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PROPERTIES OF DOUBLE CHLORIDES 
IN THE SYSTEMS ACI/NdCI3 (A'Na-Cs) 

H.-J. Seifert, H. Fink a n d  J. Uebach 

INORGANIC CHEMISTRY, UNIVERSITY Gh-KASSEL, G.F.R. 

The pseudobinary systems ACI/NdCI 3 (A = Na-Cs) were reinvestigated by means of DTA. 
The following double chlorides were found primarily detected compounds are underlined): 
Na3NdsClla; KaNdCl ~, K2NdC1 s, KNdzCIT; RbaNdC1 ~, Rb2NdC15, RbNd2C17; CsaNdC16, 
Cs2NdCI s, CsNd2CI7 . 

With a galvanic cell for solid electrolytes the thermodynamic functions of formation from 
AC1 an d NdC1 a together with the free enthalpies of synproportionation from the compounds 
adjacent in the phase diagrams were measured. They revealed, that only the compounds 
A2NdC1 s are stable at ambient temperature. All other compounds are existing by a gain of 
entropy only at higher temperatures. 

The crystal structures of the compounds were determined by X-ray analysis on powders: the 
compounds are isotypic with the analogous double chlorides of La and Ce (AaNdCI~: high- 
temperature-modification = elpasolite-type; at room-temperature = metastable KaMoCl6-type; 
A2 NdCI5 = K2 PrC15-type; ANyI2 C17 = fl-KEr2 FT-type; NaaNds Clls = Na3 Las Clls-type). 
Magnetic susceptibilities in the range from 80 to 300 K were measured with a Gouy-balance. 

In continuation of our research work on phase diagrams of pseudobinary systems 
AC1/LnCI a (A = Na-Cs; Ln = La [1], Ce [2], Pr [3], now we have investigated the 
systems AC1/NdC! 3. The phase diagrams were elucidated by means of DTA; the 
thermodynamic stabilities of the existing double chlorides were determined by 
solution calorimetry and e.m.f.-measurements in galvanic cells with solid electrolytes. 
Additionally, their magnetic properties and crystal structures were measured. 

Experimental 

NdC13 was prepared by dehydration of NdCIa.6H20 , yielded by dissolution of 
N d 2 0  3 (Fa. Ventron, 99.999%) in hydrochloric acid, in an HCl-stream. In the same 
way the alkali metal chlorides were dried at 500 ~ . 

The DTA-measurements were performed in a home-built device for samples 
(0.5 g) in vacuum-sealed quartz ampoules. Generally heating curves were measured 
(heating rate: 2 deg. min-  1). 
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The apparatus used for solution calorimetry was a home-built isoperibolic 
calorimeter. From the enthalpies of solution, A H ~, the reaction enthalpies, A H' ,  were 
calculated: 

zJH~98 = {AH~98(NdC13) + nAHt298(ACI)} - aHt298(AnNdCln + 3) 

X-ray-powder patterns: Philips PW 1050/25 goniometer. - -  High,temperature 
photos: Simon-Guinier method. 

Magnetic measurements: Gouy method at several temperatures in the range from 
- 200 to 100 ~ Calibration with HgCo(SCN) 4 : xg = 16.515.10 - 6 cm 3. g - ~ at 18.5 ~ 
E.m.f.-measurements: A description of  the galvanic cell is given elsewhere [4]. For  the 
formation of  the NdCl3-richest compounds the set-up of  the cell was 

(C + CIz)/ACI/A +-conducting diaphragm/NdCl3( + AnNdC1, + 3)/(C + C12). 

The solid electrolytes (compressed disks) were separated by a sintered disk of  an A § 
conducting glass powder; for Cs § no suitable material could be found yet. The 
collected e.m.f, vs. T values were subjected to a linear regression analysis. Tem- 

perature range: 300-480 ~ . 

Results of the measurements 

The phase diagrams 

Figure 1 illustrates the results of  the DTA investigations. The melting point for 
NdCI 3 was found at 831 ~ Na3NdsC11 s is forming mixed crystals in the temperature 
range 350-550 ~ . The exact boundaries couldn't be fixed; however, high-temperature 
X-ray-photos, taken at 450 ~ yielded a range from ~ 60 to ~ 75 mol-% NdC13 : the 
hexagonal c-axis varied from 7.535 to 7.505 ~,  whilst the a-axis remained constant 
(a = 4.237/~). - -  Older investigations [5] had yielded a purely eutectic system with a 
non-monotonous (!) liquidus line near 60 mol-% NdCI 3. 

The compounds K3NdC16 and KeNdCI 5 are already known from other authors [5, 
6]; the system RbCI/NdCI3 was measured for the first time. In the system CsC1/NdC13 
from older measurements [5, 6] only Cs3NdCI 6 was known. 

Difficulties arose with the compound CszNdC15 : it was only formed by annealing 
a sample for one month at 230 ~ together with a catalytic amount of  water. The same 
behaviour was found for the decomposition of  Rb3NdCI6 below 217 ~ 

Crystal structures and magnetic moments 

The results of X-ray measurements on crystal powders, together with the results of  
Meyer [7] for some compounds AzNdCI 5, are summarized in Table 1. The 
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Table 1 Unit cell. parameters for neodynium double chlorides 

Compound Space group a/pm b/pm c/pm fl/grad 

t-I-Cs3NdCI 6 Fm3m I 172.8(2) 
D-CsaNdCI 6 P21/c 1 4 0 5 . 9 ( 4 )  823.6(2) 
H-RbaNdC16 Fm3m I 134.3(2) 
D-Rb3NdCI 6 P21!c 1 3 5 3 . 4 ( 4 )  774.0(3) 
K3NdC16 Fm3m 1114.3(1) 

C2NdCI s Pnma 1369.1 (3) 910.2(2) 
Rb2NdCI 5 [7] Pnma 1 3 1 1 . 1 ( 3 )  891.2(2) 
K2NdC15 [7] Pnm 1270.7(3) 874.1(3) 

CsNd2CI 7 Pna2 t 1 4 8 1 . 8 ( 9 )  1662.7(5) 
RbNd2C17 Pna2 t 1 4 6 4 . 4 ( 5 )  1674.3(4) 
KNd2CI 7 Pna2 t 1 4 4 5 . 8 ( 4 )  1637.1(-8) 

Na3NdsClla P63/m 753.5(1) 
NdCI3 P63/m 739.5(I) 
NdC13 [10] P63/m 739.6 

1328.1(3) 107.68(2) 

1339.8(4) 108.49(2) 

850.9(2) 
817.5(2) 
796.9(2) 

%3.6(3) 
943.0(5) 
972.7(5) 

423.7(1) 
424.1(1) 
423.4 

Tallde 2 Results of magnetic measurements 

Compound C S 3 N d C 1 6  Rb3NdCI 6 Cs2NdCI~ Rb2NdCI s K2NdCI s 

#c.w//~B 3.73 3.67 3.72 3.62 3.65 
- 0 / K  30 24 16 11 13 

Compound CsNd2CI 7 RbNd2C17 KNd2C17 : Na3NdsClia NdCI 3 

~c.w//JB 3.71 3.84 3.78 3.87 3.88 
- 0 / K  22 23 22, 27 31 

compounds A3NdCI 6 have high-temperature modifications, crystallizing in the cubic 
elpasolite type and low-temperature forms with KaMoCl6-structure [8]. The double 
chlorides ANd2C17 are isotypic to fl-KEr2F 7 [9]; the compound NaNd1.rTC16 has a 
hexagonal unit cell which can be generated from the NdCl3-structure [10] by 
substituting each sixth Nd 3 + by three Na +. 

For Nd 3+ (4fa-electrons in 419/12 ~ g  = 8/ l l )  a magnetic moment 

/2el f = g" ~ l )  "JgB = 3.62/~a is to be expected; the literature value for NdC13 
[l l] is 3.78 #B, calculated with the Curie-Weiss-law (Xmol = C/(T-O)) with 
0 = -31  K. The own measurements yielded values (Table 2) ranging from 3.6 to 
3.9/~e with 0~  - 2 5  K. 
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Solution calorimetry and e.m.f . -measurements  

The solution enthalpy for NdCI 3 was found to be - 1 4 9 . 5 ( 4 ) k J . m o l  -~- 
(Literature: - 147.7 to - 153.3 kJ.  mol -  ~). The enthalpies for dissol~ng the alkaline 
chlorides in NdCl3-solution are (kJ .mol - l ) :  CsCI ,~ 18.I(2); RbC1 = 17.6(2); 
KCi = 17.9(1); NaC1 = 4.5(1). The results for those compounds, which could be 
prepared without decomposition products at room temperature together with 
enthalpies of synproportionation are compiled in Table 3. 

Table 3 Solut ion enthalpies  A H  ~ and  related en tha lpy  values,  k J - m o t  - t  

C o m p o u n d  Z~ Ht298 AH~9s A/'P29 s Synprop.  f rom 

Cs3NdC16 - 56.3(6) - 38.9 + 1.6 CsCI, Cs2NdCI~ 

Cs3NdCI  6 [I2] - 54.3 - 3 9 . 9  - -  

Cs2NdCI  ~ - 72.8(7) - 40.5 - 28. I CsCI~ Cs~IsNdC13, ~ 

1/2 CsNd2C17 - 128.1(5) - 12.4 - 2.2 Cs 2 NdCls,  NdCI  3 

Rb3NdCI  6 - 74.8(8) - 2 1 . 9  + 2 1 . 4  RbC1, RbzNdC~ ~ 

Rb2NdCI~ - 71.0(3) - 43.3 - 39.0 RbCI,  Rbo.sNdCl3.~ 

1/2 RbNd,C17 - 1 3 6 . 4 ( 4 )  - 4.3 + 6.5 Rb2NdCIs ,  NdC13 

KzNdCI5 - 80.7(3) - 33.0 - 33.0 KC1/NdCI~ 

1/2 KNd2CI  ~ - 143.7(2) �9 + 3.2 + I1.5 K2NdCIs,  N d C |  3 

1/5 N a a N d s C I ~  - 153.3(6) + 6.5 + 6.5 N a C I / N d C I  3 

AH -r = react ion enthalpies  ~rom A C I + N d C 1 3 ;  A/-P = Synpropor t iona t ion  enthalpies  f rom the 

n e i g h b o u r  c o m p o u n d s ,  s tab le  a t  298 K. 

The e.m.f, values were measured for the formation of  the compounds from ACI 
(with A = K, Rb) and neighbouring compounds richer in NdCI 3. (For K2NdC1 s 
only th~ formation from NdC13 was measured, because KNd2CI 7 is stable only in a 
small temperature range from 469 to 493~ The regression line was transformed to 
the Gibbs-Helmholtz-equation AG" = A I P ' -  T .  AS" by multiplication with - n. F. 
By means of thermodynamic cycles, these functions were transformed to those for the 
reactions nACI + NdCI3 = A,NdCI,+ ~, denoted as ziG f ,  A H  f and A S  s. In Table 4 
the energy values A G f 9 a ,  A H f � a  a n d  - (T" dsf)298 a r e  compiled in the first three 
columns. The free enthalpies of  synproportionation AG" in the fifth column are 
calculated for the same reactions as in Table 3. For  high-temperature modifications 
the temperatures of decomposition were calculated by the condition 

I AG~ = 0 ~ A I - P  = T . A S  ~ 

R _ b o . ~ N d C _ f 3 .  5 : Reaction 0.5RbCI + NdCI 3 = Rbo.sNdCl3. 5 n = 0.5 
e.m.f., mV = 99.46+0.3413. T; K; AG ~ = AG y, kJ.mo1-1 = - 4 . 8 - 0 . 0 1 6 5 -  T, K 
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T ~ i e  4 Energies  o f  the  f o r m a t i o n  f r o m  ACI  a n d  NdCI  3 a~ 298 K a n d  free en tha lp ies  o f  s y n p r o -  

p o r t i o n a t i o n  d ~ g s  [kJ .  tool - l] 

z t G ' =  0 
C o m p o u n d  AG: AH:  - (T" AS:)  AH{r AG" 

at T, K 

Rbo.sNdCl3 .  s - 9.7 - 4.8 ~ 4.9 - 4.3 + 1.8 4 ! 5  (142 ' :C)  

R b 2 N d C t  ~ - 4 7 . 3  - 4 5 . 7  - 1.6 - 4 3 . 3  - - 3 7 . 6  --- 

H - R b 3 N d C I 6  - 3 3 . 5  - 13.6"* - 19.9 - + 13.9 664 ~391 ~ 

D - R b 3 N d C I 6  - , 3 7 . 9  - 2 1 . 6 " *  - 16.3 - 21.9 ' + 9.5 4 9 0  (217  "C) 

Ko.sNdC13.  ~ - 3.5 + 1.6 - 5.1 + 3.2 -~ 6,5 732 (459 "C)  

K 2 N d C I  5 - 3 8 . 5  - 3 5 . 0  - 3.5 - - 3 3 . 0  id. AG: - -  

K a N d C I  6 - 10.3 + 13.5 - 2 3 . 8  -- + 2 8 . 3  714 (441 ~'C) 

Na0.6NdC13.  6 + 1.5 + 5.9 - 4.4 + 6.5 id. AG: 401 (128 ~ 

* T r a n s i t i o n  t e m p e r a t u r e  H - R b 3 N d C I  6 - -*D-Rb3NdC16  ; ** T rans i t i on  en tha lpy :  8.0 kJ �9 t o o l -  L 

Rb2_NdCls ; React ion ! .5RbCI + Rbo.sNdCla. ~ = Rb2NdCI~ n = 1.5. 

e.m.f,, mV = 282 .57 -0 .0762 .  T, K;  ziG', kJ .mo1-1  = - 4 0 . 9 + 0 . 0 1 1 0 .  T, K 

For  2RbCI+NdC13  = Rb2NdCI5 : AG:, kJ .mo1-1  = - 4 5 . 7 - - 0 . 0 0 5 5  ~ 7; K 

RbaNdCI 6 : Reaction RbCI + Rb2NdCI ~ = RbaNdCI 6 n = 1 

a) H - R b 3 N d C I  6 ( > 6 4 4  K): e.m.f., m V = - 3 3 2 . 6 7 + 0 . 6 3 4 6 . T ,  K; ziG', 
k J ' m o l  -~ = 3 2 . 1 - 0 . 0 6 1 2 . 7 ,  K 

b) D - R b a N d C I  6 ( < 6 6 4  K): e .m.f . ,  m V = - 2 4 9 . 5 3 + 0 . 5 0 9 3 . 7 ,  K;  AG', 
kJ -mol  -~ = 2 4 . 1 - 0 . 0 4 9 1 .  T, K 

A ~  = z i ~  at 664 K (391~ 

For  3RbCI + NdC13 = D - R b a N d C I  6 ; AG f, 1~. tool - i  . . . .  21.6-- 0 .0546.7\  K 

Ko.s .NdCIa.~: Reaction 0 .5KCL + NdCI 3 = Ko.sNdCI3. ~ n = 0.5 

e.m.f., mV = - 3 2 . 5 4 + 0 . 3 5 2 7 .  T, K;  AG" =__- AG:, kJ.rnoP -1 = 1.6--0,01'70. T, K 

K2NdCI5 : Reaction 2 K C I + N d C I  3 = K2NdCI~ ~ ~ 2 

e.m.f., mV = 181 .18+0.0615.7 ,  K;  AG" =- AG:, kJ.mo~ ~, ....... 35.0--0.0199- T, 
K 

KaNdC16 : Reaction KCI + K2NdCI ~ = K3NdCt 6 ~ ~,: I 

ean.f:, mV = - 5 0 2 . 6 3 + 0 . 7 0 3 5 . 7 " ,  K;  A(7, k J ,mo t  - ~ = 4 g . 5 - 0 . 0 6 7 9 . 7 ;  K 

For  3KCI+NdC13  = K3NdCI6:  ZIG:, k J . m o l  -~ = I 3 . 5 -  0.079~. 7"~ K 

Nao.6Nd_~_Q|3.  6 : Reaction 0.6NaC1 + NdCI~ = N a o . a N d 3 .  6 r, =- ~10 

e.m.f., mV = - t 0 2 . 4 8 + 0 . 2 5 4 5 . 7 " ,  K:  AG" ~- AG:, kJ.mo~ ~ ---- 5 . 9 - - 0 0 1 4 7 - K  
K. 
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Conclusions 

1. The flee enthalpies of synproportionation A G  ~ in Table 4 indicate, that in the 
systems with KC1 and RbCI only the compounds A2NdCI ~ are stable at ambient 
temperature. In the system CsC1/NdCI3, the compounds Cs2NdCI s and CsNd2CI 7 
are stable, as can be seen from the enthalpies of synproportionation A/-P in Table 3. 

2. The compounds ANd2CI 7 (A = Rb, K) and AaNdCI 6 are stable only at high 
temperatures: a loss of (lattice) enthalpy is compensated by a gain in entropy. In the 
case of the 3 : 1-compounds this entropy gain is correlated with the formation of 
isolated [NdCl6]3--octahedra. 

3. In the system NaCI/NdC13 a phase NaaNdsCl~s exists, stable > 128 ~ It can be 
considered as a solid solution of NaC1 in the NdCl3-1attice. 

This work was supported by the Deutsche Forschungsgemeinschaft and the Fonds der Chemischen 
Industrie. 
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Zasamag,~aammg - -  Die pseudobiniren Systeme ACI/NdCIa (A = Na-Cs) wurden mittels DTA neu 
untersucht. Folgende Doppelchloride wurden gefunden (erstmalig beschriebene Verbindungtn sind 
unterstrichen): Na3NdsClls; K3NdCI 0, KzNdCI s, KNd2CI~; Rb~NdC1 a, Rb2NdCI s, RbNdlC17; 
Cs3NdCI 6, Cs2NdCI v CsNdzC17. 

Mit einer galvanischen Zelle ffir feste Elektrolyte wurden die thermodynamischen Funktionen fur die 
Bildung aus AC1 und NdCI 3 sowie die freien Enthalpien for die Synprocortioniertmg aus den im 
Zustandsdiagramm benachbarten Verbindungen gemessen. Es zeigte sich, dab nur die Verbindun~n 
A2NdCI s bci Normaltemperaturen stahil siad. AIIe anderen Verbindungen existieren aufgrund yon 
Entropiegewinnen nur bei h6heren Temperaturen. Anhand yon R6ntgen-Pulveraufnahmen wurden die 
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Kristallstrukturen ermittelt. Die Verbindung~a sind isotyp zu den entsprechenden Doppelchloridcn des 
Lanthans und Cers (AaNdCl6: Hochtemperaturmodifikationen = Elpasolith-Typ; bei Normaltempc- 
ratur metastabil im KaMoCl6-Typ; A~NdCI s=K2PrCls-Ty p, ANd2CI ~=fl-KEr~F~-Typ; 
Na3NdsCl~8 = Naa Las Cl~8-Typ). Mit einer Gouy-Waagr wurden die magnctischen Suszeptibilit~iten im 
Temperaturbercich 80-300 K gemessen. 

Pe~oMe--  Me'ro~loM ~[TA snoBb uccaeaoaanu nCCBllO61tHapHl~e Cl4CTeMhi ACI/NdCI3, rae A = N a - -  
Cs. B~ulx uafuenm caeay)omae ~BofiH~e co~a x .qop~os ,  H3 XOTOpUX anepame 06napy~ennme 
cor  noaqepratyru: Na3NdsClls, K3NdCI 6, K2NdCls, KNd2CIv, RbaNdCl6, Rb2NdCls, 
RbNdzC! ~, CsaNdCl6, Cs~NdCI), CsNd;C17. C noMou~lo ra.absaauqecKofi sqefixa na ocuose 
TaCp/udx aJleXTpOJII4TOB 61~IJlil onpeaeaenu TepMO/IHHaMHqCCiCHe ~ynrIlaH o6paaosanaa coJiefi, 
H a p ~ y  CO C~t~O~HhlMH 3HTaJlbHHI~MH CHHIIpOIIOpHHOHHpOBaHHg H3 CMeXHblX COe~LqHeHHfi Ha 

~)a3os~x KllarpaMMaX. OHH noxa~aJaI4, qTO IIpH O61dqHOfi TeMIlepaType yCTOfiqHBbl TOJIbKO 
COe~IHCHH! ~ a ] $ a  AzNdCI 5. Bc, e ocraylbH~e ODe~LIdHCHH~I C y~.rlHqeHHOfi 3HTpOHHeH CylH~CTBylOT 
TOJIbKO ups  6oaee eucorI~X TeMnepaTypax. KpllCTadUIHqeCKHe cTpyrTyp)a C.X)e~HHCHHfi 6Id.qH 
orlpe~eJleHld c IlOMOlllblO HOpOlllKonoro penTl'eHOOa3oaoro ana_rlH3a. YffraHoB.qeHO, qTO l~e 
~[HHCHrdJl H~DMOp~HI~I C aHaJIOI~qHb~MH ~[BOfiHIa/MH x.qop)taaMn JIaHTaua H RC[~H.~. Bh[CO~OTeMHC- 
paTypHa~ MoJJffd(pHKaH~l~l COe~IHCHHg A3NdCI ~ asaaeTca THHOM P.JIIIaCOJIHTa, a rOMHaTHOTeMHCpaTyp- 
aaa uo~a~pnratma - -  T~lno~ ~eTacTa6~Lnhnofi K3MoCI ~. CoelIAIHeHHg A~NdCI~ - -  THIIa K2PrCI~, 
ANd2CI ~ -  THIIa fl-KEr 2 F~, NaaNd~Cl~a--  Tuna NaaLa~Ci~a. MCTOaOM FyH a o6aacTn TeMtlepaTyp 
80---300 K 6 u a g  H3MCp~HId MaFHHTHIde BO~IlpHHMqHBOCTH. 
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