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Lanthanide Thermodynamic Predictions. 
Part III. Enthalpies of Formation of Lanthanide(IV) 
Compounds 
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Ionic models have often been utilized to predict 
thermodynamic properties of many types of cations 
[I]. For the formation of a lanthanide species, LnX, 
the Born-Haber cycle is: 

AHi(LnX) = AHi(Ln”+, g) t 

+ A%#“, g) - AH~atieXLnW (1) 

We assume the lattice energy is a function of the sum 
of the ionic radii within a particular ligand series, 
given by: 

AHi’&LnX) = 
A 

•t ka (2) 
rLnn+ t rxn+ 

Here A and ka are constants. For a series using one 
ligand, AH: (X”, g) is a constant. Combining all of 
the constant terms together, yields 

AH”,(LnX) = Q, t 
A 

+B 
r Lnn+ t r xn- 

(3) 

where Q, is the sum of the lanthanide ionization 
energies plus the sublimation energy [2]. A graph 
of AH; (LnX) - Q, as a function of the inverse 
of the ionic radii sum is a straight line yielding the 
empirical constants A and B. For the plus three 
lanthanides, the La, Cd and Lu compounds are used 
to establish the series constants. For the plus-two 
series, Ba*+, Sr*+ and Ca*+, or Ba*+ Eu*+ and Yb*+ 
can be utilized to determine the’ constants [3]. 
Figure 1 is a plot of the calculated AH; for the 
lanthanide(II1) bromides [3] compared to experi- 
mental results [4], and the excellent agreement 
confirms the validity of this technique. We will 
extend this technique to the lanthanide(IV) com- 
pounds using Ce(IV) and Zr(IV) as the standards 
to calculate A and B for each ligand series. Hf(IV) 
is a good standard except for the observation that 

*Author to whom correspondence should be addressed. 

0 900 1 000 1 100 
‘/IL”3 + 

Fig. 1. The enthalpy of formation of the lanthanide(II1) 
bromides. Key: l Calculated using eqn. (3) from reference 
[3]. o Experimental from reference [4]. 

the second and third ionization potentials are not 
well characterized [ 111. 

The determmation of the ionic radius for a plus- 
four ion is complicated by the existence of ligand Prr 
to Zr(IV) dn bonding, often observable as a short- 
ening of the metal ligand bond [12]. Our estimate 
of the Zr(IV) ionic radius is the mean of that from 
the longest Zr-I bond (3.030 A) in Zr14 [ 131 and 
the two Zr-0 bond lengths in Zr(PhCOCH2COPh)4 
(2.153 and 2.192) [14]. Our average value for Zr(IV) 
is (0.84 ?r 0.02) A. 

The ionic radii of the lanthanide(IV) ions have 
been estimated by Morss [5], and these are 
summarized in Table I. We have developed an alterna- 
tive method of estimating the ionic radii of the plus- 
two lanthanides which included a break at f’ similar 
to the ‘gadolinium break’ [2]. For the plus-four 
lanthanide ions a similar break is expected near 
Tb(IV), and we have developed the following two 
equations to estimate the lanthanide(IV) radii. 

rM4+ = 3.78/(q t 14) t 0.700 A (Ce through Tb) (4) 

rw+ = 4.20/(9 t 14) t 0.680 A (Tb through Hf) (5) 

The number of 4f electrons is given by the symbol 
q. The results from these empirical two equations are 
similar to the estimates given by Morss. They are 
summarized in Table I and are used in all subsequent 
calculations. Using eqn. (3), and known compounds, 
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Ce 
PI 
Nd 
Pm 
Sm 
EU 
Cd 
Tb 
DY 
Ho 
EI 
Tm 
Yb 
LU 
Hf 
ZI 

LnO r&+, (A) rw+, (A) I4 Q4 AI$f (LnOz)a AHdecomp. AHof (LnF4)b AHdecomp. AI% (LnC4)b AHdecomp. 
[51 Eqns. (ev) (KJ/mol) (KJ/mqO oxides (KJ/mol) fluorides (KJ/mol) chloride 

(4) and (5) (KJ/mol) (KJ/mol) (KJ/mol) 

0.97 0.970 36.758[6] 7491 -1089 +190 -1910[7] +181 -1020[13] -38 
0.96 0.952 38.98 [7] 7745 -912 +3 -1732 +10 -837 -214 
0.945 0.936 40.41 [S] 7923 -804 -102 -1622 -94 -724 -315 
0.93 0.922 41.1 [9] 8023 -766 -1583 -680 -352 
0.915 0.910 41.4 [lo] 8070 -773 -141 -1589 -134 -682 -355 
0.90 0.899 42.6 [9] 8323 -569 -263 -1385 -228 -475 -448 
0.89 0.889 44.0 [9] 8393 -545 -369 -1359 343 -447 -560 
0.88 0.880 39.79 [8] 8018 -961 +29 -1775 +74 -859 -132 
0.872 0.871 41.47 [8] 8189 -832 -100 -1645 - 77 -726 -276 
0.865 0.863 42.5 [9] 8324 -735 -206 -1547 -168 -625 -368 
0.857 0.855 42.65 [8] 8366 -730 -219 -1542 -173 -617 -375 
0.849 0.848 42.69 [8] 8395 -734 -211 -1545 - 170 -618 -374 
0.841 0.842 43.74 [S] 8568 -590 -318 -1401 -265 -471 -471 
0.835 0.836 45.19 [7] 8698 -489 -450 -1299 -367 -606 
0.83 0.830 33.33[11] 81631 ‘111 -1930[ 121 
0.84 0.840 34.34 8067 [ ,121 -1101[12] -1911[ 121 -981[12] 

r,n-, A 1.38 1.33 1.81 
A, KJ-A/mol -23,600 -22,160 -30,430 
B, KJ/mol 1463 i234 2435 

aCe, Tb, and Zr are used to determine A and B. bCe and Zr are used to determine A and B. 

TABLE I. Enthalpy of Formation Data for Lanthanide(II1) Compounds. 
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PrF7, NasPrFe, etc., indicating that additional 
contributions are necessary to stabilize this species 
[17]. The predicted enthalpies for Pr compounds 
seems not quite low enough. Two possible reasons 
for this include the strong possibility that the fourth 
ionizatron potential is too high and needs to be 
remeasured and ligand field effects may be important 
for the higher oxidation state lanthanides. The other 
plus-four lanthanide oxided, fluorides and chlorides 
should be unstable. The data for the LnFa, LnFs 
and LnF4 compounds are summarized in Fig. 2. 
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Fig. 2. The enthalpres of formation of lanthanide fluorides. 
Key: o Lanthanide(I1) from reference [3]. q  Lanthanide(II1) 
from reference [2]. l Lanthanide(IV) from this paper. 

the constants A and B have been determined for the 
lanthanide(JV) oxides, fluorides and chlorides. In 
order to predict the stabilities of the plus-four lantha- 
nides, their decomposition compared to the plus- 
three lanthanides must be determined by a reaction 
of the type: 

LnC14(s)+ LnCl&) + %Wg) (6) 

These values, symbolized as AHdeeomp, are also sum- 
marized in Table I using previously determined 
enthalpy of formation values for the plus-three 
lanthanides [2, 31. The entropy for reaction (6) is 
positive and therefore Abecomp must be positive 
for decomposition not to occur. We predict that 
CeOa, TbOa and CeF4 should be stable and all are 
known compounds. Other compounds which may 
be prepared include PrOz, PrC14 and CeC14, but all 
should decompose in time. PrF4 complexes to Lif 
or NaF is known with compositions such as Naa- 
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