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INTRODUCTION 

Nugent, Burnett, an<i btorss [L.Nugent, 1] have recently tabulated the enthalpy of 
sublimation for the 4f and 5f metals at 298.15K, AHg(M), and the standard enthalpy 
of Formation at 298.15K, flHf (Maq)• f o r t n e tripositive aqueous metal ions for 
these two series. Values in this tabulation for the latter half of the Sf series 
were not obtained from experimental measurements, but from theoretical considera
tion and empirical correlations drawn from the trends in the 4f series. In the 
present work we use new experimental data for the Sf series to modify the empirical 
correlaticns, and tabulate new values for AH| (M-lq) and AHlCN1"; for the second half 
of the Sf series. In addition, values for &G% (H&j) (£G| = -3FE0 (MJjq/M) • AH£ -

TASj for the reaction M+3H™ = Man * 5 /2 H2] are given for the 5f series and the 
oxidation-reduction properties of the 5f elements are discussed.* 

The method developed by NBM for the correlation of the thermodynamic data involved 
defining the function P(M) which connected the lowest energy level in the f11 con
figuration of the M3* aqueous ion to the lowest energy level in the ground config
uration f n s ! d' of the gaseous atom M(g); or if this configuration was not the 
lowest one in the gaseous atom then an additional promotional energy AE(M) was 
added from the lowest energy level of the gaseous atom ground state, M(g), to the 
lowest energy level of the excited configuration, f n s i d T M*Cg). From this defini
tion, P(M) ~ -AHf IM n̂) * fiHg(M) if the ground configuration of gaseous atom is 
f n s ! d ' ; or P(M) - -AHf (3$p + £H|(M) + AE(M), if the ground configuration of the 
gaseous iitoni is not i n s 2 d 1 . These definitions are illustrated in Fig. 1, 

The function P(M) connects the ground state of the aqueous trivalent ion with the 
same number of f electrons, fn, as in the gaseous atom M(g) or M*(g) f V d 1 . The 
energy difference between the initial state aqueous ion and the final state gaseous 
ion is the ionization energy necessary to remove the three outer electrons aHj o n 

plus the energy of hydration needed to hydrate the trivalent gaseous ion in aqueous 
solution AHhyd' These two energy contributions should increase slowly as a func
tion of 2, the atomic number, and form the basis for the correlation of the 
thermodynamic data discussed in ref. 1 and in this paper. We note one major 
difference between the 4f and 5f series. Jn the latter half of the 5f series the 
increase in the hydration energy is much less steep than in the 4f series, which 

Ali values in this paper correspond to a temperature of 298.15°K and al l electrode 
potentials are with respect to the normal hydrogen electrode (NHE). 

*This work perfoimed under the auspices of the V. S, Energy Research 
and Development Administration. 
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Fip. 1. Relat ions involving AH^ ( r O , tflg (M), AE(M), P(M), AHj o n and AHgyd 
for uranium and e ins t e rn iunras examples of 5f e lements . 

p a r a l l e l s the v a r i a t i o n of the ionic r a d i i of t h e t r i v a l e n t ions in both s e r i e s 
[F.David, 2 ) . L. Nugent e t a l have assumed a p a r a l l e l t rend in the two s e r i e s for 
t h e function POO- This d i f ference between the s e r i e s in the r a t e of increase yf 
the hydrat ion energy causes t h e P(M) function we de r ive t o vary in a l i n e a r 
fashion with 1 the atomic number, for the 5f s e r i e s . 

[.. N'ugent ct a i define a fur ther quan t i ty AH*(M) which i s equal to AN|fM) i f tlte 
f n s ; d Y conf igura t ion is the lowest one in the gaseous atom or AN*(M) '- AH*(M) + 
il-(M) if the f n s ? d l conf igurat ion i s not the lowest conf igurat ion where fiK(M) i s 
as defined previous ly . This enthalpy of sublimation function AM|(M) should 
exh ib i t a smooth va r i a t i on with atomic number for those metals with the same 
number of valence e l ec t rons in the m e t a l l i c s t a t e . An ex t rapo la t ion of t h i s type 
of function wi l l allow estimated AH£ values for those 'e lements for which no exper
imental da ta ar*1 a v a i l a b l e . 

lint ropy of Formation 

The entropy of formation of the aqueous ion M^J, iSf , is given by the r e l a t i o n : 

"aq 
3' 2 \ - %. 

The da ta tabula ted in Table 1, column. 1, a re obtained by the es t imat ion of the 
entropy of the aqueous ions S, j j + using the method of Hinchey and Cobble for e s t i 
mations on the aqueous ac t in ide ions Aci£ through fiiaiX [R. Hirchey, 3] and the 
entropy of the metal 5ft a rc those l i s t e d oy Krestov 1*1 • 
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IJ i thalpics of Formation and Sublimation 

The experimental da ta of the en tha lp ies of formation, AHf, and of sublimation AHg 
are l i s t e d in Table 1, column 2 and 3 . 

According to the redox p o t e n t i a l s of the couple M 1 + / M 3 + in the case of Fm, Md and 
No, we assume t h a t these t h r ee elements a re d iva lent in the me ta l l i c s t a t e . Then 
an es t imat ion of the subi imat i jn energy i s obtained through a c o r r e l a t i o n of 
d iva lent metals of the s ix th and seventh periods drawing a p a r a l l e l with t h e curve 
obtained with Ba, Eu and Yb (ran the point of radium which i s 7 kcal mol" 1 lower 
than that of barium. U'e co r rec t the es t imat ion of AHstFm), AH£(Md] and AHjjfNo) by 
taking i n to account the fact tha t the d i f fe rence in the r a d i i : R2*TBaJ - R *CVb) 
= 0.45 A" i s not the same dif ference found for R 7 + (Ra) - R2 + (No) =• 0.39 A [R.Si lva, 

TABLE 1. Values of var ious thermodynamic q u a n t i t i e s for the 
ac t i n ide s e v i e s . Numbers in parentheses . . e est imated e r r o r s . 

M -4S£ -flHf < P(M) -E°(M'VM) 

eu kcal mol" 1 kcal mol l ftcal mol "' V/NHE 

Ra 126° 3 7 0 ) 5 

Ac 11.S 157(5)* 105(2)* 262* 2 .22( .09)* 
Th 6.9 90(4)* 142.6(1)* 255* 1 .27 ( .07 ) ' 
Pa 6.9 111.5(8) ' ' 141 .5 (5 ) 1 253* 1.58(.13)* 
U 7.3 122.6° 128(2)" 250.5* 

250.6 
1 .74( .03) ' ; 

Np 8.6 126.2°,, 
138(5)° 

110(2y 248* 
236.2 

1.96(.09)* 

Pu 11.2 141.7° 83.3* 24S.5* 
243 

1 .99( .03)° 

Am 16.9 U7.Ad 57 .5(2 .5 ) ' ' 243* 
248 

2 . 0 6 ( . 0 3 ) l i 

On 14.2 147.1* 94(2)* 241* 
241 

2 .O7( .03) e 

Bk 15.2 138(6){ 
141(5)" 

76(2)* 238* 
235 

1.97(.09)* 

Cf 15.5 140(5)* 47(2)* 235.5* 1.9S(.09)* 
Es 15.8 139.5(5)* 38(2)* 233* 1.9S(.09)* 
Fm 15.8 139.5(5)* 33(2)* 230.5* 3 . 9 5 ( . 0 9 ) b 

w 16.0 117(9) ' 32(2)* 228* 1.62(.09)* 
No 15.0 86.5(9)* 31(2)* 22S.5* 1.19{.09)* 
Lr 16.2 144(5) ' 63(2)* 227* 2 . 0 K . 0 9 ) ' 

S p o r t e d in re f . 1 'W. 16 s Ref. 19 and 20 
This work s Ref. 17 htet. 21 

"fief. 12 t*ef. 18 %Set. 22 
''Rcf. 23 W . 24 



5 | . Therefore ill^(M) was estimated with the r e l a t i o n 

and t h e da ta a r t l i s t e d in Table 1, column 3 . 

We now have for t h e a c t i n i d e elements U, Np, Pu, Am and tin, enough experimental 
information, plus the data in Table 1, and the exc i t a t i on energ ies Al: taken from 
ref . 1 to c a l c u l a t e the function defined previously P(M). This function i s 
evaluated in Table I , column 4 . We no te , as L. Nugent e t a l did p rev ious ly , tha t 
the value of P[Np) appears about 10 kcal mol"' lower than expected and we agree 
with t h e i r suggestion that the experimental value of AHf(Np) i s probably erroneous. 

Recently a numl>er of electrochemical measurements have been performed on t r a c e r 
q u a n t i t i e s of the heavier a c t i n i d e ions , life wi l l tise t h i s information to obtain 
values for AH£ of these ions and thereby es t imate the quan t i ty P(M) for t h i s p a r t 
of the 5f s e r i e s . 

The ha l f wave p o t e n t i a l of l:m has recen t ly been measured in a non-complc.xing medium 
as -1.47 • o.ul v IK.Samhoun, 6 ] . We es t imate the amalgamation energy t o be 
-11.90-* 0.09 V by comparison with o ther d iva len t ions [1 :.David, 2] anil ob ta in the 
value - 2 . 5 " • 0 .1 V for the i'm:*/l"m standard p o t e n t i a l , f i n a l l y , with the value 
of Fm'VFnr* po ten t i a l of -1 .1 t 0.2 V [I,.Nugent, ~\ we find H°(Fm J +/Fm| = - 1 . 9 5 * 
0.15 V, AGf = - 1 5 5 t 9 kcal mol" ' . With these values P(f-'m) = 2 3 1 - lb kcal m o l ' 1 

and is tabula ted in Table I , column 4 . 

The half have po ten t i a l for the r eac t ion No 1 *-No has been determined as -1.60> 
0.05 V (R.Meyer, 8} which i s s l i g h t l y more negat ive than for the corresponding I'm 
couple, I'm, Md and No a re known t c be amalgamated under the same condi t ions with 
comparable y ie lds and f a s t e r than a l l o tne r a c t i n i d e s [J.Maly, 9 , 1 0 ] . Therefore 
we es t imate the Md2* - Md half wave p o t e n t i a l as I- 1/2 = - 1 . 5 2 • 0.08 V. From t h i s 
da ta and e a r l i e r measurements of the M'*/M !* p o t e n t i a l we c a l c u l a t e AH?(NOa*) = 
- 8 6 . 5 : 9 kcal mol- 1 and AJI? (Md£J) = -117- 9 kcal m o l " . he then find |>(MdJ = 
228 * 1" kcal m o l " 1 , and ['(No) = 224.5 • 20 kcal mo l " 1 . These values a re not in 
agreement with those derived by I.. Nugent e t a l . 

lie f ind a l i n e a r function f i t s the der ived P(.M.) VTIJUCS with a s tandard dev ia t ion 
of 2 kcal mol" 1 for the elements II, Pu, Am, tin, I'm, Ml and No. We shal l assume 
.Ml* is a l so l inea r with ~ and the slope of t h i s l i ne can he obtained from the 
following rat io: 

slope P (M) 4 f slot*- to$ 
slope P ( N ) S f

 = s lope A l l ^ 5 f ) 

where the s lope PIMXjf i s obtained only from the f i r s t half of the 4f s e r i e s . 
With t h i s assumption we get :.\i^ for Ac, Hk, Cf, l!s and l.r and the data a rc included 
in Table 1, col inn 3. A cor rec t ion of 4 kcal mol" : has been appl ied to those new-
values so as t o normalize the equation 

*"s = W C " A , M M ) 

with the experimental data on \m. Note t l i s method confirms our e a r l i e r es t imate 
of AH£ for Fm; i t appears very s imi la r t o *yiq(Yh) = 3o kc i l mol" 1 and seems more 
cons i s t en t than the value o!" li> kcal m o l ' 1 obtained previously by I., Nugent et a l . 
The low values ( s imi la r to Hu) deduced by t h i s procedure for MJ and No confirm 
these metals as d i v a l e n t . We can now obta in P(BkJ r 235 heal mol"' and the point 
is in good agreement with that determined from the P|M) l i n e . We a l s o include in 
t h i s t abu la t ion values for l.r and Ac where wc have added 4 kcal m o l ' 1 for thcue 
elements as discussed by I.. Nugent e t a l . 
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The original values used to fix our P(M) function (Table 1, column A) contained 
numbers with large errors. Theret'ore we consider the data obtained on the straight 
line (Fig. 2, Table 1, column 4] as the best values of P(M). 

Ke arc now able to estimate AHJ for Ac, Th, Pa, Ek, Cf, Ks, Fm, Mi, No and Lr by 
use of the P(M) function, AHjiand iE as described earlier. Our values are given 
in Table 1, column 2. We also include a new value for Np where the experimental 
data appears low. 

Redox Potentials E°(M ĵ/M) and the Redox Properties of the 5f Elements 

We now calculate AGJ and K°{M|qM for the Sf series from the \ralues of AH| and 
flSf we have obtained earlier. These last data are tabulated in Table 1, column 5. 
From this tabulation and data or estimates reported previously |F.flavid, 11J in the 
literature we can calculate F.°(M(X)/M) for 1MJC10,. at 25°C, and where X stands for 
the oxidation number. We can then compare the relative stability of each oxidation 
state (X= 2 to b) plotting -X times E°(M(X)/Mj as a function of Z. These data are 
shown in Fig. 3. The estimated values of Nugent et al were used for X = 4 [Nugent,'). 

This figure shows the stability uf the trivalent state from Pu to Md, the progres
sive stability of the divalent state for the heavy elements, and the instability of 

2 8 0 r r I i i i i i i i i I i i i i 

220 -

2 | 0 I I I I I 1 1 I I I I I I I I I 
La Ce Pr Nd PmSm Eii Gd Tb Dy Ho Er Tm Yb Lu 
I I I I I I I I I I I I I I I 

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr 

HR. 2. Plot of P(M) against atomic number Z for the lanthanide and 
actinide series. 
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the oxidation states greater than three as Z increases, except for BktlV} which 
has increased stability due to the half filled shell configuration, Sf*. 
There are two interesting values which we shall estimate, the standard potentials 
of the rouples Tl^*/Th^, and PaJ^/Po^* . For Th, we use the value AlI£(Th^) « 
-18*.u* 1 kcal mol'' [J.Fuger, 12]. Sft,** => -77 eu [A.Jones, 13), and Sfa, =• 12.76 
ca {G.Krestov, 4] , then E°[Th^/Tn^) - -1.90 ±0.03 V. Since E#(Th&j/"ni) = -1.27t 
0.07 V, we deduce E°(ThS$n!i£|) = -3.81 ; 0.33 V, which is in good agreement with 
an earlier estimate |L.Nugent? 7\. 

For Pa, E°(Pa(WPa(lV)) is determined at -0.25 V {M.Haissinsky, 14]. With the 
data from Table 1 and E°(Pa(V)/Pa) - -1.35 V [F-David, 11], we find E°(Pa(IW 
Pa(IH)) - -1.8 V which again agrees with the eai-lier estimate (L.Nugent, 7], 

The function -XE°(M(X)./M) * f(Z] appears to be almost linear for X"4,s,o except 
for the half filled shell configuration, 5f7. We extrapolate the straight line 
for X = 5 (dashed line, Fig. 3) except we use the half filled shell effect for Sf* 
as observed for X«4. Then we estimate SE°{On{V)/On) * -1.8 V, SE0{Bk(V)/Bk} « 
-0.8 V and 5E°(Cf(V)/Cf) = -1.9 V. Nugent et al estimated R0(Qn(IV)/Qn(ni)) as 
3.1 V [L.Nugent, 7] so we obtain E°(Qn(V)/Qn(IV)) s 1.3 V. Similarly we find 
E°(Bk(V)/Bk(IV)) - 3.S V and E*[Cf(V)/tf(IV)) - 0.S V. Therefore our estimates 
suggest Bk(V) will be very unstable in aqueous solution but it appears that Qn(V) 
and Cf(V) could exist in solution even if our estimates are slightly low. We 
suggest these oxidation states could be prepared with the same strong oxidizing 
conditions as used to prepare Am(VI) [L.Asprey, IS| . 

3 I 1 1 1 1 I 1—__i l l L ' ' ' I 1 
Ra Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr 

*lL 751-IOJO 

Fit;. 3. Variations of -XE°(M(X)/M) with 2 for the oxidation state X • 2 to 6 
for 5f elements. 
• Values deduced from experimental data from tho literature. 
o Estimated data. 
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