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In 1978 Meyer [l] reported the synthesis and 
crystal structure of a series of ternary lanthanide 
chlorides CsLnCla (Ln = Sm, Eu, Tm, Yb). The first 
two of these compounds are distorted perovskites 
and the last two have the ‘ideal perovskite’ structure. 
Shortly thereafter, Nocera et al. [2] reported the 
enthalpy of formation of one of these compounds, 
CsEuCls, and calculated the enthalpy of the reaction 

LnC&(s) + CsCl(s) = CsLnCla(s) (1) 

to be t1.7k8.1 kJ mol-‘. They concluded that the 
stabilization of this perovskite lattice for Eu2+ was 
negligible because Eu2+ is too large an ion for stable 
octahedral chloride coordination. 

At that time other divalent ternary lanthanide 
chlorides could not be synthesized. Numerous efforts 
have failed to produce CsLnCls (Ln = Nd, Dy) or 
ALnCla for any cases where A is a light alkali metal 
(Li, Na) [3]. Some reasons for the existence or 
non-existence of some of these halides have been 
given [3, 41. To provide a more quantitative basis for 
understanding the energetics of reaction (1) the 
present study was undertaken. 

Experimental 

CsSmCla and CsTmCla were synthesized by 
metallothermic (Cs) reduction of trichlorides in 
arc-welded tantalum crucibles. CsYbCla was syn- 
thesized similarly by metallothermic reduction (Yb) 
of Cs3Yb2Clg. Reagents as well as products were 
handled only in an inert-gas dry box. Characteriza- 
tion of each compound was made by its X-ray powder 
pattern, by observation of complete dissolution in 
dilute HCl(aq) (thereby confirming the absence of 
appreciable oxychloride), and by chemical analysis 
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for chloride (by potentiometric titration) and for 
Ln(II) as described in the following paragraph. 

A reduced halide that is free of oxyhalide reacts 
with dilute acid as follows (Ln2+ symbolizes a cation 
that is oxidized in aqueous solution): 

Lnzt t H+ = Ln3+ + iH,(g) (2) 

If oxygen is present in the solution, the same amount 
of acid is still consumed: 

Ln2* t i02(aq) + Ht = Ln3+ + +H20 (3) 

Therefore, a reduced halide can be analysed for 
reducing power by adding a weighed sample to a 
known excess of dilute acid, waiting for complete 
dissolution, and titrating the excess acid with dilute 
base. The end-point of the titration, best observed 
with a pH meter, occurs in the pH 5-6 region; the 
pH ceases to rise as Ln(II1) hydrolysis and Ln(OH)a 
precipitation begin. Analytical data are shown in 
Table I. 

TABLE I. Analyses of CsLnCls (mass percent) 

Compound Ln(I1) 

Found Calc. 

cr 

Found Calc. 

CsSmCls 38.49 38.60 27.30 
CsTmCls 44.10 41.39 25.22 26.06 
CsYbCls 41.64 41.97 24.28 25.80 

Calorimetry was carried out in multiple-batch 
isoperibol solution calorimeters, either the one 
described by Nocera et al. [2] or a semimicro model 
[5]. In each case, the acid was degassed so that the 
reaction corresponded to eqn. (2) and not to eqn. (3). 
The HCl concentrations were chosen to correspond to 
other steps in each thermochemical cycle. Enthalpies 
of solution are shown in Table II. For CsYbCIJ, it is 
crucial that the solution be degassed to avoid reaction 
(3) since reaction (2) is rather slow. Therefore, a 
check of the acid solution reaction was performed by 
carrying out the calorimetry of CsYbCla in extremely 
dilute HCl(aq), as shown in the lowest entries of 
Table II. The rapid enthalpy of solution of the 
compound was followed by a slow (8-22 min) oxida- 
tion step that was interpreted as reaction (2). 

Results and Conclusions 

Enthalpies of formation are derived as the sums of 
the enthalpies that comprise the thermochemical 
cycles shown in Table III. The two entries for Yb are 
particularly interesting in that they test the hypothesis 
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TABLE II. Enthalpies of Solution (kJ molW1) at 298.15 K 

Mass (mg) qa (J) AH” (kJ mol-‘) 

CsSmC13 in 140 cm3 of 2.0 mol dmd3 HCl(aq) 

29.30 16.04 -213.3 
37.25 20.47 -214.1 

32.40 17.43 -209.6 

Mean - 212.3 f 5.9 (95% confidence) 

CsTmCls in 880 cm3 of 4.0 mol dmd3 HCl(aq) 

57.81 34.63 -244.5 
26.34 16.41 - 254.3 

Mean -249 t 20 (est. confidence) 

CsYbCl3 in 140 cm3 of 4.0 mol dm-3 HCl(aq) 

54.54 18.29 -138.3 
44.22 14.33 -133.6 
22.73 7.26 -131.6 

Mean -134.5 + 8.5 (95% confidence) 

CsYbC13 in 140 cm3 of 0.001 mol dme3 HCl(aq) 

81.69 29.11 - 146.9 
28.31 9.92 - 144.5 

Mean -145.7 f 10.8 (est. confidence) 

aCorrected for evaporation of water into N, in ampoule and 
into H2 evolved. 

that CsYbC13 is oxidized according to reaction (2) 
rather than reaction (3). The agreement between 
the results confirms this hypothesis to a satisfactory 
degree; thus we accept the average of the two sets 
of experiments, AtH”(CsYbC13 ,s) = -1285 + 10 kJ 
mol-i. 

From these enthalpies of formation, and from the 
enthalpies of formation of CsCl (-442.3 + 0.2 kJ 
mol-l) [6], SmC12 (-802.5 f 3.3 kJ mol-l) [7], 
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TrnQ (-709.1 + 4.2 kJ mol-l) [8] and YbCl* 
(-800 * 7 kJ mol-l) [9]*, we calculate the enthal- 
pies of reaction (1) to be +14 + 7, -43 * 20 and 
-43 + 12 kJ mol-r for CsSmC13, CsTmC13 and 
CsYbC13, respectively. 

Table 3 of the paper by Nocera ef al. [2] attempted 
to correlate the crystallographic properties of MC12 
and CsMC13 compounds. We can utilize the results 
of this research to expand their table as Table IV. 
In this Table we have included the hypothetical 
perovskite chlorides CsNdC13 and CsDyCl, . Clearly the 
energetics of reaction (1) correlate well with struc- 
tural factors as symbolized by the Goldschmidt 
tolerance factor t [2]. 

In discussing the reasons why a particular com- 
pound is or is not stable, one must remember that 
stability is a relative concept; i.e., that all possible 
reactions and their AGo must be considered. Some of 
these competing reactions were presented by Meyer 
[3]. From Table IV we estimate AH(l) to be +25 
kJ mol-l for Nd and we use A,H”(NdCI,,s) = -706.9 
kJ mol-r [8] to calculate A,H”(CsNdCl,,c) to be 
- 1124 kJ mol-r; we estimate AH(l) to be -30 kJ 
mol-1 for Dy and we use ArH”(DyCl,.s) = -693 kJ 
mole1 [7] to calculate AfHo(CsDyC13,s) to be 
- 1165 kJ mol-*. 

For the interesting reaction 

Cs(s) + NdCl,(s) = CsNdCl,(s) (4) 

we use A,H’(NdCl,,s)= - 1041 kJ mol-l [8] and 
calculate AH”(4)= -83 kJ mol-1. Even more fav- 
orable, however, is the simple reduction 

Cs(s) + NdC13 = CsCl(s) t NdCl*(s) (5) 

for which AH’(s) = - 108 kJ mol-1. 

*Error limits were estimated from the original literature. 

TABLE III. Thermochemical Cycle for A,H” (CsLnC13, s) at 298.15 K 

Ln Soln. AHI AH2 AH3 AH4 AH5 AfH”(CsLnC13, s) 
(mol dmF3) (kJ mol-‘) (kJ mol-r) (kJ mol-‘) (kJ mol-‘) (kJ mol-‘) (kJ mol-*) 

Sm 2.0 -212.3 ?- 5.9 -690.1 * 1.3a -325.2 ? 0.04a -442.3 f 0.2c +I5 f ld -1230 + 6 

Tm 4.0 -249 f 20 -698.0 * 1.3a - 316.8 ?r 0.04b -442.3 f 0.2’ +13.70 + 0.24e -1194 + 20 

Yb 4.0 -134.5 * 8.5 -617.7 + 2.8a -316.8 f 0.04b -442.3 + 0.2’ +13.70 t 0.24e -1283 + 9 

Yb 0.001 -146 * 11 -674.5 f 3.0a -334.2 + 0.04b -442.3 + 0.2c +17.92 f 0.42e -1287 + 12 

CsLnClJ(s) + HCl(soln) = LnCl3(soln) + CsCl(soln) + $H2 (g) AHI 

Ln(s) + 3HCl(soln) = LnCls(soln) + iH&) AH2 

Hz (g) + Cl2 (g) = 2HCl(soln) AH, 

Cs(s) +$1,(g) = CsCl(s) AH, 

CsCl(s) = CsCl(soln) AHs 

aRef. 14. bRef. 15. CRef. 6. dEstimated. eRef. 16. fAfH” (CsLnClj,s) = -AH, + AH2 + AH3 + AH4 + AH,. 
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TABLE IV. Crystallographic and Thermochemical Comparisons of MC12 and MC13 

M 

Ni 

cu 

Zn 

co 

Fe 
Mn 

Cd 

Ca 

Yb 

Tm 

DY 

Eu 

Sr 
Pb 

Sm 

Nd 

Ba 

M2+ (IR) Crystal structure Mz+ (CN) Crystal structure 

(A) of MC12 in MC12 of CsMC13 

0.69 Cd& (layer) 6 hexag. (2L)b 

0.73 layer (square planar) 4 hexag. (2L) 

0.74 tetrahedral 4 unknown 

0.745 CdCl2 (layer) 6 hexag. (2L) 

0.78 CdCl2 (layer) 6 hexag. (2L) 
0.83 CdCl2 (layer) 6 hexag. (9L) 

0.95 CdCls (layer) 6 hexag. (6LJ 

1 .oo distorted SnOs 6 perovskite 

1.02 SrI2 7 perovskite 

1.03 SrIs 7 perovskite 

1.07 SrBr2 7,8 unknown 

1.17 PbC12 7 (or 9) dist. perovskite 

1.18 fluorite 8 dist. perovskite 
1.19 PbClz 7 (or 9) dist. perovskite 

1.19 PbC12 7 (or 9) dist. perovskite 

1.21 PbC12 7 (or 9) unknown 

1.35 PbCl* 7 (or 9) unknown 

M*+ (CN) 

in CsMCls 

6 

6 

6 

6 
6 

6 

6 

6 

6 

6 

6 
6 

6 

ta 

1.044 

1.027 

1.023 

1.021 

1.007 
0.988 

0.945 

0.928 

0.922 

0.919 

0.906 

0.876 

0.872 
0.869 

0.869 

0.864 

0.826 

AH (kJ mol-r ) 

-38 

-36 

-40 

-39 
-41 

-36 

-43 

-43 

+ 2 

+15 

‘Coldschmidt tolerance factor. bRef. 17. 

For the parallel Dy system, we have Acknowledgements 

Cs(s) •t DyCla(s) = CsDyCls(s) (6) 

We use A,@(DyCls, monoclinic) = -989.1 kJ mold1 
[7] and we calculate AH0(6) = - 176 kJ mol-r. 
Neglecting entropy effects, which for solid-solid 
reactions are small, we might expect reaction (6) to 
proceed. However, a competing reaction is 
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under contract number W-3 l- 109-ENG-38 at Argonne 
National Laboratory, of the Deutsche Forschungs- 
gemeinschft, and of the North Atlantic Treaty 
Organization, grant RG 85/092. 

Cs(s) + DyCls(s, monoclinic) 

= $Cs,DyCl,(s) + $DyCl,(s) + $Dy(s) (7) 

Taking A,H”(Cs3DyC16,s) = -2401.4 kJ mol-1 [lo] 
and A,HO(DyCl,,s) = -693 kJ mol-l, as above, we 
calculate AH0(7) = - 1.58 kJ mol-1. 
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