A m 0 6 extends 
u p to some 1000 ° C ; via L i 3 A m 0 4 the decomposit ion finally yie lds A m 0 2 . 
W h i l e N a 3 A m 0 4 , as N a 3 U 0 4 (37) crystall izes i n the undistorted N a C l -
latt ice, L i 3 A m 0 4 has the tetragonal ly distorted rocksalt structure of 
L i 3 U 0 4 ( 5 ) , w h i c h is caused b y a larger difference i n the ionic r a d i i of 
L i + a n d A m 5 + . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

17



234 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

L i 2 0 : A m 0 2 L i o O : A m 0 2 

0 e , 360°C. 
3.5:1 >- L L A m 0 6 

450°-500°C. 

600°C. 
Li 8AmO« «. ^ 4.5:1 

800°C. 

0 K , 420°C. 
2.5:1 — L i 4 A m O r , 

U 2 I 
550°-900°C. 

ο ι 550°C. 
—*- L i 3 A m 0 4 u 2 

4:1 900°C. 

1000°C. 

1000°C. χ ί Λ 1000°C. 600°C. 
. A m ° 2 L i 2 A m 0 3 — — 

w 1 0 0 0 ° C . / O 2 

( N 2 / 0 2 ) ~jjT L i 7 A m 0 6 
600°C. 

L i A m 0 2 ~* J J 

1.5:1 

1:1 

Figure 2. Preparative conditions and thermal stability of compounds in the 
system Li-Am-0 

N a 2 0 : A m 0 2 

2:1 

3.5:1 

2:1 

1.5:1 

> 300°C. 

300°-50()°C. 

600°-700°C. 

700 o-800°C. 
N 2 

tt-Na4Am05) 

350°C. 

Na eAm0 6 

6()0°-700°C. 

N a 3 A m 0 4 

700°-800°C. 

N a 2 A m 0 3 

900°C 

AmO., 

Figure 3. Preparative conditions 
and thermal stability of compounds 

in the system Na-Am-0 

A l t h o u g h above 700°C. the thermal decomposi t ion of the A m ( V ) 
a n d A m ( V I ) compounds w i t h sod ium passes through N a 2 A m 0 3 — o f the 
monoc l in i c structure of L i 2 S n 0 3 ( 2 7 ) — i t was not possible to obta in an 
intermediate c o m p o u n d w i t h A m ( I V ) for L i - c o m p o u n d s . D o u b l e oxides 
i n the system L i 0 2 - A m 0 2 were obta ined b y direct react ion of L i 2 0 w i t h 
A m 0 2 i n an evacuated quartz tube. A t 600 °C . one obtains for L i 2 0 : A m 0 2 

= 1.5:1 the substance L i 2 A m 0 3 w h i c h is isostructural w i t h L i 2 P r 0 3 ( 3 6 ) ; 
i n the case of L i 2 0 : A m 0 2 = 4.5:1, the c o m p o u n d L i 8 A m 0 6 . T h e L i 2 0 -
surplus is necessary to compensate for the vo la t i l i za t i on of L i 2 0 . 
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17. K E L L E R Americium Oxides 235 

B y solid-state reactions of A m 2 0 3 w i t h L i 2 0 i n hydrogen at 6 0 0 ° C , 
i t was possible to prepare L i A m 0 2 w h i c h is isostructural w i t h the mono
c l in i c « - L i E u 0 2 the lattice constant of w h i c h has been determined b y 
Barn ighausen ( 3 ) . Probab ly , another h i g h temperature modi f i cat ion m a y 
be expected for L i A m 0 2 w h i c h , as / 3 - L i E u 0 2 (2 ) or L i G d 0 2 , has an 
or thorhombic structure. 

M o s t of the compounds of tetravalent to hexavalent a m e r i c i u m 
descr ibed here were obta ined for u r a n i u m , n e p t u n i u m , a n d p l u t o n i u m 
( T a b l e I I I ) . T h e decomposit ion temperatures of the a m e r i c i u m com
pounds are considerably be low ( 2 0 0 ° - 3 0 0 ° C . ) those of the corresponding 
temperatures of the analogous neptunates a n d plutonates (4, 25). 

Compounds of Americium with Alkaline Earths Metals. W h i l e the 
system a m e r i c i u m o x i d e — a l k a l i meta l oxide, at least for M e 1 = L i a n d 
N a were w o r k e d on i n deta i l , on ly a f ew attempts have been made to 
characterize the ternary oxides expected i n the system a m e r i c i u m o x i d e — 
alkal ine earth oxide. 

I n the solid-state react ion of 3.5 B a O + 1 A m 0 2 at 8 0 0 ° - 9 0 0 ° C . the 
c o m p o u n d B a ( B a 0 . 5 n , A m 0 . 5 V I ) O 3 (17) w i t h ordered perovskite structure 
is f ormed. A t h igher temperatures there is a loss of oxygen, t ransforming 
B a ( B a 0 . 5 , A m 0 , 5 ) O 3 into B a A m I V 0 3 w i t h the cub i c perovskite latt ice 
i n such a w a y that no intermediate stages of this transit ion can be recog-

Table III. Schematic Representation of Lithium and Sodium 
Uranates (VI) and Transuranates (VI) 

U Np Pu Am 

Composition Li Na Li Na Li Na Li Na 

M e 2 X 3 O 1 0 + 
M e 2 X 2 0 7 + + — — __ _ __ 

a - M e 2 X 0 4 + + — + _ — _ 
£ - M e 2 X 0 4 + — + — — _ — 
a - M e 4 X 0 5 — + — + — + — + 
£-Me 4 XO r > + + + + + + + — 
M e 6 X O e — _ + + + + + + 
+ = existent 
— = none-existent 

nized . B a A m 0 3 a n d S r A m 0 3 are obta ined i n a s impler w a y b y direct 
react ion of B a 0 2 (or B a C 0 3 ) a n d A m 0 2 (a ir , 30 hrs. , 1250°C. ) (4, 19). 
T o achieve a quant i tat ive react ion of A m 0 2 , a molar ratio of A m : M e 1 1 = 
1:1.5 is r equ i red ; there is no so l id so lut ion i n the system M e O - M e A m 0 3 

i n contrast to the system B a U 0 3 / B a O . T h e dark b r o w n B a A m 0 3 a n d 
S r A m 0 3 are soluble i n strong acids a long w i t h d isproport ionat ion of 
A m ( I V ) . 
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236 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T h e reduct ion of B a A m 0 3 a n d S r A m 0 3 w i t h hydrogen results i n 
compounds w h i c h most p robab ly have the f o rmula B a A m 2 0 4 a n d 
S r A m 2 0 4 (16) a n d the structure of C a F e 2 0 4 . A more deta i led invest iga
t i on has not been made. 

The System A m 2 0 a / B 2 0 3 and A m 2 0 3 / A l 2 0 3 . T h e solid-state reac
t i on of A m 0 2 w i t h H 3 B 0 3 or B 2 0 3 (1 :1 ) at 900° C . results i n the for
m a t i o n w i t h i n 12 hours of A m B 0 3 a long w i t h the thermal decomposi t ion 
of A m ( I V ) into A m ( I I I ) . X - r a y analysis shows that A m B 0 3 is isostruc
t u r a l w i t h the l o w temperature modif ications of L a B 0 3 a n d N d B 0 3 (29) 
c rys ta l l i z ing i n the or thorhombic aragonite lattice. 

B y solid-state reactions of A m 0 2 w i t h A 1 2 0 3 at 1250°C. i n H 2 no 
c o m p o u n d format ion c o u l d be observed. I n order not to increase the 
react ion temperature, a 1:1 m i x e d hydrox ide prec ip i tat ion of a m e r i c i u m 
a n d a l u m i n i u m reacted i n H 2 for 2 - 8 hrs. at 1250 ° C . T h i s resulted i n the 
quant i tat ive format ion of rose-colored A m A 1 0 3 h a v i n g the hexagonal 
distorted perovskite structure of the aluminates of L a , P r , N d (11), a n d 
P u ( 1 7 , 3 5 ) . 

The Reaction of A m G 2 with Oxides of the Group I V Elements. T h e 
dioxides of the elements t h o r i u m , pro tac t in ium, u r a n i u m , n e p t u n i u m , 
a n d p l u t o n i u m react d i rec t ly w i t h S i 0 2 a n d G e 0 2 either thermal ly or 
hydro thermal ly to f o rm ternary oxides of the type A I V B l v 0 4 w h i c h , 
depend ing u p o n the act inide element a n d the condit ions of preparat ion , 
possess a z i r con ( Z r S i 0 4 ) , scheelite ( C a W 0 4 ) , or huttonite ( T h S i 0 4 ) 
structure (16). Cor respond ing react ion products c o u l d be expected for 
A m 0 2 even if the l o w thermal stabi l i ty of A m 0 2 at the r e q u i r e d h i g h 
react ion temperatures causes difficulties. T h e solid-state react ion of A m 0 2 

w i t h S i 0 2 at 1250 °C . i n a l l cases resulted i n an extensive oxygen loss of 
A m 0 2 a long w i t h the format ion of A m ( I I I ) . T h e hope of f o r m i n g an 
A m ( I V ) s i l icate b y a solid-state react ion was poor because i n the series of 
tetravalent actinides only silicates of T h ( I V ) a n d P a ( I V ) , but not of 
U ( I V ) , N p ( I V ) , a n d P u ( I V ) c o u l d be obta ined b y thermal methods. 

A n A m ( I V ) si l icate, A m S i 0 4 , h a v i n g the structure of z i r con ( α-form 
of the a c t i n i d e ( I V ) si l icates) was obta ined b y hydro thermal synthesis 
out of a m i x e d hydrox ide prec ip i tat ion of A m ( O H ) 4 + S i 0 2 * aq . T h e 
A m fract ion, after prec ip i ta t ion b y the method of P e n n e m a n n et al. (31), 
was o x i d i z e d w i t h N a O C l i n an a lkal ine solut ion to f o rm A m ( O H ) 4 . 
A f t e r 5 -7 days at 230°C. a n d a p H of 8.2-8.6, the components reacted 
to f o rm crystal l ine A m S i 0 4 , w h i c h is isostructural w i t h the silicates of 
the other tetravalent actinides prepared the same w a y . 

At tempts to prepare A m G e 0 4 b y a solid-state react ion of A m 0 2 

+ G e 0 2 resulted i n a p a r t i a l decomposi t ion of A m 0 2 i n a l l cases also at 
1000°C. i n 0 2 . T h e nondecomposed part of A m 0 2 reacts b y f o r m i n g 
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17. K E L L E R Americium Oxides 237 

A m G e 0 4 w i t h scheelite structure (α-form of the a c t i n i d e ( I V ) germa-
nates ) . Pure A m G e 0 4 is obta ined again b y h y d r o t h e r m a l react ion of 
A m ( O H ) 4 + G e 0 2 ( a q ) under the same exper imental condit ions as 
quoted for A m S i 0 4 . T h e thermal decomposi t ion of A m G e 0 4 starts at 
about 1050°C. 

a(X) 
• 5.400 -

5.100 U ι i » . ι , ι . ι ι I 
Zr00 10 20 30 40 50 60 70 80 90 AmCL 

1 • [mole 7·] 
Figure 4. Lattice constants and extension of solid solutions in the system 

Am02-Zr02 

O = 1200°C. 
X = 1400°C. 

It has been k n o w n for a l ong t ime that T h 0 2 a n d U 0 2 f o r m extensive 
series of m i x e d crystals w i t h Z r 0 2 above 1000 ° C . w h i c h have a tetragonal 
fluorite structure at l o w T h 0 2 a n d U 0 2 content a n d a cub i c fluorite 
structure at h igher content [e.g. (6, 9, 26, 4 2 ) ] . F i g u r e 4 shows that the 
corresponding series of m i x e d crystals exist also i n the system A m 0 2 - Z r 0 2 . 
A one-phase so l id so lut ion of fluorite structure extends above 18 m o l e % 
A m 0 2 u p to pure A m 0 2 . T h e lattice constants of these oxide phases i n 
crease proport ional ly w i t h the A m 0 2 content, w h i c h must be expla ined 
as an ind i ca t i on of the presence of pure A m ( I V ) . T h e corresponding 
experiments i n the system A m 0 2 - H f 0 2 d i d not show quant i tat ive results, 
but here too a fluorite phase of a large but undetermined extension is 
f ound . 

R e d u c t i o n of the A m 0 2 - Z r 0 2 a n d A m 0 2 - H f 0 2 fluorite phases results 
i n the corresponding ternary oxides a n d oxide phases of t r ivalent a m e r i 
c i u m . I n the system A m O i 5 - H f 0 2 there is a 1:1 c o m p o u n d A m 2 H f 2 0 7 of 
a pyrochlore structure w h i c h has a near ly sto ichiometric compos i t ion 
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238 LANTHANIDE/ACTINIDE CHEMISTRY 

a(Â) 
4 

10.700 

10.600 

10.500 

10.400 

ω 
ω 

πι 

2 PHASES 

tetrag. s s +F. s s 

u o-

-I i L. 

1 PHASE 2 PHASES 
_o— 

a/2(Â) 
4 

5.350 

5.300 

-I 5.250 

5.200 
R s s * h e x s s 

Zr02 10 20 30 40 50 60 70 80 90 Am0 1 5 

-+ [mole%] 

Figure 5. Lattice constants and extension of solid solutions in the system 
Am015-ZrO%, 1200°C. 

a(Â)| 

10.700h 

-o o Q — ° -

10.600 h 

Hf02 10 20 30 40 50 60 70 80 90 Am01R 

* [molee/o] 
Figure 6. Lattice constants in the system AmOt 5-Hf02, 1400°C. 

( F i g u r e 5 ) . M o r e compl i cated are the results i n the system A m O i 5 - Z r 0 2 . 
Besides the pure starting components, two one-phase areas can be ob 
served at 1 2 0 0 ° C : a tetragonal so l id so lut ion of 0 - 6 m o l e % A m O i r, a n d a 
cub i c so l id so lut ion of about 32 -55 m o l e % A m O i . 5 ( F i g u r e 6 ) . I n the 
cub i c so l id so lut ion, i n whose region exists A m 2 Z r 2 0 7 w i t h the pyrochlore -
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1 7 . K E L L E R Americium Oxides 239 

type structure, a continuous transit ion f r om the fluorite phase to the p y r o -
chlore phase can be observed. I n this respect the system A m O i . 5 - Z r 0 2 

fits excel lently into the series of rare earth zirconates invest igated b y 
F r e n c h authors—e.g., (7, 8, 32); for the corresponding H f systems there 
are, as yet, no comprehensive investigations reported i n the l i terature. 
T h e s tr ik ing difference i n the systems A m O i 5 - Z r 0 2 a n d A m O i . 5 - H f 0 2 

cannot be expla ined , however . 
A s expected, T h 0 2 forms a complete series of m i x e d crystals w i t h 

A m 0 2 , whose latt ice constants f o l l ow Vegard 's rule ( F i g u r e 7 ) . 

a(K) 

Î Γ 
5,800 -

5,700 -

5,600<k 

5,500 -

5,400 -

5,300 -
Th0910 20 30 40 50 60 70 80 90 Am02 

• [mole 7·] 
Figure 7a. Lattice constants in the system Am02-Zr02, 1300°C. 

T h e so lub i l i ty of A m O i 5 i n T h 0 2 at 1300°C. is about 50 m o l e % . I n 
this case the pure fluorite structure remains ; the lack of oxygen is ba lanced 
b y the format ion of statist ical ly d i s t r ibuted oxygen holes. A n exact deter
m i n a t i o n of the so lub i l i ty of A m O i π i n T h 0 2 is possible i n pract ice on ly 
b y quo t ing a large m a r g i n of error because the lattice constants of T h 0 2 

(a = 5.599 A . ) a n d those of the cub i c A m O i 5 (a/2 = 5.515 A . ) are 
re lat ive ly close to each other; a n d moreover, the q u a l i t y of x-ray p o w d e r 
patterns of samples above 50 m o l e % A m O i . 5 leaves m u c h to be desired. 

T h e R e a c t i o n of A m 0 2 a n d A m 2 O a w i t h the Oxides o f G r o u p V E l e 
ments. I n its reactions w i t h group V elements a m e r i c i u m behaves l ike a 
t y p i c a l rare earth element. W h e n us ing A m 0 2 as the a m e r i c i u m c o m 
ponent there is a lways loss of oxygen a n d the format ion of ternary oxides 
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240 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

of A m ( I I I ) . T h i s is shown most c lear ly i n the react ion of the ac t in ide 
dioxides w i t h N b 2 0 5 a n d T a 2 0 5 i n a mo lar rat io of 1:2. T h 0 2 , P a 0 2 , 
U 0 2 , N p 0 2 , a n d P u 0 2 f o r m ternary oxides of the composi t ion M e 0 2 · 
2 X 2 0 5 w i t h N b 2 0 5 a n d T a 2 0 5 i n a rat io of 1:2 (22) whose structure, i n 
accordance w i t h the nomenclature Μ β 0 . 2 5 ΐ ν Χ ν Ο 4 m a y be taken as a n 
intermediate state of transi t ion f rom the p r i m i t i v e cub i c R e 0 3 latt ice to 
the bcc C a T i 0 3 - l a t t i c e . T e r n a r y oxides of a s imi lar structure i.re also 
p r o d u c e d i n the react ion of the sesquioxides of the l i ght lanthanides 
( M e 1 1 1 — L a - N d for X = N b a n d M e m = L a - E r for X = T a ) w i t h 
N b 2 0 5 a n d T a 2 0 5 ( 23, 34). These compounds must be g iven the f o r m u l a 
M e O ! 5 ' 1 . 5 X 2 0 5 = M e o . 3 3 m X O a . 

I ι ι ι ι I ι ι ι 1 1 
Th02 10 20 30 AO 50 60 70 80 90 

> mole % 

Figure 7b. Lattice constants and extension of fee solid solutions in the 
system Am015-Th02y 1300°C. 

I n the solid-state react ion of A m 0 2 w i t h N b 2 0 5 a n d T a 2 0 5 , respec
t ive ly , (1:1.5 a n d 1:2 respect ive ly) the result i n a l l cases consisted of 
substances of a pale rose color w h i c h fit w e l l into the series of rare earth 
compounds a n d whose lattice constants showed the same values, inde 
pendent of their preparat ion i n H 2 or 0 2 ( for X = T a ) or their prepara 
t i on f r om A m O i . 5 a n d X 2 0 5 i n the evacuated tube or i n air. T h e x-ray 
p o w d e r patterns of start ing mixtures A m : X = 1 : 4 a lways contained the 
reflexes of X 2 0 5 w h i c h were no longer observed for the starting rat io of 
1:3. T h i s permits the unequ ivoca l conc lus ion that these compounds con 
ta in A m ( I I I ) a n d should be f o rmulated as A m 0 . 3 3 N b O 3 a n d A m o . 3 3 T a 0 3 . 
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17. K E L L E R Americium Oxides 241 

W h i l e the compounds quoted of the tetravalent actinides show a tetrago-
n a l l y d istorted perovskite structure, the symmetry of the M e ( I I I ) c om
pounds is orthorhombic-pseudotetragonal . 

T h e react ion of A m 0 2 w i t h P a 2 O s results i n a double oxide 
( A m 0 . 5 i n , P a 0 . 5 V ) O 2 of fluorite-type structure w i t h a statist ical d i s t r ibut i on 
of the meta l ions (18). ( A m 0 . 5 i n , P a o . 5 V ) 0 2 , l i k e the analogous compounds 
of the rare earth elements, forms a double oxide w i t h B a O , B a ( A m o . 5 , 
P a 0 . 5 ) O 3 w i t h a n ordered perovskite-type of structure (19). 

Figure 8. Structural transformation of monoclinic 
AmNbOjt 

Analogous solid-state reactions of A m 0 2 w i t h the corresponding 
secondary components result i n the compounds A m P 0 4 ( C e P 0 4 struc
t u r e ) , A m A s 0 4 (huttonite s t ructure ) , A m V 0 4 ( C a W 0 4 s t ruc ture ) , 
A m N b 0 4 a n d A m T a 0 4 (β- ίergusonite t y p e ) , A m T a T i 0 6 a n d A m N b T i 0 6 

(priorité type ) as w e l l as B a ( A m 0 . 5 , N b o . 5 ) 0 3 a n d B a ( A m o . 5 , T a 0 . 5 ) 0 3 

( o rdered perovskite structure) (19, 24). A m N b 0 4 a n d A m T a 0 4 have 
two modif ications. T h e l o w temperature modi f i cat ion , w h i c h has a mono 
c l in i c d istorted scheelite latt ice , changes into the tetragonal scheelite 
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50 100 150 200 
* d (days) 

Figure 9. Changes in lattice parameters for AmO< 

1 ί 1 ι 
50 100 150 200 

* d (days) 

Figure 10. Changes in lattice parameters for Am2Hf207 

structure w i t h increasing temperatures. T h e h i g h temperature f o rm of 
A m N b 0 4 a n d A m T a 0 4 cannot be reta ined i n the metastable state even 
b y fast q u e n c h i n g ; this also holds for the corresponding compounds of 
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17. K E L L E R Americium Oxides 243 

the rare earths (35, 36). T h e po int of crysta l transformation for A m N b 0 4 

is 660 ± 20°C . ( F i g u r e 8 ) . 

T h e reduct ion of A m V 0 4 w i t h hydrogen at 1200°C. results i n l ight 
brown-co lored A m V 0 3 w h i c h , l ike a l l vanadates ( I I I ) of the rare earths 
crystall izes i n an or thorhombic -de formed perovskite latt ice. 

L i k e the orthophosphates of a c t i n i u m ( 3 9 ) , p l u t o n i u m ( 4 ) , a n d the 
l ight rare earths (30) A m P 0 4 exists i n two modif ications. T h e prec ip i tate 
obta ined i n a prec ip i ta t ion react ion of an A m 3 + so lut ion out of a w e a k l y 
a c i d so lut ion b y a d d i n g ( N H 4 ) 2 H P 0 4 has a hexagonal structure. A s 
shown b y M o o n e y ( 3 0 ) , this latt ice is able to take u p a m a x i m u m of 
0.5 molecules of water zeo lyt i ca l ly so that the prec ip i ta ted substance 
should have the f o r m u l a A m P 0 4 · 0-0.5 H 2 0 . T h e l o w t h e r m a l s tabi l i ty 
of this phosphate modi f i cat ion makes i t p laus ib le that the presence of 
zeo lyt i ca l ly b o u n d water is necessary to stabi l ize the latt ice . T h e best 
crysta l l i zed preparations of hexagonal A m P 0 4 were obta ined b y h y d r o -
thermal synthesis at 150 °C . B y heat ing hexagonal A m P 0 4 to > 2 0 0 ° C , 
there is a s tructural transformation into a second modi f i cat ion of a h u t -
tonite ( T h S i 0 4 ) type of structure w h i c h is also f o rmed i n the t h e r m a l 
reaction. T h e structural transformation of A m P 0 4 is accompanied b y a n 
unusua l increase i n density of about 2 0 % . T h e prec ip i tated A m phos
phates are easily dissolved i n d i l u t e d acids; the annealed A m P 0 4 can be 
dissolved only i n b o i l i n g acids. 

Self-Irradiation Damage of Am Compounds 

If a so l id is exposed to i r rad ia t i on b y heavy partic les (n, p, a lphas, 
fission f ragments ) , a change i n the lattice constants of the elementary 
ce l l w i l l be f ou nd after a specif ied per i od of t ime. A s a rule , this w i l l 
be a n expansion caused b y the d is locat ion of latt ice elements to inter 
st i t ia l positions. If radionucl ides b u i l d u p such a so l id , a s imi lar effect 
must be expected because of the " i n t e r n a i " i r rad ia t i on—i .e . , the rad ioac 
t ive decay. T h i s is par t i cu lar ly true of radionucl ides decay ing under a l p h a 
emission. I n a d d i t i o n to the d is locat ion of latt ice elements because of 
this " i n n e r " a l p h a act iv i ty there is also the d is locat ion b y the reco i l a tom 
i n this case. If a reco i l atom or an a lpha part ic le traverses an area where 
there has already been a rad ia t i on damage, there w i l l be no further 
damage ( I ) ; hence, the relat ive lattice change goes towards a l i m i t i n g 
value. T h e re lat ive increase i n latt ice constants i n this case can be ex
pressed b y the equat ion : 
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R a d i a t i o n damage ar is ing i n crystals w i t h alpha-act ive nucl ides were 
invest igated b y H u r l e y a n d F a i r b a i r n (13) us ing natura l z i r con ia con 
t a i n i n g u p to 0 . 1 % u r a n i u m a n d b y R a n d , F o x , a n d Street (33) us ing 
several p l u t o n i u m compounds . 

E x p e r i m e n t a l results obta ined for the cub i c compounds A m 0 2 ( C a F 2 

1 1 1 1 r 
50 100 150 200 250 

^ d ( d a y s ) 

Figure 11. Changes in lattice parameters for Liu
ulAmOs 
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Figure 12. X-Ray powder patterns for Liu
ulAm05 vs. storage time 
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17. K E L L E R Americium Oxides 245 

latt ice ) a n d A m 2 H f 2 0 7 (pyrochlore type ) a n d for tetragonal L i 4 A m 0 5 
are shown i n F igures 9-12. A f t e r an i n i t i a l continuous increase i n the 
lattice constants w i t h storage t ime, the l i m i t of the relat ive latt ice expan
sion was reached for A m 0 2 a n d A m 2 H f 2 0 7 after some 150 a n d 70 days. 

T h e exper imental values of ~ for A m 0 2 can be represented w i t h suffi

c ient accuracy b y the equat ion y = 3.5 Χ 10~3 (1 — e~0M2t), for 

A m 2 H f 2 0 7 b y ^ = 2.0 Χ 10" 3 (1 - β" 0 · 0 6 7 *) (t _ t ime i n d a y s ) . T h e 
latt ice constant of A m 0 2 on the w h o l e changes f rom a0 = 5.377 A . to 
a = 5.395 Α., corresponding to an increase of 0 . 3 5 % . T h e Debye -Scherrer 
p o w d e r patterns, even after long storage times of the samples (about 
400 d a y s ) , showed l i t t l e change w i t h respect to intensity a n d c lar i ty of 
the i n d i v i d u a l l ines. T h e results of an invest igat ion of tetragonal L i 4 A n i 0 5 
are s l ight ly different. C e l l vo lume as w e l l as the α-axis increase w i t h 
storage t ime ; for bo th quantit ies it was imposs ib le to obta in a l i m i t d u r i n g 
the p e r i o d of observation. T h e increase i n the α-axis was one order of 
magni tude larger than i n the compounds discussed above. W i t h i n 260 
days the latt ice constant increased f r om a0 = 6.666 A . to at = 6.827 A . 
w h i c h corresponds to an increase of 2 . 4% . A f t e r a n i n i t i a l increase a 
subsequent decrease was f o u n d for the c-axis; after about 180 days the 
lattice constant decreased even be l ow the va lue obta ined or ig inal ly . T h e 
q u a l i t y of the x-ray p o w d e r patterns experienced a considerable decrease 
w i t h storage t ime i n regard to l ine intensities as w e l l as l ine c lar i ty , so 
that after about 300 days of storage t ime no evaluat ion was possible. 
P r o b a b l y the damage to the crysta l latt ice i n this case is caused b y the 
d is locat ion of the latt ice points to interst i t ia l positions a n d also b y a 
reduct i on of A m ( V I ) to A m ( V ) . 

Conclusion 

Investigations of the solid-state chemistry of the a m e r i c i u m oxides 
have shown that a m e r i c i u m has properties t y p i c a l of the preced ing ele
ments u r a n i u m , n e p t u n i u m , a n d p l u t o n i u m as w e l l as properties to be 
expected of a t y p i c a l act inide element ( pre ferred stabi l i ty of the valence 
state 3 + ) . A s the produc t i on of ternary oxides of tr ivalent p l u t o n i u m 
entails considerable difficulties, it m a y be justified to speak of a d is 
cont inu i ty i n the solid-state chemica l behavior i n the transi t ion f r o m 
p l u t o n i u m to amer i c ium. A s imi lar discontinuous change i n the so l id -
state chemica l behavior is certa in ly expected i n the trans i t ion A m C m . 
A m e r i c i u m must be a t t r ibuted an intermediate pos i t ion among the ne igh 
b o r i n g elements w h i c h is m u c h more pronounced i n the reactions of the 
oxides t h a n i n those of the hal ides or the behavior i n aqueous solution. 
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Tetra- and Pentavalent Actinide Fluoride 
Complexes 

Protactinium to Curium 

ROBERT A. PENNEMAN, THOMAS Κ. KEENAN, 
and LARNED B. ASPREY 

University of California, Los Alamos Scientific Laboratory, Los Alamos, Ν. M. 

X-ray data are given for tetragonal LiF · XF4 and for rhom-
bohedral 7NaF · 6XF4, X = Th, Pa, U, Np, Pu, Am, and 
Cm. Hydrogen reduction of alkali fluoride-Pa(V) fluoride 
complexes yields LiF · PaF4 and 7MF · 6PaF4 (where M = 
Νa, Κ, Rb). When 3NaF · PaF5 is treated with H2 at 450°C., 
its absorption spectrum shows Pa(IV) to be present but its 
x-ray structure is not changed. Pentavalent compounds in
clude MF · PaF5, MF · UF5 (M = Li through Cs), as well 
as CsF · NpF5, CsF · PuF5, 2RbF · NpF5, 2RbF · PuF5, and 
3RbF · PaF5. Fluorination of UF4 in liquid anhydrous HF 
yields UF5. When alkali fluoride and UF4 are present in 
liquid HF, fluorination forms blue, soluble UF6-. Fluorine 
oxidation of NpF4 in a melt of CsF · 2HF yields magenta 
colored NpF6-. 

T n this paper emphasis is g iven to recent results obta ined at the L o s 
A A l a m o s Scientif ic L a b o r a t o r y rather t h a n to a complete survey. Ref 
erences to the current l i terature w i l l g ive some idea of the scope of such 
work . 

Tetravalent Actinide Fluoride Complexes 

Complexes of Protactinium (IV) . P R E P A R A T I O N A N D X - R A Y P R O P E R 
T I E S . A n u m b e r of complex fluorides conta in ing other tetravalent actinides 
are k n o w n (1, 8, 9, 13-15, 20, 22, 24, 25, 26, 27, 29), but few fluoride 

248 
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18. P E N N E M A N E T A L . Actinide Fluoride Complexes 249 

compounds of P a ( I V ) have been described—e.g., the p r e l i m i n a r y c om
municat ions on 7 R b F · 6 P a F 4 (3 ) a n d 4 N H 4 F · P a F 4 ( 4 ) . ( F o r m u l a s 
of the complex fluorides are w r i t t e n M F · X F 4 or M F · X F 5 for ease of 
d i s p l a y i n g the valence of the act inide . ) O u r previous w o r k on 4 N H 4 · U F 4 

a n d 4 N H 4 F · A m F 4 ( I , 8, 22) p lus the extensive w o r k at the O a k R i d g e 
N a t i o n a l L a b o r a t o r y (9, 13, 14, 15, 24, 25, 26, 27) a n d b y Zachariasen 
(29) o n compounds i n the a l k a l i fluoride-uranium tetrafluoride systems 
p r o v i d e d x-ray data for the U ( I V ) fluoride complexes. I n most cases, 
the x-ray properties of the P a ( I V ) compounds are s imi lar to those of the ir 
U ( I V ) analogs. 

Table I. Alkal i Fluoride Complexes of Tetravalent Protactinium 

Ratio 
MF:PaF,t M Structure 

1:1 L i Tetragonal a 

7:6 N a Rhombohedral b 

Κ Rhombohedral 6 

Rb Rhombohedral 5 

Cs (Unknown) 
2:1 A l l unknown 0 

3:1 N a Prob. tetragonal 

Κ Prob. fee 

Rb Prob. fee 

4:1 N H 4 Monoclinic 

Lattice Parameter, A 

aQ = 14.96, cQ = 6.58 
α ο = 9 . 1 6 , α = 1 0 7 ° 5 4 ' 
α ο = 9 . 4 4 , α = 1 0 7 ° 0 9 ' 
α ο = 9 . 6 4 , α = 1 0 7 ° 0 ' 

Existence inferred from absorption spec
trum, amount P a ( I V ) and of P a ( V ) 
u n k n o w n / 

Existence inferred from absorption spec
trum, amount P a ( I V ) and of P a ( V ) 
u n k n o w n / 

Existence inferred from absorption spec
trum, amount P a ( I V ) and of P a ( V ) 
u n k n o w n / 

Isostructural wi th ( N H 4 ) 4 X F 8 ( X = U , 
N p , P u , and A m ) 

° Isostructural with L i F · U F 4 (13, 14). 
b Isostructural with 7NaF · 6 U F 4 (13, 15). 
c Hydrogen reduction of 2 K F · P a F 5 powder resulted in the formation of 7KF · 6PaF 4 

as the major solid phase, and not 2 K F · PaF 4 . 
d T h e x-ray structures of the 1:1 alkali fluoride : PaFs fluoride complexes are quite 
distinct from those of the 1:1 and 7:6 alkali fluoride:PaF4 complexes. At the 3:1 
stoichiometry, the 3KF · U F 3 , 3KF · U F 4 , and 3KF · U F 5 compounds are all face-
centered cubic and of nearly identical cell size (28). Absorption spectrum rather 
than x-ray was the criterion used to detect hydrogen reduction of 3 K F · P a F 5 to 
3KF · P a F 4 , and of 3NaF · P a F 5 to 3NaF · PaF 4 . 

C o m p l e x fluorides conta in ing tetravalent p ro tac t in ium a n d the a l k a l i 
fluorides ( L i , N a , K , R b , a n d N H 4 ) were prepared f r o m M F -f- P a F 4 

start ing mixtures a n d b y r educ ing M F - P a F r , compounds at 4 0 0 ° - 5 0 0 ° C . 
us ing pure hydrogen , obta ined f r om U H 3 . T h e x-ray results on c o m 
pounds obta ined b y these methods are presented i n T a b l e I. 
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250 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

A B S O R P T I O N S P E C T R U M O F 7 R b F * 6 P a F 4 . Tetravalent p ro tac t in ium 
shou ld have a 5 / 1 e lectron a n d show discrete opt i ca l absorption. T h i s is 
demonstrated i n T a b l e I I w h i c h shows the absorpt ion spectrum charac
teristic of tetravalent pro tac t in ium. T h e spectrum was obta ined f r om a 
m u l l i n a F l u o r o c a r b o n o i l , h e l d between C a F 2 flats. A C a r y 14 M R 
spectrophotometer was used. 

Table II. Absorption Spectrum of Tetravalent Protactinium Fluoride 

a F o r 7 R b F · 6 P a F 4 , 3 N a F · P a F 4 , and P a F 4 , an intense infrared absorption band is 
observed at — 6 4 8 5 c m . " 1 , g iv ing a value for fa of P a ( I V ) = 1567 c m . " 1 . 

Preparation and Lattice Constants of the L i F · X F 4 and 7 N a F · 6 X F 4 

( X = T h — Cm) Series. T h e two series of 1:1 l i t h i u m - a c t i n i d e ( I V ) 
fluorides (18) a n d 7:6 s o d i u m - a c t i n i d e ( I V ) fluorides (18) have n o w 
been completed for a l l act inides, t h o r i u m through c u r i u m (i.e., those 
avai lab le actinides w h i c h exhibi t a tetravalent state) . B e r k e l i u m w o u l d 
u n d o u b t e d l y f o rm s imi lar compounds , but sufficient quantit ies were not 
yet avai lable . A l t h o u g h the compounds L i F · T h F 4 ( 1 3 ) , 7 N a F · 6 T h F 4 

(13), L i F · P a F 4 ( 7 ) , 7 N a F · 6 P a F 4 ( 7 ) , L i F · U F 4 (13,14), a n d 7 N a F · 
6 U F 4 ( 13 ) h a d been k n o w n previously , data for the l i t h i u m a n d sod ium 
double fluorides of n e p t u n i u m , p l u t o n i u m , a m e r i c i u m , a n d c u r i u m were 
l a ck ing . These compounds have now been prepared . Start ing mixtures 
of either 1:1 L i : X or 7:6 N a : X were prepared b y evaporat ion f rom 
aqueous H C 1 solution. H y d r o g e n reduct ion of the n e p t u n i u m at 350°C. 
i n the presence of H F fo rmed L i F · N p F 4 a n d 7 N a F · 6 N p F 4 . 

Treatment of the start ing mixtures of p l u t o n i u m , a m e r i c i u m , or 
c u r i u m w i t h e lemental fluorine at 350°C. for — 16 hours was necessary 
to f o r m good x-ray samples of L i F * X F 4 or 7 N a F · 6 X F 4 ( X = P u , A m , 
C m ) . N o ox idat ion to pentavalent p l u t o n i u m was observed under these 
condit ions. W h e n heavier alkal is are present ( R b or C s ) , fluorination of 
such mixtures yie lds P u ( V ) fluorides. 

Recent single crystal studies on L i F · U F 4 (14) a n d 7 N a F · 6 Z r F 4 

(15) establ ished the space group assignments a n d stoichiometry so that 
p o w d e r di f fract ion data on the n e w act in ide compounds c o u l d be more 

Compound 

7 R b F · 6 P a F 4 

Peak Maxima, A 

2580 M 
2920 W 
3500 M 

12600 S 
14700 W , Br 
16000 V W , Br 
17400 V W 
18270 V S , Narrow" 
18510 W 
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18. P E N N E M A N E T A L . Actinide Fluoride Complexes 251 

read i l y interpreted. T h e 1:1 L i F * X F 4 compounds are tetragonal , space 
group I 4 i / a , w i t h 16 molecules per un i t ce l l . T h e 7 N a F · 6 X F 4 are r h o m 
bohedra l , space group R 3 , w i t h three molecules per hexagonal un i t ce l l . 
I n b o t h series, a steady decrease i n molecu lar vo lume is noted f r om 
t h o r i u m to c u r i u m w h i c h is evidence for the act inide contract ion i n the 
tetravalent state. F i g u r e 1 shows this contract ion for the two types of 
compounds . C e l l constants for these two series are g iven i n T a b l e I I I . 

Th Pa U Np 
_ _ L _ 

Pu Am 

Rb" 

Κ 

Na 

7 : 6 A F : M F 4 

L Î F : M F 4 

Cm 

A C T I N I D E ( I E ) 

Figure 1. Molar volumes of rhombohedral Na7M6F31 and tetrago
nal LiMF5 on the basis of I M atom/molecule 

Pentavalent Actinide Fluoride Complexes 

P r o t a c t i n i u m ( V ) . A n e w series of complex fluorides conta in ing 
pentavalent p ro tac t in ium a n d a l k a l i fluorides was synthesized; the c o m 
pounds K F · P a F 5 , R b F · P a F 5 , N H 4 F · P a F 5 , a n d C s F · P a F 5 were 
s h o w n to be isostructural (2 , 6 ) . O t h e r complexes w i t h the ratio of one 
a l k a l i to one pro tac t in ium were also prepared but these compounds , 
L i F · P a F 5 a n d N a F · P a F 5 , were not isostructural w i t h the preced ing 
group nor w i t h each other ( 6 ) . Complexes of the 2:1 type, 2 M F * P a F 5 

( M = K , R b , C s but not L i or N a ) f o rm readi ly . T h e 3:1 type ( 3 M F · 
P a F 5 ) were also prepared , a n d 3 R b F · P a F 5 was indexed as fee, a0 = 
9.6 A ( 6 ) . These latter two classes of h igher complexes were studied 
to a lesser extent at L o s A l a m o s since it was f ound that the E n g l i s h group 
at H a r w e l l was invest igat ing t h e m (10, I I , 12 ) . O n e of their interest ing 
findings was the coordinat ion of n ine for P a ( V ) i n 2 K F · P a F 5 rather 
than seven as occurs i n the tanta lum analog. 
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252 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T a b l e I I I . L i X F r > ; T e t r a g o n a l , Spac e G r o u p I 4] L / a j Ζ — : 16 

Mol. Vol., 
Compound a 0 , A . 0, A . A.3 Reference 

L i T h F 5 15.10 6.60 94.1 13 
L i P a F 5 14.97 ± 0.02 6.576 ± 0.003 92.0 7 
L i U F 5 14.8592 ± 0.0096 6.5433 ± 0.0009 90.3 15 
L i N p F 5 14.80 ± 0.02 6.516 ± 0.005 89.2 18 
L i P u F 5 14.67 ± 0.02 6.479 ± 0.005 87.1 18,19 
L i A m F 5 14.63 ± 0.02 6.449 ± 0.005 86.3 18 
L i C m F 5 14.57 ± 0.02 6.437 ± 0.005 85.4 18 

Na7X6Fsl; Hexagonal (Rhombohedral), Space Group R3, Ζ = 3 

N a 7 T h 6 F 3 1 14.96 9.912 640.4 13 
N a 7 P a 6 F 3 1 14.81 ± 0.02 9.850 ± 0.003 623.7 7 
N a 7 U 6 F 3 1 14.72 9.84 615.5 13 
N a 7 N p 6 F 3 1 14.64 ± 0.02 9.785 ± 0.003 605.4 18 
N a 7 P u 6 F 3 1 14.55 ± 0.02 9.741 ± 0.003 595.3 18 
N a 7 A m 6 F 3 1 14.48 ± 0.02 9.665 ± 0.003 585.0 18 
N a 7 C m c F 3 1 14.41 ± 0.02 9.661 ± 0.003 579.1 18 

T h e 1:1 complexes between the heavier a l k a l i fluorides a n d pro 
tac t in ium pentaf luoride are especial ly interest ing since they are not l ike 
their tanta lum analogs but more closely resemble those of pentavalent 
u r a n i u m . W e find them to be or thorhombic (see T a b l e I V ) . Systematic 
absences of reflections indicate the space group to be A b m 2 or A b m m 
( C m m a ) . Reflections of the type h k 1 for w h i c h k and 1 are o d d 
are extremely weak, w h i l e those w i t h k a n d 1 even are general ly qui te 
strong. T h e intensity d i s t r ibut ion of the strong reflections suggest that 
at least the act in ide atoms are i n such special positions as to produce 
a pseudo-ce l l of one quarter the vo lume of the true ce l l . 

U r a n i u m ( V ) . I n the case of u r a n i u m , gaseous fluorine w i l l no rmal ly 
take U F 4 on past U F 5 to U F 6 . I n contrast, w e find that fluorine ox idat ion 
of U F 4 i n l i q u i d anhydrous H F proceeds read i ly to U F 5 a n d then goes 
on ly s l owly to U F 6 . If a l k a l i fluoride is also present, the method is espe
c ia l l y useful i n the preparat ion of M F · U F 5 compounds free f r om traces 
of U ( I V ) or U ( V I ) . T h e technique is g iven b e l o w : 

( 1 ) W e prepared U F 5 b y s t i rr ing a suspension of h i g h surface area 
U F 4 i n l i q u i d anhydrous H F at 25°C . under 10 p.s.i .g. of F 2 . T h e ox ida 
t ion can be read i ly ha l ted at / 2 - U F 5 w h i c h is also inso luble i n l i q u i d H F . 

(2 ) A st irred s lurry of C s F a n d U F 4 (1 :1 mole rat io ) i n l i q u i d H F 
was treated w i t h F 2 at 10 p.s.i.g., resul t ing i n smooth oxidat ion of U ( I V ) 
to U ( V ) , g i v i n g a clear b lue solut ion of C s F · U F 5 . O n evaporat ion of 
H F , b lue crystals of pure C s F · U F 5 were deposited. W i t h R b F , l ight 
y e l l o w R b F · U F 5 crystals were deposited f rom the b lue solut ion of 
R b F · U F 5 i n l i q u i d H F . I n these latter reactions, U F 4 need not be of 
h i g h surface area since the M F · U F 5 react ion products are soluble. 
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18. P E N N E M A N E T A L . Actinide Fluoride Complexes 253 

Neptunium (V) and Plutonium ( V ) . A l t h o u g h U F 4 , U F 5 , and U F 6 

are w e l l k n o w n compounds, evidence for N p F 5 a n d P u F 5 is l a ck ing . 
U s i n g the method w h i c h p r o v e d successful i n p r e p a r i n g U F 5 , w e f o u n d 
that at 2 5 ° C , N p F 4 (0.17 grams) as a s lurry i n H F was not ox id i zed 
to N p F 5 b y 10 p.s.i .g. of F 2 . H o w e v e r , w h e n 10 grams of C s F were 
a d d e d a n d H F p u m p e d off, fluorine then caused oxidat ion to N p ( V ) . 
T h e green N p F 4 d issolved i n the res idua l w a r m ( 5 0 ° - 7 0 ° C . ) C s F · 2 H F 
mixture a n d was ox id i zed b y F 2 to a soluble , magenta N p ( V ) fluoride 
complex ; C s F - N p F 5 ( i sostructural w i t h C s F · U F 5 ) was deposited f r o m 
this solut ion ( 5 ) . W h e n l i q u i d H F was recondensed on this mater ia l , 
d isproport ionat ion took place, as deduced f rom the observation that 
green N p F 4 r emained b e h i n d a n d orange, vo lat i le N p F 6 condensed i n 
the connect ing trap . C s F · N p F 5 is best prepared b y the d r y techniques 
l i s ted be l ow for p l u t o n i u m ; data for this c o m p o u n d are g iven i n T a b l e I V . 

Table IV. Some Alkali Fluoride : Protactinium ( V ), Uranium ( V ), 
Neptunium(V) , Plutonium(V) Fluoride Complexes* 

(1:1) 
Isostructural 

Orthorhombic 
Compounds a 0 , A . b 0 , A . c 0 , A . 

K F · P a F 5 5.64 11.54 7.98 
K F · U F 5 5.61 11.46 7.96 
N H 4 F · P a F 5 5.84 11.90 8.03 
N H 4 F · U F 5 5.83 11.89 8.03 
R b F · P a F 5 5.86 11.97 8.04 
R b F · U F 5 5.82 11.89 8.03 
C s F · P a F 5 6.14 12.56 8.06 

(Id) 
Isostructural 

Rhombohedral 
Compounds 

C s F · U F 5 8.04 8.39 
C s F · N p F 5 8.017 8.386 
C s F · P u F 5 8.006 8.370 

(2:1) 
Isostructural 
Monoclinic 
Compounds 

2 R b F · N p F 5 6.26 13.42 8.90 (β = 
2 R b F · P u F 5 6.27 13.41 6 8.84 (β = 

a A complete structure determination of R b P a F 6 is being made b y Burns , L e v y , and 
Kel ler ( 16 ) . 
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254 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T h e compounds 2 R b F · P u F 5 a n d C s F · P u F 5 were the first fluoride 
complexes to be character ized i n w h i c h a t ransuranium element i n the 
pentavalent state occurs w i t h o u t the " y l " type of oxygen b o n d i n g ( 23 ) . 
F l u o r i n e gas was used to oxidize anhydrous so l id mixtures of r u b i d i u m 
fluoride or ces ium fluoride-plutonium(IV) fluorides i n 2:1 a n d 1:1 mole 
ratio . T h e mixtures were contained i n sapphire boats a n d were exposed 
to 6 p.s.i.g. F 2 gas at 3 5 0 ° - 4 0 0 ° C . for times v a r y i n g f r om 4 to 16 hours. 
T h e c o m p o u n d 2 R b F · P u F 5 is monoc l in i c , a0 = 6.27, b0 — 13.42, 
c0 = 8.84, β = 90 ° ; it is isostructural w i t h 2 K F · T a F 5 (17) a n d 
2 R b F · N p F 5 ( 5 ) . C s F · P u F 5 is rhombohedra l , isostructural w i t h C s F · 
U F 5 ( 21 ) . D a t a on these 1:1 complexes are l i s ted i n T a b l e I V . 

Literature Cited 

(1) Asprey, L. B., Penneman, R. Α., Inorg. Chem. 1, 134 (1962). 
(2) Asprey, L. B., Penneman, R. Α., Science 145, 924 (1964). 
(3) Asprey, L. B., Kruse, F. H., Penneman, R. Α., J. Am. Chem. Soc. 87, 

3518 (1965). 
(4) Asprey, L. B., Penneman, R. Α., Centre Natl. Rech. Sci. (Paris) Colloq. 

Intern. Phys. Chem. 154, 109 (1966). 
(5) Asprey, L. B., Keenan, T. K., Penneman, R. Α., Sturgeon, G. D., Inorg. 

Nucl. Chem. Letters 2, 19 (1966). 
(6) Asprey, L. B., Kruse, F. H., Rosenzweig, Α., Penneman, R. Α., Inorg. 

Chem. 5, 659 (1966). 
(7) Asprey, L. B., Kruse, F. H., Penneman, R. Α., Inorg. Chem. 6, 544 

(1967). 
(8) Benz, R., Douglass, R. M., Kruse, F. H., Penneman, R. Α., Inorg. Chem. 

2, 799 (1963). 
(9) Barton, C. J., et al., U. S. At. Energy Comm. Oak Ridge Natl. Lab. Rept. 

ORNL-2548 (Nov. 2, 1959). 
(10) Brown, D., Smith, A. J., Chem. Commun. 554 (1965). 
(11) Brown, D., Easey, J. F., Nature 205, 589 (1965). 
(12) Brown, D., Easey, J. F., J. Chem. Soc. 1966, 254. 
(13) Brunton, G. D., Insley, H., McVay, T. N., Thoma, R. E., U. S. At. Energy 

Comm. Oak Ridge Natl. Lab. Rept. ORNL-3761, (Feb. 1965). 
(14) Brunton, G. D., U. S. At. Energy Comm. Oak Ridge Natl. Lab. Rept. 

ORNL-3913, 10 (1966); Acta Cryst. 21, 814 (1966). 
(15) Burns, J. H., Ellison, R. D., Levy, Η. Α., U. S. At. Energy Comm. Oak 

Ridge Natl. Lab. Rept. ORNL-3913, 17 (1966); Acta Cryst. (to be pub
lished). 

(16) Burns, J. H., Levy, Η. Α., Keller, O. L., Oak Ridge Natl. Lab. (private 
communication). 

(17) Hoard, J. L., J. Am. Chem. Soc. 61, 1252 (1939). 
(18) Keenan, T. K., Inorg. Nucl. Chem. Letters 2, 153, 211 (1966). 
(19) Keller, C., Schmutz, H., Inorg. Nucl. Chem. Letters 2, 355 (1966). 
(20) Kruse, F. H., Asprey, L. B., Inorg. Chem. 1, 137 (1962). 
(21) Penneman, R. Α., Sturgeon, G. D., Asprey, L. B., Inorg. Chem. 3, 126 

(1964). 
(22) Penneman, R. Α., Kruse, F. H., George, R. S., Coleman, J. S., Inorg. 

Chem. 3, 309 (1964). 
(23) Penneman, R. Α., Sturgeon, G. D., Asprey, L. B., Kruse, F. H., J. Am. 

Soc. 87, 5803 (1965). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

18



18. PENNEMAN ET AL. Actinide Fluoride Complexes 255 

(24) Thoma, R. E., Barton, C. J., Friedman, H. Α., Grimes, W. R., Insley, H., 
Moore, R. E., J. Am. Ceram. Soc. 41, 63 (1958). 

(25) Thoma, R. E., Insley, H., Landau, B. S., Friedman, H. Α., Grimes, W. R., 
J. Am. Ceram. Soc. 41, 538 (1958). 

(26) Thoma, R. E., Inorg. Chem. 1, 220 (1962). 
(27) Thoma, R. E., Insley, H., Herbert, G. M., Friedman, H. Α., Weaver, 

C. F., J. Am. Ceram. Soc. 46, 37 (1963). 
(28) Thoma, R. E., Friedman, H. Α., Penneman, R. Α., J. Am. Chem. Soc. 88, 

2046 (1966). 
(29) Zachariasen, W. H., J. Am. Chem. Soc. 70, 2147 (1948). 
RECEIVED October 18, 1966. This work was sponsored by the U. S. Atomic 
Energy Commission. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

18



19 

Actinide Chemistry in Saturated 
Potassium Fluoride Solution 

CONRAD E. THALMAYER and DONALD COHEN 

Argonne National Laboratory, Argonne, Ill. 

Absorption spectra have been obtained for certain actinide 
ions which are soluble in saturated KF solution: U(IV), 
Np(IV), Np(V), Np(VI), and Am(III). Oxidation-reduction 
reactions of neptunium have been studied. Four new com
plex fluorides have been prepared and identified by x-ray 
powder patterns: α-K2NpF6, β1-Κ2ΝpF6, KNpO2F2, and 
K3NpO2F5. Three additional complex fluorides, of Np(III), 
Np(V), and U(VI), have been prepared but not identified. 

/ C o n c e n t r a t e d salt solutions are a class of solvent whose properties have 
^ h a r d l y begun to be apprec iated . T h e ratio of water to salt i n these 
m e d i a is so l o w that the p r i m a r y hydrat ion number ( the number of water 
molecules about each i on ) must be far lower than i n d i lute solutions. A 
saturated D 2 0 solution of K F , for example, w h i c h is 12 .4M w i t h a density 
of 1.563, has only 3.4 moles of D 2 0 per mole of K F w h i l e perhaps eight 
moles of water per mole of K F (4) are requ i red for the p r i m a r y h y d r a 
t i on sphere i n a d i lute solution. T h e enhanced complex format ion w h i c h 
necessarily results m a y lead to a chemistry different f r om aqueous c h e m 
istry. A s p r e y a n d Penneman (3 ) have reported that A m 4 + is b o t h stable 
a n d soluble i n saturated N H 4 F , R b F , a n d K F . 

T h i s study is concerned w i t h the chemistry of the actinides i n satu
rated K F solution. T h e areas examined are solubi l i t ies , absorpt ion 
spectra, ox idat ion-reduct ion reactions, a n d so l id compounds that can be 
p r o d u c e d i n this m e d i u m . T h i s paper reports w o r k w i t h n e p t u n i u m 
w h i c h is essentially complete , a n d also inc ludes w o r k w i t h u r a n i u m a n d 
amer i c ium. 

Experimental 
T h e fluoride solvent was prepared b y disso lv ing B a k e r a n d A d a m s o n 

reagent grade K F i n 99 .8% D s O for the n e p t u n i u m studies a n d i n H 2 0 

256 
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19. T H A L M A Y E R A N D C O H E N Potassium Fluoride Solution 257 

for the u r a n i u m a n d a m e r i c i u m work. A s each n e w bottle of K F was 
used, the absorpt ion spectrum of its solut ion was measured. Some bottles 
of K F h a d to be d iscarded because of an i m p u r i t y w h i c h caused an 
ultravio let absorption. D 2 0 solutions were used to enable spectral mea 
surements to be made i n the near in f rared region. T h e saturated K F 
solut ion i n D 2 0 is 1 2 . 4 M a n d i n H 2 0 is 12 .6M. 

T h e n e p t u n i u m was pur i f i ed b y an anion co lumn, a n d a lpha pulse 
analysis revealed no other species than N p 2 8 7 . T h e u r a n i u m solutions 
were prepared f r om reagent grade u r a n i u m nitrate hexahydrate . A l p h a 
pulse analysis of the a m e r i c i u m showed i t to contain 4 7 % A m 2 4 3 a n d 
5 3 % A m 2 4 1 b y act iv i ty . 

T h e reactions were carr ied out i n borosi l icate glass, quartz , a n d 
polycarbonate containers. There was very l i t t le attack u p o n the glass b y 
fluoride i on . N a F was f ound as an i m p u r i t y i n only one or two p r e p a r a 
tions, a n d this p r o b a b l y was caused b y a h i g h hydrogen i on concentration. 

Spectra were measured w i t h a C a r y 14 spectrophotometer or a 
B e c k m a n IR-10 . T h e x-ray studies were made w i t h a 9-cm. Brad ley -Jay 
camera w i t h copper Ka rad iat ion a n d a n i c k e l filter. 

0.4 0.5 0.6 0.7 0.8 0.9 1.0 I.I 1.2 1.3 1.4 1.5 1.6 1.7 1.8 
Wavelength, μ 

Figure 1. Absorption spectra of Np(VI) in saturated KF solution and in 
lMHClOh (10, 13) 

in saturated KF 
in aqueous acid 

Neptunium 

Absorption Spectra. T h e absorpt ion spectra of the various ox idat ion 
states of n e p t u n i u m i n saturated K F are g iven i n F igures 1, 2, a n d 3. 
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3 5 0 

0.4 0.5 0.6 0.7 0 .8 0.9 1.0 I.I 1.2 1.3 1.4 1.5 1.6 1.7 1.8 
Wavelength, μ 

Figure 2. Absorption spectra of Np(V) in saturated KF solution and in 
lMHClOJf ( 1 0 , 13 ) 

in saturated KF 
in aqueous acid 

E a c h spectrum is compared w i t h the aqueous di lute a c i d spectrum taken 
f rom Sjoblom and H i n d m a n ( J O ) and Waggener ( 1 3 ) . T h e absorpt ion 
spectrum of N p ( V I ) is character ized b y a single peak at ΙΑβμ. It also 
exhibits the characterist ic large absorpt ion i n the ultravio let reg ion , but 
i t does not show any v ibra t i ona l fine structure. T h e spectrum of N p ( V ) 
is s imi lar to the aqueous spectrum, w i t h the peaks usual ly smaller i n 
intensity. T h e major N p ( V ) peak at 0.983/x, e = 3 7 0 , is shifted to 1.004/x 
a n d reduced i n intensity to a molar absorpt iv i ty of 104 . T h e N p ( I V ) 
spectrum is s imi lar to the aqueous spectrum, showing m a n y sharp peaks. 

T a b l e I lists the molar absorptivit ies of the major peaks for the three 
ox idat ion states of n e p t u n i u m i n saturated K F i n D 2 0 solutions. W e 
consider the molar absorpt iv i ty for the N p ( V I ) peak accurate to 1 0 % , 
a n d the values for the N p ( V ) a n d N p ( I V ) peaks accurate to 5 % . 

Solubi l i t ies . T h e solubi l i t ies of the several ox idat ion states of nep
t u n i u m were determined b y α-assay a n d absorption spectra. A concen
trated solut ion of n e p t u n i u m i n each oxidat ion state i n d i lute D C 1 was 
a d d e d to a large vo lume of the saturated K F solution. T h i s solut ion was 
heated and cooled to insure e q u i l i b r i u m , and then centri fuged. T h e 
spectrum of the solution was measured to check on the valence state, a n d 
an α-assay was made to measure the n e p t u n i u m concentration. 
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Figure 3. Absorption spectra of Np(IV) in saturated KF solution and in 
1M HClOu ( 1 0 , 13 ) 

in saturated KF 
in aqueous acid 

Table I. Molar Absorptivities for the Major Absorption Peaks of 
Neptunium Ions in Saturated K F Solution 

Oxidation State Wavelength, microns c 

N p ( V I ) 1.460 3 0 
N p ( V ) 1.004 104 

1.034 2 6 
1 122 2 5 

N p ( I V ) 0^9661 5 7 
0 .7987 4 3 
0 .7282 4 1 
0 .6936 4 0 

N p ( I I I ) is not sufficiently soluble to permi t observation of its spec
t r u m . If one assumes a molar absorpt iv i ty of 2 5 for the 0.790/x N p ( I I I ) 
peak then the so lub i l i ty must be less than 0 . 0 0 0 2 M . N p ( I V ) , w i t h a 
so lub i l i ty of 0 . 0 2 M is the most soluble ox idat ion state. T h e next most 
soluble species is N p ( V ) w i t h a so lub i l i ty of 0 . 0 0 9 M . T h e so lub i l i ty of 
N p ( V I ) is almost a factor of ten less, be ing 0 . 0 0 1 M . 

T h e so lub i l i ty for a freshly prepared solut ion of the N p ( V ) species 
is 0 . 0 0 9 M . Sometimes the so lub i l i ty decreased w i t h t ime, a n d i n two 
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2 6 0 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

weeks a solut ion w o u l d be at on ly one-tenth the o r i g ina l concentration. 
Since this decrease i n so lub i l i ty d i d not always occur, i t cannot be 
at t r ibuted to supersaturation. T h i s phenomenon m a y be correlated w i t h 
the hydrogen i on concentration of the solut ion, w h i c h was not careful ly 
contro l led . 

Oxidation-Reduction Reactions. T h e various ox idat ion states of 
n e p t u n i u m i n the K F solut ion were obta ined b y a d d i n g the n e p t u n i u m , 
w h i c h h a d been adjusted to the desired valence state i n d i lute ac id , to 
the K F solution. Observations were made of the effect of a number of 
potent ia l ly useful o x i d i z i n g a n d reduc ing agents u p o n the ox idat ion 
state of the n e p t u n i u m . T h e valence states of the n e p t u n i u m ions, I V , V , 
a n d V I , were determined b y absorpt ion spectra. D u r i n g the reduct i on 
to the I I I state, the solut ion color d isappeared, a n d a purp le so l id was 
produced . 

Table II. Oxidation-Reduction Reactions of Neptunium 
Ions in Saturated K F Solution 

Np(VI) --> Np(V) 
N a B H 4 Room temperature 
H 2 0 2 Slow, even with heating 
N a 2 S 0 3 Rapid , with heating 
N a N 0 2 Slow 
N H 2 O H · H C l 
H 2 ( P t ) 

Rapid N H 2 O H · H C l 
H 2 ( P t ) Rapid 

Np(V) -» Np(IV) 
N H 9 O H · H C l 
H 2 ( P t ) 

W i t h heating N H 9 O H · H C l 
H 2 ( P t ) Slow, with heating 
N a N 0 2 Slow, even with heating 
so 2 

Rapid 
Np(IV) --» Np(III) 

L i ( H g ) 
M g ( H g ) W i t h heating 

Np(IV) --» Np(V) 
H 2 0 2 Rapid 
N a O C l 
N a 4 X e 0 6 

» Np(VI) 
Rapid , with heating 

Np(V) -
N a 4 X e 0 6 

» Np(VI) 
0 3 

Rapid , with heating 
K M n 0 4 W i t h heating 
N a 4 X e O e Slow, even with heating 
( N H 4 ) 2 S 2 O s W i t h heating 
N a O C l W i t h heating 

T h e results of this study, g iven i n T a b l e I I , show a behavior quite 
different f r om that i n aqueous ac id . H 2 0 2 was f ound to reduce N p ( V I ) 
a n d to oxidize N p ( I V ) to N p ( V ) . S 0 2 r a p i d l y reduced N p ( V ) to 
N p ( I V ) , but a large amount of K F salted out, a n d a ye l l ow add i t i on 
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19. T H A L M A Y E R A N D C O H E N Potassium Fluoride Solution 261 

c o m p o u n d (7) was f o rmed w h i c h severely l i m i t e d this reaction's 
usefulness. 

T h e s tabi l i ty of each oxidat ion state is greater i n K F solut ion than 
i n aqueous ac id . I n aqueous solut ion N p ( I V ) is easily ox id i zed to N p ( V ) , 
a n d care is necessary i n storing a N p ( I V ) solution, but this is not 
true i n saturated K F . W e f o u n d that d isproport ionat ion of N p ( V ) 
occurred on ly u p o n a d d i n g the aqueous N p ( V ) to the K F solution. A t 
most, 1 0 % of the N p ( V ) w o u l d disproportionate. H o w e v e r , once pre 
pared , the N p ( V ) i n the K F solut ion was very stable. 

So l id Compounds . T h e l i terature (2, 5, 8, 9, 12) on so l id act in ide 
fluoride complexes is extensive, a n d m a n y n e w compounds are be ing 
prepared . F o r example, T h o m a , F r i e d m a n , a n d Penneman ( 12 ) reported 
the first preparat ion of complex fluorides f o rmed between U F 3 a n d the 
a l k a l i fluorides K F , R b F , a n d C s F . T h i s section summarizes the w o r k 
w h i c h was per formed concerning the so l id compounds result ing f r o m 
n e p t u n i u m i n saturated K F solution. 

T a b l e I I I . X - R a y P o w d e r P a t t e r n f o r x ( K F ) · y ( N p F 3 ) 

Intensity Sin2B 

V W 0.0373 
v s 0.0565 
v s 0.0613 

V V W 0.1120 
M 0.1185 
V S 0.1725 
M 0.2249 

V V W 0.2425 
V V W 0.2863 
V W 0.3404 
W 0.3972 

V V W 0.5112 
V V W 0.5658 
V V W 0.6249 

N P ( I I I ) . A purp le so l id was p r o d u c e d w h e n N p ( I I I ) i n d i lute D C 1 
( w h i c h h a d been prepared b y hydrogen reduct ion ) was a d d e d to a satu
rated K F solution. T h i s so l id was very sensitive to ox idat ion and changed 
to a green so l id after two water washes. T h e absorption spectrum of the 
p u r p l e c o m p o u n d showed that the n e p t u n i u m is i n the I I I state. T h e 
x-ray p o w d e r pattern for this c ompound , g iven i n T a b l e I I I , has not yet 
been indexed. It is not isomorphous w i t h the recently prepared 3 K F · 
U F 3 (12). 

N P ( I V ) . T w o so l id compounds conta in ing n e p t u n i u m i n the I V 
state have been prepared . If the purp le N p ( I I I ) c o m p o u n d is ox id i zed 
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262 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

b y wash ing , the color changes to grey or d u l l green. Three such p r e p a r a 
tions of this so l id have g iven the same x-ray di f fraction pattern. A s shown 
i n T a b l e I V , this pattern is indexed as face-centered cub ic a - K 2 N p F 6 , 
i somorphous w i t h fluorite-type « - K 2 T h F 6 a n d « - K 2 U F 6 (14). F r o m an 
A vs. sin20 p lot a = 5.905A., w h i c h is i n excellent agreement w i t h the 
va lue extrapolated f r om the isomorphs. 

Table I V . Partial" X - R a y Powder Pattern for <x-K 2NpF 6 , 
Face—Centered Cubic, a = 5.905A. 

hkl Intensity Sin2dohs. Si™2 θ calc. 

111 V S 0.0525 0.0512 
200 S 0.0698 0.0682 
220 V S 0.1379 0.1364 
311 V S 0.1898 0.1876 
222 W 0.2068 0.2046 
331 W 0.3264 0.3240 
420 W 0.3434 0.3410 
422 W 0.4121 0.4092 
333 ) 
511 f 

W 0.4632 0.4604 
j 

531 W 0.5986 0.5968 

a The complete pattern is i n the A S T M X - R a y Powder D a t a F i l e . 

Table V . Partial" X - R a y Powder Pattern for β ι - Κ 2 Ν ρ Ρ 6 , 
Hexagonal, a = 6.56Α., c = 3.73A. 

hkl Intensity Sin2B0l)S Sin2 θ calc. 

100 V S 0.0192 0.0190 
110 V S 0.0562 0.0562 
101 V S 0.0622 0.0622 
201 V S 0.1179 0.1176 
300 S 0.1673 0.1671 
211 V S 0.1739 0.1730 
311 S 0.2834 0.2835 
3 0 2 ) S 0.3397 S 0.3381 
401 ) 

0.3397 
) 0.3387 

222 I S 0.3936 \ 0.3932 
321 f 

0.3936 
) 0.3939 

412 1 s 0.5592 \ 0.5585 
421 \ 

0.5592 
j 0.5591 

° The complete pattern is i n the A S T M X - R a y Powder D a t a F i l e . 

A second N p ( I V ) c o m p o u n d is prepared b y a d d i n g so l id K F to a 
N p ( I V ) solut ion i n d i lute D C 1 . T w o such preparations have p r o d u c e d 
a green so l id ( see T a b l e V for the x-ray pattern. ) T h i s pattern is indexed 
as hexagonal / ? i - K 2 N p F 6 , i somorphous w i t h / 3 i - K 2 U F 6 (14) w i t h a = 
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19. T H A L M A Y E R A N D C O H E N Potassium Fluoride Solution 263 

6.56A. a n d c = 3.73A., de termined b y a least-squares fitting w i t h absorp
t ion correction. 

N P ( V ) . A d d i n g N p ( V ) i n a d i lute a c i d so lut ion to saturated K F 
produces either of two compounds but not a mixture . F i v e preparations 
gave the pattern shown i n T a b l e V I . T h i s pattern is indexed as r h o m b o 
h e d r a l K N p 0 2 F 2 , i somorphous w i t h K A m 0 2 F 2 ( I ) . A least-squares 
fitting of the h i g h angle part of the pattern gives a = 6.80A. a n d a = 
36.32°. 

Table VI . Partial* X - R a y Powder Pattern for K N p 0 2 F 2 , 
Rhombohedral, a = 6.80A., a = 36.32° 

hkl Intensity Sin20ou. Sin2 θ cala. 

1 1 1 vvs 0.0149 0.0148 
1 0 0 vvs 0.0459 0.0457 
1 1 0 vvs 0.0508 0.0507 
2 2 2 vs 0.0595 0.0590 
2 1 1 vvs 0.0708 0.0703 
2 2 1 s 0.0852 0.0851 
3 3 3 vvs 0.1330 0.1329 
3 3 2 vvs 0.1484 0.1491 
3 2 1 vs 0.1918 0.1914 
4 3 2 s 0.2656 0.2652 
5 4 3 s 0.3678 0.3685 
4 3 1 s 0.4124 0.4137 
7 3 3 s 0.9785 0.9812 

a The complete pattern is in the A S T M X-Ray Powder Data File. 

Table VII. Partial 0 X - R a y Powder Pattern for x ( K F ) y ( N p 0 2 F ) 

Intensity Sin20 

V S 0.0195 
V S 0.0299 

V V S 0.0598 
M 0.1204 
W 0.1271 
W 0.1481 
S 0.1785 

w 0.2966 

a The complete pattern is in the A S T M X-Ray Powder Data File. 

Six preparations resulted i n a l ight b lue or green powder of w h i c h 
the x-ray powder pattern, w h i c h has not yet been indexed , is g iven i n 
T a b l e V I I . Analyses of the samples of this so l id for K , N p , a n d F gave 
K F : N p 0 2 F ratios rang ing f r om 7:6 to 4 :1 . 
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264 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

N P ( V I ) . Ozone w i l l ox id ize a hot N p ( I V ) or N p ( V ) so lut ion i n 
saturated K F to give a br ight green water-soluble so l id . T h e p o w d e r 
pattern of this K 3 N p 0 2 F 3 is presented i n T a b l e V I I I . It is indexed as 
b o d y centered tetragonal , isomorphous w i t h K 3 U O 2 F 5 ( 15 ) . F r o m a fit 
of the l o w angle lines a = 9.12A. a n d c == 18.12A. 

Table VIII. Partial" X - R a y Powder Pattern for K 3 N p 0 2 F 5 , 
Body-Centered Tetragonal, a = 9.12A., c = 18.12A. 

hkl Intensity 

V S 

V S 

V S 

V S 

M 

M 

M 

M 

Sin2Bohs, 

0.0214 

0.0285 

0.0573 

0.0793 

0.1148 

0.1434 

0.1668 

0.1717 

0.2851 

Sin2 $ calc. 

0.0215 
f 0.0286 
) 0.0290 
) 0.0571 
l 0.0575 
' 0.0786 

0.0794 
0.0806 
0.0810 
0.1142 
0.1158 
0.1428 
0.1432 
0.1444 
0.1666 
0.1718 
0.1730 
0.2833 
0.2856 
0.2860 

1 The complete pattern is in the A S T M X-Ray Powder Data File. 

Uranium 

O n l y the I V state of u r a n i u m is soluble i n saturated K F . Its spectrum, 
shown i n F i g u r e 4, is qui te s imi lar to the aqueous spectrum ( 6 ) . I n 
contrast, the spectrum of the U F 2

2 ' h i o n ( I I ) is different, the sharp peaks 
no longer be ing present. 

A n attempt to prepare U ( V ) i n this m e d i u m b y r e d u c i n g U ( V I ) 
was not possible because of the inso lub i l i ty of U ( V I ). R e d u c i n g U ( I V ) 
to obta in U ( I I I ) was not successful. A l t h o u g h L i ( H g ) d i d remove the 
U ( I V ) f r om solut ion, i t was not possible to ident i fy the resul t ing dark 
so l id . T h e mater ia l was amorphous; it d i d not y i e l d an x-ray p o w d e r 
pattern. 

T h e U ( I V ) so l id w h i c h was formed b y a d d i n g so l id K F to a U ( I V ) 
aqueous solut ion was ident i f ied b y its x-ray pattern as « - K 2 U F 6 ( 14 ) . 
Ozone ox id i zed U ( I V ) w h e n heated to give a green so l id w h i c h was 
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19. T H A L M A Y E R A N D C O H E N Potassium Fluoride Solution 265 

c 
ο 
Ε 
ε 
ο ο 

Wavelength, μ 

Figure 4. Absorption spectra of Ό(IV) in saturated KF solution, in 2 M 
HClOu (6) and in I M HClOh, 0.08M H F (11) 

in saturated KF 
in 1M DClOi 
inlMDClOh 0.08M HF 

T a b l e I X . P a r t i a l " X - R a y P o w d e r P a t t e r n f o r x ( K F ) • y ( U C 2 F 2 ) , 
C u b i c , a = 9.96A. 

hkl Intensity Sin*$0h8. Sin20caic. 

2 0 0 S 0.0270 0.0240 
2 2 0 M W 0.0508 0.0479 
2 2 2 M S 0.0726 0.0719 
4 1 1 
3 3 0 J M S 0.1088 0.1078 

4 2 2 M S 0.1448 0.1438 
6 0 0 
4 4 2 J M W 0.2165 0.2156 

6 2 0 M W 0.2432 0.2396 
4 4 4 M 0.2879 0.2875 
8 4 2 M W 0.5035 0.5032 

a T h e complete pattern is i n the A S T M X - R a y Powder D a t a F i l e . 

f ound to be soluble i n H 2 0 . T h e x-ray p o w d e r pattern of the first p r e p a 
rat ion is g iven i n T a b l e I X . T h i s pattern was tentat ively indexed as c u b i c 
w i t h a = 9.96A., but i t was necessary to ignore three weak lines. T h e 
second ozone ox idat ion resulted i n a water-soluble green so l id whose 
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266 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

x-ray powder pattern was different a n d corresponded to tetragonal 
K 3 U O 2 F 5 ( 15 ) . T h e t h i r d preparat ion resulted i n a mixture of the two 
compounds , K 3 U 0 2 F 5 a n d the cub i c compound . T h i s was the first t ime 
i n w h i c h a mixture of two compounds was produced . 

A s yet the cub i c c o m p o u n d has not been ident i f ied . T a b l e X gives 
the in f rared spectra of the cub i c c ompound , K 3 U 0 2 F 5 , K 3 N p 0 2 F 5 , a n d 
U F 4 . T h e bands at 480 c m . - 1 a n d 370 cm. " 1 are at t r ibuted to the meta l -
f luorine b o n d , a n d the bands at 850 c m . " 1 a n d 740 cm. " 1 result f r o m the 
metal -oxygen bond . T h u s , these data indicate a s imi lar i ty i n structure 
between the u n k n o w n cub i c c o m p o u n d a n d the K 3 U 0 2 F 5 . 

T a b l e X . I n f r a r e d Spectra of Sol ids" 

Compound Wavenumber, cm.'1 

K 3 U 0 2 F 5 855 s 740 w 480 w 370 s 
Cubic cmpd. 740 s 480 s 370 w 
K 3 N p 0 2 F 5 865 s 730 s 480 s 365 s 
U F 4 480 sh 390 s 

1 s, strong; w, weak; sh, shoulder. 

Americium 

A study of the chemistry of a m e r i c i u m i n saturated K F solut ion has 
just been started. It is interest ing that A m ( I I I ) is soluble. T h e spectrum 
of A m ( I I I ) , shown i n F i g u r e 5, is surpr is ing ly s imi lar to the n o r m a l 
aqueous spectrum. T h e major peak at 0.5012/x has a molar absorpt iv i ty 
of 170. Since neither U ( I I I ) nor N p ( I I I ) is sufficiently soluble for spec
t r a l measurements, i t w i l l be of interest to t ry P u ( I I I ) . N o attempt has 
been made to ox id ize the A m ( I I I ) i on , a n d attempts to reduce A m ( I I I ) 
were unsuccessful . 

F u t u r e plans are to complete this s tudy w i t h a m e r i c i u m a n d to study 
p l u t o n i u m a n d c u r i u m i n this solvent. 

I I I I I I I 1 1 L_ 
0.3 0 .4 0.5 0.6 0.7 0.8 0.9 1.0 I.I 1.2 

Wavelength, μ 

Figure 5. Absorption spectrum of Am(IH) in saturated KF solution 
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Aqueous Oxidation-Reduction Reactions of 
Uranium, Neptunium, Plutonium, 
and Americium 

T. W. NEWTON and F. B. BAKER 

University of California, Los Alamos Scientific Laboratory, Los Alamos, Ν. M. 

The experimental observations on the actinide oxidation
-reduction reactions are described, and the empirical results 
are tabulated. The rate laws have been interpreted in terms 
of net activation processes, and these have been tabulated 
togther with the associated activation parameters—ΔF*, 
ΔΗ*, and ΔS*. An electrical analog is described which has 
been useful in interpreting complicated rate laws. Empirical 
corrections have been found between the formal entropies 
of the activated complexes and their charges, and for sets 
of similar reactions, between the hydrogen ion dependence 
and ΔF°, between ΔF* and ΔF°, and between ΔΗ* and 
ΔΗ°. The kinetic and physical evidence for binuclear spe
cies is discussed. 

"ranium, n e p t u n i u m , p l u t o n i u m , a n d a m e r i c i u m are reasonably stable 
^ i n aqueous solutions as ions w i t h ox idat ion states rang ing f r om 3 + 
to 6 + . I n a c i d solutions the 3 + a n d 4 + states exist as hydra ted cations 
such as U 3 + a n d U 4 + . A m 4 + has not been detected, presumably because 
i t is too unstable w i t h respect to d isproport ionat ion . T h e higher ox idat ion 
states exist as oxygenated " - y F ions such as U 0 2

+ a n d U 0 2
2 + . T h i s s i tua

t ion leads to m a n y possible reactions among the act in ide ions a n d w i t h 
other o x i d i z i n g or r e d u c i n g agents. T h e study of the kinetics of these 
reactions is important because i t aids i n understanding the mechanisms 
of ox idat ion-reduct ion reactions a n d the factors w h i c h determine their 
rates. I n add i t i on , in format ion is p r o v i d e d w h i c h is useful i n the design 
of separation processes a n d ana ly t i ca l procedures. 

268 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 269 

T h i s subject, or parts of i t , has been r e v i e w e d prev ious ly b y K a t z 
a n d Seaborg ( 3 5 ) , H i n d m a n (26 ) , R a b i d e a u et al. (69), a n d N e w t o n a n d 
R a b i d e a u (52 ) . T h e present r e v i e w is justif ied b y the large amount of 
w o r k w h i c h has appeared since 1959. 

T h e l i terature has been surveyed to September 1966. T h e recent 
w o r k (s ince 1959) is discussed i n this section a n d organized accord ing 
to the elements invo lved . T h e quanti tat ive observations are summar ized 
i n T a b l e I . 

Reactions of Uranium Ions 

E x c h a n g e React ions . Masters a n d Schwartz (43) s tud ied the U ( I V ) -
U ( V I ) exchange i n a c id perchlorate solutions. A t l o w U ( I V ) concentra
tions i t was conc luded that the exchange involves the U ( I V ) - f U ( V I ) 
= 2 U ( V ) e q u i l i b r i a , w h i l e at h igher U ( I V ) concentrations, i n agree
ment w i t h an earl ier suggestion b y R o n a ( 7 5 ) , a p a t h h igher order i n 
U ( I V ) is invo lved . A q u a n t u m y i e l d of about 0.01 was est imated for 
the exchange i n d u c e d b y u l trav io let l ight . T h i s exchange has also been 
s tud ied i n aqueous H C l - e t h a n o l solutions (44) a n d i n sulfate solutions 
(2 ) . G o r d o n a n d T a u b e (17) have shown that the s low U 0 2

2 + - s o l v e n t 
oxygen exchange is cata lyzed b y U ( V ) . 

O x i d a t i o n s of U ( I V ) . T h e reactions of P u ( I V ) (53) a n d of C e ( I V ) 
(3 ) w i t h U ( I V ) were f ound to be s imi lar i n that bo th appear to invo lve 
an act ivated complex of the composi t ion [ U ( O H ) 2 M ] 6 + where M is C e 
or P u ) i n spite of the fact that C e ( I V ) is p redominant ly C e O H 3 + a n d 
P u ( I V ) is P u 4 + i n 1 -2M H C 1 0 4 solutions. 

T h e react ion of T l ( I I I ) w i t h U ( I V ) has g iven anomalous results. It 
was first reported b y Harkness a n d H a l p e r n (25) to be first order i n b o t h 
U 4 + a n d T l 3 + a n d between inverse first a n d inverse second order i n H + . 
I t was proposed that a 2-electron oxidat ion p r o d u c e d U ( V I ) a n d T 1 ( I ) 
i n a single step. It was also noted that the react ion is moderate ly i n h i b i t e d 
b y A g ( I ) , a n d that the usual second-order plots d i d not pass through the 
or ig in . Jones a n d A m i s (33 ) , i n connect ion w i t h their s tudy of the re 
act ion i n methanol -water mixtures, report that their data i n water so lut ion 
check acceptably those of Harkness a n d H a l p e r n . H o w e v e r , L o v e et al. 
(41), i n connection w i t h the effect of tartar ic a c id on the react ion, 
report rate constants w h i c h are less than ha l f those of Harkness a n d 
H a l p e r n under ident i ca l conditions. T h e y have also shown catalysis b y 
F e , but since the earl ier results were independent of the i n i t i a l reactant 
concentrations, i r on contaminat ion cannot account for the discrepancy. 
W e a r (96) has s tudied the react ion over extended ranges of reactant 
concentrations but reports rate laws w h i c h are inconsistent w i t h his 
observations. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

20



270 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Shastri et al. (79) report that the oxidation of U ( I V ) b y N p ( V ) is 
compl i ca ted b y further react ion between U ( I V ) a n d N p ( I V ) . P r e l i m i 
n a r y results us ing the analogous o x i d i z i n g agent, P u ( V ) , also showed 
compl i ca ted kinetics (62). N p ( V I ) , on the other h a n d , was shown b y 
S u l l i v a n et al. (87) to give we l l -behaved kinet ics ; the rate is first p o w e r 
i n the reactant concentrations a n d inverse first power i n the hydrogen 
i o n concentration. 

T h e ox idat ion of U ( I V ) b y H 2 0 2 ( 4 ) , l ike that b y 0 2 ( 24), is most 
p r o b a b l y a cha in react ion since i t is i n h i b i t e d b y C u ( I I ) a n d C o ( I I ) . 
P laus ib l e cha in carriers are U ( V ) a n d O H . Sobkowsk i (82) reported 
signif icantly h igher rate constants b u t suggested that a cha in is not 
invo lved . H i s mechanism requires that U ( V ) d isproport ionat ion be 
faster than its react ion w i t h H 2 0 2 . 

F e d e r o v a a n d K a n e v s k i i (15) have reported rates of ox idat ion of 
U ( I V ) b y S 2 0 8

2 " , C 1 0 2 " , a n d C K V , a n d the effects of F e ( I I ) a n d V ( V ) 
on the latter react ion (14). G o r d o n a n d F e l d m a n (19) have also g iven 
rate constants for various U ( I V )-halogenate reactions. G o r d o n a n d 
A n d r e w s (20) have determined the rate l aw , but not the act ivat ion 
energy for the U ( I V ) - B r 2 react ion. T h i s react ion is cata lyzed b y F e ( I I I ) 
a n d b y M n ( I I ) , but not affected b y P b ( I I ) , C u ( I I ) , N i ( I I ) , nor C o ( I I ) . 
R y k o v a n d co-workers (77) g ive rate laws a n d act ivat ion parameters for 
the U ( I V ) bromate react ion i n perchlorate solutions. 

D i s p r o p o r t i o n a t i o n of U ( V ) . T h i s react ion was reinvest igated (59) 
w h e n it was observed that it is greatly i n h i b i t e d b y U ( V I ). A moderate ly 
stable U ( V ) - U ( V I ) complex was f ound w i t h an absorpt ion b a n d at 
7370A. (e — 2 7 M _ 1 c m . " 1 ) . Rate data were extrapolated to zero U ( V I ) 
concentrations, a n d act ivat ion parameters were determined w h i c h are 
be l i eved to be more re l iable than the po larographica l ly prev ious ly de
t e rmined ones (32). A more recent, contro l led potent ia l method (63) 
gives results at 25 °C . i n better agreement w i t h the spectrophotometric 
ones. 

Reduc t i ons of U ( V I ) . C r ( I I ) was f o u n d to react r a p i d l y w i t h 
U ( V I ) to g ive a green b inuc lear intermediate (55) w h i c h is p r o b a b l y 
analogous to the substance w h i c h forms w h e n C r ( I I ) and N p ( V I ) or 
C r ( I I I ) a n d N p ( V ) are m i x e d (89, 90 ) . T h e intermediate decomposes 
to U ( V I ) , U ( I V ) , a n d C r ( I I I ) w i t h an apparent hal f - t ime at 0 ° C . 
rang ing f rom 4 to 8 m i n . G o r d o n (18) has shown that transfer of oxygen 
f rom U 0 2

2 + to C r ( H 2 0 ) 6
3 + is efficient i n this react ion. 

U ( V I ) has been f ound to catalyze the V ( I I ) - V ( I V ) and the V ( I I I ) -
F e ( I I I ) reactions (58, 60). T h e catalysis is caused b y the reduct ion of 
U ( V I ) b y V ( I I ) or b y V ( I I I ) , f o l l owed b y the r a p i d ox idat ion of the 
U ( V ) p r o d u c e d b y V ( I V ) or b y F e ( I I I ) respectively. T h e V ( I I ) - U ( V I ) 
react ion shows s imple second-order kinetics essentially independent of 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 271 

the hydrogen i o n concentration. T h e V(III) react ion, depends on the 
hydrogen i on concentration approx imate ly to the —1.8 power . D e t a i l e d 
analysis of this dependence indicates consecutive rate de termin ing re 
actions a n d a b inuc lear intermediate . 

Reactions of Neptunium Ions 

Reductions of N p ( V ) . Shastr i et al. (78) have s tudied the N p ( V ) - I~ 
react ion i n aqueous H C l solutions of ca. 3 M . T h e e m p i r i c a l rate l a w was 
reported to be - d [ N p ( V ) ] / < f t = fc[Np( V ) ] 0 - 8 6 [ r ] 1 5 5 [ H + ] 2 - 6 1 . T h e u n 
expected N p ( V ) dependence m i g h t be caused i n part b y the fact that the 
ion ic strength apparent ly was not constant. 

A p p e l m a n a n d S u l l i v a n ( 1 ) f o u n d a two- term rate l a w to be neces
sary to describe the reduct ion of N p ( V ) b y V ( I I I ). T h e proposed m e c h a 
n i s m : V(III) + N p ( V ) ~> V ( I V ) + N p ( I V ) , V ( I I I ) + N p ( I V ) *± 
V ( I V ) + N p ( I I I ) , a n d N p ( I I I ) + N p ( V ) -> 2 N p ( I V ) is not i n strict 
accordance w i t h the data. A mispr in t i n the authors ' T a b l e I V has been 
noted : values for fcN should be m u l t i p l i e d b y 100. 

T h e reduct ion of N p ( V ) b y Cr ( I I ) has been s tudied recently b y 
T h o m p s o n a n d S u l l i v a n (94). T h e react ion is compl i ca ted b y the con 
secutive-competit ive react ion between Cr ( I I ) a n d product N p ( I V ) . 
T h i s latter react ion has been s tudied separately (93). 

Oxidations of N p ( V ) . D u k e s a n d S i d d a l l (12, 81) have used so l 
vent extraction techniques to study the kinetics of the ox idat ion of N p ( V ) 
b y H N 0 3 cata lyzed b y H N 0 2 , a n d b y V ( V ) , i n H N 0 3 solutions. T h e 
former react ion is interest ing i n that the rate is independent of H N O o 
concentration above 5 Χ 10" δ Μ a n d of N 0 3 ~ concentration above 2 . 4 M . 
A h i g h l y protonated N p ( V ) is suggested as the active intermediate . T h e 
V( V ) react ion approaches e q u i l i b r i u m at rates first power i n N p ( V ) a n d 
V ( V ) a n d about second power i n H N 0 3 . 

S u l l i v a n (91) f o u n d the rate l a w for the N p ( V ) - C r ( V I ) react ion 
to show i n h i b i t i o n b y N p ( V I ) a n d to require two consecutive rate-
de termin ing steps. It appears that C r ( V ) , f o r m e d i n the first step, can 
react w i t h either N p ( V I ) to regenerate the reactants or w i t h N p ( V ) to 
give C r ( I V ) , w h i c h reacts r a p i d l y to give final products . T h e tempera 
ture dependence of the rates was f o u n d not to agree w i t h the Arrhen ius 
equat ion. 

Reductions of N p ( V I ) . T h e rate l a w f o u n d b y Z ie l en et al. (100) 
for the H 2 0 2 - N p ( V I ) react ion is analogous to that ment ioned above for 
the N p ( V ) - C r ( V I ) react ion. I n this case, the r a d i c a l H 0 2 p r o b a b l y 
forms i n the first step a n d reacts w i t h either N p ( V ) to regenerate the 
reactants or w i t h N p ( V I ) to give products . 
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272 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Sheppard (80) has s tudied the reduct ion of N p ( V I ) b y V ( I I I ) a n d 
f o u n d the kinetics to be compl i ca ted b y the subsequent V ( I V ) - N p ( V I ) 
react ion. T o m i n i m i z e compl icat ions f r om this source, rate constants 
were est imated us ing data f r o m the i n i t i a l 2 0 - 3 0 % of react ion. O u r 
calculations show that the error i n such an estimate can range f rom 4 % 
for an i n i t i a l V ( I I I ) / N p ( V I ) ratio of 2 a n d 2 0 % complet ion u p to 1 5 % 
for an i n i t i a l ratio of 1 a n d 3 0 % complet ion. T h e reported rate constants 
are i n poor agreement w i t h the Arrhen ius equation. 

H i n d m a n et al. (28, 29, 30) have invest igated the effect of D 2 0 on 
the N p ( I V ) — N p ( V I ) react ion a n d redetermined the a c i d dependence. 
T h e prev ious ly determined dependence i n H 2 0 ( 30 ) c o u l d be interpreted 
i n terms of either consecutive or para l l e l rate -determining reactions (51). 
W e have n o w used the newer data a n d a least-squares procedure to c o m 
pare the two mechanisms. I n H 2 0 , consecutive reactions fit the data 
better than para l l e l reactions; the root-mean-square deviations are 3.63 
a n d 3 .81% respectively. I n D 2 0 the corresponding deviations are 7.79% 
a n d 4 .18%. It is c onc luded that, un l ike the analogous U ( I V ) - P u ( V I ) 
react ion ( 51 ), there is no strong evidence for consecutive reactions a n d a 
b inuc lear intermediate . T h i s react ion has been reinvest igated b y R y k o v 
a n d Y a k o v l e v (76), w h o report h igher rate constants under comparable 
conditions. 

Reactions of Plutonium Ions 

O x i d a t i o n s of P u ( I I I ) . D u k e s (13) has s tudied the P u ( I I I ) - H N 0 2 

react ion i n H C l , H C 1 0 4 , a n d H N O H solutions. T h e rate laws i n the first 
two acids were essentially the same a n d were expla ined b y postulat ing 
N O + + P u ( I I I ) = N O + P u ( I V ) to be the rate -determining step. I n 
the presence of NOf a faster rate -determining step is apparent ly possible ; 
i t m a y be N 2 0 4 + P u ( I I I ) = N 0 2 " + N 0 2 + P u ( I V ) . 

C l e v e l a n d (7) has reported p r e l i m i n a r y results on the ox idat ion of 
P u ( I I I ) b y X e 0 3 at 30 ° C . i n perchlorate solutions of 2 M ionic strength. 
Some sort of X e ( V ) is p r o d u c e d i n the rate -determining step, w h i c h then 
reacts r a p i d l y w i t h five add i t i ona l P u ( I I I ) to give P u ( I V ) . Interference 
f r om the compet i t ive ox idat ion of P u ( I V ) was m i n i m i z e d b y w o r k i n g 
at h i g h P u ( I I I ) / P u ( I V ) ratios. 

T h e s low oxidat ion b y C l 2 has been descr ibed b y M a z u m d a r a n d 
P i sharody (45, 46). Unfor tunate ly , neither the presentation of the data 
nor its interpretat ion is clear. T h e rate l a w is incorrect ly der ived f r om 
the proposed mechanism, w h i c h i n turn violates the pr inc ip l e of mi c ro 
scopic revers ib i l i ty . 

Reduct i ons of P u ( I V ) . R a b i d e a u a n d K l i n e have s tudied the reduc 
t ion of P u ( I V ) b y the f o rmal ly s imi lar r educ ing agents V ( I I I ) (73) and 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 273 

T i ( I I I ) ( 71 ) . These analogous reactions show different hydrogen i on 
dependences. T h e T i ( I I I ) react ion is almost exclusively inverse first 
power w h i l e for V ( I I I ) , terms inverse first power a n d inverse second 
power i n a c id concentration are important i n the rate l aw . 

I n chlor ide solutions S n ( I I ) reduces P u ( I V ) at convenient ly m e a 
surable rates (72 ) . A f ter a l lowance was made for ch lor ide complex ing 
of the reactants i t was conc luded that act ivated complexes composed of 
P u ( I V ) , S n ( I I ) , a n d four a n d five ch lor ide ions are invo lved . 

F e ( I I ) reacts w i t h P u ( I V ) at rates w h i c h show inverse first p o w e r 
hydrogen ion dependence (54). I n chlor ide solutions a term first power 
i n ch lor ide but zero power i n hydrogen i on becomes important . T h u s , 
for this react ion, C I can replace O H i n the act ivated complex. 

Reduct ions of P u ( V I ) . R a b i d e a u a n d K l i n e (70) s tud ied the reduc 
t i on of P u ( V I ) b y T i ( I I I ) for comparison w i t h the previous results for 
the analogous react ion of V ( I I I ) (67). T h e rate -determining step p r o 
duces P u ( V ) , w h i c h is r a p i d l y reduced b y T i ( I I I ) to P u ( I V ) . T h i s is 
i n contrast to most other r educ ing agents w h i c h react s lower w i t h P u ( V ) 
than w i t h P u ( V I ) . Since the product , P u ( I V ) , is also reduced b y 
T i ( I I I ) , a competit ive-consecutive system results. A method for treat ing 
the data was deve loped w h i c h used a computer p r o g r a m m e d for n u m e r i 
ca l integrat ion. U n l i k e the analogous V ( I I I ) react ion, the rate l a w was 
f o u n d to have only a single important term, inverse i n hydrogen i o n 
concentration. 

R a b i d e a u a n d Masters (74) f ound that the ox idat ion of S n ( I I ) b y 
P u ( V I ) is very s imi lar to w h a t they observed for P u ( I V ) . A very i m p o r 
tant feature is their evidence that a two-electron process is invo lved . 
A l t h o u g h the reduct ion of P u ( V ) is s lower than that of P u ( V I ) , no 
P u ( V ) was formed. 

T h e net react ion for the reduct ion of P u ( V I ) to P u ( V ) b y F e ( I I ) 
is qui te s imple ; i n spite of this a compl i cated three-term hydrogen i o n 
dependence was f ound (56 ) . A mechanism w h i c h involves bo th outer-
sphere a n d inner-sphere act ivated complexes is favored. T h e inner -
sphere complexes are supported b y evidence for consecutive reactions 
a n d a b inuc lear intermediate . 

Reactions of Americium (V) 

T h e reduct ion of A m ( V ) b y H 2 0 2 has been s tudied i n 0 . 1 M H C 1 0 4 

b y Zaitsev et al. (99). T h e rate is p robab ly first order i n each of the 
reactants, but i t is compl i ca ted b y some rad io ly t i c decomposit ion of 
H 2 0 2 . T h e temperature dependence was determined , but the a c i d de
pendence was not. 
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C o l e m a n (11) has used a sample of the re lat ive ly l ong - l ived (7951 
yr . ) A m 2 4 3 to study the d isproport ionat ion of A m ( V ) w i thout the exces
sive radiolysis w h i c h made earl ier results difficult to interpret (98 ) . I n 
2 M perchlorate solutions the rate was f o u n d to be second power i n 
A m ( V ) a n d approx imate ly 2.5 power i n a c i d concentration. T h i s latter 
dependence differs f r om those of the analogous reactions of U ( V ) (59) 
a n d P u ( V ) (66) w h i c h are predominant ly first power i n hydrogen i o n 
concentration. T h e temperature dependence was determined at a single 
hydrogen i on concentrat ion; so act ivat ion parameters for the i n d i v i d u a l 
rate de termin ing reactions cannot be estimated w i t h reasonable prec is ion 
w i t h o u t m a k i n g further assumptions. 

Interpreting the Kate Laws 

T h e rate constants a n d e m p i r i c a l rate laws shown i n T a b l e I describe 
the exper imental observations, but they need further interpretat ion i n 
order to extract the m a x i m u m amount of in format ion f rom them. A d o p t 
i n g the language of the absolute react ion rate theory (16), we assume 
that for each rate -determining step the reactant species are i n quas i -
e q u i l i b r i u m w i t h the act ivated complex a n d that the rate of this step is 
propor t i ona l to the concentration of the act ivated complex. Of ten , r a p i d 
e q u i l i b r i a preceed the ac tua l rate -determining step; these can be a d d e d 
to the actual act ivat ion process to give a net act ivat ion process w r i t t e n 
i n terms of the p r i n c i p a l species i n the so lut ion: 

m A + nB + p C + . . . = [Act. Complex] * + q L + r M + . . . 

a n d the rate w i l l be propor t i ona l to 

[ Α Γ [ Β π σ ρ . . . 
[ L ] * [ M r . . . ' 

where A , B, C, are i n i t i a l reactants, a n d L , M , are products of the pre -
e q u i l i b r i a . Since the net act ivat ion process must f o rmal ly balance , the 
composit ion of the act ivated complex can be determined f rom the rate 
l a w . T h i s f o rmulat ion has the advantage that the ac tua l reactant species 
need not be k n o w n ; i n fact these species cannot be determined f r o m the 
rate l a w alone. 

T h i s discussion shows that the e m p i r i c a l rate laws must be re -
expressed, where necessary, as a co l lect ion of terms w h i c h are appropr iate 
functions of the concentrations of species actual ly present i n the solutions. 
T h e observed nonintegra l dependences shown b y some of the stoichio
metr i c concentrations m a y be caused b y (a ) e q u i l i b r i a i n w h i c h an 
apprec iable fract ion of one of the reactants is present as more than one 
species; complex format ion a n d hydrolys is are examples of such e q u i 
l i b r i a , ( b ) more than one k inet i ca l ly important act ivated complex, or 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 275 

( c ) changes i n the pert inent act iv i ty coefficient ratios. T h i s last effect is 
usua l ly considered to be smal l at constant ionic strength for reactions 
among ions of the same sign (54). F u r t h e r data pert inent to this po int 
are c lear ly needed. 

A l t h o u g h the rate l a w for a react ion does not give its deta i led m e c h a 
n i s m , i t does give the composit ion of the act ivated complexes at the 
highest barriers as shown above, a n d i n add i t i on , the pattern of paths 
for the react ion. B y pattern of paths, as contrasted to mechanism, w e 
mean the various ways i n w h i c h reactants get to products w i thout con 
s ider ing intermediates w h i c h are i n r a p i d e q u i l i b r i u m w i t h the reactants 
or w h i c h react r a p i d l y to give products . I f on ly a single act ivated complex 
is k ine t i ca l l y important , on ly one pattern is possible : reactants ~* p r o d 
ucts. I f more than one act ivated complex is invo lved , the possible pat 
terns of paths are analogous to the possible ways i n w h i c h e lectr ica l 
resistors can be connected. I n this analog the resistors correspond to 
k ine t i c barriers ( act ivated complexes ), the junctions correspond to inter 
mediates, a n d the terminals correspond to reactants or products . 

F o r two act ivated complexes there are two dist inguishable patterns; 
for three act ivated complexes four patterns are general ly d ist inguishable ; 
for four act ivated complexes ten patterns, a n d so on. T h e first three of 
these sets of patterns are shown i n F i g u r e 1. T h e patterns have been 
classified accord ing to the n u m b e r of act ivated complexes a n d the n u m 
ber of intermediates invo lved . Note that none of these patterns are 
k ine t i ca l l y d ist inguishable f r om their mi r ror images (22 ) . 

A n important feature of these e lectr ica l analogs is that w h e n the 
steady-state approx imat ion is v a l i d the reciprocals of the ind i ca ted re
sistances are the analogs of fc[A]m[B]n[C]1' . . . , where A , B , C , . . . 
are the i n i t i a l reactants, a n d k is the effective rate constant for the f o rma
t ion of the act ivated complex d i rec t ly f r om the i n i t i a l reactants, even i f 
intermediates are invo lved . T h i s means that the over -a l l rate l a w is f o u n d 
b y c o m b i n i n g the i n d i v i d u a l rate terms accord ing to the rules for c om
b i n i n g the analogous rec iproca l resistances. 

T h e act ivat ion parameters, A F * , A f f * , a n d A S * for the various net 
act ivat ion processes are determined f rom the values a n d temperature 
coefficients of the effective rate constants us ing the equations p r o v i d e d 
b y the absolute react ion rate theory (16). 

T a b l e I I lists the net act ivat ion processes, patterns of paths, a n d 
act ivat ion parameters der ived f rom the data i n T a b l e I. 

Empirical Correlations 

Hydrogen Ion Dependences. T h e hydrogen i on dependences g iven 
i n T a b l e I and ind i ca ted b y the net act ivat ion processes i n T a b l e II are 
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2 7 6 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T a b l e I . Observed R a t e L a w s , R a t e 

Reactant Rate Law 

Oxidations of U(IV), ~d[U(IV)]/ât = 
U ( V I ) k [ U ( I V ) ] ο·»» [ U ( V I ) ] 0.92 [ H + ] -s.oa 
N p ( I V ) * [ U ( I V ) ] [ N p ( I V ) ] [H + ] -2 . s 
N p ( V ) ^ [ U ( I V ) ] [ N p ( V ) ] [ H + ] - 2 
Fe ( I I I ) * [ U ( I V ) ] [ F e ( I I I ) ] [ H + ] - * 8 1 

P u ( V I ) * [ U ( I V ) ] [ P u ( V I ) ] [Η*]" 1 · 2 

P u ( I V ) * [ U ( I V ) ] [ P u ( I V ) ] [ H + ] - ^ 3 
V ( V ) ^ [ U ( I V ) ] [ V ( V ) ] [ H + ] 
N p ( V I ) fc[U(IV)] [ N p ( V I ) ] [H + ] -097 
τη (in) *[u( iv) ] [ T i ( i i i ) ] [ η * ] - * · » » 

C e ( I V ) * [ U ( I V ) ] [ C e ( I V ) ] [Η + ] " ΐ · 2 

H 2 0 2 fc[U(IV)] [ H 9 0 2 ] [ H + ] - ^ i ( a p p r o x . ) 
B r 2 * [ U ( I V ) ] [ B r 9 ] [Br" ] » [H + ] -2 
0 2 * [ U ( I V ) ] [ 0 2 ] [ H + ] - i 
C 1 0 3 - ^ [ U ( I V ) ] [ C 1 0 3 - ] [ H + ] + i 
C 1 0 2 " * [ U ( I V ) ] [ C 1 0 2 - ] [ Η + ] - ο · 1 3 

S 2 0 8 2 " ft[U(IV)][S208*-][H+]<> 
B r O a - * [ U ( I V ) ] [ B r 0 3 - ] [ Η + ] ° · 4 3 

or [ U ( I V ) ] [ B r O 3 - ] ( k 0 + k 2 [ H + ] 2 ) 

Oxidations of U(V), -d[U(V)]/dt = 
U ( V ) ^ [ U ( V ) ] 2 [ H + ] o - 8 2 
Fe ( I I I ) * [ U ( V ) ] [ F e ( I I I ) ] 
V ( I V ) * [ U ( V ) ] [ V ( I V ) ] [ H + ] < > - 2 

N p ( V ) 
Reductions of U(VI), ~d[U(VI)]/dt = 

V ( I I ) * [ U ( V I ) ] [ V ( I I ) ] [ Η + ] ° · 0 1 

V ( I I I ) * [ U ( V I ) ] [ V ( I I I ) ] [Η*]" 1 · 8 

S n ( I I ) k [ U ( V I ) ] [Sn ( I I ) ] [ H C l ] 
Reductions of Np(V), -d[Np(V)]/dt = 

C r ( I I ) * [ N p ( V ) ] [ C r ( I I ) ] [ H + ] ^ 
N p ( I I I ) * [ N p ( V ) ] [ N p ( I I I ) ] [Η+] 1 · 0 5 

V ( I I I ) [ N p ( V ) ] [ V ( I I I ) ] [ H + ] o 

X (k + fc'[Np(IV)] [ H + ] - i - V [ V ( I V ) ] ) 
I " k [ N p ( V ) ] <>.8β [ Γ ] 1-55 [ H + ] 2 -6 ! 

Oxidations of Np(IV), -di[Np(IV)]/dt = 
F e ( I I I ) * [ N p ( I V ) ] [ F e ( I I I ) ] [ H + ] " 3 

N p ( V ) k [ N p ( I V ) ] ι.δ [ N p ( V ) ] °·* [ H + ] " 2 

+ & ' [ N p ( V ) ] 2 [ H + ] 
Reduction of Np(IV), -d[Np(IV)]/dt = 

C r ( I I ) fc[Np(IV)] [ C r ( I I ) ] [ H + ] " 1 2 7 

Oxidation of Np(III), -d[Np(III)]/dt = 
F e ( I I I ) Jfc[Np(III)] [ F e ( I I I ) ] [ H + ] " ^ 

Oxidations of Np(V), -d[Np(V)]/dt = 

k,!MH+,a25°C. 
(in M and sec.) 

2.1 Χ ΙΟ" 7 

5.0 Χ ΙΟ" 5 

8.0 Χ 1 0 " 6 

12.8 
3.1 

31 .5 
2.0 X 1 0 4 

22 .0 
3.9 X 10~ 2 

8.7 X 1 0 3 

0.8 - 2 .3 
5.3 Χ ΙΟ" 4 

2.4 Χ ΙΟ" 2 

2.9 Χ ΙΟ" 3 

19.0 
7.2 Χ ΙΟ" 3 

2.6 Χ 1 0 " 1 

2.1 Χ 1 0 " 1 (kQ) 
5.3 Χ ΙΟ" 2 (fc 2) 

2.4 X 1 0 2 

5.0 X 1 0 4 

2.5 X 1 0 4 

( M e a s u r a b l e at 2 5 ° C . 

7.4 X 1 0 1 

2.8 Χ 1 0 " 1 

1.7 X 10~ 5 

1.1 Χ Ι Ο 3 

4.3 X 10* 
3.0 Χ 1 0 " 1 

6.0 Χ ΙΟ" 2 

1.6 Χ 1 0 " 1 (*') 
1.7 Χ Ι Ο " 3 

5.7 Χ ΙΟ" 2 

6.45 Χ 1 0 " 8 

1.1 X I O - 5 (k>) 

4.3 

6.8 Χ 1 0 2 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 

Constants, and Activation Energies 

277 

Ea, 
kcal./mole M Réf. Comment 

38.0 
16.0 
33.0 
23.6 
19.1 
24.8 
13.0 
18.8 
22.5 
15.4 

16-19 

22.4 

11.0 

27.2 

2.00 
1.00 
1.00 
1.02 
2.00 
2.00 
1.00 
2.00 
2.90 
2.00 
2.00 
2.00 
0.50 
0.50 
1.00 

2.00 

43 
79 
79 
5 

51 
53 
62 
87 
25 
3 
4 

20 
24 
15 
19 
34 
76 

Evidence for binuclear intermediate 

Preliminary result 

In H 2 S Q 4 

9.0 

7.8 
22.1 
18.0 

6.4 
15.2 

28.3 

35.0 
37.4 
18.2 

2.00 
2.00 
2.00 

2.00 
2.00 
7.00 

0.20 
2.00 
3.00 
1.00 
3.00 
3.00 

1.00 
1.20 

59 
60 
60 

92 

58 
60 
48 

94 
27 
1 

78 

31 
85 

Extrap. t o O M U ( V I ) 
Estimated from the effect of Fe(III) 

and V(IV) on V(III ) -U(VI) reac
tion 

Preliminary result 

Evidence for binuclear intermediate 
k value is for 1 M CI" and 7 M H + 

Corrected for back reaction 
Exchange 

18.0 1.00 93 

15.0 2.00 61 
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278 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T a b l e I . 

Reactant 

C r ( V I ) 

Rate Law 

^ [ N p ( V ) ] [ C r ( V I ) ] [ H + ] - 1 6 

1 + & ' [ N p ( V I ) ] [ H + ] - i - V [ N p ( V ) ] 
V(V) * [ N p ( V ) ] [ V ( V ) ] [ H + ] 2 3 

N 0 2 - - N 0 3 - fc[Np(V)] [ H + ] ^ 4 

N p ( V I ) * [Np(V)] [Np(VI)] [ H + ] 0 1 3 

Reductions of Np(VI), -d[Np(VI)]/dt = 
V ( I I I ) *[Np(VI)] [V(III)] [Η*]" 1 · 4 7 

N p ( I V ) Jfe[Np(VI)] [ N p ( I V ) ] [ H * ] " 2 * 4 

H O fe[Np(VI)][H2Q2] [ H + ] - i 
1 + * ' [Np(V) ] / [Np(VI ) ] 

Oxidations of Pu(III), -d[Pu(III)]/dt = 
P u ( V I ) fc[Pu(III)] [ P u ( V I ) ] [ H + ] ° 
Pu (V) Jt[Pu(III)] [Pu(V)] [Η+]<>·97 

P u ( I V ) k [Pu ( III ) ] [Pu ( I V ) ] ^°· 8 [ H + ] 
H N 0 2 k [ P u (III)] [ H N 0 2 ] 0 8 3 [ H C l ] 1 2 8 

X ( l + fc'[N03]) 

Oxidations of Pu(III), -d[Pu(III)]/dt = 
X e 0 3 k [Pu ( III ) ] [ X e 0 3 ] [ H + ] ° 
C l 2 fc[Pu(III)][Cl2]o[HCl]o(?) 
0 2 [Pu ( III ) ] 2 [ 0 2 ] ^ [ H + ] 0 1 

X ( / c [ S 0 4
2 " ] 2 + fc'[S04

2\]3) 

Reductions of Pu(W), -d[Pu(IV)]/dt = 
Fe( I I ) fc[Pu(IV)] [ F e ( I I ) ] [Η + ]~ 0 · 9 2 

V ( I I I ) fc[Pu(IV)] [V(III)] [ H + ] " 1 4 3 

Ti ( I I I ) fc[Pu(IV)] [ T i ( I I I ) ] [ H + ] - 1 0 9 

P u ( I V ) ^ [ P u ( I V ) ] 2 [ H + ] ~ 3 1 4 

Sn(II ) Jfc[Pu(IV)] [Sn(II)] [ H + ] o [ C l " ] 1 9 

Reductions of Pu(V), -d[Pu(V)]/dt = 
P u ( V ) fcfPuiV)]2^]11 

Fe( I I ) fc[Pu(V)] [Fe(II)] [ H + ] - 1 

Reductions of Pu(VI), -d[Pu(VI)]/dt = 
V ( I I I ) Jfc[Fu(VI)] [ V ( I I I ) ] [ H + ] " 1 3 

T i ( I I I ) fc[Pu(VI)] [ T i ( I I I ) ] [Η+]" 1 · 0 3 

F e ( I I ) * [Pu (VI) ] [ F e ( I I ) ] [Η + ] - ° · 3 β 

Sn(II) le [Pu ( V I ) ] [Sn(II)] [ H + ] o [ C l ] 1 4 6 

Reductions of Am(V), -d[Am(V)]/dt = 
Am(V) & [ A m ( V ) ] 2 [ H + ] 2 - 5 

H 2 0 2 & [ A m ( V ) ] [ H 2 0 2 ] [ H + ] ? 

k,lMH+,a 25° C. 
(in M and sec.) 

4.3 

2.0 
1.0 X 10" 5 

9.0 Χ 10 1 

2.45 Χ 10 1 

4.9 X 10" 2 

8.9 
1.9 (*') 

2.7 
4.5 Χ 10~2 

1.0 X 10 3 

3.0 Χ 10" 1 

1.6 X 10~2 

7.0 Χ 10" 6 

6.0 Χ 10 3 

1.9 X 10» (*') 

4.7 Χ 10 1 

6.2 Χ 10 1 

6.6 Χ 10 1 

5.4 X ÎO"* 
1.7 Χ 10 1 

8.0 Χ 10" 3 

3.0 Χ 10 1 

2.24 
1.1 X 10 2 

1.66 Χ 10 3 

6.7 Χ 10 1 

5.7 Χ 10" 4 

4.1 Χ 10" 3 

a F o r solutions w i t h μ < 1 M , this is the hypothetical value for 1 M H + i n a solution 
w i t h the ionic strength listed. 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 279 

C o n t i n u e d 

kcal./mole M Réf. Comment 

11.6 2.00 91 k ' = 7.6 Χ 10" 1 

11.7 2.00 12 Values are for H N 0 3 solution 

12.0 2.90 81 Values are for 2 . 9 M H N O s 

10.6 3.00 8, 9,10 Values apply to 0°C. exchange 

19.0 2.00 80 
25.5 2.00 28, 29, 30 

12.4 3.00 99 

5.4 1.00 68 
— 1.00 64, 65 From reverse reaction and equilib

rium quotient 

5.0 2.00 37 Exchange 
-6.0 varied 13 

2.00 7 

1.00 45,46 
2.00 49,50 

Values for 30°C. 

Values for 1 M H C l 
[ 0 2 ] in M 

19.6 2.00 54 
21.2 2.00 73 
17.3 1.02 71 

— 1.00 64, 65 
20.0 2.00 67 Values are for 1 M CI" 

19.6 1.00 66 
— 1.00 62 

16.1 2.00 67 
10.9 2.00 70 

7.5 2.00 56 
10.6 2.00 74 

14.0 2.00 11 
13.0 0.10 99 

Preliminary result 

Evidence for binuclear intermediate 
Evidence for a 2-electron process 

Value extrapolated to 25°C. 
Values apply to 0 .1M H C l 
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280 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

No. of Kinetically 
Distinguishable No . of Electrical 

Pattern Activated Complexes Intermediates Analog Rate L a w 

1- 0 1 

2- 0 2 

2-1 2 

3-0 3 

3-1-a 3 

3-1-b 3 

3-2 3 

Figure 1. Various patterns of paths 

All Ri are of the form k i [ A ] m < [ B ] n * [ C ] l ' f . . . , where A , B , C , etc. are initial reactants. 

near ly a l l consistent w i t h the propos i t ion that the ga in or release of 
hydrogen ions i n an act ivat ion process w i l l l ie between zero a n d the total 
n u m b e r ga ined or released i n the corresponding over -a l l process. F o r 
example, Reactions 7-12 a n d 14-19, i n T a b l e I I , a l l invo lve the overa l l 
release of four hydrogen ions, w h i l e the act ivated complexes are a l l 
f o rmed w i t h the pr ior release of f rom one to three hydrogen ions. C o n 
spicuous exceptions to this general izat ion are shown b y the ox idat ion of 
U ( I V ) b y V 0 2

+ a n d b y C 1 0 3 and b y Reactions 2, 3, 5, 27, 28, a n d 29. 
These latter exceptions i l lustrate the tendency of act ivated complexes to 
hydro lyze a n d to reduce an otherwise h i g h charge. I n this connection 
no re l iable evidence has been f ound for an act ivated complex w i t h a net 
charge greater than 6 + . 

It is reasonable to suppose that the smaller the d r i v i n g force for a 
react ion the more the act ivated complex w i l l resemble the products . T h i s 

0 - V V W V \ A A - 0 R i 

ρΛΑΛΛΛΛΛι 
oA 2 k> 

w w w 
R1 + R2 

0 - A W V A - W W W - < > ± + 1 -
R i R2 

R i "4" Ro 4" Ro 

ι ρΛΛΑΛΛι 1 
Ο-λΛΛΛΛ» 3 —O -=r-

ΚΛΛΛΛΛ1 111 + R 2 + Ro 

2 3 
Κ Λ Λ Λ Λ Λ Λ ^ λ Λ Λ Λ Λ Λ τ 1 

R I + · 

R2 R3 

ι 3 1 , 1 , 1 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 281 

supposi t ion is borne out f a i r l y w e l l b y the class of reactions i n w h i c h an 
a c t i n i d e ( I V ) i on is ox id i zed to the ( V ) state—React ions 7-18 i n T a b l e I I . 
F o r the five reactions for w h i c h AF° is greater than —1 k c a l . / m o l e , three 
out of a total of four hydrogen ions are released i n the net act ivat ion 
process. F o r AF° less than —2 k c a l . / m o l e , the corre lat ion is m a r r e d on ly 
b y the three reactions for w h i c h both one a n d two hydrogen ions are 
released i n simultaneous act ivat ion processes. T h i s supposit ion rat io 
nalizes the fact that the d isproport ionat ion reactions of U ( V ) a n d P u ( V ) 
are p redominant ly first power i n the hydrogen i on concentrat ion, w h i l e 
the analogous d isproport ionat ion of A m ( V ) is bo th second a n d t h i r d 
power . 

T h e Entrop ies of the A c t i v a t e d Complexes . A n approximate corre
lat ion h a d been noted prev ious ly (52) between the f o rmal entropies of 
act ivated complexes a n d their charges. D a t a obta ined since that t ime 
enable this correlat ion to be examined for act ivated complexes car ry ing 
charges f r om 0 to 6 + . Va lues ca lcu lated for S * C o m P i e x are g iven i n 
T a b l e I I a n d p lo t ted i n F i g u r e 2. T h e discordant po int 21 corresponds 
to the minor p a t h for the V ( I I I ) - N p ( V I ) react ion a n d has an uncerta inty 
of at least 16 e.u. T h e uncertainties for points 8 are about 13 e.u. a n d are 
correlated such that i f the true value of one is larger than ind i ca ted , that 
for the other is smaller . It is apparent that a l though charge is an i m p o r 
tant factor i n de termin ing the entropy of an act ivated complex, other 
less obvious ones are important also. 

Free Energies of A c t i v a t i o n . It is of interest to consider a set of 
s imi lar reactions a n d determine the effect of the free energy changes on 
their rates. Reactions 7-18 are the largest such set of act inide i on reac
tions for w h i c h quantitat ive data are avai lable . I n this set an act inide ( I V ) 
i on , M 4 + , is ox id i zed to the corresponding MO L> + i on b y a reactant w h i c h 
does not undergo a drast ic change i n structure. A p lot of A F * VS. AF° 
for these reactions is g iven i n F i g u r e 3. T h e number of hydrogen ions 
released i n the various net act ivat ion processes range f r om one to three 
a n d are ind i ca ted b y the numbers i n parentheses. A l l 15 points f a l l w i t h i n 
3.5 k c a l . / m o l e of a straight l ine w i t h a slope of 1/2, irrespective of the 
n u m b e r of hydrogen ions released. A slope of 1 /2 is r e q u i r e d i f the value 
for a react ion a n d its reverse are to f a l l on the same straight l ine . 

T h e re lat ion shown here suggests that a measure of the intr ins i c rate 
of a react ion, corrected for its d r i v i n g force, is g iven b y A F * = A F * — 0.5 
A F ° . T h i s amounts to tak ing the average A F * for the react ion i n the 
f o r w a r d a n d reverse directions. U n d e r condit ions where M a r c u s ' r e l a 
t i on : k12 = ( f c n f c i 2 K 1 2 / ) 1 / 2 (42) is appl i cab le , Δ Ρ * — i ( A F * u + A F * 2 2 

— RT l n / ) . Va lues for these " i n t r i n s i c " act ivat ion free energies are 
g iven i n T a b l e I I I . T h i s table shows some patterns of re lat ive react iv i ty 
as w e l l as some apparent anomalies. F o r example, the re lat ive intr ins i c 
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2 8 2 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T a b l e I I . T h e r m o d y n a m i c Q u a n t i t i e s of 

μ, 
Process Pattern" M 

no Μ—Ο bonds formed or broken 
1. U 0 2

2 + + V 2 + = U 0 2
+ 4- V 3 + 

U 0 2
2 + 4- V 2 + == [ * ] 4 + 1-0 2.00 

2. P u 4 + + F e 2 + = P u 3 + + F e 3 + 

P u 4 + + F e 2 + + H 2 0 = [ * ] 5 + + H + 2 -0 2.00 
2 b . N p 4 + + C r 2 + = N p 3 + + C r 3 + 

N p 4 + + C r 2 + + H 2 0 = + H + 2 -0 1.00 
N p 4 + + C r 2 + + H 2 0 = [ * ] 4 + 4- 2 H + 

2c . N p 3 + + F e 3 + = N p 4 + + F e 2 + 

N p 3 + + F e 3 + + H 2 0 = [ * p + 4 - H + 1-0 
3. P u 0 2

2 + + F e 2 + = P u 0 2
+ + F e 3 + 

P u 0 2
2 + + F e 2 + = [ * ] 4 + 3 - 2 2.00 

P u 0 2
2 + + F e 2 + = [ * ] 4 + 

P u 0 2
2 + + F e 2 + 4- H 2 0 = [ * ] 3 + + H + 

4. P u 4 + + P u 0 2
+ = P u 3 + 4- P u 0 2

2 + 

P u 4 + + P u 0 2
+ = [ * ] 5 + 1-0 1.00 

5. P u 3 + + P u 4 + = P u 4 + + P u 3 + 

P u 3 + + P u 4 + 4- H 2 0 = [ * ] « + 4 - H + 1-0 2.00 
6. N p 0 2

+ + N p 0 2
2 + = N p O o 2 + + N p 0 2

+ 

N p 0 2
+ + N p 0 2

2 + = [ * ] 3 + 1-0 3.00 
M02

+ formed from Mi+ 

7. U 4 + + N p 0 2
2 + 4- 2 H 2 0 = U 0 2

+ 4- N p 0 2
+ 4- 4 H + 

U 4 + 4- N p 0 2
2 + 4- H 2 0 = [ * ] 5 + 4- H + 1-0 2.00 

8. A m 4 + 4- A m 0 2
2 + 4- 2 H 2 0 = 2 A m 0 2

+ + 4 H + 

A m 4 + 4- A m 0 2
2 + + H 2 0 = [ * ] " > + 4 - H + 

A m 4 + + A m 0 2
2 + + H 2 0 = [ * ] 4 + + 2 H + 2 -0 2.00 

9. N p 4 + 4- N p 0 2
2 + 4- 2 H 2 0 = 2 N p 0 2

+ 4- 4 H + 

N p 4 + 4- N p 0 9
2 + + H 2 0 = [ * ] 4 + 4- 2 H + 2 -0 2.00 

N p 4 + 4- N p 0 2
2 + 4- H 2 0 = [ * ] 4 + 4- 2 H + 

N p 4 + 4- NpOo2+ 4- H 2 0 = [ * ] 3 + + 3 H + 

10. U 4 + 4- P u O , 2 + + 2 H o O = U 0 2
+ 4- P u 0 2

+ 4- 4 H + 

U 4 + + P u O . , 2 + 4- H 2 6 = [*] 5 + 4- H + 2 - 1 2.00 
U 4 + 4- P u O > 2 + 4- H 2 0 = [ * ] 4 + 4- 2 H + 

11. P u 4 + 4- P u 0 2
2 + 4- 2 H 2 0 = 2 P u O o + 4- 4 H + 

P u 4 + + PuOo 2 + 4- 2 H 2 0 = [ * ] 3 + 4- 3 H + 1-0 1.00 
12. U 4 + 4- U 0 2

2 + 4- 2 H 2 0 = 2 U ( V 4- 4 H + 

U 4 + + U O > 2 + + 2 H o O = [*] 3 * 4- 3 H + 1-0 2.00 
U 4 + 4- U 0 2

2 + 4- 2 H 2 0 = [ * ] 3 + 4- 3 H + 2 - l ( ? ) 2.00 
13. U 4 + 4- C e O H 3 + 4- H 2 0 = U 0 2

+ 4- C e 3 + 4- 3 H + 

U 4 + 4- C e O H 3 + 4- H 2 0 = [ * ] 6 + 4- H + 1-0 2.00 
14. U 4 + + P u 4 + 4- 2 H 2 0 = U 0 2

+ 4- P u 3 + 4- 4 H + 

U 4 + 4- P u 4 + + H 2 0 = [ * ] 6 + + 2 H + 1-0 2.00 
15. U 4 + + F e 3 + 4- 2 H 2 0 = U O , + 4- F e 2 + 4- 4 H + 

U 4 + 4- F e 3 + + H 2 0 = [ * ] 6 + 4- H + 2 -0 1.02 
U 4 + 4- F e 3 + + H 2 0 = [ * ] 5 + 4- 2 H + 

16. N p 4 + 4- F e 3 + + 2 H 2 0 = N p 0 2
+ 4- F e 2 + 4- 4 H + 

N p 4 + 4- F e 3 + 4- 2 H 2 0 == [ * ] 4 + + 3 H + 1-0 1.00 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 283 

Over-all Processes and Net Activation Processes 

AF, AH, AS, S* comp.b AF*; 
tcal./mole kcal./mole e.u. e.u. kcal./mole Réf. 

- 7 . 3 - 1 4 . 0 - 2 4 . 0 d 

14.9 7.1 - 2 6 . 1 ± 0.4 e - 7 0 18.6 58 
- 4 . 9 - 4 . 0 3.0 
15.1 19.1 13.0 ± 1 - 8 2 17.6 54 

- 1 3 . 0 - 1 1 . 9 4.0 
16.7 16.2 - 1 . 6 ± 1.4 - 9 3 23.2 93(f)1 

17.7 20.6 9.8 ± 3.3 - 8 2 24.2 
- 1 4 . 2 - 1 5 . 3 - 4 . 0 

13.7 14.6 3.0 ± 0.3 - 8 7 20.8 61 
- 3 . 3 - 1 3 . 3 - 3 4 . 0 
13.3 4.4 - 3 0 . 0 ± 1.6 - 8 4 15.0 
12.4 8.6 - 1 2 . 6 ± 2 - 6 7 14.0 56 
13.4 9.4 - 1 3 . 4 ± 2 - 5 0 15.0 

- 1 . 6 8.7 +34.0 
15.3 13.6 - 6 . 0 ± 1 - 1 0 6 16.1 68 
0.0 0.0 0.0 

13.4 7.4 - 2 0 . 4 ± 4 - 1 2 7 13.4 37 ( f ) ' 
0.0 0.0 0.0 

14.0 10.6 - 1 2 . 0 ± 3 - 2 9 14.0 8, 9,10, 

- 1 2 . 9 1.7 49.0 
16.0 18.2 74.0 ± 1 - 6 9 22.4 87 

- 1 2 . 9 8.2 68.0 
11.6 20.0 28.0 ± 13 - 4 2 18.0 ll(r) 
11.4 20.0 30.0 ± 13 - 4 0 17.8 

- 9 . 2 7.5 56.0 
19.2 24.7 18.4 ± 1 - 6 2 23.8 28, 29, ί 
18.5 24.3 19.0 ± 5 - 6 1 23.1 76 
19.2 30.9 39.0 ± 5 - 2 5 23.8 

- 7 . 8 6.9 49.0 
16.6 17.6 3.4 ± 0.4 - 8 7 20.5 61 
16.0 21.3 17.6 ± 1.2 - 7 2 19.9 
5.8 19.0 44.0 

26.6 37.8 38.0 ± 9 - 4 0 23.7 66 
11.9 26.7 49.6 
26.8 37.5 36.0 ± 1.7 - 2 8 20.8 43 
26.2 37.7 38.6 ± 1.5 - 2 5 20.2 59 

- 2 4 . 0 - 6 . 0 62.0 
12.2 14.0 6.0 ± 2 - 1 1 6 24.2 3 

- 9 . 2 16.2 85.0 
15.4 24.3 30.0 ± 2 - 1 1 8 20.0 12 

- 4 . 4 20.2 83.0 
17.0 18.0 3.0 ± 9 - 1 3 0 19.2 5(r) 
16.0 24.1 27.0 ± 2 - 1 0 6 18.2 

- 0 . 7 26.0 90.0 
19.1 34.6 52.0 ± - 6 9 19.4 31 
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284 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Table I I . 

Process Pattern0 M 

17. N p 4 + + N p 4 + + 2 H 2 0 = N p 0 2
+ + N p 3 + + 4 H + 

N p 4 + + N p 4 + + 2 H 2 0 = [*] 5 + + 3 H + 1-0 2.00 
18. P u 4 + + P u 4 + + 2 H 2 0 = P u 0 2

+ + P u 3 + + 4 H + 

P u 4 + + P u 4 + + 2 H 2 0 = + 3 H + 1-0 1.00 
19. U 4 + + T l 3 + + 2 H 2 0 = U 0 2

2 + + T P + 4 H + 

U 4 + + T l 3 + + H 2 0 = [*] 6 + + H + 2 -0 2.90 
U 4 + + T l 3 + + H 2 0 = + 2 H + 

M02+ formed from M3+ 

20. P u 0 2
2 + + T i 3 + + H 2 0 = P u 0 2

+ + T i 0 2 + + 2 H + 

P u 0 2
2 + + T i 3 + + H 2 0 = [*] 4 + + H + 1-0 1.00 

21. N p 0 2
2 + + V 3 + + H 2 0 = N p 0 2

+ + V 0 2 + + 2 H + 

N p 0 2
2 + + V 3 + = 

N p 0 2
2 + + V 3 + + H 2 0 = [*] 4 + + H + 2-0 2.00 

22. P u 0 2
2 + + V 3 + + H 2 0 = P u 0 2

+ + V 0 2 + + 2 H + 

P u 0 2
2 + + V 3 + + H 2 0 = [*] 4 + + H + 2-0 2.00 

P u 0 2
2 + + V 3 + + H 2 0 = [*]« + + 2 H + 

23. U 0 2
2 + + V 3 + + H 2 0 = U 0 2

+ + V 0 2 + + 2 H + 

U 0 2
2 + + V 3 + + H 2 0 = [*] 4 + 4- H + 2-1 2.00 

U 0 2
2 + 4- V 3 + 4- H 2 0 = [*] 3 + + 2 H + 

24. P u 4 + + T i 3 + 4- H 2 0 = P u 3 + + T i 0 2 + + 2 H + 

P u 4 + + T i 3 + + H 2 0 = [*] 6 + + H + 1-0 1.02 
25. P u 4 + + V 3 + + H 2 0 = P u 3 + + V 0 2 + + 2 H + 

P u 4 + + V 3 + 4- H 2 0 = [*] 6 + + H + 2-0 2.00 
P u 4 + + V 3 + 4- H 2 0 = [*] 5 + + 2 H + 

Other Reactions 
26. N p 0 2

+ 4- V 3 + 4- 2 H + = N p 4 + + V 0 2 + + HUO 
N p 0 2

+ + V 3 + = [*] 4 + 1-0 3.00 
27. N p 0 2

+ 4- U 4 + = N p 4 + + U 0 2
+ 

N p 4 + + U 4 + + 2 H 2 0 = N p 3 + 4- U 0 2
+ + 4 H + 

N p 0 2
+ + U 4 + + H 2 0 = [*] 3 + + 2 H + (note °) 1.00 

N p 4 + + U 4 + 4- H . , 0 = [*] 6 + + 2 H + 

28. N p 4 + + N p 0 2
+ = N p 0 2

+ + N p 4 + 

N p 4 + + N p 0 2
2 + + H 2 0 = [*] 4 + + 2 H + (note ') 1.20 

2 N p 0 2
+ 4- H + = [*] 3 + 

29. U 4 + 4- U 0 2
2 + = U 0 2

2 + + U 4 + 

2 U 4 + + U 0 2
2 + + 2 H 2 0 = [*] 6 + + 4 H + 1-0 0.14 

30. N p 0 2
2 + + H 2 0 2 = N p 0 2

+ 4- H 0 2 4- H + 

N p 0 2
2 + 4 - H 2 Q 2 = [*] + + H + 

2 N p 0 2
2 + + H 2 0 2 = [*] 2 + 4- N p 0 2

+ + H + 2-1 3.00 
31. N p 0 2

+ + H C r 0 4 " = N p 0 2
2 + + C r ( V ) 

N p 0 2
+ + H C r 0 4 " 4- 2 H + = [*] 2 + 4- H 2 0 2-1 2.00 

2 N p 0 2
+ + H C r C V 4- 4 H + = [*] 3 + + N p 0 2

2 + + 2 H 2 0 
Reactions involving Cl~, net rate determining reactions not known 
32. P u 4 + 4- F e 2 + 4- CI" = [*] 5 + 2.00 
33. U 0 2

2 + 4- V 2 + + CI" = [*] 3 + 2.00 
34. N p Q 2

+ 4- N p Q 2
2 + 4- C P = [*] 2 + 3.00 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 285 

C o n t i n u e d 

AF, AH, AS, 
kcal./mole kcal./mole e.u. 

13.5 41.0 94.0 
28.7 46.9 63.0 ± 2 

4.5 28.3 80.0 
24.0 — — 

- 4 3 . 0 - 1 2 . 5 102.0 
19.7 24.7 17.0 ± 4 
19.7 20.5 3.0 ± 4 

- 1 8 . 7 ( - 9 .4 ) (31) 
14.7 10.3 - 1 4 . 7 ± 1.3 

- 1 7 . 9 - 9 . 0 31.0 
16.5 32.0 52.0 ± 16 
15.7 13.0 - 9 . 0 ± 6 

- 1 2 . 7 - 2 . 6 32.0 
17.1 15.6 - 5 . 0 ± 4 
18.3 — — 
6.9 16.0 32.0 

16.6 17.7 3.8 ± .9 
18.3 22.1 12.9 ± .5 

- 2 0 . 3 ( - 0 .3 ) (67) 
15.0 16.7 6.0 ± 2 

- 1 4 . 3 6.0 68.0 
15.7 17.2 5.0 ± 3 
15.3 21.6 21.0 ± 2 

- 8 . 8 15.3 - 2 4 . 0 
18.2 14.6 - 1 2 . 3 ± 2.6 

- 3 . 8 - 5 . 8 - 7 . 0 
9.7 36.0 87.0 

24.4 32.2 26.2 
23.2 15.2 - 2 7 . 0 

0.0 0.0 0.0 
16.0 19.9 31.1 ± 1.7 
24.2 17.6 - 2 2 . 2 ± .07 

0.0 0.0 0.0 
25.1 32.8 26.0 ± 2 

8.4 — — 
16.6 11.8 - 1 6 . 1 ± 
17.0 13.3 - 1 2 . 2 

16.8 13.4 - 1 1 . 7 
17.0 11.4 - 1 8 . 7 ± 3 

14.2 14.4 0.6 ± 5 
14.3 10.6 - 1 2 . 4 ± 1 
13.6 9.0 - 1 4 . 0 ± 10 

S* comp.b AF*; 
e.u. kcal./mole Ref. 

- 7 2 22.0 27 

— 21.8 64,65 

- 8 8 25(f ) 
- 1 0 2 

- 8 8 24.0 70 

- 2 6 25.4 80( f ) 
- 5 9 24.6 

- 8 1 23.4 67(r) 
24.6 

- 6 2 13.1 60 
- 5 2 14.8 

- 1 2 5 25.2 71 

- 1 2 8 22.8 73(f) 
- 1 1 2 22.4 

- 8 1 22.6 I 

- 4 1 26.3 79 
- 1 7 4 18.4 

- 6 7 16.0 85 
- 3 0 24.2 

- 1 1 8 25.1 75 

+35 12.4 100 
- 2 — 

- 1 6 — 91 
- 3 1 — 

- 9 8 — 54 
- 3 9 — 58 
- 1 8 — 8 , 9 , 1 0 
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286 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

T a b l e I I . 

Process Pattern0 
μ, 
M 

35. P u Q 2
2 + + S n 2 + + 4C1- = [*]* 2-0 2.00 

P u 0 2
2 + + S n 2 + + 3 C 1 " = [*] + 

36. P u 4 + + S n 2 + + 5C1- = [*] + 2-0 2.00 
P u 4 + + S n 2 + + 4C1" = [*] 2 + 

37. U 4 + + B r 0 3 " = [*] 3 + 2-0 4.00 
U 4 + + B r 0 3 - + 2 H + = + H 2 0 

a See Figure 1. 
6 Formal entropy of the activated complex, S* comp. = AS* + Σ S° reactants — 
Jj S° other products in net activation process. 
"Average value for forward and reverse reactions, A F * = A F * — 0.5 AF°. 
d AF° , Aif°, and AS° were calculated from data in (31) for actinide ions and from 
data in Ref. 36 for other ions. Where necessary values were estimated using correla
tions given in Ref. 36. 

rates of reduct ion of P u 0 2
2 + b y various r educ ing agents is F e 2 + > P u 3 + > 

U 4 + > P u 4 + > V 3 + > T i 3 + . T h e sequence for P u 4 + is the same except for 
invers ion of the first two members . W h e n the two couples, U 4 + - U 0 2

+ 

a n d V 3 + - V 0 2 + , are compared i n their reactions w i t h P u 0 2
2 + , P u 4 + , N p 0 2

2 + , 
N p 0 2

+ , a n d U 0 2
2 + , i t is seen that N p 0 2

+ reacts s lower than expected 
w i t h U 4 + , a n d V 3 + reacts faster than expected w i t h U 0 2

2 + . It is clear that 
further data are needed. 

T h e dimensions of the rate constants f rom w h i c h the A F * values were 
ca l cu lated are sec." 1, M sec." 1, or M 2 sec." 1, depend ing on whether the 
hydrogen i on dependence is - 1 , - 2 , or - 3 , respectively. T h i s means that 
the use of different concentrat ion units w o u l d not change the A F * values 
for the processes i n w h i c h one hydrogen i on is released b u t w o u l d change 
those for three twice as m u c h as those for two hydrogen ions released. 
T h e observation is that the A F * values, based on m o l e / l i t e r , a l l f a l l near 
the same straight l ine i n spite of the different hydrogen i on dependences. 
T h i s suggests either a cancel lat ion of effects, or that the choice of 
m o l e / l i t e r fortuitously makes the correct ion to a concentration i n d e 
pendent basis smal l . T h e correction necessary to put a l l the act ivat ion 
free energies on the same basis is diff icult to estimate since it involves 
the translat ional contr ibut ion to the entropies of the various solutes. 

React ions 20 -25 invo lve the ox idat ion of V 3 + or T i 3 + to V 0 2 + or 
T i 0 2 + ( ? ) b y a c t i n i d e ( V I ) or ( I V ) ions, M 0 2

2 + or M 4 + . E x a m i n a t i o n of 
A F * VS. AF° shows that the V 3 + - U 0 2

2 + React ion , 23, is anomalously fast, 
b u t that the other A F * values are correlated w i t h A F ° as before, irrespec
t ive of the n u m b e r of hydrogen ions released i n the net act ivat ion 
processes. 
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20. N E W T O N A N D B A K E R Oxidation-Reduction Reactions 287 

C o n t i n u e d 

AF, AH, AS, S* comp.b AF*,C 

kcal./mole kcal./mole e.u. e.u. kcal./mole Ref. 

12.2 
12.7 
13.1 
13.6 
18.0 
18.7 

14.6 
14.0 
24.1 
26.9 
27.6 
22.8 

5.5 
7 

8.0 
4.4 

37.0 
44.7 
32.1 ± 0.3 
13.9 ± 0.3 

+28 
+11 
12.0 

6.6 
- 1 0 . 0 
- 4 5 . 0 

74(f) 

72 

76 

e Estimates of the uncertainties are given for the entropy values only; those for ΔΗ"* 
may be estimated b y mul t ip ly ing b y T ; those for A F * are generally very m u c h smaller. 
1 ( r ) indicates recalculated from the original data. 
s See original reference. 

40 

20 

0 

-20 

ω -40 
O-

*co°-60 

-80 

-!00 

-120 

-140 

35 

Ο 

Ο 30 

3 6 0 Q 3 5 
Ο 36 

Ο 30 

34 - θ - 31 

^ 3 1 
33 

23 
28 

16 

Cl 

d 

3 £ » V ? 

23 

32 

9 

19 

6 
14 

15^ ^ 5 

Figure 2. Formai entropies vs. charge for the activated complexes described 
in Table II. S* complex = AS* + Σ S 0 reactants — Σ S 0 products other than 

activated complex 

The numbers refer to the Table 
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288 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

30 

Φ 

I 2 0 [ 

σ 
ο 

* « 

< 
13 (lî 

10 

Il (3) 

Y) 
18 (3) 

9 (2) 

& 
7 ( Ik Ό ( D x ^ k Q -

^ Q - 8 ( l ) 

8 (2) 

15(1) 

, 0 ( 2 Î 15 (2) 

σ 16(3) 

I ' 7 ( 3 ) _ 

12 (3) 

- 2 0 -10 0 !0 

A F t k c a l . / m o l e 

Figure 3. A F * vs. A F ' /or file reactions in which actinide (V) ions are formed 
from actinide (IV) ions 

The numbers in parentheses indicate the hydrogen ions released in the net activation 
processes; the others refer to Table II 

Reactions 1-6 do not invo lve the m a k i n g or b reak ing of metal -oxygen 
bonds. T h e free energies of act ivat ion for these reactions show no corre
la t ion w i t h either AF° or w i t h the number of hydrogen ions released. 
T h o m p s o n (95) has offered the f o l l o w i n g explanat ion for the observation 
that a correlat ion exists between A F * a n d AF° for processes i n v o l v i n g 
the format ion or rupture of a metal -oxygen b o n d , but not for the other 
reactions i n w h i c h there is no such rupture . H e states that the l inear i ty 
of the appropr iate p lot for reactions 7-18 amounts to the approx imat ion : 
0 . 5 0 A F * ! + 0 . 5 0 A F * 2 — 1.15T log / = constant, i n accordance w i t h 
M a r c u s theory ( i f a p p l i c a b l e ) . Since A F * ! appears to be large for the 
M 4 + — M 0 2

+ conversion, perhaps it represents the m a i n contr ibut ion to the 
constant, a n d the A F * 2 a n d log / terms tend to cancel one another w i t h i n 
the uncertainty of the plot. I n reactions 1-6, A F * ! ( corresponding to the 
act inide couple ) w o u l d not be as large, a n d the differences between the 
A F * 2 a n d log / terms w o u l d be numer i ca l l y more significant. 

Heats of Activation. F i g u r e 4 shows a p lot of A H * vs. A H ° for 
Reactions 7-17 i n w h i c h an act inide metal -oxygen b o n d is formed. These 
data scatter considerably more than the corresponding free energy data 
but do show a dist inct dependence on bo th AH° a n d on the n u m b e r of 
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hydrogen ions released i n the net act ivat ion process. T h e latter de
pendence is independent of the concentrat ion units chosen. Average 
values of ÂH* (= AH* - 0.5 AH°) were f o u n d to be 14.5, 17.0, a n d 
25.1 k c a l . / m o l e for the net act ivat ion processes i n w h i c h one, two , a n d 
three hydrogen ions are released. 

F o r Reactions 20 -25 the heats are s imi lar to the free energies i n 
that, except for React ion 23, Δ Η * is correlated w i t h Δ Η ° ; the average 
AH* is 16.1 k c a l . / m o l e for one hydrogen i o n released. T h e heats of 
act ivat ion for the reactions i n w h i c h metal -oxygen bonds are neither 
f o rmed or broken ( 1 - 6 ) do not appear to be correlated w i t h AH°. 

Entropies of Activation vs. Heats of Activation. K a z a k o v , P e s h -
chev i tsk i i , a n d E r h e n b u r g (36) p lo t ted AS* vs. AH* for 34 act inide ox ida 
t ion-reduct ion reactions a n d f o und a correlat ion w h i c h they expressed 
b y AS* = - 5 0 + 3.44 Χ 10" 3 AH*; this is equivalent to AF* (at 208°K. ) 
= 14,900 - 0.025 AH* c a l . / m o l e , or that AF* ( 298°K. ) is essentially 
constant. T h e observed range is 12 to 21 k c a l . / m o l e ; so w e bel ieve that 
the " corre lat ion" reported mere ly reflects the fact that for the reactions 
studied , the range of AF* is smal l compared w i t h those of AH* or Τ AS*. 

Binuclear Species 

O n e par t i cu lar ly interest ing aspect of recent w o r k w i t h the act in ide 
" - y l " ions has been the discovery of a number of b inuc lear species f o rmed 
f rom two cations. Such species, w h e n they occur i n re lat ive ly h i g h con
centrations, are read i ly detected b y phys i ca l means such as spectropho
tometry. Some are reaction intermediates w h i c h occur only at l o w steady-
state concentrations. These can sometimes be detected i f the pattern of 
paths is such that the intermediate disappears b y more than one react ion, 
as i n patterns 2-1, 3-1, a n d 3-2 i n F i g u r e 1. 

Physical Evidence. Spectrophotometric a n d E M F methods have been 
used to show that N p ( V ) w i l l react w i t h a number of cations to give 
read i l y detectable e q u i l i b r i u m concentrations of b inuc lear complexes 
such as N p ( V ) · U ( V I ) , N p ( V ) · F e ( I I I ) , a n d N p ( V ) · C r ( I I I ) ( 89 ) . 
T h i s last complex, p robab ly C r O N p 0 4 + , forms or dissociates at a r e l a 
t ive ly l o w rate, presumably o w i n g to substitution inertness at C r or N p . 
T h e same complex is also f o rmed w h e n C r ( I I ) a n d N p ( V I ) are m i x e d ; 
the complex is not the only product since C r ( H 2 0 ) 6

3 + , N p ( I V ) , a n d 
N p ( V ) are f o rmed as w e l l . 

I n the analogous react ion between C r ( I I ) a n d U ( V I ) a U ( V ) * 
C r ( I I I ) intermediate forms almost quant i tat ive ly i f U ( V I ) is i n excess 
(55 ) . H o w e v e r , un l ike N p ( V ) , U ( V ) is unstable w i t h respect to d ispro 
port ionat ion a n d the intermediate decomposes to C r ( I I I ) , U ( V I ) , a n d 
U ( I V ) w i t h a ha l f - t ime of about 5 m i n . at 0 ° C . A l t h o u g h U ( V ) is 
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Table III. Intrinsic Activation 

u 4 + - u o 2
+ 

u o 2
+ - u o 2

2 + 

N p 3 + - N p 4 + 

N p 4 + - N p 0 2
+ 

N p 0 2
+ - N p 0 2

2 + 

P u 3 + - P u 4 + 

P u 4 + - P u 0 2
+ 

P u 0 2
+ - P u 0 2

2 + 

A m 4 + - A m 0 2
+ 

F e 2 + - F e 3 + 

y2+_«y3+ 

V 3 + - V 0 2 + 

T i 3 + - T i 0 2 + 

C e 3 + - C e O H 3 + 

C r 2 + - C r 3 + 

Am02
+-Am02

2+ Pu02
+-Pu02

2+ Pu*+-Pu02 

— 2 0 . 5 , a + l & — 
19.9, 0 

18.0, + 1 
17.8, 0 

16.1, 
23.7, 

15.0, 
14.0, 
15.0, 

23.4, 
24.6, 
24.0, 

0 
0 

-1 

0 
-1 
0 

21.8, 

Pu3+-Pu*+ 

20.0, 0 

13.4, - 1 

17.6, - 1 

22.8, 0 
22.4, - 1 
25.2, 0 

"This is the intrinsic activation free energy, A F * = A F * — */2 AF°. 

ox id i zed r a p i d l y b y T l ( I I I ) or V ( I V ) , the intermediate reacts d i rec t ly 
w i t h these reagents only very s lowly . T h e spectrum of U ( V ) · C r ( I I I ) 
was f ou n d to be s imi lar to that of m a n y C r ( I I I ) ions, showing peaks at 
about 410 a n d 600 τημ. 

A complex w h i c h is p r o b a b l y analogous to the N p ( V ) · U ( V I ) m e n 
t ioned above is f o rmed i n solutions of U ( V ) a n d U ( V I ) (59 ) . Spectro-
photometr ic a n d k inet i c measurements showed the f o r m u l a to be U 2 0 4

3 + 

a n d the association quotient to be about 16 M " 1 at 25°C . a n d 2 M ionic 
strength. T h e corresponding value for N p ( V ) * U ( V I ) is 0.7 Μ " 1 (μ = 
3 M ) . A g a i n , c omplex ing of U ( V ) s ignif icantly reduces its react ion rate ; 
at 25 °C . i n 1 M a c i d the U ( V ) d isproport ionat ion rate is about 30 times 
greater than for its reaction w i t h the complex. T h e spectrum of the c o m 
plex shows a peak at 737 τημ w i t h e = 27 M " 1 cm." 1 . 

Kinetic Evidence. T h e observed rate laws for the U ( I V ) - P u ( V I ) , 
V ( I I I ) — U ( V I ) , a n d F e ( I I ) — P u ( V I ) reactions are of the f orm r e q u i r e d 
for 2-1, 2-1, a n d 3-1 patterns of paths. F o r the first two reactions here, 
the composit ions of the two act ivated complexes differ b y a single h y d r o 
gen ion . T h e composi t ion of an intermediate cannot be in ferred f r o m 
the rate l a w alone, but it is almost certain to be the same as one or the 
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Free Energ ies , K c a l . / m o l e 

Np02
+~NpO/+ Np>+-Np02

+ Np3+-Np*+ U02
+-U02

2+ U*+-U02
+ 

22.4, +1 26.3, - 2 20.5, - 1 — 

— 22.0, - 1 
23.1, 0 — 
23.8, - 1 
14.0, 0 

— 19.4, - 1 20.8, ~ 1 — 19.2, + 1 
18.2, 0 

_ _ _ 18.6, 0 — 
25.4, +1 22.6, - 1 — 13.1, 0 — 
24.6, 0 14.8, - 1 — 

23.2, - 1 
24.2, - 2 

24.2, + y 2 

b T h e number of hydrogen ions incorporated into the activated complex, averaged for 
the forward and reverse reactions. 

other of the act ivated complexes i n v o l v e d : U O H · P u 0 2
5 + or U ( O H ) 2 

P u 0 2
4 + a n d V O H · U 0 2

4 + or V O · U 0 2
3 + . 

I t is interest ing that a l though the N p ( I V ) - N p ( V I ) react ion provides 
no evidence for an intermediate analogous to the U ( V ) * P u ( V ) one 
ment ioned above, the h i g h ac id term i n the rate l a w for the N p ( I V ) — 
N p ( V ) exchange is fc[Np(V)]2[H+] (85 ) . T h i s term strongly suggests 
the rate -determining format ion of a N p ( V ) d imer w h i c h exchanges r a p 
i d l y w i t h N p ( I V ) . S i m i l a r l y , the V ( I I I ) - P u ( V I ) react ion shows no 
evidence for an intermediate even though the V ( I I I ) - U ( V I ) react ion 
does. 

T h e F e ( I I ) - P u ( V I ) react ion is interest ing i n that a l though the over
a l l react ion appears to be a s imple electron transfer, an accurate repre 
sentation of the data requires a three-term rate l a w : — d [ P u ( V I ) ] /dt = 
[ P u ( V I ) ] [ F e ( I I ) ] [ A + ( B + C [ H + ] ) - 1 ] . T h i s rate l a w can be re
arranged to the f o rm for either pattern 3-1-a or 3-1-b, i n w h i c h the h y d r o 
gen i o n dependence of bo th R x a n d R 2 or R 3 is zero a n d that of the 
r e m a i n i n g R - t e r m is —1. T h e intermediate i n this react ion appears to 
be analogous to the F e ( I I I ) · N p ( V ) species ment ioned above. 
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X 

10 20 

Δ Η ? kcal./mole 

Figure 4. ΔΗ* vs. Δ Η 0 for the reactions in which actinide (V) ions are formed 
from actinide (IV) ions 

The numbers in parentheses indicate the hydrogen ions released in the net activation 
processes; the others refer to Table II 

T h e U ( V ) d isproport ionat ion rates can best be descr ibed b y a rate 
l a w consistent w i t h a 2-1 pattern a n d a U ( V ) * U ( V ) intermediate , 
a l though other rate laws fit near ly as w e l l (59). 

T h e detection of b inuc lear intermediates is important since i t p r o 
vides evidence for inner-sphere mechanisms; conversely, outer-sphere 
mechanisms prec lude their formation. It is significant that f o rmal ly 
i dent i ca l react ion sets do not necessarily a l l d i sp lay b inuc lear i n t e r m e d i 
ates. N o t on ly m i g h t this be caused b y a lack of the proper k inet i c 
requirements for detectabi l i ty but also b y a lack of occurrence. T h i s can 
be ra t i ona l i zed b y po in t ing out that i t is not necessary for these react ion 
sets to occur a l l b y inner-sphere or a l l b y outer-sphere mechanisms. I n 
fact, examples of single reactions w h i c h apparent ly occur s imultaneously 
b y bo th mechanisms are N p ( V l ) - C r ( I I ) (89, 90 ) , P u ( V I ) - F e ( I I ) ( 5 6 ) , 
a n d V ( I V ) - V ( I I ) (57). 
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A Contribution to the Study of the 
Oxidation Potential of the Berkelium 
(III)-(IV) Couple in Various Media 

C. MUSIKAS and R. BERGER 

Department de Chimie, Services de Chimie des Combustibles Irradies, Section 
d'Etudes Chimiques et Radioactives, Commisariat a l'Energie Atomique, Centre 
d'Etudes Nucléaires, Fontenay aux Roses, France 

Indirect determinations of the formal oxidation potential of 
Bk(IV)—Bk(III) couple in sulfuric and nitric acids have been 
made by tracer measurement. From the Bk(IV)/Bk(III) 
ratios and the corresponding Ce(IV)/Ce(III) ratios at equi
librium conditions one can calculate the oxidation potential 
of the Bk(IV)-Bk(III) couple. The Bk(IV)/Bk(III) ratio can 
be determined by extracting Bk(IV) by an appropriate or
ganic solvent. The formal oxidation potentials of the Bk(IV)-
Bk(III) couple in 1N and 0.5N sulfuric acid were found to 
be 1.42 and 1.44 volts using trilaurylmethylammonium sul
fate in carbon tetrachloride as a solvent. In 6N nitric acid 
the oxidation potential of the couple was found to be 1.56 
volts by using 0.18M tributylphosphate. Whereas, in 1N to 
2N nitric acid berkelium was not oxidized by cerium(IV). 

/ ~ \ x i d a t i o n of b e r k e l i u m to the tetravalent state was demonstrated i n 
1950 b y T h o m p s o n , C u n n i n g h a m , a n d Seaborg ( 7 ) . U s i n g eerie 

iodate as a tetravalent species carrier for tracer experiments, they f o u n d 
that i n 8N H N 0 3 m e d i u m the f o rmal ox idat ion potentials of the C e ( I V ) -
C e ( I I I ) a n d the B k ( I V ) - B k ( I I I ) couples were near ly the same. 

I n the same year Jones a n d C u n n i n g h a m cont inued these exper i 
ments (2) a n d f ound that the cer ium a n d the b e r k e l i u m adsorpt ion on 
z i r c o n i u m phenylarsonate carrier were s imi lar regardless of the o x i d i z i n g 
agent (b ichromate , chlorate, hypochlor i te , or b romate ) , or the m e d i u m 
( I N n i t r i c a c id , 1 M l i t h i u m perehlorate -perehlor i c a c i d at hydrogen i on 
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21. MusiKAs A N D B E R G E R Oxidation Potential 297 

concentrations f r o m 0 .1N to I N ) . F r o m these experiments they con 
c l u d e d that the ox idat ion potent ia l of the B k ( I V ) - B k ( I I I ) couple d i d 
not differ b y more than 60 mv. f r om that of the C e ( I V ) - C e ( I I I ) couple . 

I n order to complete these experiments w e undertook tracer leve l 
measurements of the f o rmal ox idat ion potent ia l of the B k ( I V ) - B k ( I I I ) 
couple i n n i t r i c a c i d a n d sul fur ic a c i d solutions, us ing the C e ( I V ) -
C e ( I I I ) couple as a mediator . T h e tetravalent species were extracted b y 
organic solvents. 

A s imi lar method was used b y M a t s u u r a a n d Haiss insky i n 1958 (4) 
a n d b y Ha i ss insky a n d P luchet i n 1962 ( I ) for de termin ing the f o r m a l 
ox idat ion potentials of the Po ( V I ) - P o ( I V ) a n d the P a ( V ) - P a ( I V ) 
couples respectively. 

W e took advantage of the property of different solvents to extract 
selectively the tetravalent act in ide a n d lanthanide elements. Some of 
them are sufficiently stable i n the presence of o x i d i z i n g agents. A m o n g 
the organonitrogen a n d organophosphorus compounds w e used were t r i -
l a u r y l m e t h y l a m m o n i u m ( T L M A ) salts a n d t r i b u t y l phosphate ( T B P ) i n 
carbon tetrachlor ide . 

Principle of the Method 

T h e f o r m a l ox idat ion potent ia l of the B k ( I V ) - B k ( I I I ) couple can be 
deduced f rom N e r n s t s l a w i f the d i s t r ibut ion e q u i l i b r i a between the 
aqueous phase a n d the nonmisc ib le organic phase is reached. T h i s can 
be w r i t t e n as: 

E i _ F f + M [ C e ( I V ) ] a [Bk(III)]. m 

EU - Efce + - p - log [ C e ( m ) L X [ B k ( I V ) ] e
 ( 1 ) 

i n w h i c h the concentrations are aqueous concentrations after extraction. 
T h e different terms of E q u a t i o n 1 were obta ined as f o l l ows—Ef C e , 

f o r m a l potent ia l of the C e ( I V ) - C e ( I I I ) couple i n the m e d i u m , was 
taken f r om publ i cat ions ; [ C e ( I V ) ] a a n d [ C e ( I V ) ] 0 have been measured 
b y direct absorption spectrophotometry; [ C e ( I I I ) ] f f was ca lcu lated b y 
difference between total c e r ium, t i trated b y potentiometry, a n d tetra
valent c e r i u m ; [ B k ( I V ) ] a was ca lcu lated f r om the solvent beta count ing , 
a l l o w i n g for the measured d i s t r ibut ion coefficient of B k ( I V ) ; [ B k ( I I I ) ] a 

was determined b y subtract ing the [ B k ( I V ) ] a va lue f rom the aqueous 
count ing ; i n a l l cases [ C e ( I I I ) ] 0 and [ B k ( I I I ) ] 0 were f ound to be 
negl ig ib le . 

T o t a l ox idat ion a n d extraction e q u i l i b r i u m were ver i f ied b y p l o t t i n g : 

w [ B k ( I V ) ] a [Ce ( I V ) ] q 
l o g - W i n n : m - l o g l ° i^mm: 

a n d check ing to see that the slope of the straight l ine was close to 1. 
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298 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

Preliminary Experiments 

T o determine the aqueous a n d organic concentrations of the tetra
valent c e r ium a n d b e r k e l i u m w i t h sufficient accuracy, i t was necessary 

% initial. Cerium (IV) 

100 

90 H 

80 A 

704 

60 

50 

0.05 M TLMA sulfate .CCU 

0.1 M TLMA-HNOs.CCU 

0,08M TLA sulfate.CCU 

• Time hours 
1h 2h 3h 

Figure 1. Reduction rate of cerium(IV) in various organic solvents 

% initial Cerium (IV) 

100 1N H2S04 

1N H 2 S O 4 - I N HNOs 

1N HCUK 

8 Time hours 

Figure 2. Reduction rate of cerium(IV) in various aqueous media 
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Optical density 

A : 1 N H z S O J » non electrolysed 

Β · 1N Ht SOùt electrolysed (used for dilutions) 

Figure 3. Effect of the electrolytic oxidation of sulfuric acid on Beers straight 
lines at 380 m μ for cerium(IV) 

Optical density A : 1N HeSOt aqueous 

A Β : 0.18 M T B P - CCI 4 

C : 0.05M T L M A sulfate. C C U . 

Figure 4. Absorption of cerium(IV) at 380 m μ in various media 

to find a solvent i n w h i c h the d i s t r ibut ion coefficients of these two tetra
valent species between the solvent a n d the chosen aqueous m e d i u m 
was i n the range 0.1 to 10. I n add i t i on the ox idat ion rate of the solvent 
b y the tetravalent elements should be sufficiently low. F o r sul fur ic a c i d 
solutions, t r i l a u r y l m e t h y l a m m o n i u m sulfate i n carbon tetrachlor ide was 
pre ferred to t r i laury lamine sulfate because it is less sensitive to ox idat ion 
b y cer ium ( I V ) ( F i g u r e 1 ). I n the case of n i t r i c a c id , t r i b u t y l phosphate 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

21



300 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

i n carbon tetrachloride gives higher d i s t r ibut ion coefficients for b e r k e l i u m 
than t r i l a u r y l m e t h y l a m m o n i u m nitrate i n the same di luent . 

Because the reduct ion rate of c e r ium ( I V ) i n these solvents is not 
negl ig ib le , i t is necessary to take samples for beta count ing a n d spectro
photometry? analysis at the same t ime. T h e concentration of c e r ium ( I V ) 
was determined b y direct absorpt ion spectrophotometry at 380 m/x, bo th 
i n aqueous a n d i n organic solutions. T h i s wave length was chosen i n order 
to avo id any interference b y the reagents. 

I n sul fur ic a c id , tetravalent c e r ium is more stable than i n the other 
aqueous solutions ( F i g u r e 2 ) . F o r this reason I N H 2 S 0 4 was chosen as 
the m e d i u m for spectrophotometric measurements. Nevertheless it was 
necessary to ox id ize e lectro lyt ica l ly a l l the reagents before the spectro
photometr ic measurements. T h i s is i l lustrated b y F i g u r e 3 i n w h i c h the 
opt i ca l densities vs. the c e r ium ( I V ) concentrations are p lotted . 

T h e veri f ication of L a m b e r Beer's l a w is shown i n F i g u r e 4. O r g a n i c 
solutions of c e r ium were prepared b y extracting ce r ium ( I V ) f r om t i trated 
aqueous solutions a n d s tandard ized b y beta count ing of 1 4 1 C e tracer. 
Standard izat ion curves were p lo t ted f r om three values for further spec
trophotometr ic determinations of c e r ium ( I V ) . 

T h e b e r k e l i u m ( I V ) extraction coefficients have been determined b y 
s t r ipp ing solvents prev ious ly l oaded w i t h tetravalent c e r ium a n d berke
l i u m i n the presence of s od ium bismuthate . S o d i u m bismuthate has 
been f o u n d to be an efficient ox id i z ing agent for t r iva lent cer ium. Because 
of its sma l l so lubi l i ty it does not affect the d i s t r ibut ion coefficients of 
tetravalent cer ium. These two properties have been demonstrated b y 
compar ing the d is t r ibut ion coefficients of c e r ium ( I V ) measured b y spec
trophotometry w i t h those of c e r ium ox id i zed by sod ium bismuthate a n d 
measured b y beta count ing of the 1 4 3 c e r i u m isotope tracer. T h e data are 
s u m m a r i z e d i n T a b l e I a n d indicate no rea l difference i n the d i s t r ibut ion 
coefficients of c e r ium obta ined b y these two methods w h e n us ing t r i 
l a u r y l m e t h y l a m m o n i u m sa l t s - carbon tetrachlor ide as solvent. 

Table I. Effect of Sodium Bismuthate on the Distribution 
Coefficients of Cerium (IV) 

Ea° Ce(IV) 

Spectrophotometric Beta Counting 
Determination of of niCe 

Organic Aqueous Ce(IV) (-bNaBiOs) 

0 . 0 5 M T L M A - S u l f a t e 0 . 5 N H 2 S 0 4 7.7 7.4 

0 . 1 M T L M A - S u l f a t e I N H 2 S 0 4 2.6 2.7 

0 . 1 M T L M A - H N O ; , I N H N O ; î 110 78 

0 . 1 M T L M A - H N O 3 6N H N O 3 2 0 0 2 4 0 
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Table II. 0.1M Trilaurylmethylammonium Nitrate—Carbon Tetrachlo
ride Extraction of Cerium and Berkelium from Nitric Acid 

Solutions in the Presence of Sodium Bismuthate 

% of Initial 
Aqueous Ea° Ce(IV) Bk Extracted 

IN H N 0 3 110 1 
I N H N O 3 (without N a B i O s ) 110 1 
I N H N O 3 + 1.5M A 1 ( N 0 3 ) 3 100 65 
4 N H N O 3 100 12 
4 N H N O 3 + 1.5M A l ( N O H ) H 100 20 
6 N H N O 3 100 6 
6 N H N O 3 + 1.5M A 1 ( N 0 3 ) , 100 9 
8 N H N O 3 3.6 

ΙΟΝ H N O 3 2 

Ce ( IV) initial aqueous concentration = 6.0 X 1 0 " 3 M 
E a° Ce (III) < 0.005 when [HNO3] < 6 N 

Experimental 

Apparatus. T h e f o l l o w i n g apparatus was u t i l i z e d for this s tudy : a 
P R T 2000 type potentiostat (Tacusse l ) for the electrolysis; a G r a p h i -
spectral spectrophotometer (Jouan) for the absorpt ion measurements; a 
T S 6 type mi l l i vo l tmeter (Tacusse l ) for potent iometr ic analysis ; a 2?r 
windowless f low gas counter ( S . A . I . P . ) for measur ing the soft beta f r om 
2 4 9 B k ; a n d a b e l l type Ge iger counter for 1 4 1 C e and 1 4 4 C e beta count ing . 

Reagents. B E R K E L I U M . A n amount of 5μ C i of b e r k e l i u m 249 was 
s u p p l i e d b y E u r a t o m . Its p u r i t y was checked b y a lpha a n d beta count ing 
a n d b y a lpha and g a m m a spectrography. T h e y i e l d of soft beta was 
greater than 9 8 % . T h e sample was dissolved i n 6 N n i t r i c ac id , a n d the 
conversion to sul fur ic a c id m e d i u m was made b y f u m i n g d o w n one 
a l iquot three times a n d d isso lv ing the residue i n the appropriate solut ion. 

C E R I U M . C e r i u m 141 a n d 144 isotopes were supp l i ed b y the " D é 
partement des Radioéléments" of Saclay. Cerous nitrate solutions were 
prepared b y d isso lv ing the reagent (Pro labo N o . 22585) . C e r i c nitrate 
was obta ined b y electrolyt ic ox idat ion of the previous solution i n a c e l l 
w i t h separated compartments. C e r i c sulfate a n d f e r r o a m m o n i u m sulfate 
solutions were prepared f rom the guaranteed reagent ( M e r c k N o . 2274 a n d 
N o . 3793). Cerous sulfate was obta ined s imi la r l y b y e lectrolyt ic reduct ion . 

T R I L A U R Y L M E T H Y L A M M O N I U M S A L T S . A solut ion of 0.1 M t r i l a u r y l 
m e t h y l a m m o n i u m chlor ide i n carbon tetrachlor ide was prepared for each 
experiment b y d isso lv ing the reagent (Rhône-Poulenc) . T r i l a u r y l m e t h y l 
a m m o n i u m nitrate a n d sulfate solutions were obta ined b y m i x i n g four 
times the previous organic so lut ion (3 v / v ) respect ively w i t h 4 N H N O 3 
a n d 1 M N a 2 S 0 4 . I n add i t i on , the solvents were pre -equ i l ibrated b y m i x 
i n g them twice (3 v / v ) w i t h the corresponding a c i d solutions. 

T R I B U T Y L P H O S P H A T E . T h e reagent t r ibuty lphosphate ( E a s t m a n 
K o d a k ) was pur i f i ed b y s c rubb ing w i t h sod ium carbonate solut ion ( 5 % 
v / v ) a n d then w i t h d i s t i l l ed water a n d b y d is t i l la t ion in vacuo. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

21



302 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

M I S C E L L A N E O U S . T h e carbon tetrachloride a n d acids used were re 
agents of grade R P ( P r o l a b o ) . ( C C 1 4 N o . 22521, H N O a N o . 20420, 
H 2 S 0 4 N o . 20700) . 

Procedure. Aqueous phases were prepared f r o m samples of ce
r i u m ( I V ) , c e r i u m ( I I I ) , b e r k e l i u m , a n d a c i d a n d d i l u t e d b y d i s t i l l ed 
water to the proper concentrations. Samples of c e r i u m were chosen i n 
order to obta in different c e r i u m ( I V ) / c e r i u m ( I I I ) ratios. T h e solutions 
were a l l owed to stand for six hours to reach the oxidat ion e q u i l i b r i u m . 
A 2 cc. sample of the solvent was added to the same vo lume of aqueous 
so lut ion a n d m i x e d for 15 minutes. A f ter separation b y a centri fuge, 
samples of bo th phases were taken for the beta count ing of b e r k e l i u m 
a n d the spectrophotometric determinat ion of c e r ium ( I V ) . I n add i t i on , 
one a l iquot of the l oaded solvent was taken for de termin ing the d i s t r i b u 
t ion coefficient of b e r k e l i u m ( I V ) . 

Results 

Sulfuric Acid Solutions. D a t a obta ined w i t h 0 . 1 M and 0 . 0 5 M t r i 
l a u r y l m e t h y l a m m o n i u m sulfate-carbon tetrachloride for de termin ing the 
f o r m a l ox idat ion potent ia l of the B k ( I V ) - B k ( I I I ) couple i n I N a n d 0 . 5 N 
H 2 S 0 4 is s u m m a r i z e d i n T a b l e I I I ; the corresponding curves of: 

[Bk(IV)] . [Ce(IV)] . 
i 0 g l ° [ B k ( I I I ) ] a

 hS- l 0 g , ° [ C e ( I I I ) L 

are p lo t ted i n F igures 5 a n d 6. T h e slopes are 0.92, ca lculated b y the 
least squares method ( F i g u r e 5) a n d close to 1 ( F i g u r e 6 ) , g raphica l ly 
est imated, for I N a n d 0 .5N H 2 S 0 4 , respectively. 

F r o m these data i t appears that i n sul fur ic a c id the f o rmal ox idat ion 
potentials of the B k ( I V ) - B k ( I I I ) couple differ f r om those of the 
C e ( I V ) - C e ( I I I ) couple b y 0.022 a n d 0.017 volts, respectively i n I N 
H 2 S 0 4 and 0 . 5 N H 2 S 0 4 med ia . A s s u m i n g the p u b l i s h e d values of 1.44 
a n d 1.46 volts for the f o r m a l ox idat ion potentials of the C e ( I V ) - C e ( I I I ) 
couple i n I N a n d 0 . 5 N H 2 S 0 4 respectively (3 , 6 ) , w e obta in 

£ / B k = 1.42 volts in I N H 2 S 0 4 

£ / B k = 1.44 volts in 0 .5N H 2 S 0 4 

Nitric Acid Solutions. T h e data obta ined w i t h 0 . 1 8 M t r i b u t y l phos
p h a t e - c a r b o n tetrachlor ide are s u m m a r i z e d i n T a b l e I V . It is apparent 
that i n 6 N H N 0 3 

F / B k - Efce = - 0 . 0 2 3 volts 

I n this case the slope of the straight l ine representing 

[ B k ( I V ) ] e , [ C e ( I V ) ] t t 

is est imated to be 1.1 ( F i g u r e 7 ) . 
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21. MusiKAs A N D B E R G E R Oxidation Potential 303 

B y accept ing 1.58 volts as the f o r m a l ox idat ion potent ia l of the 
Ce(IV) -Ce( I I I ) couple (6 ) w e ob ta in : 

E / B k == 1.56 volts in 6 N H N 0 3 

O n the other h a n d very l i t t le b e r k e l i u m is extracted b y t r i b u t y l phosphate 
f rom I N to 2 N H N 0 3 as shown i n T a b l e I V . T h e determinat ion of the 
f o r m a l ox idat ion potent ial of the B k ( I V ) - B k ( I I I ) couple i n this m e d i u m 
is not re l iable . A s s u m i n g that a l l the b e r k e l i u m extracted is tetravalent 
a n d that the d i s t r ibut ion coefficient of b e r k e l i u m ( I V ) is the same as that 
of c e r i u m ( I V ) , ca l cu lat ion shows that the difference between the f o r m a l 
ox idat ion potent ia l of the two couples should be greater than +0 .08 volts. 

Table III. Trilaurylmethylammonium Sulfate—Carbon Tetrachloride 
Extraction of Cerium and Berkelium from Sulfuric Acid Solutions 

Aqueous: I N H2SO^ Aqueous: 0 .5N H2SO^ 
Solvent: 0.1 M TLMA Sulfate-CCl^ Solvent: 0.05M TLMA Sulfate-CClIt 

iCe(IVna 

Ea° Bk(IV) 
lCe(IVna 

Ea° Bk(IV) 
[Bk(IV)]a 

[Ce(Iima 

Ea° Bk(IV) 
[Bk(IIina iCe(III)}a 

Ea° Bk(IV) 
iBk(Iima 

0.022 1.35 0.035 0.0087 4.9 0.02 
0.052 1.41 0.08 0.014 5.1 0.038 
0.040 1.32 0.15 0.036 5.3 0.065 
0.065 1.22 0.21 0.08 6.4 0.13 
0.13 1.40 0.24 0.085 6.1 0.15 
0.11 1.28 0.31 0.1 5.5 0.17 
0.12 1.47 0.44 
0.17 1.28 0.48 
0.19 1.36 0.6 
0.24 1.25 0.75 
0.34 1.50 0.65 
0.44 1.18 0.85 
0.65 1.23 1.10 
0.85 1.43 1.35 

E a ° B k ( I I I ) < 0.005 i n a l l cases. 

Discussion 

I n I N to 2 N n i t r i c solutions, b e r k e l i u m was not extracted either i n 
T L M A nitrate or T B P , whereas c e r i u m was extracted. F u r t h e r m o r e , the 
b e r k e l i u m ( I V ) a lready extracted f rom 6 N H N 0 3 into T B P was c om
plete ly back-extracted b y I N H N 0 3 , w h i l e c e r ium was not s t r ipped as 
m u c h . A s imi lar experiment made after a d d i n g sod ium bismuthate p r o v e d 
that aqueous c e r i u m was ent ire ly at the four valence state, w h i l e berke 
l i u m showed a l o w d is t r ibut ion coefficient (smal ler than 0.01) corre
sponding m a i n l y to the tr ivalent state. T h i s result was conf irmed b y a 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

21



304 L A N T H A N I D E A C T I N I D E C H E M I S T R Y 

iBMlVJa 
|Bk 

tracer experiment, carr ied out w i t h 2 4 i ) B k a n d 1 4 4 C e isotopes. C e r i u m was 
extracted f r om I N H N 0 3 into T L M A i n the presence of sod ium b is 
muthate whereas b e r k e l i u m was not. 

T h e last three experiments seem to confirm that the difference i n 
behavior between b e r k e l i u m a n d cer ium i n I N to 2 N n i t r i c a c id solutions 
does not result f rom a difference i n the react ion rate. I t is more p r o b a b l y 
caused b y the higher f o rmal oxidat ion potent ia l of the B k ( I V ) - B k ( I I I ) 
couple. A t such a h i g h f o rmal ox idat ion potent ia l tetravalent b e r k e l i u m 
shou ld be less stable than tetravalent ce r ium, even i f the difference is 
smaller than the est imated va lue ( + 0 . 0 8 vo l ts ) . 

These results suggest that the standard potentials of the C e ( I V ) — 
C e ( I I I ) a n d the B k ( I V ) - B k ( I I I ) couples should be rather different. 
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Figure 6. Formal potential of the Bk(IV)-Bk(III) couple in 0 .5N H2SO,t 

T h e fact that i n complex ing m e d i u m the two couples have close values 
c o u l d i m p l y that the B k ( I V ) complexes are more t ight ly b o u n d than 
those of the C e ( I V ) . 

A l t h o u g h b e r k e l i u m ( I V ) was obta ined i n concentrated n i t r i c a c i d 
(4, 6), it was not extracted i n T L M A nitrate C C 1 4 whereas c e r i u m ( I V ) 
was extracted. W h e n decreasing the ac id i ty for the same nitrate i on 
concentration [e.g., i n I N H N 0 3 + 1 .5M A 1 ( N 0 3 ) 3 s o lu t i on ] , berke 
l i u m ( I V ) was extracted ( T a b l e I I ) . T h i s p h e n o m e n u m c o u l d be at
t r i bu ted to the compet i t ion between the n i t r i c a c id a n d the tetravalent 
b e r k e l i u m species w h i c h cou ld be extracted. 
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|Bk (iV)fa 
I B K (iu)|i 

• 

Figure 7. Formal potential of the Bk(IV)-Bk(III) couple in 6N HN03 

T h e accuracy of the method was checked f rom the data p lo t ted i n 
F i g u r e 5. C a l c u l a t i o n gives a mean value for 

F / R k - F / c e = 0.023 volts 

w i t h a s tandard deviat ion of: 

σ == ±0.009 volts 

T h e scattering of the results depends u p o n the soft beta count ing of 
2 4 9 B k w h i c h is sensitive to the self absorpt ion of the source; the spectro
photometr ic determinat ion of unstable ce r ium ( I V ) ; a n d the great n u m 
ber of exper imental determinations needed for ca l cu lat ing the potent ia l . 
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21. MUsiKAs A N D B E R G E R Oxidation Potential 307 

Table IV. 0.18M Tributyl Phosphate—Carbon Tetrachloride Extraction 
of Cerium and Berkelium from Nitric Acid Solutions 

Ea° [CeflV;] . InltidBk Ea° JBk(lV)]a 

Aqueous" Ce(IV) [Ce(lII))a Extracted Bk(IV) [Bk(III)]a 

IN H N 0 3 + C e ( I V ) 0.2 1 
I N H N 0 3 + C e ( I V ) + 0.2 2.7 1 0 .05 a 

Ce (III) 
I N H N 0 3 + 1.5M — — 70 

A l ( N 0 3 ) 3 + C e ( I V ) + 
N a B i 0 3 

2 N H N 0 3 + Ce(IV) + 1.9 2.5 
N a B i 0 3 

2 N H N 0 3 + Ce(IV) + 1.9 0.55 3 0.02 a 

Ce (III) 
6 N H N 0 3 + C e ( I V ) + 8.9 0.034 1.3 e 0.055 

Ce (III) 
- d ° - 8.4 0.065 1.2 0.16 
- d ° - 8.1 0.4 1.25 1.0 
- d ° - 8.4 0.465 1.05 1.6 

a Est imated values assuming that only B k ( I V ) is extracted and that E a ° B k ( I V ) = E a ° 
Ce(IV). 
b To ta l cerium in i t ia l aqueous concentration = 6.0 X 1 0 " 3 M . E a ° C e ( I I I ) < 0.01 i n 
a l l cases. 
c In 6N H N O s E a ° B k ( I I I ) < 0.005. 
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Condensed Phase Equilibria in the 
Molybdenum Hexafluoride-Uranium 
Hexafluoride System 

L. E. TREVORROW, M. J. STEINDLER, and D. V. STEIDL 

Chemical Engineering Division, Argonne National Laboratory, Argonne, Ill. 

J. T. SAVAGE 

University of Oregon, Eugene, Ore. 

The temperature-composition phase diagram constructed 
from thermal arrests observed in the MoF6–UF6 system is 
characteristic of a binary system forming solid solutions, a 
minimum-melting mixture (22 mole % UF6 at 13.7°C.), and 
a solid-miscibility gap. The maximum solid solubility of 
MoF6 in the UF6 lattice is about 30 mole % MoF6, whereas 
the maximum solid solubility of UF6 in the MoF6 lattice is 12 
to 18 mole % UF6. The temperature of the solid-state trans
formation of MoF6 increases from ~–10°C. in pure MoF6 

to ~–5°C. in mixtures with UF6, indicating that the solid 
solubility of UF6 is greater in the low temperature form of 
MoF6 than in the high temperature form of MoF6. This 
solid-solubility relationship is consistent with the crystal 
structures of the pure components: The low temperature 
form of MoF6 has an orthorhombic structure similar to that 
of UF6. 

" invest igat ions of condensed phase e q u i l i b r i a i n several systems i n v o l v -
·*· i n g U F 6 a n d other components are recorded. T h e b i n a r y systems, 
B F 3 - U F 6 (9, 13), C 1 F 3 - U F 6 (21), H F - U F « ( 1 5 ) , B r F 3 - U F 6 (4), 
B r F 5 - U F 6 (4), a n d B r 2 - U F 6 ( 5 ) , have been studied. T h e ternary system 
C 1 F 3 - H F - U F 6 (16) has also been studied. In a l l of these cases, the 
b i n a r y mixtures show the format ion of a s imple eutectic w i thout so l id 
so lubi l i ty . 
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22. T R E V O R R O W E T A L . Condensed Phase Equilibria 309 

Investigations of condensed phase e q u i l i b r i a i n b i n a r y systems i n 
v o l v i n g U F 6 a n d another hexafluoride are few. A l t h o u g h it has been 
reported that the system N p F 6 - U F 6 involves so l id solutions (10), a phase 
d i a g r a m is not avai lable . A recent study (18) showed that the system 
P u F 6 — U F 6 forms a continuous series of so l id solutions. 

T h i s paper describes the results of an exper imental study of con
densed phase e q u i l i b r i a i n the system M o F 6 - U F 6 carr ied out b y thermal 
analysis a n d x-ray di f fraction analysis. A temperature-composit ion phase 
d i a g r a m is constructed f rom the temperatures of observed t h e r m a l arrests 
i n M o F 6 - U F 6 mixtures, a n d the basis for the format ion of this par t i cu lar 
type of d i a g r a m is traced to the p h y s i c a l properties of the pure compo
nents. T h e so l id -so lubi l i ty relations ind i ca ted b y the d i a g r a m are traced 
to the crystal structures of the pure solids. 

Experimental Details 

Materials. T h e U F 6 used i n this w o r k was a por t ion of a larger batch 
or ig ina l ly obta ined f rom O a k R i d g e N a t i o n a l Labora tory . A l m o s t t w o -
thirds of the o r i g ina l batch h a d been d i s t i l l ed a w a y i n previous exper i 
menta l work , presumably contr ibut ing to the puri f i cat ion of the U F 6 

f rom l o w b o i l i n g impuri t ies ( e.g., H F , C F 4 , F 2 ) . Emiss ion-spectrographic 
analysis of the mater ia l ind i ca ted that the predominant impur i t i es were 
P , at a concentration of < 4 0 0 p.p .m. , and A s , B , C s , P d , Re , Sb, Sn , a n d 
T h , each present at concentrations of < 1 0 0 p .p .m. T w o determinations 
of the t r ip le po int of a sample of the U F 6 y i e l d e d values of 64.1 ° C . a n d 
64.2°C. T h e best l i terature va lue (19) for this is 64.05°C. 

T h e M o F 6 used i n this w o r k was a h i g h p u r i t y mater ia l obta ined 
commerc ia l ly . Analys i s of the mater ia l b y emission spectrography i n d i 
cated that the concentrations of the predominant impur i t i es were P , 
< 2 0 p .p .m. ; C s , R e , a n d Sb, < 1 0 p .p .m. ; U , < 5 p .p .m. ; Sn, W , Z n , 
< 4 p .p .m. ; a n d a l l other impur i t ies < 2 p .p .m. T h e t r ip le po int of the 
mater ia l was 17.4 ± 0.5°C. L i t e ra ture values for the tr ip le po int are 
17.4°C. ( 3 ) , 17.5°C. (2 ) a n d 17.57°C. (14). 

Containment of Materials. A l l exper imental w o r k w i t h hexafluorides 
was carr ied out i n a meta l m a n i f o l d constructed of n i c k e l t u b i n g a n d 
fittings w h i c h c o u l d be evacuated b y bo th mechani ca l a n d dif fusion 
pumps . T h e m a n i f o l d incorporated M o n e l d i a p h r a g m valves a n d a n u m 
ber of 1 i n . d iameter valves w i t h brass bodies, M o n e l be l lows , and Tef lon 
seats. T h e hexafluorides were transferred between vessels i n the m a n i f o l d 
by v a c u u m dist i l la t ion at room temperature. 

Thermal Analysis Apparatus. M i x t u r e s to be examined b y t h e r m a l 
analysis were contained i n a n i c k e l sample tube w i t h a bot tom w e l l to 
admit the t ip of the thermocouple . T h e sample tube was bo l ted through 
a Teflon-gasketed flange to a be l lows-valve w h i c h c o u l d be attached to a 
v a c u u m m a n i f o l d b y a flare fitting. T h e vo lume of the sample tube was 
about 4.9 m l . w h e n the valve was closed. 

Sample tubes conta in ing the hexafluoride mixtures were pos i t ioned 
i n cavities of a c y l i n d r i c a l n i c k e l block. T h e temperature of the b lock 
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was v a r i e d as a l inear funct ion of t ime w i t h the a i d of heat ing a n d coo l ing 
coils, a p r o g r a m control ler , a contro l unit , a n d a s i l i con-contro l led 
rectifier. 

I ron-Constantan thermocouples , w h i c h h a d been ca l ibrated against 
an N .B .S . - s tandard ized p l a t i n u m resistance thermometer , measured bo th 
the sample temperature a n d the difference i n temperature between sample 
a n d reference tubes. T h e thermocouple wires were embedded i n m a g 
nesia a n d e lectr ica l ly insulated f rom their Inconel sheaths. T h e s ignal of 
the thermocouple i n the sample tube c o u l d be determined either b y a 
record ing potentiometer or b y a m a n u a l potentiometer a n d n u l l meter. 

F o r di f ferential thermal analysis, two tubes were pos i t ioned sym
metr i ca l ly i n the n i c k e l b lock. O n e tube contained the mixture to be 
examined b y thermal analysis ; the other was used as a reference. Satis
factory baseline behavior i n the record of the di f ferential thermocouple 
was obta ined b y operat ing w i t h the reference tube filled w i t h air at 
1 atm. pressure. T h e voltage ind i ca t ing the difference between the sam
p le a n d reference thermocouples was fed into a d.c. ampli f ier , capable 
of m u l t i p l y i n g the difference s ignal b y factors v a r y i n g f rom 2.5 to 100. 
T h e ampl i f ied s ignal was d i sp layed b y a suitable strip chart recorder. 

T h e r m a l A n a l y s i s . A n e w or reassembled sample tube rece ived the 
f o l l o w i n g cond i t i on ing treatment. It was evacuated, filled w i t h gaseous 
fluorine to a pressure of about 1 atm. , a n d per i od i ca l l y heated w i t h a 
hot-air b lower . A f ter 1-15 hours, the fluorine was removed , a n d the tube 
was evacuated a n d w e i g h e d to obta in a tare. 

A sample tube was charged as fol lows. A sample of U F 6 was m e a 
sured b y a P V T method , us ing a ballast tank a n d gage, then condensed 
into a sample tube cooled i n l i q u i d n i trogen or a d r y ice slush bath . T h e 
sample tube was removed f r om the v a c u u m m a n i f o l d a n d w e i g h e d on an 
automatic balance to determine the we ight of the U F 6 sample. T h e 
sample tube was then reattached to the v a c u u m m a n i f o l d , a n d a sample 
of M o F 6 was measured a n d condensed into the sample tube i n a manner 
s imi lar to that descr ibed for the U F 6 . T h e sample tube was again w e i g h e d 
to determine the we ight of the M o F 6 sample b y difference. T h e total 
we ight of each mixture was about 3.5 grams. 

Af ter a sample tube h a d been charged, it was heated to 70 °C . to mel t 
b o t h components. T h e t ip of the tube was then p l a c e d against a b lock 
of d r y ice. T h i s procedure v ib ra ted the tube, m i x e d the components, a n d 
condensed them into the bot tom of the tube. T h e tube was w a r m e d 
again a n d m a i n t a i n e d at a temperature of 70°C . for an hour ; then the 
sample b lock assembly was heated or cooled at a p r o g r a m m e d rate to 
observe the t h e r m a l arrests f rom w h i c h solidus a n d l i qu idus temperatures 
were obtained. P r o g r a m m e d thermal analysis was carr ied out two to 
five times on each mixture . Some of the thermal analyses were carr i ed 
out at a heat ing rate of 0 .6°C. per minute ; most of the analyses were 
carr ied out at a heat ing rate of 0.3°C. per minute . 

X - r a y D i f f r a c t i o n . T o obta in x-ray di f fract ion patterns for the hexa
fluorides, samples were sealed into quartz cap i l l a ry tubes constructed 
f r o m lengths of quartz t u b i n g p u l l e d into cap i l lary tips w i t h 0.15 to 
0.25 m m . i . d . , a n d w a l l thicknesses of 0.02 to 0.05 m m . T h e large end 
(9 m m . o.d.) of each length of quartz t u b i n g was attached to the n i c k e l 
v a c u u m m a n i f o l d b y a v a c u u m c o u p l i n g us ing a neoprene O - r i n g coated 
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22. TREVORROW ET AL. Condensed Phase Equilibria 311 

w i t h K e l - F N o . 90 grease ( M i n n e s o t a M i n i n g a n d M f g . C o . ) w h i c h is 
resistant to fluorinating agents. A f ter the m a n i f o l d a n d cap i l l a ry t u b i n g 
were evacuated to a pressure of 3 Χ 10" 4 torr, the cap i l l a ry was b a k e d 
either b y a hot-air b l ower or a l o w temperature flame. T h e hexafluoride 
was transferred b y v a c u u m dis t i l la t ion at r oom temperature through the 
v a c u u m m a n i f o l d a n d was condensed into the t ip of the cap i l lary . W i t h 
the bot tom of the cap i l lary immersed i n l i q u i d ni trogen, i t was sealed off 
w i t h an oxy-gas flame. 

M i x t u r e s of M o F 6 a n d U F 6 were prepared for x-ray di f fract ion analy 
sis as fo l lows. A sample of M o F 6 was measured b y a P V T m e t h o d a n d 
condensed into a n i c k e l tube where it was isolated b y a valve . A U F 6 

sample was measured s imi lar ly a n d subsequently condensed into the 
n i c k e l tube. T h e M o F 6 a n d U F 6 samples were then a l l o w e d to vapor ize 
so that they filled the volumes of bo th a bal last tank a n d the n i c k e l tube. 
T h e M o F 6 - U F 6 vapors remained i n this vo lume to m i x at ambient t e m 
perature for 15 to 48 hours. A smal l sample of the hexafluoride mixture 
was t r a p p e d i n the cap i l lary tube, condensed into the t ip , a n d the c a p i l l a r y 
was sealed off as descr ibed above. 

T h e capi l laries were pos i t ioned i n a 114.6-mm. Debye-Scherrer 
camera, a n d x-ray dif fraction photographs were obtained us ing filtered 
rad ia t i on f rom C u K a a n d C o K a sources. Subambient temperatures were 
m a i n t a i n e d i n the camera b y cooled nitrogen gas w h i c h flowed into the 
camera through a port i n the cover plate. T h e camera temperature was 
control led b y regulat ing the flow rate of n i trogen gas. A n i ron-Constantan 
thermocouple taped to a surface inside the camera ind i ca ted the tempera 
ture. B o t h the camera and ni trogen gas lines were insulated w i t h a f oam 
rubber covering. 

Determination of Solid Density of High Temperature Form of MoFc. 
T h e density of so l id M o F 6 above its transformation po int was determined 
f rom measurements of the vo lume a n d we ight of a single sample. T h e 
vo lume of so l id M o F 6 was measured b y observing the he ight of the 
sample i n a ca l ibrated quartz tube w h i c h was jo ined b y a brass v a c u u m 
c o u p l i n g to a va lve a n d flare fitting so that i t c ou ld be attached to the 
v a c u u m mani f o ld . 

A f t e r the sample of M o F 6 h a d been condensed into the quartz tube 
on the v a c u u m l ine , the valve was closed to isolate the sample, a n d the 
tube was removed f r om the v a c u u m m a n i f o l d a n d w e i g h e d to obta in 
the we ight of the M o F 6 b y difference. T h e tube was then c l a m p e d i n an 
u p r i g h t posi t ion, a n d the M o F 6 was sol idi f ied. V o i d format ion i n the 
so l id was m i n i m i z e d b y a s low, progressive immers ion of the tube i n an 
ice bath . A f ter the M o F 6 h a d complete ly frozen, the tube was immersed 
i n a water b a t h of des ired temperature, a n d the height of the so l id surface 
w i t h respect to the t ip of the tube was measured w i t h the cathetometer. 

Results 

Thermal Analysis. Interpret ing coo l ing curves, especial ly those of 
U F 6 - r i c h mixtures, was diff icult because of extensive supercool ing of the 
s m a l l samples ( ^ 3 . 5 grams to ta l ) . T h e supercool ing c o u l d not be con 
t ro l l ed either b y m a n u a l b u m p i n g or b y an electr ic core-box v ibrator . 
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Table I. Temperature of Thermal 
Mole 

Fraction 
Liquid us Solidus 

UF6 Cooling Heating Heating Cooling 

0.964 63.2 ± 0.6 58.0 ± 0.1 
0.910 62.4 ± 1 . 9 49.1 ± 0.6 14.2 ± 0.0 s 

0.880 59.4 ± 0.6 43.0 ± 5.0 
0.873 60.8 12.3 ± 0.1 13.2 ± 0.2 s 

0.853 60.4 ± 2.4 43.0 ± 3.3 14.3 ± 0 .1 s 

0.809 55.4 ± 0.4 29.0 ± 4.0 14.4 ± 0.3 s 

0.769 55.5 ± 0.8 26.6 ± 5.5 14.4 ± 0.0 
0.729 52.1 12.4 13.8 ± 0.2 
0.719 53.2 ± 2.3 22.7 ± 2.6 14.5 ± 0.1 
0.599 49.5 ± 2.1 13.5 ± 0.2 14.2 ± 0.2 
0.583 46.4 13.7 ± 0.2 
0.516 46.0 ± 0.7 13.6 ± 0.0 14.2 
0.490 40.0 13.7 ± 0.2 
0.451 43.6 ± 1.8 13.7 ± 0.1 14.2 ± 0.2 
0.404 31.4 14.2 ± 0.1 13.9 ± 0.1 
0.354 33.3 ± 2.2 13.6 14.2 ± 0.2 
0.337 27.0 ± 1.6 13.6 ± 0.6 
0.331 29.2 13.8 ± 0.2 
0.308 21.3 ± 4.1 23.8 ± 1.3 13.6 ± 0.0 14.5 ± 0.1 
0.282 19.3 ± 2.5 14.5 ± 0.2 
0.276 21.9 ± 0.4 12.5 ± 0.3 13.9 ± 0.4 
0.263 >16.8 14.2 ± 0.1 13.7 ± 0.1 14.4 
0.237 16.0 14.1 ± 0.5 13.6 ± 0.4 14.4 ± 0.1 
0.231 16.0 13.4 ± 0.3 
0.200 13.0 ± 0.5 
0.198 14.2 ± 0.4 13.0 ± 0.6 
0.173 14.8 ± 0.4 13.4 ± 0.1 
0.166 14.8 ± 0.4 13.2 ± 0.4 
0.152 15.2 ± 0.0 13.8 ± 0.0 
0.146 
0.116 15.7 14.5 
0.109 15.6 ± 0.0 14.7 ± 0.1 
0.0972 
0.0702 16.7 ± 0.3 14.7 ± 0.5 
0.0661 16.8 ± 0.3 15.8 ± 0.2 
0.0554 17.2 16.0 
0.0551 16.6 ± 0.6 15.7 ± 0.4 
0.0527 17.6 ± 0.5 16.1 ± 0.1 
0.0326 17.1 ± 0.2 16.4 ± 0.2 
0.0296 17.7 16.2 
0.0 

8 Indicates small thermal arrest. 

Because of the sharp m a x i m u m temperature i n the coo l ing curves, 
the freez ing po int of a mixture c o u l d not be obta ined w i t h accuracy b y 
a s imple extrapolat ion of each coo l ing curve. T h e extrapolat ion procedure 
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22. T R E V O R R O W E T A L . Condensed Phase Equilibria 313 

A r r e s t s i n M o F 6 - U F 6 M i x t u r e s ( ° C . ) 

Solid Trans. Solid Trans. 

Cooling Heating Cooling Heating 

5.5 ± 2.6* 
6.3 s - 2 . 7 s 

2.5 ± 0.4 s - 3 . 6 ± 0 .3 s 

3.6 ± 1.6 s - 2 . 0 ± 0 .1 s 

2.4 ± 0.2 s - 2 . 2 ± 0 .3 s 

4.0 ± 1.8 s - 2 . 1 ± 0.4 s 

5.9 ± 0.6 s - 5 . 6 ± 2 .1 s 

- 3 . 3 ± 2 .1 s 

7.7 s - 4 . 3 - 8 . 3 " 
- 2 . 0 ± 2 .1 s 

8.0 ± 0.6 s - 3 . 2 ± 1.9 s - 7 . 9 
7.4 ± 0.8 s - 3 . 5 ± 0.7 - 7 . 0 ± 0.7 
8.3 ± 0.3 s - 4 . 1 ± 0.6 - 8 . 3 ± 0.6 
4.9 ± 0.9 s - 5 . 1 ± 1.4 
7.3 ± 0.6 s - 4 . 1 ± 1.7 
7.7 s 

7.3 ± 0 .6 s - 3 , 7 
5.1 ± 1.0 s - 8 . 0 ± 0.3 - 6 . 8 ± 0.1 

- 4 . 8 ± 0.5 - 4 . 9 
6.8 ± 2 .1 s - 5 . 1 
7.9 s - 4 . 9 ± 0.6 
9.7 ± 0.7 - 2 . 3 ± 1.5 
7.5 ± 3.0 
6.0 ± 1.6 
4.7 ± 0.7 

+3.4 ± 0.4 5.1 ± 0.3 - 3 . 1 ± 0.6 - 7 . 6 ± 0.1 
5.8 ± 1.3 - 3 . 2 ± 1.2 

- 0 . 5 ± 0.3 - 2 . 1 - 5 . 7 ± 0.6 - 5 . 5 
- 1 . 9 ± 0.0 - 0 . 5 ± 1.4 - 6 . 3 ± 0.3 - 6 . 6 ± 0.4 
- 2 . 5 ± 0.0 - 6 . 1 

- 6 . 2 ± 0.4 - 6 . 9 
- 0 . 6 ± 0.4 - 6 . 2 ± 0.1 - 7 . 6 ± 0.4 

- 7 , 4 ± 0.2 - 8 . 5 
- 6 . 7 ± 0.0 - 8 . 1 
- 7 . 0 ± 2.3 - 7 . 3 ± 0.6 
- 8 . 8 ± 0.2 - 7 . 9 ± 0.2 
- 9 . 0 ± 0.2 

- 1 0 . 8 ± 0.1 - 9 . 8 ± 0.05 

of A n d r e w s et al. ( I ) was used to obta in l i q u i d u s points f r om coo l ing 
curves w i t h the modi f i cat ion that the extent of supercool ing was not 
ha l ted b y seeding, but was a l l o w e d to proceed to various temperatures 
to be ha l t ed b y r a n d o m s t imul i . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

22



314 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

A l t h o u g h coo l ing curves ind i ca ted l i qu idus points a n d solid-state 
transformations, the supercoo l ing effect obscured the ind i ca t i on of solidus 
points. M a n y of the thermal analyses were carr i ed out b y obta in ing 
heat ing curves to determine bo th l i qu idus points a n d solidus points. T h e 
l i q u i d u s points obta ined f r om heat ing curves agreed satisfactori ly w i t h 
those obta ined f r om coo l ing curves. 

Voltages of the sample thermocouple corresponding to thermal ar
rests were converted to temperatures us ing N . B . S . C i r c u l a r N o . 561 (17). 
T a b l e I lists the temperatures of thermal arrests for the entire range of 
composi t ion between 0 a n d 100 mole % U F 6 . T h e values l isted i n T a b l e 
I are averages of several measurements, a n d the uncerta inty values are 
s tandard deviations of the averages. T h e uncerta inty values associated 
w i t h the l i qu idus points obta ined b y the extrapolat ion procedure ( I ) 
have not been estimated. 

T h e temperatures of t h e r m a l arrests are p lo t ted as a funct ion of 
composi t ion i n F i g u r e 1. T h e lines have been d r a w n to suggest the loca 
t i on of e q u i l i b r i u m phase boundaries , a n d the best interpretat ion of the 
thermal analysis data. T h e resul t ing d i a g r a m is characterist ic of a system 
exh ib i t ing so l id so lub i l i ty w i t h a m i n i m u m m e l t i n g po int a n d a so l id -
m i s c i b i l i t y gap. 

Changes i n the composi t ion of the condensed phases caused b y d i f 
ferent ia l vapor izat ion of U F 6 a n d M o F 6 were est imated: T h e locat ion 
of points on the l i qu idus curve i n U F 6 — r i c h mixtures w o u l d be affected 
more than any others b y composi t ion changes, but they dif fered b y less 
than 1% f r o m the mole fract ion values ca lcu lated f r o m the tota l weights 
of the components. Since changes of this size are not greater than the 
uncerta inty of locat ing the l i qu idus curve i n this reg ion o w i n g to errors 
i n f reezing po int determinat ion , the effects of vapor izat ion on the compo
sit ion were considered unimportant i n construct ing the phase d i a g r a m 
f r o m the thermal analysis data . 

X - r a y Diffraction of Pure M o F 6 , H igh Temperature Form. X - r a y 
di f fract ion p o w d e r photographs of M o F 6 taken at 10°C. can be indexed 
on the basis of a body-centered cub i c uni t ce l l w i t h a latt ice constant, 
a = 6.23 ± 0.01A. T h e s imi lar i ty of the M o F 6 d i f fract ion pattern to that 
of m o l y b d e n u m meta l indicates that the m o l y b d e n u m atoms i n the hexa
f luoride, as i n the metal , are located at the b o d y center a n d corners of 
a cube. 

X - r a y Diffraction of Pure MoF«, Low Temperature Form. X - r a y 
di f fraction p o w d e r photographs taken be l ow —10°C. are indexable on 
the basis of an or thorhombic uni t ce l l . L a t t i c e constants f rom a pattern 
obta ined at - 2 0 ° C . are a — 9.65 ± 0.02A., b = 8.68 ± 0.03A., a n d c = 
5.05 =fc 0.02A. A n or thorhombic M o F 6 di f fraction pattern was ca lcu lated 
us ing the atomic coordinates der ived b y H o a r d a n d Stroupe (8 ) for U F 6 . 
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22. T R E V O R R O W E T A L . Condensed Phase Equilibria 315 

T h e agreement of ca lculated a n d observed values for M o F 6 l i s ted i n 
T a b l e I I indicate that the l o w temperature structure of M o F 6 is s imi lar 
but not necessarily ident i ca l to the or thorhombic structure of U F 6 . 

T h e crystal structure change associated w i t h the solid-state trans
format ion of pure M o F 6 , i.e., body-centered cub i c above the transforma
t ion to or thorhombic be low it , is analogous to the cubic - to -orthorhombic 
transformation reported (20) for the 5d hexafluorides, W F 6 , R e F 6 , O s F 6 , 
I r F 6 , a n d P t F 6 . Another invest igat ion has shown that the solid-state 
transformation i n M o F 6 involves the crystal structure change f rom body -
centered cub ic to or thorhombic (see Ref. 14). 

X - r a y Diffraction of M o F 6 - U F G Mixtures. X - r a y di f fract ion patterns 
obta ined f r om mixtures w i t h 5 mole % U F 6 at 6 ° C . a n d 14 mole % U F 6 

at 0 to 7 ° C . appeared to be the same as patterns obta ined f r om the h i g h 
temperature f o rm of pure M o F 6 . X - r a y di f fraction patterns obta ined 
f r o m a mixture w i t h 91 mole % U F 6 at 0° to 5 ° C . appeared to be the 
same as a pattern obta ined for pure U F 6 . 

Solid Density of High Temperature M o F c . T h e density of so l id M o F e 

was obta ined f r om we ight a n d vo lume measurements at two temperatures 
above its transformation point . A t + 8 ° C , the density was 2.91 g r a m s / c c , 
a n d at 0 ° C , the density was 2.88 g r a m s / c c . T h e change f rom 2.91 to 
2.88 g r a m s / c c . reflects bo th the temperature coefficient of density a n d the 
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error of the measurement. T h e density ca lcu lated f r om x-ray di f fract ion 
data obta ined on pure M o F 6 at + 1 0 ° C . on the basis of a body-centered 
cub i c un i t c e l l conta in ing 14 atoms (2 X M o F 6 ) was 2.88 g r a m s / c c . 
T h e agreement between this ca lcu lated value a n d that obta ined f r om 
we ight a n d vo lume measurements confirms the cub i c structure for the 
h i g h temperature f o rm of pure M o F 6 . 

Table II. Powder Diffraction D a t a α for Low Temperature 
(Orthorhombic) Form of M o F 6 , (Data Obtained at —20°C.) 

hkl d^obs. d^calc. ObsS 'calc. 

101 4.48 4.47 W 38 

020 \ 4 3 6 4.34 W S 57 
210 4.19 4.22 S 100 
111 3.98 3.98 M 66 

201 3.48 3.49 W 16 
121 3.11 3.11 F 29 
221 j ft_c 2.719 x g l 11 
301 1 2 ' 7 0 8 2.713 \ 13 
311 2.580 2.589 F 14 

230 2.473 2.481 F 18 
112 2.349 2.351 F 12 
321 2.298 2.300 F 14 
202 j _ . . 2.237 „ r l 12 
231 ) 2 ' 2 3 4 2.227 W \ 23 

a Obta ined w i t h cobalt Κα radiation. 
b S = strong, M = medium, W = weak, F = faint. 

Discussion 

Nonequilibrium Thermal Arrests. A n u m b e r of smal l t h e r m a l ar
rests were observed at — 1 2 to 14°C. a n d also at — + 5 ° C . i n the region 
labe l l ed S 2 on the d i a g r a m ( F i g u r e 1 ) where , accord ing to the interpre
tat ion suggested, on ly the p r i m a r y so l id solution S 2 is stable. These 
t h e r m a l arrests are at tr ibuted to f ract ional crysta l l i zat ion w h i c h occurs 
i f dif fusion i n the so l id phase is not fast enough to a l l ow the establish
ment of e q u i l i b r i u m between so l id a n d l i q u i d phases d u r i n g crys ta l l i za 
t ion . I n the extreme case of no solid-state dif fusion, the first nucleus ( or 
n u c l e i ) of so l id f o rmed w h e n the mixture is cooled is complete ly removed 
f r o m the react ion. A s coo l ing proceeds, the crystal nucleus becomes the 
core of a layered structure, each succeeding layer be ing poorer i n the 
h igher me l t ing component ( U F 6 ) . W i t h the remova l of U F 6 - r i c h l i q u i d 
f r om the react ion, the composi t ion of the r e m a i n i n g l i q u i d proceeds along 
the l i qu idus curve, approach ing the composit ion of the m i n i m u m - f r e e z i n g 
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mixture as a l i m i t , w i t h the f reez ing po int of r e m a i n i n g l i q u i d approach ing 
the eutectic po int as a l i m i t . F o r a mixture w i t h a total composi t ion of 
80 or 90 mole % U F 6 , the last sma l l amount of l i q u i d to freeze m a y have 
the composi t ion of the eutectic mixture ( ^ 2 2 mole % ). 

I f anneal ing has not occurred i n the so l id phase before heat ing the 
mixture to obta in a me l t ing curve, the first of the so l id to mel t w i l l be 
the outer layer w i t h the composi t ion a n d me l t ing po int of the eutectic 
mixture . T h u s , on heat ing U F 6 - r i c h mixtures , the first, s l ight absorpt ion 
of t h e r m a l energy was observed at the eutectic point , but the major a n d 
definite thermal arrests occurred at h igher temperatures; these latter 
points were assumed to indicate the locat ion of the solidus curve. 

T h e thermal arrests obta ined at ^ ~ — 5 ° C . i n the region S 2 are at
t r i bu ted to the transformation of S i to S 3 i n the n o n e q u i l i b r i u m mixture 
of S 2 p lus M o F 6 - r i c h so l id . 

Effect of U F 6 on the MoF 6 So l id -State T r a n s f o r m a t i o n . T h e temper
ature of the solid-state transformation of pure M o F 6 obta ined b y thermal 
analysis was —10.8 ± 0.1°C. f rom coo l ing curves a n d —9.8 ± 0.05°C. 
f r o m heat ing curves. T h e value of — 9 .8°C. is considered the better one 
since supercool ing occurred w h i l e determining coo l ing curves. L i t e r a t u r e 
values for this solid-state transformation are — 8.7 ° C , obta ined f r om the 
intersection of vapor pressure curves ( 3 ) , — 9 . 6 ° C , obta ined i n ca lor i -
metr i c measurements ( 2 ) , a n d — 9 . 6 8 ° C , also obta ined i n ca lor imetr ic 
measurements (14). 

T h e results of thermal analysis show that the temperature of the 
so l id state transformation i n M o F 6 is h igher (,—— 5 ° C . ) i n U F 6 mixtures 
than i t is i n pure M o F 6 . A n increase of the transformation temperature 
of a component A i n mixture w i t h another component Β indicates that 
component Β is more soluble i n the l o w temperature f o rm of component 
A (13 ) . It is conc luded , on the basis of the observed ra is ing of the trans
format ion temperature (not on the basis of a chemica l analysis of solids 
S i a n d S 3 ) , that U F 6 is more soluble i n the l o w temperature f o r m of 
M o F 6 than i n the h i g h temperature form. 

T h i s conclusion might be ant ic ipated on the basis of the crystal 
structures: A so l id of or thorhombic structure ( U F 6 ) is expected to be 
more soluble i n another so l id of or thorhombic structure ( l o w temperature 
f o rm of M o F 6 ) than i n a so l id of cub i c structure ( h i g h temperature f o r m 
of M o F 6 ) . 

Compar i son of So l id -So lub i l i t i es . T h e l i m i t of so l id m i s c i b i l i t y has 
been re lated to the energy of d istort ion of the crystal latt ice w h e n atoms 
of a second component are in t roduced into the latt ice ; Scott (6) a n d 
L a w s o n (11) have expressed the distort ion energy as a funct ion of the 
m o l a l volumes of the two components. B o t h authors recognized that the 
so lub i l i ty of smal l atoms i n a lattice of large atoms is greater than the 
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318 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

so lub i l i ty of large atoms i n a lattice of smal l ones. T h e same relat ionship 
presumably holds for molecular lattices. T h e so l id -so lubi l i ty relations 
ind i ca ted i n F i g u r e 1 are i n accord w i t h this thesis. T h e m o l a l volumes 
(7 ) are 84 cc. for M o F G and 96 cc. for U F 6 . F i g u r e 1 indicates that the 
m a x i m u m so lub i l i ty ( ,~30 mole % M o F 6 ) of the smaller M o F 6 molecule 
i n the p r i m a r y so l id solut ion S 2 ( p resumably the U F 6 latt ice) is greater 
than the m a x i m u m so lub i l i ty (^-42 to 18 mole % U F 6 ) of the larger U F 6 

molecule i n either of the p r i m a r y so l id solutions, S i or S 3 (presumably 
M o F 6 lat t i ces ) . 

Correlation of X - r a y Diffraction Patterns from M o F 6 - U F 6 Mixtures 
with the Phase Diagram. X - r a y di f fract ion patterns f rom mixtures w i t h 
5 mole % U F 6 at 6 ° C . a n d 14 mole % U F 6 at 0° to 7 ° C . appeared to be 
the same as those obta ined f r om the high-temperature f orm of M o F 6 , 
suggesting a cub i c structure. A c c o r d i n g to F i g u r e 1, the stable phase i n 
these mixtures is the p r i m a r y so l id solut ion S i w h i c h w o u l d be expected 
to have the lattice of the h i g h temperature f o rm of pure M o F 6 . 

T h e x-ray di f fraction pattern f rom a mixture w i t h 91 mole % U F 6 

at 0 ° to 5 ° C . appeared to be the same as that obta ined for pure U F 6 . 
F i g u r e 1 shows that the stable phase i n this mixture is the p r i m a r y so l id 
so lut ion S 2 w h i c h w o u l d be expected to have the lattice of pure U F 6 . 
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Uranyl Metaborate and Sodium Uranyl Borate 

HENRY R. HOEKSTRA 

Argonne National Laboratory, Argonne, Ill. 

Uranyl metaborate, UO2(BO2)2, is prepared by heating U3O8 

with an excess of boric oxide in air at 900°-1100°C. In the 
presence of excess B2O3 the salt is thermally stable to 
1100°C. in air and to ~950°C. in a nitrogen atmosphere. 
Without excess B2O3, decomposition begins at 750°C. in air. 
The greenish-yellow crystals of UO2(BO2)2 are insoluble in 
water but hydrolyze slowly to UO2(OH)2 · H2O. The crystal 
symmetry is believed to be monoclinic. The infrared spec
trum of UO2(BO2)2 is compared with spectra of ring-type 
(NaBO2) and chain-type (CaB2O4) metaborates. The synthe
sis of several alkali uranyl borates (MUO2BO3) is described, 
and the infrared spectrum of the sodium salt is analyzed 
with the aid of a borate preparation enriched in B10. 

THew references to u r a n i u m borates appear i n the l i terature. L a r s o n 
^ (12) reported that ye l l ow crystals, whose composi t ion was assumed 
to be 3 U 0 3 · B 2 0 3 ( u r a n y l or thoborate ) , were obta ined among other 
products f rom a mel t of u r a n i u m niobate i n bor i c oxide. B r u h a t a n d 
D u b o i s (2) stated that perborate solutions react w i t h u r a n i u m oxide to 
give an anhydrous stable ye l l ow salt of the composi t ion U B 0 4 . N o 
further in format ion has appeared on either of these compounds. 

Experimental 

T h e compounds used i n this invest igat ion ( H 3 B 0 3 , U 0 3 , U 3 0 8 , C a O , 
a n d the a l k a l i meta l carbonates) were reagent grade chemicals . B o r i c 
ac id , U 3 O s , a n d L i 2 C 0 3 were used d irect ly , U 0 3 , N a 2 C 0 3 , a n d K 2 C 0 3 

were d r i e d at 5 0 0 ° C , a n d C a O was d r i e d at 900°C. pr ior to use. A 
sample of bor i c a c i d enr iched i n B 1 0 to 9 2 % was used i n several borate 
preparations. T h e ind i ca ted isotopic ratio was conf irmed b y mass spec-
t rographic analysis. 

T h e products prepared i n the experiments descr ibed be low were 
investigated b y p o w d e r x-ray dif fraction methods. A P h i l l i p s 114.59 m m . 
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23. H O E K S T R A Uranyl Borates 321 

camera was used w i t h nickel - f i l tered copper rad iat ion to obta in the p o w 
der patterns. In frared spectra of the products were obta ined on a B e c k 
m a n IR-12 spectrophotometer. Potass ium bromide disks (200 m g m . ) 
conta in ing 0.4 to 1% of the borate salt permi t ted invest igat ion of the 
spectra between 4000 a n d 300 cm." 1 , w h i l e N u j o l mul l s spread on po ly 
ethylene disks were used i n the 300 to 200 cm. " 1 reg ion of the spectra. 
T h e borate salts used i n the spectral studies were p u l v e r i z e d for 1 minute 
i n a W i g l b u g amalgamator to improve the q u a l i t y a n d deta i l of the 
in f rared spectra. 

P r e p a r a t i o n of U r a n y l Metaborate . A n anhydrous bor ic oxide glass 
is p repared b y t h e r m a l decomposi t ion of bor i c a c i d i n a p l a t i n u m d ish . 
T h e u r a n i u m oxide powder is then spread on the surface of the bor i c 
oxide, a n d the reactants are heated i n air at — 1 0 0 0 ° C . u n t i l React ion 1 

2 U 3 0 8 + 6 B 2 0 3 + 0 2 -> 6 U 0 2 ( B 0 2 ) 2 (1) 

is complete. Convers i on to the metaborate takes place s lowly . A t h i n 
film of finely p o w d e r e d U 3 0 8 reacts complete ly w i t h i n several hours, b u t 
a th i cker layer of sintered U 3 0 8 m a y require several weeks to reach 
complet ion . Since bor i c oxide volati l izes s l owly at the temperature re 
q u i r e d to effect this react ion, an excess of the sesquioxide is necessary. 
A 5- to 10-fold excess of B 2 0 3 gives complete conversion to U 0 2 ( B 0 2 ) 2 

w i t h i n a reasonable t ime. A loose fitting cover can be used to m i n i m i z e 
B 2 0 3 loss w h i l e p e r m i t t i n g access of the oxygen requ i red i n the react ion. 
T h e useful w o r k i n g temperature range is 900° to 1100°C. B e l o w 900°C. 
the react ion rate is too slow, w h i l e above 1100°C. the salt is not f o rmed 
a n d actual decomposit ion is observed, even i n the presence of excess 
B 2 0 3 . 

A f t e r complete conversion to U 0 2 ( B 0 2 ) 2 is achieved , the u r a n y l 
salt is freed f r om B 2 0 3 b y d isso lv ing the excess sesquioxide i n absolute 
methanol . Reasonable care should be taken to m i n i m i z e access of mois 
ture to the metaborate d u r i n g the pur i f i cat ion step, but complete ly 
anhydrous condit ions are not requ ired . A sample of U 0 2 B 2 0 4 p repared 
as descr ibed above gave the f o l l ow ing ana ly t i ca l results : u r a n i u m f o u n d 
6 6 . 8 0 % , theoret ical 6 6 . 9 3 % , a n d boron f o u n d 6 .02%, theoret ical 6 .08%. 

Attempts to prepare u r a n y l borate f r o m U 0 3 instead of U 3 0 8 were 
only par t ia l l y successful. T h e tr ioxide is more reactive than U 3 O s a n d 
el iminates the necessity for an ox idat ion step i n the metaborate synthesis 
react ion, but the l o w thermal stabi l i ty of U 0 3 restricts the react ion t e m 
perature to < 6 5 0 ° C . In frared a n d x-ray analyses of products obta ined 
after heat ing Ù 0 3 a n d B 2 0 3 mixtures for several days at 650°C. i n d i c a t e d 
that on ly a minor conversion to the metaborate h a d been effected. 

T h e " two container" procedure demonstrated that gaseous bor i c 
oxide can be used as w e l l as the mol ten oxide to obta in conversion of 
U 3 0 8 to the metaborate. T h e U 3 0 8 powder was p l a c e d i n a smal l p l a t i 
n u m d ish suspended w i t h i n a larger d ish conta in ing the B 2 0 3 glass. T h e 
larger d i sh was covered w i t h p l a t i n u m f o i l a n d heated at 1000°C. A s low 
conversion of U 3 O s to the metaborate was achieved, but several months 
were r e q u i r e d to complete the react ion. T h i s technique el iminates the 
necessity for a methano l pur i f i cat ion step. 

E a c h of the procedures descr ibed above leads to the format ion of a 
microcrysta l l ine U 0 2 ( B 0 2 ) 2 powder . A l l attempts to prepare larger 
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crystals of the salt b y l ong cont inued heat ing just b e l o w 1100°C. p r o v e d 
unsuccessful ; no apprec iable crystal g rowth cou ld be detected. L a r g e r 
crystals can be obta ined b y a d d i n g a s m a l l amount of s od ium ion , i n the 
f o rm of N a 2 U 2 0 7 or N a 2 B 4 0 7 , to the react ion mixture . A f ter several 
weeks at 1 0 0 0 ° C , t h i n greenish-yel low flakes a n d needles of u r a n y l 
metaborate can be isolated f r om the mixture b y a methano l puri f i cat ion . 
X - r a y a n d in f rared analysis have conf irmed the ident i ty of this product 
even though (see b e l o w ) larger amounts of sod ium i on l ead to the syn
thesis of another salt. 

Table I. X - R a y Diffraction Data on Uranium Borates 

Uranyl Metaborate Sodium Uranyl Borate 

ntensity D Intensity D Intensity D Intensity D 

W 5.228 V V W 1.664 M 5.738 V W 1.828 
W 4.858 V W 1.639 W 5.343 V V W 1.787 
M 4.372 F 1.625 V W 5.085 V W 1.767 
M 3.815 F 1.592 M 4.223 V W 1.736 
W 3.300 F 1.555 M 4.070 V W 1.720 
W 3.098 F 1.552 M 3.919 V W 1.696 
M 2.920 V V W 1.526 S 3.409 B - W 1.666 

V V W 2.733 V V W 1.519 V W 3.040 F 1.647 
V W 2.635 V W 1.503 W 2.947 F 1.600 
V W 2.602 V V W 1.473 V W 2.891 F 1.585 
w 2.569 V V W 1.465 F 2.842 F 1.574 

V V W 2.454 V V W 1.439 V W 2.786 V V W 1.539 
V W 2.320 V V W 1.402 M 2.583 F 1.525 
V W 2.205 F 1.400 F 2.540 V V W 1.521 
V W 2.102 V W 1.381 W 2.493 F 1.494 

V V W 2.086 F 1.351 F 2.424 V W 1.460 
w 2.050 F 1.337 F 2.384 W W 1.446 

V V W 1.982 F 1.330 W 2.291 F 1.433 
V W 1.940 F 1.320 W 2.244 V V W 1.403 
V W 1.921 W 1.303 F 2.130 F 1.374 
V W 1.887 V W 1.249 V W 2.104 V V W 1.364 
V W 1.867 F 1.229 V W 2.086 F 1.339 

V V W 1.778 V W 1.221 F 2.044 V V W 1.328 
F 1.759 V V W 2.007 V V W 1.325 

B - W 1.736 V W 1.976 F 1.306 
V V W 1.686 F 1.925 F 1.295 
V V W 1.676 W 1.880 W W 1.249 

Preparation of Sodium and Calcium Metaborate. These compounds 
can be prepared b y w e i g h i n g a n d m i x i n g the ca lcu lated amounts of 
N a 2 C 0 3 or C a O w i t h H 3 B 0 3 . T h e mixtures are heated careful ly to 
l iberate volat i le products ; the residue is then heated strongly to f o rm the 
mol ten metaborate. T h e composi t ion of the product can be determined 
b y measur ing we ight loss d u r i n g the reaction. A n y bor i c oxide lost d u r i n g 
the sample i gn i t i on is rep laced b y a d d i n g more bor i c a c i d a n d refusion 
to f o r m a homogeneous product . P o w d e r patterns of N a B 0 2 a n d 
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23. H O E K S T R A Uranyl Borates 323 

C a ( B 0 2 ) 2 p repared b y this procedure were f ound to be i n excellent 
agreement w i t h data g iven b y M a r e z i o , P let t inger , a n d Zachariasen ( 15 ) . 

P r e p a r a t i o n of S o d i u m U r a n y l Borate . E q u i v a l e n t amounts of so
d i u m , u r a n i u m , a n d boron ( w e i g h e d as N a 2 C 0 3 , U 0 3 , a n d H 3 B 0 3 ) are 
m i x e d a n d ground i n a mortar , then heated i n a go ld cruc ib le at g radua l ly 
increasing temperatures to dr ive off volat i le products . T h e so l id product 
is heated at 900°C. for a day to give a br ight y e l l o w crystal l ine powder . 
S i m i l a r procedures can be u t i l i z e d to prepare the l i t h i u m a n d potass ium 
u r a n y l borates. 

Results and Discussion 

C r y s t a l S t r u c t u r e . Crys ta l l ograph i c studies on a number of meta l 
borates have establ ished that each boron atom is b o n d e d either to three 
oxygen atoms i n a p lanar B 0 3 group or to four oxygen atoms i n a tetra-
h e d r a l configuration. I n some instances bo th arrangements are f ound i n 
a single compound . Boron-oxygen b o n d lengths vary f r om 1.27 to 1.59A., 
a n d Zachariasen has correlated observed b o n d lengths w i t h b o n d strengths 
(21 ) . A n h y d r o u s orthoborates may have three equa l boron-oxygen 
bonds, as i n S c B 0 3 a n d I n B 0 3 ( 5 ) , or two Β — Ο bonds w h i c h are either 
shorter or longer than the t h i r d , as i n C o 3 ( B 0 3 ) 2 or M g 3 ( B 0 3 ) 2 ( I ) . 

T h e oxygen to boron ratio of the metaborates (2 :1 ) requires that at 
least one of the oxygen atoms must be shared between two boron atoms 
to obta in the customary boron coordinat ion number . Metaborates w i t h the 
t r iangular B O f 3 group crystal l ize i n (a ) a t r imer i c r i n g structure, or (b) a 
c h a i n structure. S o d i u m a n d potassium metaborates a n d or thorhombic 

Ο Ο Ο 
\ / \ / 

Β Β 

Ο Ο 
\ / 

Β 
1 

ο 

Ο Β 
Ο 

Ο 
Ο Β 

Ο 

Ο 

ο -

(b) 

metaborie a c i d are examples of the r i n g structure, w h i l e c a l c i u m a n d 
stront ium metaborates crystal l ize i n the cha in structure. 

T h e p o w d e r x-ray di f fract ion data on U 0 2 ( B 0 2 ) 2 are g iven i n 
T a b l e I. T h e crystal symmetry is be l i eved to be monoc l in i c , but the c e l l 
dimensions a n d atomic arrangement i n the crystal latt ice have not been 
determined. T h e single crystals of u r a n y l metaborate prepared thus far 
have p r o v i d e d l i t t le assistance i n determin ing its structure since the 
crystals exhibit extensive t w i n n i n g . Studies to determine whether u r a n y l 
metaborate crystall izes i n the r i n g or cha in configuration are cont inuing . 
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324 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

O n l y microcrysta l l ine powders of N a U 0 2 B 0 3 (see T a b l e I for p o w 
der data ) have been obta ined to date, a n d the crystal symmetry is 
u n k n o w n . 

Thermal Stability. U r a n y l metaborate is one of the most stable 
( t h e r m a l l y ) u r a n y l salts; the pure salt begins to show evidence of de
composi t ion only w h e n heated above 750°C. E v e n at 8 0 0 ° C , on ly 3 % 
decomposit ion is observed after two days. T h e reverse react ion occurs to 
1100°C. i n air w h e n excess B 2 0 3 is present, thus showing that this insta 
b i l i t y is occasioned b y loss of B 2 0 3 f r om the crystal . T h e e q u i l i b r i u m 
pressure of bor i c oxide over the metaborate between 800° a n d 1100°C. 
must be less than that of pure B 2 0 3 . A n equat ion der ived b y N e s m e y a -
nov a n d F i r s o v a (16) f r om effusion data on bor i c oxide gives a vapor 
pressure of approximate ly 0.0002 m m . at 1000°C. a n d 0.002 m m . at 
1100 ° C ; these values must constitute the upper l i m i t for the u r a n y l 
metaborate e q u i l i b r i u m decomposit ion pressure. N o measurable decom
pos i t ion of U 0 2 ( B 0 2 ) 2 was detected after two hours at 925°C. i n a 
n i trogen atmosphere, but substantial decomposit ion occurred after two 
hours at 1000°C. 

Reaction with Water. U r a n y l metaborate is v i r t u a l l y inso luble i n 
water at 2 5 ° C , but the salt hydro lyzes s l owly over several days to f o r m 
u r a n y l hydrox ide . 

U 0 2 ( B 0 2 ) 2 + 5 H 2 0 -> U 0 2 ( O H ) 2 · H 2 0 + 2 H 3 B 0 3 (2) 

T h e h y d r a t e d product ( w h i c h m a y also be designated as U 0 3 * 2 H 2 0 
or H 2 U 0 4 · H 2 0 ) was identi f ied b y its p o w d e r pattern a n d its in f rared 
spectrum. 

S o d i u m u r a n y l borate is insoluble i n water at 25 °C . a n d gave no 
evidence of hydrolys is even after a five-day exposure to l i q u i d water . 
T h e potassium salt showed sl ight evidence of hydrolys is i n this t ime, as 
d i d the l i t h i u m salt. 

Infrared Spectra. T h e interpretat ion of in f rared a n d R a m a n spectra 
of borates a n d re lated compounds has been confined largely to the less 
complex configurations, e.g., substances conta in ing i n d i v i d u a l B 0 3 , B 0 2 X , 
or B O X 2 groups (4, 6, 13, 14, 18, 19). T h e p lanar B 0 3 , w i t h D3h s y m 
metry , has four n o r m a l modes of v ibrat i on . T h e symmetr i c stretch ( vi ) 
is inact ive i n the in frared , but the out-of -plane b e n d (v 2), the asymmetr ic 
stretch (v3) a n d the in-p lane b e n d (j/4) are in f rared active. T h e v i b r a 
t i ona l frequencies of two of the fundamentals (v2 a n d v3) are d i rec t ly 
affected b y a change i n mass of the central atom i n the p lanar group. 
T h u s a change f r om B n 0 3 to B 1 0 O 3 shou ld produce an increase of ap 
prox imate ly 4 % i n the out-of -plane b e n d i n g and asymmetr ic stretching 
frequencies, w h i l e the other two modes are v i r t u a l l y unaffected. 
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23. H O E K S T R A Uranyl Borates 325 

T h e Β—Ο asymmetr ic stretching v ibra t i on is usual ly observed i n the 
1380 to 1310 c m . - 1 region of the in f rared spectrum. T h e frequency is 
somewhat lower ( ^ 1 2 5 0 cm." 1 ) i n the meta l orthoborates. In-p lane a n d 
out-of -plane b e n d i n g vibrat ions occur i n the 750 to 600 cm. " 1 por t i on of 
the spectrum. T h e asymmetr ic stretching frequency is substantial ly l ower 
(at ^ 1 0 0 0 cm." 1 ) i n compounds conta in ing tetrahedral Β — Ο bonds. 

Spectra of subst i tuted borates are more complex as the symmetry is 
l owered to C 2 v or C s ; the symmetr i c stretching mode becomes in f rared 
active, a n d the two degenerate modes can each separate into two bands 
to give a total of six absorpt ion max ima . A s imi lar result can be observed 
i n the crystal l ine orthoborates where the selection rules are governed b y 
site symmetry rather than po int symmetry of the borate ion . I n add i t i on , 
u n e q u a l b o n d lengths i n B 0 3

3 " i on can lower the symmetry and l ead to 
as m a n y as six absorpt ion bands i n the in f rared spectrum. 

Re la t ive ly l i t t le in format ion has appeared on the in f rared spectra of 
the metaborates. I n add i t i on to several survey investigations w h i c h 
inc lude a number of metaborate spectra (8, 2 0 ) , some tentative b a n d 
assignments have been reported for several compounds conta in ing the 
t r imer i c metaborate (boroxole) r i n g (6, 7 ,11,17) . T h e chain-type meta 
borate spectra have not been studied i n any deta i l . Four teen v ibra t i ona l 
modes are possible i n the D 3 7 i boroxole r i n g , seven of w h i c h are active i n 
the in f rared ( 2 A 2 " a n d 5 E ' ). Some or a l l of the r e m a i n i n g seven bands 
m a y become active o w i n g to site group considerations, a n d sp l i t t ing of 
the five E ' bands is possible. As a result metaborate in f rared spectra can 
be complex, a n d their interpretat ion is less certain than orthoborate 
spectra. I n general , the boron-oxygen stretching vibrat ions occur i n the 
1500 to 1100 cm. " 1 port ion of the spectrum. T h e b e n d i n g modes are 
f ound at lower frequencies, w i t h some as l o w as 200 cm." 1 . F u r t h e r 
details are discussed be low. 

U r a n y l , S o d i u m a n d C a l c i u m Metaborate . T h e spectra of u r a n y l , 
s od ium, a n d c a l c i u m metaborates are i l lustrated i n F i g u r e 1, a n d T a b l e I I 
lists the absorpt ion m a x i m a for three compounds. T h e bands i n the 
9 2 % B 1 0 compounds are also located. D a t a on the sod ium a n d c a l c i u m 
salts, as representative of the r i n g a n d cha in metaborate structures, are i n 
agreement w i t h results reported b y G o u b e a u a n d H u m m e l (6). T h e 
spectra g iven b y W i e r a n d Schroeder (20) are more complex a n d m a y 
not represent pure phases. 

It is evident f rom the characterist ic strong absorpt ion i n the 1400 to 
1200 cm. " 1 reg ion of the spectrum that U 0 2 ( B 0 2 ) 2 contains 3-coordinated 
rather than 4-coordinated boron atoms, but that it cannot be classed as a 
r i n g - or chain-type structure s i m p l y b y a cursory comparison of the three 
spectra. T h e b r o a d features of the three spectra are s imi lar , but each 
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differs i n details. O n e dist inct ive difference i n the u r a n y l salt is the pres
ence of a re lat ive ly strong b a n d at 950 cm." 1 . T h i s absorpt ion is assigned 
to the asymmetr ic stretching mode of the u r a n y l group (10 ) . T h e u r a n y l 
b o n d length can be est imated w i t h the a i d of an equat ion (3 ) der ived 
f r o m Badger 's ru le , i.e., 

R u o ( A . ) = - ^ - + m 
VA*/0 

I n this equat ion vA is the asymmetr ic stretching frequency i n cm. " 1 , a n d 
53.3 a n d 1.17 are constants characterist ic of the b o n d i n g atoms. T h e 
ca lcu lated u r a n y l b o n d length is 1.72A. T h e strong b a n d at 243 c m . " 1 

m a y arise, at least i n part , f r om the b e n d i n g mode of this u r a n y l group. 

Figure 1. Infrared absorption spectra of metaborates 

T h e three metaborate spectra each have two strong bands i n the 
asymmetr ic Β — Ο stretching region ( ^ 1 4 5 0 a n d ^ 1 2 2 0 c m . " 1 ) . T h e 
h igher frequency b a n d is identi f ied w i t h the s ide-chain or b ranch oxygen 
atom, w h i l e the lower f requency b a n d is identi f ied w i t h a r i n g or cha in 
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23. H O E K S T R A Uranyl Borates 327 

stretching mode. I n the absence of any definit ive s tructural data , any 
attempt to assign the r e m a i n i n g u r a n y l metaborate bands w o u l d be 
classed as h i g h l y speculative at present. 

Table II. Infrared Bands in Sodium, Calcium and 
Uranyl Metaborates ( cm. 1 ) 

Sodium Metaborate Calcium Metaborate Uranyl Metaborate 

B11 Intensity βίο B11 Intensity βίο B11 Intensity βίο 

2035 V W 2065 2350 V W 2355 V W 
1730 V W 1730 1788 V W 
1565 W 1565 1497 sh 1495 W 1508 

1456 W 1457 
1450 S 1482 1440 S 1483 1392 S 1418 
1423 sh 1432 
1380 sh 1375 1313 V W 
1255 S 1267 1270 sh 
1228 S 1238 1165 S 1193 1210 s 1230 

950 W 950 950 s 950 
765 W 780 763 M 767 

715 M 727 732 M 739 720 M 727 
700 M 700 M 707 

686 M 694 687 S 695 
633 M 639 

368 W 370 403 M 403 
308 M 308 

238 M 238 235 W 238 243 S 245 

Table III. Infrared Vibrations of Boroxole Ring Structure 

Goubeau ù-
V Species Description Hummel Present 

6 A 2 " B-ring O out-of-plane bending — 700 
7 A 2 " B-branch Ο wagging (473) (184) 
8 E ' B-branch 0 stretching 1425,1450 1423,1450 
9 E' B-ring 0 stretching 1227,1255 1255 

10 E' B-ring Ο stretching 702, 720 1228 
11 E' B-ring Ο bending — 715 
12 E' B-branch Ο rocking — 238 

T h e spectral data on the two N a B 0 2 preparations do show that the 
assignments of G o u b e a u a n d H u m m e l ( 6 ) , based on spectra taken i n 
the N a C l region, are not ent ire ly correct. T a b l e I I I indicates the bands 
assigned, as w e l l as the revised assignments based on the spectra de
scr ibed i n T a b l e I I . G o u b e a u a n d H u m m e F s p lacement of v 7 at 473 cm. " 1 

was based on the assignment of a weak b a n d at 946 cm. " 1 to 2v 7. T h e 
N a B 0 2 spectrum of F i g u r e 1 indicates that no b a n d is f ound at 473 cm." 1 . 
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T h e weak absorpt ion at 946 c m . - 1 can be ascr ibed to νιο, as Parsons d i d 
for metabor i c a c id , or to the symmetr i c stretching mode (vi) w h i c h is 
w e a k l y active because of site symmetry considerations. I prefer the latter 
explanat ion because the b a n d is unaffected b y a shift i n boron isotope 
rat io . T h e revised frequency for v7 is 184 cm. " 1 on the assumption that 
the weak b a n d at 368 cm. " 1 is 2v 7. T h i s frequency is i n better agreement 
w i t h Parson's assignment for the v ib ra t i on i n metabor ic ac id . T h e two 
r i n g stretching modes (v 9 a n d νιο) are assigned to the t w i n m a x i m a at 
1255 a n d 1228 cm. " 1 , a n d the b ranch oxygen stretching v i b r a t i o n ( possibly 
spl i t at the 1423 cm. " 1 shoulder ) to the 1450 cm. " 1 band . T h e b a n d at 
700 cm. " 1 is assigned to v 6 because it shows a m a r k e d isotope effect. H e r e 
again , the assigned frequency is close to that g iven b y Parsons for 
( H B 0 2 ) 3 . T h e frequency assigned to v u (715 cm." 1 ) is unusual ly h i g h , 
but no good alternative seems to exist. 

A c c o r d i n g to the T e l l e r - R e d l i c h product rule (9 ) a B 1 0 / B n fre
quency rat io of — 1 . 0 4 should be observed i n the product of the two A 2 " 
v ibrat ions , a n d ^ 1 . 0 7 i n the product of the five E' v ibrat ions . T h e 
spectral assignments proposed here give ratios of 1.04 a n d 1.06 
respectively. 

S o d i u m U r a n y l Borate . T h e in f rared spectra of s od ium u r a n y l borate 
( the n o r m a l a n d B 1 0 enr i ched salts ) are g iven i n F i g u r e 2, a n d T a b l e I V 

Figure 2. Infrared absorption spectra of sodium uranyl borate 

NaUOSOs 
82% B11 

92% Bw 
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23. H O E K S T R A Uranyl Borates 329 

T a b l e I V . I n f r a r e d M a x i m a ( i n cm." 1 ) of A l k a l i U r a n y l Borates 

LiU02BOs NaU02B03 KU02BOs 

cm."1 Intensity B11cm.~1 Intensity B10cm."1 Intensity cm."1 Intensity 

1370 sh 1350 S 1380 sh 
1332 V W 

1300 S 1288 S 1297 V W 1290 S 
1220 W 1203 W 1188 S 1207 W 
1170 S 1133 S 1156 W 1135 S 

960 W 958 W 958 W 951 V W 
925 M 884 S 890 S 893 M 
860 M 842 s 841 s 840 M S 
797 V W 773 w 775 w 762 V W 
710 w 706 w 709 V W 724 W 

701 M S 
685 M 680 M S 680 W 699 M 
630 M W 635 M 637 M 638 M W 
362 M 368 M 367 M 326 M 
310 M 312 S 314 S 292 S 
270 W 265 M 264 M 250 M 
243 W 

lists the absorpt ion m a x i m a f ound i n these a l k a l i u r a n y l borates. T h e 
double salt spectra can be d i v i d e d into four port ions : 

1500-1100 c m . - 1 Boron-oxygen stretching modes 
1000- 800 c m . - 1 Uranyl asymmetric stretching, possibly Β — O sym. 

stretching 
7 5 0 - 600 cm." 1 Boron-oxygen bending 
5 0 0 - 200 cm." 1 Uranium-secondary oxygen stretching, uranyl 

bending. 

It is assumed i n the f o l l o w i n g discussion that these borate double 
salts contain i n d i v i d u a l B 0 3 groups. T h e tetrahedral Β — Ο configuration 
can be e l iminated f r om consideration because of the strong absorpt ion 
m a x i m a at 1288 a n d 1133 cm." 1 . T h e two spectra of the sod ium salt 
indicate that bo th h i g h frequency bands arise f rom Β — Ο asymmetr ic 
stretching modes because they bo th show the 4 % isotope shift. T h e 
weak m a x i m u m at 960 cm. " 1 is p robab ly v i , the symmetr i c s tretching 
v ibrat ion . T h e borate spectrum is thus governed b y C2v or C8 selection 
rules. 

T h e two m a x i m a at 900 a n d 850 cm. " 1 show l itt le or no isotope shift 
a n d occur i n the frequency range expected for the asymmetr ic u r a n y l 
stretching mode. It does not seem l i k e l y that the 850 cm. " 1 b a n d arises 
f r o m the symmetr i c U — Ο stretch act ivated b y site symmetry because the 
absorpt ion is too strong. Other possibi l it ies are that the u r a n y l group 
is not symmetr i ca l , the Ο — U — Ο bonds are not co l l inear , or two different 
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330 L A N T H A N I D E / A C T I N I D E C H E M I S T R Y 

u r a n y l groups (sites) occur i n the crystal . T h e data are insufficient to 
p e r m i t a choice at this t ime. 

T h e b a n d near 700 cm. " 1 is assigned to the out-of -plane b e n d i n g i n 
B 0 3

3 ~ since it shows an isotope shift, w h i l e the 650 cm. " 1 b a n d is an 
in-p lane b e n d i n g mode w i t h o u t isotope effect. T h e weak b a n d at 780 
c m . " 1 m a y represent the r e m a i n i n g in -p lane b e n d i n g v ibrat i on . 

T h e l o w frequency m a x i m a are assigned to the U — O n s tretching 
modes (i.e., to those oxygen atoms b o n d e d w e a k l y to u r a n i u m at r ight 
angles to the u r a n y l bonds ) a n d to the u r a n y l b e n d i n g v ibrat i on . 

T h e spectra of L i U 0 2 B 0 3 a n d K U 0 2 B 0 3 are s imi lar to the sod ium 
salt s p e c t r u m — a n ind i ca t i on that the u r a n y l a n d borate site symmetries 
are s imi lar i n the three compounds. 
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Octahedral Hexahalide Complexes of the 
Trivalent Actinides 

J. L. RYAN 

Battelle Memorial Institute, Pacific Northwest Laboratory, Richland, Wash. 

The trivalent actinides, like the trivalent lanthanides, form 
only weak chloride complexes in aqueous solution, and 
although there is evidence of slight formation of anionic 
complexes in concentrated LiCl from anion exchange data, 
no anionic chloride complexes have previously been posi
tively identified. Ryan and Jørgensen have recently pre
pared the trivalent lanthanide hexachloro and hexabromo 
complexes and studied their absorption spectra. This paper 
discusses preliminary results of the extension of this work 
to the trivalent actinides. 

^ A c t a h e d r a l hexahal ide complexes are of considerable interest because 
the k n o w n h i g h symmetry al lows m a n y theoret ical arguments to be 

a p p l i e d to the energy levels. A s an example, i n the 4f a n d 5f group 
elements the electric d ipo le components of the interna l / e lectron trans i 
tions are f o rb idden b y par i ty considerations i n octahedral complexes w i t h 
a center of invers ion, a n d the spectrum i n the region of these transitions 
is dominated b y weak v ibron i c transitions. Tetravalent act in ide hexa
ha l ide spectra of this type have been studied extensively ( 1, 5, 6, 7, 9,10, 
1112). 

T h e tr ivalent actinides a n d lanthanides f o r m on ly w e a k chlor ide 
complexes i n aqueous solution. A l t h o u g h the tr ivalent actinides are 
absorbed moderate ly strongly b y anion exchange resins f r om concen
trated L i C l , the M X 2

+ complex appears to be the highest complex present 
to a measurable extent i n the aqueous chlor ide solutions (2). T h e bro 
m i d e complexes appear to be even weaker (3). T h e on ly other evidence 
for anionic tr ivalent act in ide chloro or bromo complexes has been i n the 
system of U C 1 3 i n fused C s C l (4). R y a n a n d J0rgensen have recently 
prepared the tr ivalent lanthanide hexachloro a n d hexabromo complexes 
a n d s tudied their absorpt ion spectra ( 8 ) . 
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T h i s paper is a p r e l i m i n a r y report of the extension of this w o r k to 
the tr ivalent actinides. F u r t h e r w o r k is i n progress a n d w i l l be presented 
i n greater de ta i l later. 

Hexach loro a n d hexabromo complexes of the tr ivalent actinides can 
be prepared bo th i n t r ipheny lphosphon ium salts a n d i n solut ion i n h i g h 
die lectr ic , weak ly complex ing solvents. T h e t r ipheny lphosphon ium salts 
can be prepared b y prec ip i ta t i on f rom near ly anhydrous ethanol solutions 
of the act inide t r iha l ide a n d t r ipheny lphosphon ium hal ide w h i c h are 
almost saturated w i t h the respective hydrogen hal ide . T h e act inide t r i 
h a l i d e solution i n ethanol can be prepared b y d isso lv ing the meta l , the 
anhydrous or hydra ted ha l ide , the oxyhal ide , or i n the appl i cab le instances 
the sesquioxide i n ethanol conta in ing the appropriate hydrogen hal ide . 
T h e presence of the anhydrous hydrogen ha l ide is necessary to decrease 
the coord inat ing power of impuri t ies ( chiefly water ) a n d of the ethanol 
through format ion of oxon ium a n d e thy loxonium ions. A t the t ime of this 
w r i t i n g the P u C l 6

3 ~ , P u B r 6
3 " , a n d A m C l 6

3 ~ salts have been prepared o n a 
macro scale, a n d the salt of A m B r 6

3 " has been prepared on a micro scale. 
T h e P u C l 6

3 ~ a n d P u B r 6
3 " salts were prepared starting w i t h P u meta l a n d 

a l l o w i n g i t to react w i t h the respective hydrogen ha l ide i n ethanol con
ta in ing the t r ipheny lphosphon ium hal ide . T h e pale grey salts are ox id i zed 
easily b y air to ye l l ow P u C l 6

2 ~ a n d br ight r e d P u B r 6
2 " , respectively. Hence , 

they must be h a n d l e d i n an inert atmosphere, at least u n t i l they are 
complete ly dry . T h e corresponding U C 1 6

3 ~ salt c o u l d not be made this 
w a y because of ox idat ion to U ( I V ) even i n the absence of air . T h e 
n e p t u n i u m salts have not been attempted. 

T h e M X 6
3 ~ complexes can be prepared i n solut ion i n acetonitri le or 

pre ferably i n the h igher die lectr ic solvent, 8 5 % s u c c i n o n i t r i l e - 1 5 % 
acetonitri le , start ing w i t h the t r ipheny lphosphon ium salts, the h y d r a t e d 
or anhydrous hal ides , or ( par t i cu lar ly i n the case of the bromides ) the 
oxyhalides. T h e latter solvent is preferable i f the t r ipheny lphosphon ium 
salts are used as start ing mater ia l because of their h igher so lub i l i ty than 
i n acetonitri le . T h e hexachloro complexes are stable i n these solvents i n 
the presence of a moderate excess of chlor ide . T h e hexabromo complexes 
are stable i n the presence of a large excess of b romide i f the system is 
qui te d r y but are better s tab i l i zed b y the presence of anhydrous H B r 
w h i c h reacts w i t h electron donor groups. W h e n the M C l e 3 " complexes 
are prepared i n solut ion starting w i t h the anhydrous chlorides, a smal l 
amount of H C l can be used to react w i t h any oxychlor ide present, but a 
large excess of H C l destroys the complex b y l ower ing CI " act iv i ty through 
format ion of species such as H C 1 2 " . I n the bromide system these species 
are not of sufficient strength to compete w i t h the meta l ions, a n d the 
M B r 6

3 " complexes are stable i n the presence of a large excess of H B r . T h e 
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400 600 800 1000 1200 1400 1600 

Wavelength, πιμ 

Figure 1. Absorption spectra of plutonium(III). (1) Pu(III) in I M HClOJf; 
(2) the PuCl6

3~ ion in 85% succinonitrile-15% acetonitrile. This solution was 
prepared by dissolving PuCl3 in the solvent saturated with (C2H5)IlNCl and 
containing a small amount of anhydrous HCl. The PuCl6

3~ spectrum was cor
rected for 2.0ψο Pu(IV) (as PuCle

2~) which appears to constitute a slight over
correction, and because of this the fine structure in the 670-870 m μ region 

may not be exactly correct for PuCl6
3~ 

P u C l 6
3 ~ a n d P u B r 6

3 _ ions i n these solutions are read i ly ox id i zed to P u ( I V ) , 
a n d the solutions must be h a n d l e d i n an inert atmosphere. 

T h e absorpt ion spectra of these complexes can be obta ined i n the 
v is ib le a n d near in frared region us ing solutions of the t r ipheny lphos 
p h o n i u m salts, but i f the ultravio let spectrum is desired, the complex must 
be f o rmed i n solut ion us ing an a l iphat i c quaternary a m m o n i u m ha l ide 
a n d the act inide t r iha l ide or oxyhal ide . 

T h e absorpt ion spectrum of P u ( I I I ) i n the region of the f —> f t rans i 
tions (v i s ib le a n d near in frared) is general ly considered to be on ly 
s l ight ly sensitive to complexing . T h e absorpt ion spectrum of the P u C l 6

3 ~ 
i o n i n this reg ion is m a r k e d l y different f rom the spectra of P u ( I I I ) i n 
aqueous solutions of various complex ing agents, as seen i n F i g u r e 1. T h e 
molar absorptivit ies are on the average about 18-fold less i n the P u C l 6

3 ~ 
complex than i n the P u ( I I I ) aquo ion , a n d the number a n d shape of the 
peaks are changed a n d they are shifted i n energy ( F i g u r e 1 ). A s imi lar 
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pronounced decrease i n intensity of the A m C l 6
3 " spectrum vs. that of the 

A m ( I I I ) aquo i on was observed. T h i s m a r k e d decrease i n intensity of 
the f f transitions of the hexahal ide complexes vs. the aquo i o n ( a n d 
other P u ( I I I ) complexes f o rmed i n aqueous solutions such as sulfate, 
nitrate , etc.) is quant i tat ive evidence of octahedral or near octahedral 
symmetry w i t h a center of invers ion i n the hexahalides a n d of the lack of 
such symmetry i n most P u ( I I I ) complexes. T h i s indicates that the 
P u ( I I I ) aquo i on a n d most other P u ( I I I ) complexes are not octahedral , 
a n d as for the tr ivalent lanthanides ( 5 ) , six is not a c o m m o n coordinat ion 
n u m b e r of the tr ivalent actinides. 

F u r t h e r studies of the spectra of the tr ivalent act inide hexahal ide 
complexes are be ing carr ied out a n d w i l l be presented i n greater deta i l 
later. 
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Anionic Acetato Complexes of the 
Hexavalent Actinides 

Anion Exchange and Amine Extraction of 
Hexavalent Actinide Acetates 

J. L. RYAN and W. E. KEDER 

Battelle-Northwest Laboratories, Richland, Wash. 

Spectrophotometric studies were used to identify the anionic 
hexavalent actinide acetate complexes present in aqueous 
and nonaqueous solutions, anion exchange resins, and amine 
extracts. The previously unreported tetraacetato complexes, 
MO2(C2H3O2)42-, were identified in all these systems. The 
formation constant for the reaction UO2(C2H3O2)3- + 
C2H3O2- —> UO2(C2H3O2)42- in acetonitrile was found to be 
2.0 ± 0.2. The ratio of tetraacetato to triacetato complex in 
anion exchange resins was found to be independent of aque
ous acetate concentration but depended somewhat on aque
ous acidity. The ratio of these species in amine extracts 
was almost independent of all variables except the ionizing 
power of the diluent used. The formation constant of the 
tetraacetato complex in the amine extract increases with 
decreasing dielectric constant of the diluent. 

Τ Τexavalent actinides can be extracted into l ong cha in amines ( J I ) a n d 
A A l oaded into anion exchange resins f r om acetic a c i d solutions w i t h 
resin d i s t r ibut ion coefficients approach ing 10 3 . Salts of the general for
m u l a M [ U 0 2 ( C 2 H . 3 0 2 ) 3 ] W are w e l l k n o w n , a n d the existence of the t r i 
acetato complex i n aqueous solutions has been shown w i t h no evidence 
of h igher complexes (1,3,5,22). A few salts conta in ing four acetate ions 
per u r a n y l i on have been reported (4, 12). T h e P b a n d M n salts were 
reported b y Ni cho l s a n d H o w e s w i thout analysis (12) based on the o l d 
w o r k ( about 1885 ) of Rammelsberg w h o ana lyzed a C d salt a n d assigned 
a s imi lar f o rmula to the P b a n d M n salts. N i cho l s a n d H o w e s c o u l d not 
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prepare the C d salt (12) a n d i n a later w o r k reported the P b a n d M n 
salts as triacetates (13). D i e k e a n d D u n c a n reported several u r a n y l salts 
as tetraacetates w i t h no basis for this assignment except for a reference 
to Ref . 12 above i n the case of the P b salt. It was f o u n d i n the present 
w o r k that the P b salt is a triacetato salt, a n d it is probable that a l l of 
these reports of tetraacetato u r a n y l salts are i n error. 

T h e triacetato u r a n y l complex (24) is s tructural ly s imi lar to the 
tr ini trato u r a n y l complex (6) ( three b identate l igands arranged equa-
tor ia l ly a round the u r a n y l Ο — U — Ο axis ) . It was expected that the 
v is ib le , near ul travio let spectrum of the triacetato u r a n y l complex w o u l d 
be s imi lar to the spectrum of U 0 2 ( N 0 3 ) 3 ~ as are the spectra of 
U 0 2 ( S 0 4 ) 3 4 " , U 0 2 ( C 0 8 ) 3

4 ~ , a n d other u r a n y l complexes w h i c h appar 
ent ly have the same structure (17). T h e absorpt ion spectrum of u r a n y l 
acetate extracted into t r i -n -octy lamine i n xylene f r om d i lute acetic a c id 
is different f r om the tr initrato u r a n y l spectrum. T h i s indicates that the 
triacetato u r a n y l complex is p robab ly not the species invo lved . B y analogy 
to the u r a n y l nitrate system (14), f ormat ion of a tetraacetato u r a n y l c om
plex might be expected. T h e purpose of this w o r k is to determine the 
nature of the anionic hexavalent act in ide acetate complexes a n d to i d e n 
t i fy the species invo lved i n the amine extraction a n d anion exchange of 
the hexavalent actinides f rom acetate systems. 

Experimental 

Reagents. C o m m o n l y avai lable reagents were a l l reagent grade. 
C e s i u m acetate a n d l i t h i u m acetate were prepared b y neutra l i z ing the 
corresponding C . P . hydroxides w i t h acetic a c id , f o l l owed b y evaporat ing 
a n d d r y i n g at 110°C. at 200 m m . pressure. T e t r a e t h y l a m m o n i u m acetate 
was prepared b y neutra l i z ing E a s t m a n 1 0 % te traethy lammonium hydrox 
ide w i t h acetic a c id , evaporat ing on a hot plate u n t i l b o i l i n g ceased, a n d 
d r y i n g at 110 °C . at 200 m m . pressure for about 5 hours. Pro longed d r y i n g 
under these condit ions causes g radua l decomposit ion a n d discolorat ion. 
T h e resul t ing mater ia l was an almost colorless o i l y l i q u i d w h e n cooled 
to room temperature, w h i c h crysta l l i zed u p o n absorpt ion of atmospheric 
moisture. T h e c o m p o u n d appears to be the same as that reported b y 
Ste igman a n d H a m m e t t (20) as the monohydrate . It c rysta l l i zed w h e n 
cooled to —80°C. a n d d i d not remelt w h e n w a r m e d to 25°C. W h e n a 
nonaqueous solut ion of t e t raethy lammonium acetate of k n o w n concentra
t i on was desired, the salt was prepared as above w i t h a measured vo lume 
of s tandardized te t raethy lammonium hydrox ide , a n d the entire prepara 
t ion was dissolved to vo lume i n the nonaqueous solvent. 

Preparation of Cesium and Quaternary Ammonium Actinide ( V I ) 
Acetate Salts. T e t r a e t h y l a m m o n i u m u r a n y l acetate was prepared b y 
evaporat ing to dryness a so lut ion of u r a n y l acetate conta in ing tetraethyl 
a m m o n i u m acetate i n slight excess. T h e residue was dissolved i n b o i l i n g 
absolute ethanol , a n d the product was prec ip i tated b y coo l ing i n a d r y 
ice bath . T h e product was filtered a n d recrysta l l i zed aga in f rom ethanol . 
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25. R Y A N A N D K E D E R Hexavalent Actinides 337 

T h e salt was d r i e d at 120°C. at 200 m m . pressure. A n a l y s i s : ca l cu lated 
for ( C 2 H 5 ) 4 N U 0 2 ( C 2 H 3 0 2 ) 3 : U , 41.23; f o u n d : U , 41.29. 

C e s i u m u r a n y l triacetate was prec ip i tated b y a d d i n g a so lut ion of 
ces ium acetate conta in ing a smal l amount of acetic a c i d to a solut ion of 
u r a n y l acetate i n water. T h i s prev ious ly reported c o m p o u n d was not 
analyzed . 

C e s i u m n e p t u n y l acetate was prepared as fol lows. N e p t u n i u m ( V I ) 
nitrate was prepared b y heat ing anion-exchange pur i f i ed (15) nep -
t u n i u m ( I V ) a n d ( V ) nitrate i n 0 . 5 M H N 0 3 to 100°C. for one hour. T h e 
N p ( V I ) was prec ip i tated w i t h C s O H . T h e precipitate was separated, 
washed w i t h water , a n d redissolved i n a m i n i m u m of concentrated acetic 
ac id . T h i s solut ion was d i l u t e d tenfo ld w i t h water , a n d the prec ip i tat ion , 
wash ing , a n d dissolut ion i n concentrated acetic a c i d were repeated. 
Excess ces ium acetate was added , a n d the green product was filtered, 
washed w i t h ethanol a n d then acetone, a n d d r i e d over M g ( C 1 0 4 ) 2 . 
A n a l y s i s : ca lcu lated for C s N p O > ( C 2 H 3 0 2 ) 3 : C s , 23.0; N p , 40.9. F o u n d : 
C s , 23.2; N p , 39.7. 

C e s i u m p l u t o n y l triacetate ( p i n k ) was prepared i n the same manner 
as the n e p t u n y l analog except the anion-exchange pur i f i ed (18) P u ( I V ) 
nitrate was ox id i zed to P u ( V I ) nitrate b y ozone at about 80°C . A n a l y s i s : 
ca l cu lated for C s P u 0 2 ( C 2 H 3 0 2 ) 3 : C s , 22.9; P u , 41.2. F o u n d : C s , 23.6; 
P u , 41.3. 

C e s i u m a n d l i t h i u m analyses were b y flame photometry . U r a n i u m 
( 2 ) , n e p t u n i u m (21 ) , a n d p l u t o n i u m (19) analyses were b y contro l led 
potent ia l coulometr ic t i trat ion . 

Solvents. Aceton i t r i l e a n d nitromethane were E a s t m a n spectro grade. 
Succ inoni tr i le was E a s t m a n whi te labe l . 

Amine Extraction. T r i -n - o c ty lamine was prepared b y repeated 
w a s h i n g of t r i -n - o c ty lammonium chlor ide w i t h I N N H 4 O H fo l l owed b y 
w a s h i n g w i t h water. U r a n i u m extraction experiments were per formed 
w i t h U-233 tracer w h i c h contained a smal l amount of hydroch lor i c ac id . 
Successive b a c k w a s h i n g of extracts w i t h acetic a c id was used to e l iminate 
the chlor ide . N p - 2 3 7 a n d Pu-239 were ox id i zed w i t h ozone a n d back -
washed two or three times to e l iminate l ower ox idat ion states. 

Spectrophotometric Measurements. Spectrophotometric measure
ments were made w i t h a C a r y M o d e l 14 record ing spectrophotometer. 
A b s o r p t i o n spectra of solutions were obta ined i n s i l i ca cells. A b s o r p t i o n 
spectra of the crystal l ine salts were obta ined us ing mixtures of the mate
rials w i t h petro latum between glass or s i l i ca plates us ing the C a r y M o d e l 
1417200 source. B lanks for the so l id spectra were C a C 0 3 mul ls i n petro
l a t u m plus aqueous starch so lut ion i f necessary to produce a flat base 
l ine . T h e reference was adjusted so the base l ine was flat i n the 520 to 
600 τημ region where the U ( V I ) acetate complexes do not absorb. Sl i t 
w id ths for spectra of solids were t y p i c a l l y < 0.1 m m . 

Results and Discussion 

Identification of Species. F i g u r e 1 shows the absorpt ion spectra of 
so l id C s U 0 2 ( C 2 H 3 0 2 ) 3 a n d ( C 2 H 5 ) 4 N U 0 2 ( C 2 H 3 0 2 ) 3 i n acetonitr i le so
lut ion . O t h e r so l id triacetato salts produce essentially the same spectrum, 
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w h i c h is also obta ined w h e n the t e t raa lky lammonium salt is d issolved i n 
nitromethane, acetone, acetic anhydr ide , a n d succ inonitr i le . T h i s d is t inc 
t ive spectrum is s imi lar to those of U 0 2 ( N 0 3 ) 3 ~ (7, 14), U 0 2 ( S 0 4 ) 3

4 " " 
(17), U 0 2 ( C 0 3 ) 3

4 " , a n d U 0 2 ( C 1 0 4 ) 3 " (23), a n d i t appears that this spec
t r u m is pecul iar to u r a n y l ( V I ) , w h i c h is b o n d e d through oxygen to three 
bidentate l igands l y i n g i n a p lane perpendicu lar to the Ο — U — Ο axis. 
Tr in i t ra to (6) a n d triacetato (24) u r a n y l ions have this geometry, w h i l e 
no ions w h i c h c o u l d not fit this pattern are k n o w n to have a s imi lar 
spectrum. 

1.4 ι — ι 1 1 1 1 

Wavelength, πιμ 

Figure 1. Absorption spectra of the 
U02(C2H302)3~ i°n compared with that of a 
tri-n-octylamine extract of U(VI) from I M 
HC2H302; (1) 0.022M U(VI) in 5% tri-n-
octylamine in xylene (1 cm. cell), (2) 0.024M 
(C2H5)aNU02(C2H302)3 in acetonitrile (1 cm. 

cell), and (3) solid CsU02(C2H302)3 
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It was observed i n p r e l i m i n a r y w o r k (9, 10) that the spectrum of 
u r a n y l ( V I ) extracted into T O A - x y l e n e f r om acetic a c i d is def initely not 
that of the triacetato anion ( F i g u r e 1 ). T h e general lack of strong v i b r a 
t i ona l features i n b o t h this spectrum a n d that of U 0 2 ( N 0 3 ) 4

2 ~ , c o m b i n e d 
w i t h the re lat ive ly h igher mo lar absorpt iv i ty of bo th of these relat ive to 
those of the corresponding tr isubst i tuted complexes, strongly indicate the 
presence of the tetraacetato u r a n y l i on i n the T O A - x y l e n e extract. 

T o ident i fy this u n k n o w n species, an attempt was made to pre 
pare a tetraacetato salt. I n the u r a n y l n i trate system the c o m p o u n d 
[ ( C 2 H 5 ) 4 N ] 2 U 0 2 ( N 0 3 ) 4 c o u l d be prepared (13) b y fus ing an e q u i -
molar mixture of ( C 2 H 5 ) 4 N U 0 2 ( N 0 3 ) 3 a n d ( C 2 H 5 ) 4 N N 0 3 . ( C 2 H 5 ) 4 -
N U 0 2 ( C 2 H 3 0 2 ) 3 does not melt w i thout decomposit ion, so an aqueous 
solut ion was prepared conta in ing equimolar ( C 2 H 5 ) 4 N U 0 2 ( C 2 H 3 0 2 ) 3 
a n d ( C 2 H 5 ) 4 N C 2 H 3 0 2 w i t h a smal l excess of acetic ac id . T h i s was d r i e d 
at 110°C. at 200 m m . pressure. T h e product was a viscous o i l w h i c h d i d 
not crystal l ize at 25 ° C . T h e absorpt ion spectrum of this mater ia l between 
fused-quartz plates was f ound to be ident i ca l to that of u r a n y l extracted 
f rom 1 M acetic a c i d into tr i -n -octy lamine i n xylene. A series of solutions 
was prepared w h i c h contained ( C 2 H 5 ) 4 N C 2 H 3 0 2 to ( C 2 H 5 ) 4 N U 0 2 -
( C 2 H 3 0 2 ) 3 ratios f rom 0 to 2 a n d a smal l excess of acetic ac id . These 
were d r i e d at 100°C. at 200 m m . , a n d the absorpt ion spectra were ob
ta ined . T h e sample w i t h no excess te t raethy lammonium acetate p r o d u c e d 
crystal l ine ( C 2 H 5 ) 4 N U 0 2 ( C 2 H 3 0 2 ) 3 , a n d its spectrum was obta ined i n 
petro latum. T h e samples conta in ing between 3 a n d 4 moles of acetate 
per mole of u r a n i u m were mixtures of crystal l ine mater ia l a n d a viscous 
l i q u i d , a n d the spectra were r u n between quartz plates w i thout m i x i n g 
w i t h petro latum. T h e ratio of the absorbance at 460 πΐμ, where the t r i 
acetato complex has a strong peak, to that at 453 τημ, where i t has a 
m i n i m u m , is p lo t ted against acetate to u r a n i u m ratio i n F i g u r e 2. It is 
apparent f rom this plot that a tetraacetato u r a n y l complex forms. T h e 
samples h a v i n g an acetate to U ratio of 4.0 a n d 4.1 appeared to d is 
proport ionate s l ight ly a n d h a d a f ew smal l crystals of ( C 2 H 5 ) 4 N U 0 2 -
( C 2 H 3 0 2 ) 3 present. T h e i r spectra are not the pure tetraacetato spectrum. 
A t h igher acetate to U ratios no crystals were present, a n d no further 
change i n spectrum occurred w i t h increased acetate ( u p to an acetate to 
u r a n i u m ratio of 100) ind i ca t ing lack of h igher complexes. T h e spectrum 
of samples hav ing an acetate to U ratio of 4.5 or greater is that of the 
pure tetraacetato u r a n y l complex. 

W h e n ( C 2 H 5 ) 4 N C 2 H 3 0 2 is a d d e d to a so lut ion of ( C 2 H 5 ) 4 N U 0 2 -
( C 2 H 3 0 2 ) 3 i n a re lat ive ly noncomplex ing solvent, such as acetonitri le or 
nitromethane, the strong v ibra t i ona l peaks of the triacetato complex de
crease i n intensity, a n d the over -a l l absorbance increases. A t h i g h acetate 
concentrations the spectrum approaches that of the pure tetraacetato 
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complex obta ined above but s t i l l contains a smal l amount of triacetato 
complex. I f a h i g h dielectric -constant solvent of l o w complex ing p o w e r 
such as 8 5 % succ inon i t r i l e -15% acetonitr i le (16) is used, C s U 0 2 -
( C 2 H 3 0 2 ) 3 is soluble. T h e same effect can be observed b y a d d i n g 
C s C 2 H 3 0 2 , a l though the react ion cannot be carr ied as far t o w a r d the 
tetraacetato complex because of the so lub i l i ty l i m i t of C s C 2 H 3 0 2 . 

A series of acetonitr i le solutions was prepared w h i c h contained k n o w n 
concentrations of ( C 2 H 5 ) 4 N U 0 2 ( C 2 H 3 0 2 ) 3 a n d te t raethy lammonium 
acetate. T h e spectrum of a so lut ion conta in ing no te t raethy lammonium 
acetate was taken to be that of pure U 0 2 ( C 2 H 3 0 2 ) 3 " , a n d the spectrum 
i n l i q u i d t e t raethy lammonium acetate [probab ly the monohydrate ( 20 ) ] 
w i t h an acetate to U ratio of about 100 was taken to be that of pure 
U 0 2 ( C 2 H 3 0 2 ) 4

2 ~ . T h e absorpt ion spectra of the pure triacetato complex, 
the pure tetraacetato complex, a n d one mixture are compared i n F i g u r e 3. 
W i t h the molar absorptivit ies of the pure complexes obta ined i n this 
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25. R Y A N A N D K E D E R Hexavalent Actinides 341 

manner , the fract ion of each complex present i n a l l the acetonitri le so lu
tions can be ca lcu lated at any wave length where there is a n apprec iable 
difference i n the molar absorpt iv i ty of the t w o complexes. T h i s was done 
at 494 m ^ where the tetraacetato complex has an absorpt ion m a x i m u m 
a n d the triacetato complex has almost no absorpt ion. T h i s wave length 
was chosen because i t was one of the few wavelengths where the absorp
t i on spectrum of neither of the complexes was extremely steep thus 

Wavelength, ηιμ 

Figure 3. Absorption spectra of 0.0240M (C2H5)jJS!O02 

(C2H302)3 in (1) pure liquid (02Η5)ΑΝ02Η302 · H20, and 
in acetonitrile solutions containing (2) 0.225M and (3) 

0.000M (CBHs)kNC9Hs02 

m i n i m i z i n g errors caused b y smal l errors i n wavelength . ( T h i s is also 
true at 420 τημ, b u t here disco lorat ion of the te t rae thy lammonium acetate 
produces absorption, a n d there was some p r o b l e m i n ensuring this was 
correct ly b l a n k e d out at the highest te t raethy lammonium acetate concen
trations. ) Checks were made at several wavelengths other than 494 τημ, 
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a n d the results agreed w i t h i n exper imental accuracy w i t h those obta ined 
at 494m/x. T h e format ion constant, 

Κ - [ υ θ 2 ( 0 2 Η 3 θ 2 ) 4 2 - ] 

[ U 0 2 ( C 2 H 3 0 2 ) 3 - ] [ C 2 H 3 0 2 ] 

was ca l cu lated for each acetate concentrat ion examined ( T a b l e I ). 

Table I . Formation of Tetraacetato Uranyl Complex in Acetonitrile 

Initial Molarity % % Κ 
(C2H5),NC2H302 U02(C2H302)3~ U02(C2H302)r 

0.000 100.0 0.0 
0.045 92.9 7.1 1.77 
0.090 83.3 16.7 2.34 
0.225 66.7 33.3 2.25 
0.450 56.0 44.0 1.79 
0.900 35.7 64.3 2.00 
2.25 17.9 82.1 2.04 

A v . = 2 . 0 : ± O 2 

Aqueous Solutions. A h r l a n d ( 1 ) has conc luded that U 0 2 ( C 2 H 3 0 2 ) 3~ 
is the highest u r a n y l acetate complex present i n aqueous solutions a n d 
that this species constitutes > 9 5 % of the total u r a n y l species at 0 . 3 M 
a n d h igher acetate. T h e triacetato u r a n y l complex does not conta in water 
a n d the tetraacetato complex undoubted ly does not. Because of this, the 
format ion constant of the tetraacetato complex f rom the triacetato com
plex might be expected to be of about the same order of magni tude i n 
water as i n acetonitri le . A l s o the tetraacetato complex might be expected 
to f o rm to an apprec iable extent at h i g h aqueous acetate concentrations. 
A n y difference between acetonitri le a n d water should be caused b y the 
effects on the format ion constant caused b y a difference i n i o n i z i n g power 
of the solvent as affected b y d ie lectr i c constant, solvent structure, etc., 
since water is not d i rec t ly invo lved i n the e q u i l i b r i u m . Aqueous l i t h i u m 
acetate-acetic a c i d solutions of U ( V I ) were examined spectrophotometri -
ca l ly for evidence of the tetraacetato u r a n y l complex. A c e t i c a c i d concen
trat ion was kept at least twice the l i t h i u m acetate concentration, except 
for the highest l i t h i u m acetate concentrat ion examined, to prevent h y d r o l 
ysis ( 1 ). Solutions rang ing i n acetate concentrat ion f r om U 0 2 ( C 2 H 3 0 2 ) 2 

i n acetic a c i d to 5 . 4 M L i C 2 H 3 0 2 were examined at 0 .040M u r a n i u m i n a l l 
cases. Some of the spectra are shown i n F i g u r e 4, a n d it is apparent that 
at least three u r a n y l species are present i n this concentrat ion range. 

A t l o w acetate concentrat ion ( u r a n y l acetate i n acetic a c i d ) l i t t le 
i f any triacetato complex is present as seen b y the absence of the four 
strong v ib ra t i ona l peaks at about 420, 432, 445, a n d 460 τημ. A s the 
acetate level is increased, these strong triacetato peaks b u i l d into the 
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25. R Y A N A N D K E D E R Hexavalent Actinides 343 

400 450 500 

Wave l eng th , ιτιμ 

Figure 4. Absorption spectra of 0.040M aqueous 
Ό(VI) acetate solution in 1 cm. cells: (1) 5.4M 
LiC2H302—3.5M HC2H,02> (2) 3.0M LiCgH309— 
6.0M HC2H302, (3) 0.165M LiC2H3O2—0.6M 

HC2H302, and (4) 0.6M HC2H302 

spectra. T h e absorbance at 420 ni/x decreases somewhat, goes through 
a m i n i m u m at about 0 . 1 - 0 . 3 M acetate, a n d increases m a r k e d l y at h igher 
acetate concentrations. T h i s increase i n absorbance appears to be caused 
b y the format ion of the tetraacetato u r a n y l complex. T h e triacetato 
complex appears to be decreasing at the highest l i t h i u m acetate con
centrations, a n d a large f ract ion of the total u r a n i u m is present as the 
tetraacetato complex. 

A quanti tat ive interpretat ion of these spectra is not feasible for two 
reasons. F i r s t , there are at least three species present i n c l u d i n g at least 
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one complex w h i c h contains less than three acetates, a n d the spectrum 
of this complex ( or complexes ) is not k n o w n . Second, any change i n the 
triacetato or tetraacetato spectra f r om those measured as descr ibed pre 
v ious ly w o u l d further compl icate a quant i tat ive interpretat ion. There 
does appear to be an energy shift amount ing to about 2 m/x i n the tetra
acetato spectrum i n go ing f rom acetonitri le to water . E v e n a sl ight 
broadening of the sharp triacetato v ibra t i ona l peaks w o u l d also cause 
large errors. A semiquantitat ive interpretat ion indicates that the tetra
acetato, triacetato, a n d at least one lower complex coexist i n apprec iable 
amounts i n the same solutions w i t h the amount of triacetato complex 
apparent ly increasing u p to about 1 M acetate. T h e amount of the t r i 
acetato u r a n y l complex never appears to exceed about 5 0 - 6 0 % of the 
total u r a n i u m unless the acetic a c id to l i t h i u m acetate ratio is increased 
to w e l l above 2. A t h i g h acetate concentrations, a large amount of the 
U 0 2 ( C 2 H 3 0 2 ) 4

2 " complex is present. A t 5 . 4 M L i C 2 H 3 0 2 - 3 . 5 M H C 2 H 3 0 2 , 
the U 0 2 ( C 2 H 3 0 2 ) 4

2 ~ appears to constitute about 5 0 % or more of the total 
u r a n i u m , a n d i n 3 M L i C 2 H 3 0 2 - 6 M H C 2 H 3 0 2 about 2 0 % as determined 
b y the increased absorbance at 420 τημ a n d at 494 τημ. Increasing the 
acetic a c id concentrat ion at a constant l i t h i u m acetate concentration 
increases the amount of triacetato complex. T h i s occurs at the expense 
of lower complexes b y decreasing water ac t iv i ty since water is no doubt 
present i n the lower acetate complexes. T h i s m a y also decrease acetate 
ac t iv i ty b y hydrogen b o n d i n g to the acetic a c id a n d s imultaneously favor 
the triacetato complex over the tetraacetato complex. T h e format ion 
constant for the tetraacetato complex f rom the triacetato complex appears 
somewhat smaller i n water than i n acetonitri le but apparent ly not b y 
more than a factor of 10. 

Anion Exchange Resin Studies. F i g u r e 5 shows the absorpt ion spectra 
of U ( V I ) l oaded into D o w e x 1, X - 4 (50 to 100 mesh) an ion exchange 
resin f rom several acetate solutions. B o t h the triacetato a n d tetraacetato 
u r a n y l complexes are absorbed b y the an ion exchange resin. A n increase 
i n the f ract ion of triacetato complex occurs w i t h an increase i n the acetic 
a c i d concentrat ion of the solutions. T h e fract ion of each complex can 
be approx imated b y measur ing the ratio of the absorbances at 460 τημ 
a n d 454 m/x a n d compar ing w i t h the values obta ined i n acetonitri le . T h i s 
ca l cu lat ion is not exact because the spectra of the two pure species i n 
the resin m a y be different f rom those i n acetonitri le . I n contact w i t h 
1 7 . 5 M acetic a c i d the res in contains about 9 % tetraacetato complex, i n 
1 0 M acetic a c i d about 1 3 % , a n d i n 1 M acetic a c i d about 2 5 % . T h i s 
increase is also observed b y the b u i l d - i n of the tetraacetato peak at 494 
τημ where the triacetato complex does not absorb. I n solutions h a v i n g a 
l i t h i u m acetate to acetic a c i d ratio of 1/2, the U ( V I ) i n the resin was 
about 3 0 % i n the tetraacetato f o rm f rom 0 . 1 6 - 3 . 0 M l i t h i u m acetate. 
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Τ 

Wavelength, ηιμ 

Figure 5. Absorption spectra of Ό(VI) absorbed 
in Dow ex 1, X-4 (50-100 mesh) from acetate solu
tions: (1) 4.0M LiC2H3O9—2.0M HC2H302, (2) 
0.6M HC2H302, and (3) J 7 M HC2H302. U(VI) 
concentrations in resin phase are approximately 

equal 

W i t h 5 M l i t h i u m acetate a n d < 4 M acetic ac id , the U ( V I ) i n the res in 
was about 4 0 % i n the tetraacetato form. 

T h e decrease i n tetraacetato complex i n the resin phase w i t h i n 
creased acetic a c id concentrat ion is p r o b a b l y at tr ibuted to l owered acetate 
act iv i ty i n the resin phase caused b y hydrogen b o n d i n g of i n v a d i n g 
acetic a c id to the resin acetate. A s imi lar but more pronounced effect 
occurs i n the u r a n y l sulfate system o w i n g to conversion of resin sulfate 
to bisul fate (17). T h e only clear cut effect of a w i d e var iance i n the 
l i t h i u m acetate concentrat ion seems to be a decrease of the acetic a c i d 
effect. T h i s is p r o b a b l y caused b y ty ing u p of acetic a c i d b y hydrogen 
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b o n d i n g to acetate f rom l i t h i u m acetate thereby decreasing its effect on 
resin acetate. A s imi lar m a r k e d lack of dependence of the u r a n y l sulfate 
species i n resin on total aqueous sulfate occurs ( 17 ) . It appears that 
the rat io of complex species i n an ion exchange resins (where more than 
one species is absorbed) is determined b y resin l i g a n d act iv i ty , a n d this 
is not m u c h affected b y aqueous l i g a n d concentrat ion but m a y be m a r k 
ed ly affected b y other factors such as aqueous a c i d concentration. 

T h e u r a n y l nitrato a n d acetato anionic complexes are s imilar . F r o m 
l o w a c i d 5 M meta l nitrate (14) or acetate solutions the relat ive ratios of 
U 0 2 ( N 0 3 ) 4

2 to U 0 2 ( N 0 8 ) 3 " a n d U 0 2 ( C 2 H 3 0 2 ) 4
2 to U 0 2 ( C 2 H 3 0 2 ) 3 " 

i n the resin phase closely reflect the difference i n format ion constants of 
the tetra complexes f rom the t r i complexes. T h i s is despite the fact that 
the format ion constants of the triacetato complex a n d the tr ini trato c o m 
plex f rom the respective lower complexes are obv ious ly different a n d the 
aqueous phase contains m a i n l y anionic species i n the acetate case but 
essentially no anionic species i n the nitrate case (14). 

A m i n e E x t r a c t i o n . E x t r a c t i o n of u r a n i u m ( V I ) a n d p l u t o n i u m ( V I ) 
f r om acetic a c id w i t h tr i - iso-octylamine i n xylene has been s tudied p r e v i 
ously b y M o o r e (11), w h o suggests that the extracted species is the t r i 
acetato ion . T h e spectra i n F i g u r e 1 show this is not the predominate 
species extracted into T O A - x y l e n e solutions ( 9 ) . C o m p a r i n g the spec
t r u m of this extracted u r a n i u m w i t h the spectra of pure tetraacetato a n d 
triacetato complexes i n F i g u r e 3 shows that the T O A - x y l e n e extracts a 
mixture of these ions that is largely tetraacetato u r a n y l complex. 

W e noted earlier that the pr inc ip l e u r a n y l ( V I ) species extracted 
f rom acetic a c i d b y T O A - x y l e n e is different f rom that extracted b y 
T O A - c h l o r o f o r m (10). T o explore the effect of the solvent further w e 
have n o w measured the spectra of u r a n i u m ( V I ) extracted w i t h solutions 
of T O A i n different solvents. I n these experiments a 0 . 1 0 M u r a n y l acetate 
so lut ion i n I N acetic a c i d was extracted w i t h an equal vo lume of 0 . 1 0 M 
T O A i n each of the several solvents, a n d the spectra of bo th phases were 
measured. I n most cases the extracted u r a n i u m was f o u n d to be a m i x 
ture of t r i - a n d tetraacetato complexes. Some examples of these spectra 
are shown i n F i g u r e 6. 

U s i n g the technique employed earl ier i n this paper w e have ca l cu 
lated the fract ion of the extracted U w h i c h is i n the tetraacetato f orm. 
These results are shown i n T a b l e I I . T h e values are not precise since 
smal l solvent-dependent frequency shifts occur relat ive to the spectra of 
the pure species w h i c h were obta ined i n n i tr i l e solutions. If the data i n 
the table are p lot ted , a smooth curve can be d r a w n through a l l of the 
points, w i t h i n the estimated prec is ion, except those f rom the ha lo form 
solutions. T h e f ract ion of the tetraacetato complex decreases un i f o rmly 
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Wavelength, πιμ 

Figure 6. Absorption spectra of U(VI) extracted 
from 1M HC2HsO2—0.10M U(VI) into 5% tri-n 
octylamine in: (1) xylene, (2) isopropl ether, (3) 

chloroform, and (4) hexone 

w i t h increase of d ie lectr ic constant of the solvent w i t h no apparent re la 
tionships to the molecular f o rm of the solvent, except for C H C 1 3 and 
C H B r a . Since only anionic complexes can be present i n the organic phase, 
what we observe is s imply a decrease of the format ion constant of the 
react ion U 0 2 ( acetate )3~ + acetate" —* U 0 2 ( acetate ) 4

2~ w i t h increas ing 
i o n i z i n g power of the solvent. A s imple electrostatic argument w o u l d 
predic t this result. T h e same behavior appears to h o l d for the aceto
n i tr i l e a n d aqueous solutions discussed above, a l though condit ions there 
are different a n d a strict comparison is difficult. T h e occurrence of extra 
l o w fractions of the tetraacetato complex i n the ha lo form solutions might 
be expected f rom the fact that hydrogen b o n d i n g between acetate ions 
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a n d halo form molecules lowers the acetate ac t iv i ty be l ow w h a t i t w o u l d 
otherwise be. 

O n e w o u l d expect the organic phase of other amine extraction sys
tems i n w h i c h more than one meta l an ion can be f o rmed to exhibit s imi lar 
equ i l i b r ia . It is fortunate that i n this system not on ly is the solvent not 
present i n the coord inat ion sphere of either complex but also the e q u i 
l i b r i u m constant between the two is of an order of magni tude w h i c h 
al lows concentrat ion of bo th to be measured read i ly b y spectrophoto
metr ic methods. T h i s al lows the effect of the d ie lectr ic constant of the 
solvent on the rat io of the species to be s tudied easily w i thout the per
t u r b i n g effect of specific interactions caused b y differences i n the tendency 
of the solvents to enter the coord inat ion sphere. 

Table I I . Uranyl ( V I ) Species Extracted from 1ÎV Acetic Acid into 
0.22V* Tri-w-Octylammonium Acetate Solutions 

Dielectric Fraction of U as 
Solvent Constant Tetraacetato Complex 

Pentane 1.84 0 .91 a 0.11* 
Carbon tetrachloride 2.24 .73 
Tetrachloroethylene 2.30 .70 
Toluene 2.38 .62 
o-Xylene 2.57 .63 
Trichloroethylene 3.42 .35 
Isopropyl ether 3.88 .42 
Bromoform 4.39 .14 
Chloroform 4.81 .08 
Chlorobenzene 5.6 .26 
a-Chlorotoluene 7.0 .08 
1,2-Dichloroethane 10.6 .0 
Methy l isobutyl ketone 13.1 .0 
Cyclopentanone 16.3 .05 
a Pentane phase. 
h T h i r d phase containing most of the T O A and uranium. 

I n the present w o r k w e have measured the d i s t r ibut ion ratios ( D ) 
b y tracer techniques for extraction of U ( V I ) , N p ( V I ) , a n d P u ( V I ) f r om 
1 or 2 N acetic a c i d into T O A - x y l e n e over a concentrat ion range 0 .002-
0 . 2 0 M T O A a n d for extraction of U ( V I ) into T O A - C H C l 3 over the same 
concentrat ion range. Plots of log D vs. l og T O A concentrat ion gave 
straight lines w i t h slopes between 1.3 a n d 1.6. T h e nature of the extracted 
complex is not c lear ly shown b y these slopes; therefore, this data is not 
shown. Non- in tegra l slopes were not unexpected since previous exper i 
ence has shown that the slopes of such curves often do not indicate the 
proper ident i ty of the extracted species ( 8 ) . T h i s has usual ly been 
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at tr ibuted to a difference i n the state of aggregation of the T O A -
conta in ing species before a n d after meta l extraction. I n the present case, 
extraction of a mixture of anionic species is a compl i ca t ing factor, but 
change of species extracted is not reflected b y a large change i n concen
trat ion dependence of D. 

D i s t r i b u t i o n rat io values for extraction of the three hexavalent metals 
f rom I N acetic a c i d b y 0 . 1 M T O A - x y l e n e were a l l about 1, ind i ca t ing 
l i t t le separation among the metals. F o r extraction of U ( V I ) b y 0 . 1 M 
T O A - C H C I 3 , D was near ly 10. 

M o o r e has shown that thet extractabi l i ty of U ( V I ) b y 5 % tri-iso-
octy lamine i n xylene passes through a m a x i m u m at about 0 . 5 N aqueous 
acetic ac id , a n d it continues to decrease to 1 4 N ac id . O u r spectral 
measurements show that the species extracted b y T O A i n either xylene 
or ch loro form are near ly independent of aqueous a c i d concentrat ion, 
a l though the triacetato complex seems to be s l ight ly favored b y increase 
of a c i d to I O N . There is also a smal l increase i n the percentage of the 
triacetato i on extracted w h e n u r a n i u m to amine ratio is increased. 

W h e n extraction is b y T O A i n l o w die lectr ic constant solvents—e.g., 
pentane—a t h i r d phase is formed, l eav ing on ly a d i lute major organic 
phase. I n this case the spectra show that the U ( V I ) species i n the two 
organic phases are different, w i t h m a i n l y tetraacetato i n the d i lute organic 
phase a n d m a i n l y triacetato i n the heavy, viscous t h i r d phase. 

C e s i u m triacetato n e p t u n y l ( V I ) a n d p l u t o n y l ( V I ) were prepared , 
a n d spectra were measured i n 8 5 % succ inon i t r i l e -15% acetonitr i le so lu
tions. B o t h metals were extracted f rom I N acetic a c i d into C C 1 4 a n d 
CHCI3 solutions of T O A , a n d the spectra of these solutions were also 
measured. T h e n e p t u n i u m spectra are not d ist inct ive a n d hence are 
omitted . T h e spectra of t r i -n - o c ty lammonium p l u t o n y l acetate i n C C 1 4 

a n d i n C H C 1 3 are compared w i t h that of P u 0 2 ( C 2 H 3 0 2 ) 3 " i o n i n F i g u r e 
7. T h e predominate species that extracts into C H C 1 3 so lut ion is c l ear ly 
the triacetato complex. T h e p r i n c i p a l species that extracts into C C 1 4 is 
a different one, w h i c h b y analogy w i t h the u r a n y l case a n d b y comparison 
w i t h the spectra of 8 5 % succ inon i t r i l e -15% acetonitri le solutions of 
C s P u 0 2 ( C 2 H 3 0 2 ) 3 conta in ing excess ces ium or t e t rae thy lammonium ace
tates w o u l d be the tetraacetato ion . T h e outstanding difference i n these 
spectra is the sharp intense peak at 840 τημ i n the latter (e — 220) . T h e 
re lat ive ly h i g h absorpt iv i ty of this peak makes i t easy to measure smal l 
amounts of the tetraacetato species i n the presence of the other. S m a l l 
amounts of triacetato i n the presence of the tetraacetato complex w o u l d 
best be measured b y difference us ing the 840 τημ peak. W e have not 
measured the absorpt iv i ty of this peak precisely enough; therefore, w e 
have estimated the re lat ive amounts of p l u t o n y l acetate species i n the 
C C 1 4 solutions f rom the spectrum of the triacetato complex present. It 
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Figure 7. Absorption spectra of Pu(VI) acetates: (1) Pu(Vl) 
extracted from I M HC2H302 into 10% tri-n-octylamine in 
carbon tetrachloride and into (2) 10%? tri-n-octylamine in chlo
roform, and (3) CsPu02(C2H302)3 in 85%) succinnonitrile-
15%) acetonitrile. Pu concentration is approximately 0.03M in 

each case (1 cm. cell) 

appears that each solut ion contains about 1 0 % of the minor species, a n d 
the behavior of p l u t o n y l ( V I ) is, therefore, not different f rom that of 
u r a n y l ( V I ) . 

T h e act in ide ( V I ) acetate system discussed here a n d the act in ide ( V I ) 
sulfate system to be discussed later (17) represent the only cases k n o w n 
to us i n w h i c h observable mixtures of lab i le anionic complexes of a g iven 
meta l are extracted f rom an a c i d so lut ion b y susbtituted amines. T h e 
present system represents the only one i n w h i c h the d i luent is the only 
major factor contro l l ing the ratio of species i n the organic phase. T h e 
p r i n c i p l e mechanism b y w h i c h the nature of the d i luent appears to 
determine the rat io of species i n the organic phase i n this system is b y 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
96

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

96
7-

00
71

.c
h0

25



2 5 . R Y A N A N D K E D E R Hexavalent Actinides 3 5 1 

the effect of i on i z ing power of the d i luent (as measured to a first ap 
prox imat ion b y its die lectr ic constant) on the format ion constant of the 
tetraacetato complex f rom the triacetato complex. 
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intersystem crossing in L n 164 
as laser materials, europium . . . . 155 
nonradiative processes in L n . . . 158-9 
phosphorescence of Gd 165 
phosphorescence of L n 157, 163 

Chemical thermodynamics of the 
lanthanides 25 

Chlorocomplexes, anionic 3 
Chromium-uranium oxides 211 
Cobalt-uranium oxides 211 
Complexes 

cesium-actinide 337 
of the hexavalent actinides, 

anionic acetato 335 
inner-sphere 133 
of the lanthanides, thermody

namic parameters of . . . . 127,134 
plutonyl acetate 349 
rare earth 169 
of rare earth ions with octa

methylpyrophosphoramide . 13 
of the trivalent actinides, 

octahedral hexahalide . . . . . 331 
Concentrated salt solutions, 

chemistry in 256 
Condensed phase equilibria in the 

M o F 6 - U F 6 system 308 
Configuration of energy levels . . . . 181 
Constants for actinide ion reactions, 

rate 276-9 
8-Coordination of L n (III) 156 
Copper-uranium oxides 211 
Cryothermal magnetic anomalies . . 28 
Crystal structure of metal borates . 323 
Crystal structure of uranium-tran

sition element double oxides . 216 
Curium 201 

oxides 77 
protactinium to 248 

Curium (III) . 206 
Curium (IV) 206 

D 
Decomposition of 40 
Dehydration, fluoride ion 134 
Deuteration on laser threshold of 

Eu chelates, effect of 162 
Diiodides of L a and Ce 58 
Diiodides, metallic 59 
β-Diketones, europium ( III ) 

complexes of 145 
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0-Diketones, volatile rare earth 
chelates of 141 

Disordered phases of rare earth 
oxides 70 

Disproportionation of 
neptunium ( V ) 253 

Distribution coefficients of Ce ( IV) , 
sodium bismuthate vs 300 

Divalent lanthanide ions 51 
ground state of 54 

Divalent state 2 
Donor properties of pyrophosphate 

derivatives 13 
Double oxides, uranium-transition 

element 211 
Ε 

Eigenvectors 91 
Electric dipole transitions 92 
Electron configurations 182 
Electronic configuration of metallic 

halides 60 
Electronic spectra of lanthanides in 

the vapor phase 102 
Electronic structure of actinide 

elements 180 
Electron paramagnetic resonance 

spectroscopy of actinide ions, 
optical 203 

Electrostatic parameters 88-9,91 
Energy levels 

configuration of 181 
parameters for 181 
in trivalent lanthanides and 

actinides 86,91 
Energy matrix 184 
Energy transfer in Eu chelates . . . . 164 
Energy transfer in L n chelates . . . . 156 
Enthalpies 136 
Enthalpy of activation for actinide 

ion reactions 282-7 
Enthalpy of formation 136 
Entropies of 

activated complexes 281 
lanthanide halides 43 
lanthanide metals 33 
lanthanide oxides 31-2 
lanthanide ( III ) oxides 30 

Entropy 
of activation for actinide ion 

reactions 282-7 
evaluation 29 
of formation 135 

Equilibria in the Mo6-UFe system, 
condensed phase 308 

Ethyl sulfates, heat capacities of 
rare earth 44 

Europium 
B F T A chelates of 156 
chalcogenides, heat capacities of 40 
chelates 

cation effect on laser action of 160-1 
effect of deuteration on laser 

threshold of 162 

Europium (Continued) 
energy transfer in 164 
as laser materials 155 
laser threshold of 157 
solvent effect on laser action of 157 

Europium (III) complexes of 
jS-diketones 145 

Europium ( III ), nonradiative 
processes in 166 

EuS, heat capacity of 40 
, Extraction of Ce and Bk, trilauryl

methylammonium nitrate-
carbon tetrachloride 301,303 

F 
f-d separation 201 
Fluorescence of L n chelates 157 
Fluoride complexes 

of the lanthanides, thermody
namic parameters of . . . . 127, 134 

lattice constants of 249-50 
molecular volumes 250 
tetra- and pentavalent actinide . . 248 

Fluoride ion dehydration 134 
Fluorides, stability constants of 

lanthanide 132 
Fluorite-related oxide phases 67 
Fluoro complexes, uranium(V) . . . 7 
fod chelates, volatility of 153 
fod rare earth complexes 147 
Forced electric dipole intensity 

mechanism 114 
Free energies of actinide ion reac

tions, activation 290 
Free energies of activation 281 
Free energy of activation for 

actinide ion reactions 282-7 
Fused state, reduction in the 52 

G 
Gadolinium chelates, phospho

rescence of 165 
Gadolinium metal, heat capacity of 32 
Gadolinium ( III ), paramagnetism of 165 
Garnets, heat capacities of 

lanthanide iron 44 
Gas chromatography 141 
Gaseous chelates of Pr, Nd, Sm, E u , 

Dy, Ho, Er, Tm . .111, 114, 115, 117 
Gaseous trihalides of Pr, Nd, Er, 

Tm 105,113 
Ground state of divalent lanthanide 

ions 54 

H 
A H c o v 138 
Halides 

electronic configuration of 
metallic 60 

entropies of lanthanide 43 
thermal properties of lanthanide 42 

Halide systems, physical characteri
zation of rare earth metal-metal 56 
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Halo complexes, actinide (III ) . . . . 3 
Halo complexes, lanthanide ( III ) . . 3 
Hamiltonian 87,205 
Heat capacities of 

europium chalcogenides 40 
lanthanide iron garnets 44 
rare earth ethyl sulfates 44 

Heat capacity 
of EuS 40 
of gadolinium metal 32 
magnetic 28 

contributions to 30 
of terbium metal 32 

Heavy atom effect on L n chelates . 165 
Hexaborides, thermodynamics of 

lanthanide 41 
Hexaborides, Schottky anomalies 

in lanthanide 42 
Hexafluorides 308 
Hexahalide complexes of the tri

valent actinides, octahedral . . 331 
Hexavalent 

actinides, absorption spectra of . 336 
actinides, anionic acetato com

plexes of the 335 
state 8 

H(fod) 143 
High temperatures for lanthanide 

metals, thermodynamics at . . . 36, 39 
H(thd) 143 
Hydrides, thermal properties of 

lanthanide 43 
Hydrogen ion dependencies 275 
Hyperfine structure 191 
Hypersensitive transitions in 

gaseous lanthanides 103, 118 

I 
Iminodiacetic acids, N-substituted. 169 
Infrared 

maxima in alkali uranyl borates . 329 
spectra of metaborates 325 
spectra of uranium-transition 

element double oxides . . . . 222 
spectrum of sodium uranyl borate 328 
spectrum, uranium 266 

Inhomogeneous dielectric intensity 
mechanism 113 

Inner-sphere complexes 133 
Intermediate phase L a l 2 42 57, 62 
Interstitial fluoride ions 52 
Intersystem crossing in L n chelates 164 
Iron garnets, heat capacities of 

lanthanide 44 
Isotope shifts 192 

Κ 
K F solution 

americium in 266 
actinide chemistry in saturated . . 256 
neptunium in 257 
reactions in 260 
uranium in 264 

L 
L a l 2 , resistivity of 58 
Lal 2 . 42 , intermediate phase 57,62 
Lanthanide 

absorption spectra 86 
carbides, thermodynamics of . . . 41 
chalcogenides 26 
chelates 

energy transfer in 156 
fluorescence of 157 
heavy atom effect on 165 
intersystem crossing in 164 
nonradiative processes in . . . . 158-9 
phosphorescence of 157, 163 

chemistry 1 
complexes of OMPA, N M R 

spectra 20 
contraction vs. volatility 151 
dihalide 2 
fluorides, stability constants of . . 132 
halides, entropies of 43 
halides, thermal properties of . . 42 
hexaborides, Schottky anomalies 

in 42 
hexaborides, thermodynamics of. 41 
hydrides, thermal properties of . 43 
ions, divalent 51 
ions, ground state of divalent . . . 54 
iron garnets, heat capacities of. . 44 
metals 

entropies of 33 
thermodynamics at high tem

peratures for 36, 39 
vapor pressures of 40 

monochalcogenides 40 
oxide phases, ternary actinide- . . 78 
oxides 

entropies of 31-2 
thermochemical data of 33-5 
vaporization of 38 

perchlorate complexes 15 
perchlorates 128 
pnictides, thermodynamics of . . 41 

Lanthanide ( III ) 
8-coordination of 156 
halo complexes 3 
oxides 27 
oxides, thermodynamics at high 

temperatures of 36 
Lanthanides 

chemical thermodynamics of the 25 
τ λ parameters for 93, 99 
thermodynamic parameters of 

fluoride complexes of the 127, 134 
in the vapor phase, electronic 

spectra of 102 
Lanthanum halides 56 
LaOx, vaporization of 39 
Laser action of E u chelates 

effect of ring substitution on . . . 158-9 
cation effect on 160-1 
solvent effect on 157 
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Laser materials, europium chelates 
as 155 

Laser threshold of E u chelates . . . . 157 
effect of deuteration on 162 

LaS, vaporization of 41 
Lattice constants of fluoride 

complexes 249-50 
Lattice constants of MoFe 314 
L i 4 A m 0 5 245 
Light trivalent actinides, τ λ 

parameters for 97 
Lithium uranyl borate 323 

M 
Magnetic 

anomalies, cryothermal 28 
contributions to heat capacity . . 30 
heat capacity 28 

Manganese-uranium oxides 211 
Matrix, energy 184 
Metaborates, calcium and sodium . 322 
Metaborates, infrared spectra of . . 325 
Metal borates, crystal structure of . 323 
Metal, heat capacity of gadolinium 32 
Metal, heat capacity of terbium . . 32 
Metallic diiodides 59 
Metallic halides, electronic con

figuration of 60 
Metal-metal halide systems, physi

cal characterization of rare 
earth 56 

Metals 
entropies of lanthanide 33 
thermodynamics at high tem

peratures for lanthanide . . . 36, 39 
vapor pressures of lanthanide . . 40 

MoFe, lattice constants of 314 
MoFe-UFe system, condensed 

phase equilibria in the 308 
Molecular volumes of fluoride 

complexes 250 
Monochalcogenides, lanthanide . . . 40 

Ν 
N a 2 P r F 6 123 
N a 7 P r 6 F 3 i 123 
N d ( C 1 0 4 ) 3 ' 3 0 M P A · H 2 0 23 
Neodymium halides 56 
Nephelauxetic effects 137 
Neptunium 

absorption peaks 259 
absorption spectra 257-9 
aqueous oxidation-reduction 

reactions of 268,271 
in K F solution 257 
reactions 260 
solid compounds of 261 
trioxide 8 

Neptunium ( V ), disproportionation 
of 253 

Neptunium(V) fluoride complexes. 253 
Neptunyl fluoride 8 
Nickel-uranium oxides 211 

Nonradiative processes in E u (III ) . 166 
Nonradiative processes in L n 

chelates 158 
Nonstoichiometry 68, 56 
Np-K fluorides, x-ray patterns for . 261-5 
N p 0 2 74 

Ο 
Octahedral hexahalide complexes of 

the trivalent actinides 331 
Octahedral symmetry, absorption 

spectra of trivalent actinides in 333 
Octamethylpyrophosphoramide, 

complexes of rare earth ions 
with 13 

O M PA 13 
Optical and electron paramagnetic 

resonance spectroscopy of 
actinide ions 203 

Oscillator strength 93 
of f<-f transitions 102,106, 118 

Oxidation potential of the berke
lium (III) - (IV) couple 296 

Oxidation-reduction reactions of U , 
Np, Pu, Np, and Am, aqueous 268 

Oxide phases of rare earth and acti
nide elements, fluorite-related. 67 

Oxides 
entropies of lanthanide 31-2 
thermochemical data of 

lanthanide 33-5 
thermodynamics at high tempera

tures of lanthanide ( III ) . . 36 
vaporization of lanthanide . . . . . 38 

Oxygen donor complexes of 
actinide 

pentachlorides 7 
tetrachlorides 5 

Ρ 
Paramagnetism of Gd(III) 165 
Pentavalent actinide fluoride 

complexes 248, 253 
Pentavalent state 5 
Perchlorates, lanthanide 14, 128 
Phosphorescence of Gd chelates . . 165 
Phosphorescence of L n chelates . 157, 163 
Photoreduction 52 
Physical characterization of rare 

earth metal-metal halide 
systems 56 

Plutonium 
aqueous oxidation-reduction re

actions of 268, 272 
spectrum 194 
tetrachloride complexes 4 
trioxide 8 

Plutonium (IV) 208 
Plutonium ( V ) fluoride complexes . 253 
Plutonyl acetate complexes 349 
Pnictides, thermodynamics of 

lanthanide 41 
Potassium uranyl borate 323 
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Potential of Bk(I I I ) - ( IV) , solvent 
extraction in determining the . 297 

Potentiometric titrations 128 
Praseodymium halides 56 
Praseodymium oxides 70 
Praseodymium ( IV ) compounds, 

spectra of 122 
P r F 4 3,123 
Protactinium 

to curium 248 
oxide 73 
pentahalides 5 

Protactinium ( IV ) halides 3 
Proton magnetic resonance spectra 

of lanthanide complexes of 
O M P A 20 

Proton N M R shifts 20 
PuBre,3" 332 
PuCle* - 332 
Ριι0 2-χ 75 
Pyrophosphate derivatives, donor 

properties of 13 

R 
Rare earth 

chelates of β-diketones, volatile . 141 
complexes 169 
elements, fluorite-related oxide 

phases of the 67 
ethyl sulfates, heat capacities of 44 
ions with octamethylpyrophos

phoramide, complexes of . . 13 
metal-metal halide systems, 

physical characterization of. 56 
oxides, disordered phases of the . 70 

Rate laws 
and constants for actinide ion 

reactions 276-9 
electrical analog for complicated 275 
interpreting the 274 

Reactions 
of americium oxides 230 
in K F solution 260 
of U , Np, Pu, and Am, aqueous 

oxidation-reduction 268 
of uranyl metaborate with water 324 

Reduction 
in the fused state 52 
rate of cerium (IV) 300 
in the solid state 53 

Resistivity of L a l 2 and C e l 2 58 
Ring substitution on laser action of 

Eu chelates, effect of 158-9 

S 
Salt solutions, chemistry in 

concentrated 256 
Schottky anomalies 27 

in lanthanide hexaborides 42 
Self-irradiation damage of Am 

compounds 243 
Shell concept 142 

Sodium bismuthate m. distribution 
coefficients of Ce (IV) 300 

Sodium metaborate 322 
infrared spectrum of 325 

Sodium uranyl borate 320 
infrared spectrum of 328 

Solid 
compounds of neptunium 261 
solubilities 317 
solutions, alkaline earth halide . . 51 
state 

chemistry of americium oxides 228 
reduction in the 53 
transformations 317 

Solvent 
effect on laser action of E u 

chelates 157 
extraction 129 
extraction in determining the 

potential of Bk(III ) - ( IV) . 297 
Spectra 

of hexavalent actinides, absorp
tion 336 

of praseodymium (IV) com
pounds 122 

of trivalent actinides in octa
hedral symmetry, absorption 333 

Spectroscopy, actinide 189 
Spectroscopy of actinide ions, opti

cal and electron paramagnetic 203 
Spin orbit parameter . .88-9, 91 
Stability constants of lanthanide 

fluorides 132 
Structure of 

actinide elements, electronic . . . 180 
metal borates, crystal 323 
Pr(IV) complexes 123 

N-Substituted iminodiacetic acids . 169 

Τ 
TBP 297 
Terbium metal, heat capacity of . . 32 
Terbium oxides 70, 72 
Ternary actinide-lanthanide oxide 

phases 78 
Tervalent state 2 
Tetraethylammonium acetate 336 
Tetravalent 

actinide fluoride complexes . . . . 248 
praseodymium compounds, 

spectra of 122 
state 3 

thd rare earth complexes 147 
Thermal 

analysis 309 
arrests in MoF 6-UF« 312,316 
properties of lanthanide 

halides 42 
hydrides 43 

stability of uranium-transition 
element double oxides . . . . 221 

stability of uranyl borates 324 
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Thermochemical data of lanthanide 
oxides 33-5 

Thermogravimetric analysis 145 
Thermodynamic constants of acti

vation processes 282-7 
Thermodynamic parameters of fluo

ride complexes of the 
lanthanides 127, 134 

Thermodynamics 
at high temperatures for 

lanthanide metals 36, 39 
high temperatures of 

lanthanide (III) oxides . . . . 36 
of lanthanide 

carbides 41 
hexaborides 41 
pnictides 41 

of the lanthanides, chemical . . . . 25 
Thermoluminescence of Am (III) . 205 
T h l 2 2 
T h l 3 2 
Thorium oxide 73 
τ λ parameters 103,118 

for lanthanides 93, 99 
for light trivalent actinides 97 

T L M A 297 
Transition element double oxides 

crystal structure of uranium- . . . 216 
infrared spectra of uranium- . . . 222 
thermal stability of uranium- . . . 221 
uranium- 211 

Tributyl phosphate-carbon tetra
chloride extraction of Ce 
and Bk 307 

Trioctylamine 336 
Trilaurylmethylammonium nitrate-

carbon tetrachloride extraction 
of Ce andBk 301,303 

Tris bidentate complexes 142 
Trivalent actinides 

energy levels in 86 
octahedral hexahalide complexes 

of the 331 
in octahedral symmetry, absorp

tion spectra of 333 
Trivalent lanthanides, energy levels 

in 86 

U 
UF6-MoFe system, condensed 

phase equilibria in the 308 
U 0 2 ± , 73 
U 0 2 + . r , decomposition of 40 

Uranium 
aqueous oxidation-reduction 

reactions of 268-9 
borates, x-ray diffraction 328 
infrared spectrum . . . . . . . . . . . . 266 
in K F solution 264 
-transition element double oxides 211 

crystal structure of 216 
infrared spectra of 222-3 
thermal stability of 221 

Uranium ( IV ) absorption spectra . . 265 
Uranium(V) fluoride complexes . . 252 
Uranium(V) halocomplexes 6 
Uranyl 

acetate complex 335 
borates, infrared maxima in 

alkali 329 
borates, thermal stability of . . . . 324 
halide complexes 9 
metaborate 320 
infrared spectrum of 325 
with water, reaction of 324 

V 

Vaporization of 
lanthanide oxides 38 
L a O , 39 
LaS 41 

Vapor phase, electronic spectra of 
lanthanides in the 102 

Vapor pressures of lanthanide 
metals 40 

Vibronic intensity mechanism . . . . 116 
Visible spectra data 22 
Volatility of fod chelates 153 
Volatility vs. lanthanide contraction 151 
Volatile rare earth chelates of 

jS-diketones 141 

W 
Water, reaction of uranyl 

metaborate with 324 

X 
X-ray diffraction of M o F 6 314, 316 
X-ray diffraction of uranium borates 322 
X-ray patterns for Np-K fluorides . 261-5 

Zeeman effect 191 
Zinc-uranium oxides 211 
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