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Lanthanide Thermodynamic Predictions.
Part III. Enthalpies of Formation of Lanthanide(IV)
Compounds

STEVEN BRATSCH* and HERBERT B. SILBER

Earth and Physical Sciences, The University of Texas at San
Antonio (UTSA), San Antonio, Tex. 78285, U.S.A.

Received March 4, 1982

Ionic models have often been utilized to predict
thermodynamic properties of many types of cations
[1]. For the formation of a lanthanide species, LnX,
the Born-Haber cycle is:

AH?(LHX) = AH;’(an, g)+
+ AH‘;(Xn—, g) — AH;attice(Lnx) )

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

A
AHpyee(LnX) = —————+k, )
Ipn* + Ixn'

Here A and k, are constants. For a series using one
ligand, AHg (X™, g) 1s a constant. Combining all of
the constant terms together, yields

A
AHy(LnX)=Q,+ ——+B ?3)
I'inn* + I'yn—

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, Gd 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 AHg for the
lanthanide(III) 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
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Fig. 1. The enthalpy of formation of the lanthanide(IIl)
bromides. Key: e Calculated using eqn. (3) from reference
[3]. o Experimental from reference [4].

the second and third ionization potentials are not
well characterized [11].

The determination of the ionic radius for a plus-
four ion is complicated by the existence of ligand Px
to Zr(IV) drn 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 Zrl, [13] and
the two Zr—O bond lengths in Zr(PhCOCH,COPh),
(2.153 and 2.192) [14]. Our average value for Zr(IV)
is (0.84 +0.02) A.

The 1onic 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 7 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.

rv* = 3.78/(q + 14) + 0.700 A (Ce through Tb)  (4)
v+ =4.20/(9 + 14) + 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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Fig. 2. The enthalpies of formation of lanthanide fluorides.
Key: o Lanthanide(II) from reference [3]. o Lanthanide(III)
from reference [2]. ¢ Lanthanide(IV) from this paper.

the constants A and B have been determined for the
lanthanide(IV) 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:

LnCl,(s) = LnCl;(s) + 4Cl,(g) (6)

These values, symbolized as AHgecomp, are also sum-
marized in Table 1 using previously determined
enthalpy of formation values for the plus-three
lanthanides [2, 3]. The entropy for reaction (6) is
positive and therefore AHgeeomp must be positive
for decomposition not to occur. We predict that
Ce0O,, TbO, and CeF, should be stable and all are
known compounds. Other compounds which may
be prepared include PrO,, PrCl, and CeCl,, but all
should decompose in time. PrF, complexes to Lif
or NaF is known with compositions such as Naj-

L5S

PrF,, Na,PrFg, 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
ionization 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 LnF,, LnF;
and LnF, compounds are summarized in Fig. 2.
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