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WHY DO T E R N A R Y  COMPOUNDS EXIST? - T H E R M O A N A L Y T I C A L  
INVESTIGATIONS ON B I NARY SYSTEMS OF METAL CHLORIDES 

H. J. Seifert 

INORGANIC CHEMISTRY, UNIVERSITY GH-KASSEL/G. F. R. 

Ternary chlorides are stable if they can be formed from each pair of the other compounds in a 
system with a gain in energy. Especially, the energy of formation from the two adjacent com- 
pounds, the energy of synproportionation must be negative. At 0 K this condition is fulf'dled, if 
(lattice) enthalpy is won. At higher temperature also the T" AS-term of the Gibbs-Helmholtz- 
equation can be of significance: a toss in AH must be compensated by a gain in T" AS, if a (high- 
temperature~ compound shall exist. 

This conception was proved experimentally on systems ACI/MCI2 and AC1/LnCI3 (Ln = Lantha- 
nides). By DTA and X-ray l:owder patterns the phase diagrams of the pseudobinary systems were 
elucidated, to yield the stoichiometry and structures of the existing compounds. By solution 
calorimetry the formation enthalpies at room temperature from the binary parent-compounds 
were determined. Measurements with a galvanic cell for solid electrolytes at temperatures higher 
than ~ 300 ~ yield the free enthalpies and entropies of synproportionation. 

The main result of these measurements is, that compounds with isolated coordination polyhedra 
(K2CoC14 ----- tetrahedra; Rb3 LaCI6 = octahedra) can have a sufficiently high gain in entroley to 
be stable at temperatures > 0 K. 

Stability criteria for ternary chlorides 

In text-books of solid state chemistry, the treatment of ternary halides is 
based on the conception of optimal lattice enthalpies: the ions are to be 
arranged in a way that a maximum of Coulomb-energy is gained. In the hard- 
spheres approximation, for instance for fluorides, this arrangement depends 
only on the size and the charge of the ions. Thus, for 1 :l-fluorides AMF3, 
which are crystallizing with perovskite4ike structures the Goldschmidt's 
tolerance-factor determines the optimal structural variant. - This conception 
holds for double chlorides AMC13 too, but has to be completed by the effect 
of anion polarization for quantitative purposes [ 1 ]. Analogous considerations 
are applicable for double chlorides of other stoichiometry. 

By this treatment a correlation between ionic sizes and structures of 
existing compounds is obtained, but no answer to the question, why these 
compounds exist at all; why is the compound KNiC13, e.g., more stable than 
a 1 : 1-mixture of KC1 and NiC12 ? Remaining in the foregone approximation 
this will be the case, if the lattice enthalphy of KNiC13 is more negative, 
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more exothermic, than the sum of the lattice energies of the binary com- 
pounds. As Table 1 demonstrates we can determine these quantities by 
solution calorimetry [2]. 

Table  1 Ene rgy  values fo r  the  f o r m a t i o n  o f  KNiC13 

M-F  
l a )  KCI(s)+NiC12(s) :- KNiCI~(s) 

' 1  (K+Ni 2 ++3CI - )(sol.) 1 

Zk//1 -~- la t t ice  e n t h a l p y ;  A / P  = so lu t ion  e n t h a l p y  

1 b) Solution calorimetry 

AH~(NiCI2)  = - 7 7 . 0 3 k J ' m o l  - l  
A H  s (KCI) = + 1 7 . 2 0 k J m o 1 - 1  

AHJ (KNiCI3)  ~--- - 5 } . 6 7 k J ' m o l - 1  

A H  r = _ 8 . 2 + 0 . 7 k J . m o l  -~ 

E.M.F.-m easuremen t 

e . m . f . / m V  = 6 3 . 8 + 0 . 1 3 2 4 T , K  

~Gr/kJrno1-1 = 6 . 2 - 0 . 0 1 2 8 T ~ K  
A H '  = - 6 . 2 k J - m o 1 - 1  ; AS r = 1 2 . 8 J K - !  ' tool  z~ 

If there is existing more than one compound in a system, an additonal 
condition must be fulfilled: Each compound must be stable not only against 
the decomposition into the binary compounds, but also against the decom- 
position into any combination of other compounds with the same overall 
stoichiometry. Especially, the enthalpy for the formation from the two 
compounds, adjacent in the phase diagram, the enthalpy of synpropor- 
tionation, must be exothermic, must be negative. 

In the late 70's we have measured a lot of such enthalpy differences and 
have found a suprising feature: They are all very small compared with the 
absolute values of the lattice enthalpies, in general they are less than one 
percent. With other words, the ternary compounds exist only by a breath of 
gained enhalpy! 

This feature has two consequences: 
1) It is nearly impossible to try to calculate such difference in lattice 

enthalpies with sufficent accuracy. 
2) The exact criterion for stability are not the enthalpies but the Gibb's- 

energies or free enthalpies AG. Only at T equal 0 K the enthalpies are 
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the sole factor for stability. - Since the enthalpy differences AH r are so 
small, we can expect additional compounds at more or less higher 
temperatures - compounds, for which an endothermic A/-F is compen- 
sated by a sufficiently great energy term T AS. These 'high temperature' 
modifications might be stable already at room temperature, which is 
'high' compared with 0 K. This statement could be proved experimen- 
tally, first in the system CsCI/MgC12 [3]. Here a compo-and Cs2MgC14 
is formed from Cs3MgCls and CsMgC13 with a loss of 3.0kJ lattice 
enthalpy. 

At this point, the question 'why do temary compunds exist?' gets a new 
dimension: We now have to investigate the influence of entropy on the 
stabilities of  these compounds or, what is the same, we have to determine 
free enthalpies in dependence of temperature, in special free enthalpies of 
synproportionation! 

When a reversible galvanic cell can be designed for the process of interest, 
AG can be determined electrochemically by measuring the e.m.f. E of the 
cell. E is related to A G by A G =  - n F E  (n----transported charge: F=Faraday  
constant). If the dependence of E from T is linear, one can use directly the 
Gibbs-Helmholtz equation, A G =  H - T ' A S ,  to obtain the enthalpy and 
entropy too as temperature-independent quantities. 
From these reflections a 4-point scheme for investigations can be derived: 
1. The phase diagrams of systems AC1/MClx must be elucidated by DTA-+ 

existence of ternary chlorides and their composition. 
2. X-ray-crystallography ~ structures of the compounds. 
3. Solution calorimetry ~ enthalpies of formation from AC1 and MClx. 
4. E.m.f.-measurements in dependence on T ~ free enthalpies of.reaction 

AG r and reaction entropies AS r. 

The points 1 to 3 are discussed elsewhere [4]; thus we can concentrate on 
point 4, the electrochemical measurements. 

Free enthalpies of  reaction by e.m.f.-measurements 

The set-up of the galvanic cell for measuring the e.m.f.'s for the reaction 
KCI+NiC12 =KNiCla is: 

(C+CI 2 )/KClts)/K+-conducting diaphragm/NiC12 (+KNiCI 3 )(s)/(C+C12 ). 
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The electrodes are graphite discs in a chlorine atmoshphere. Pressed discs 
of potassium chloride and nickel(II)-chloride (the latter mixed with some 
double chloride, to give a reversible cell) are separated by a diaphragm of a 
potassium-conducting glass. 

The cell reaction can be described as follows: At the anode a C1--ion is 
discharged. For electroneutrality a K+-ion passes the separator. Together 
with a chloride ion formed at the cathode, the compound KNiC13 is built 
up in the nickel chloride disc. 

The e.m.f, was measured with a potential follower and recorded with a 
plotter, either analogue or digital. The temperature dependence of the e.m.f. 
was measured stepwise in several temperature cycles: the time for each step 
was between 4 and 10 hours. The collected e.m.f, vs. temperature values 
were subjected to a linear regression analysis, because in all experiments the 
temperature dependence of the e.m.f, proved to be linear down to ca. 
300 ~ The upper limit was given by the temperature of the next eutectic. 
The computer plot gave a line e .m.f . /mV= a+b T,K with a deflection of 
+0.5 mV. Alter multiplication with 'minus n F ' ,  the slope of the line will 
yield the entropy, the intercept with the AG-axis the enthalpy. The result 
for KNiC13 is given in Table lb. In Table 2 some measured values for l : l -  
compounds are compiled. Three feature are notable: 
1) Generally the energy-term, generated by the entropy, is smaller than the 

enthalpy, but is mostly not negligible. 

Table  2 Energy te rms  (kJ 'mo1-1 ) for  react ions ACI+MCI2 ~--- AMC13 

C o m p o u n d  St ruc ture  AG r A H  r - ( T A S  r ) ZXH r, cator im.  

KCaCI 3 perovsk.  - 15.2 - 12.2 - 3 . 0  - 15.2 

KMgCI 3 perovsk. - 1 4 . 7  - 1 0 . 4  - 4 . 3  - 9.9 
KMnC13 perovsk. - 16.6 - 12.0 - 4 . 6  - 15.8 

KCdC13 NH4 CdCI 3 - 19.8 ( - 19.2) - 0 . 6  - 19.2 
KCoCI 3 CsNiCI3 - 1 1 . 3  - 6.9 - 4 . 5  - 7.0 

KNiC13 CsNiC13 - 1 0 . 0  6.2 - 3 . 8  - 8.16 

RbMgCI3 hex.  var. - 2 8 . 9  - 2 7 . 1  - 1 . 8  - 2 3 . 2  

RbCaC13 perovsk.  - 2 5 . 9  - 2 3 . 1  - 2 . 8  - 

RbSrCI3 perovsk. - 1.0 + 5.4 - 6 . 4  + 3.6 

(instable + 8 . i *  + 1 5 . 5 "  - 7 . 4 *  
at 298K)  

* values for  the  synpropor t i ona t ion  0.5 RbC1 + 0.5Rbo.s SrCl3.s --:- RbSrC13 
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2) The compound RbSrCla has a positive enthalpy of synproportionation. 
It is stable only at such high temperatures, where .T 'AS  has become 
greater than AH r. This is at 356 ~ 

3) The differences between electrochemical enthalpies and those measured 
by solution calorimetry are sometimes small (KCaC13), sometimes 
greater (KMnCla). Such deviations may partially stem from uncertainties 
of  the measurements which do affect AH more than the directly 
measured e.m.f, or AG; but it is more probable that the condition 
ACp -~- 0 is not  valid down to room temperature. That must be proved 
by direct Cp-measurements. 

In Fig. 1 the results for the system RbC1/MgC12 are given as example for 
the case that more than otae compound is existing. 

Fig. 1 
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a) Phase diagram of the system RbCI/MgCI2 
b) AG r values in the system RbCI/MgCI2 at 400 ~ 
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The lower diagram shows AGr-values in dependence of composition, 
measured at 400~ What does this diagram tell us? 
a) If one wants to determine A G  r for the formal;ion of RbMgC13 from RbC1 

and MgC12, disks with more than 50 till 100 mol-% MgC12 can be used. 
Going from a composition of 50.1 to 49.9 an abrupt change in e.m.f. 
is measured. 

b) If a RbC1 vs. Rb3 MgCls cell is constructed, the measured e.m.f, must be 
zero, because the system is empty between 0 and 25 mol-% MgC12. Thus, 
it can be proved, if in a certain concentration range a compound does 
exist or not. 
Phase diagrams for binary systems at constant pressure are representations 

of one- and two-phase regions with their phase boundaries, dependent on 
temperature and concentration. If chemical equilibrium exists the phase 
regions are zones of minimal Gibbs-energy. With DTA we are measuring 
enthalpies, which are second-hand quantities, rather than the basic quantities 
AG. The advantage of e.m.f.-measurements can be well demonstrated for the" 
compunds Rb2 MgC14 and Rb3 MgCls. 

At 421~ the former compound reveals a phase transition from the K2NiF4- 
type with connected octahedra to the K2 SO4-type with isolated tetrahedra. 
The transition temperature is given by the intercept of two e.m.f, vs. T- 

curves; the one for the formation of Rb3MgCls from the low-temperature 
modification of Rb2MgC14, the other from the high-temperature modifi- 
cation. And this temperature is indeed the equilibrium temperature; for 
the single values can be measured quasi-isothermally because the time for 
each temperature step can be prolonged as much as one wants. - ~3y DTA 
443 ~ were found from heating curves and 415 ~ from cooling curves, that 
is a hysteresis of 28 ~ By general principles of reaction kinetics it is not 
possible to determine equilibrium temperatures of such reconstructive phase 
transitions exactly by DTA-measurements! 

The compound Rb3MgC15 is stable at temperatures higher than 386 ~ In 
a DTA-curve the related effect is found, which indicates that a reaction 
has occurred. However, it could be a phase transition too. A decision must 
be found with an additional method, very conveniently by X-ray diffraction. 
E.m.f.-measurements give both informations directly, for at the decom- 
position temperature the e.m.f, must be zero. 
An analogous behaviour was found for the compound Rb3LaC16 [7]; its 
decomposition temperature of '444 ~ is used for calibration of our galvanic 
cells. 

J. Thermal Anal. 33, 1988 



SEIFERT: BINARY SYSTEMS OF METAL CHLORIDES 153 

Entropy  and stability 

Good examples for the importance of  ent ropy on the stability of  ternary 
chlorides are the systems AC1/LnC13. (Lnm~Ln-Sm) we are investigating 
since 1982. The systems with Cs- and Rb-chloride are very similar, while 
the K-and Na-systems reveal some specialities, related with the fact that 
these alkali ions have the same order of  size as the lanthanide ions. 

For  example in the system RbCI/LaC13 [6] three compounds  exist; two 
incongruently melting and one, Rb3 LaC16, congruently melting.According 
to e.m.f.-measurements, this compound  with the highest melting point  is 
stable at temperatures above 444 ~ By DTA temperatures of  450 ~ (heating 
curve) and 428 ~ resp. (cooling curve) were found. Even when extrapo- 
lating the heating rate to zero, an hysteresis o f  15 ~ remained. 

The compound  Rb2LaCls is formed by a great gain in enthalpy, the 
entropy-contr ibut ion is only small. This compound  therefore must  be stable 
at 0 K too. The synproport ionat ion of  RbC1 and Rb~LaCls to Rb3LaC16 
occurs with a big loss o f  enthalpy - more than 20 kJ. However, this loss 
is compensated by a considerable gain in entropy,  so that T ' A S  is equal to 
AH at 444 ~ 

Reaction: RbCI+Rb2 LaCls = Rb3 LaC16 ; 

e.m.f./mV-~-- 537.9 +0.7502 T,K; AG r 
- 0 . 0 7 2 4  T,K; 

AG syn" = 0 at 717K (444~ 

= AGsyn'/kJ 'mo1-1 ----- 5 1 . 9 -  

At T = 298K: A G  r = +30.3kJ'mo1-1 , AH r ----- + 5 1 . 9 k J m o l  -1 ; - ( T ' A S  r )  = 

-21 .6kJ"  mo1-1 . 

This ent ropy gain can be explained in a reasonable kind by the structure 
o f  the compound:  it has the elpasolit arrangement with isolated octahedra, 
while RbC1 and Rb2 LaCls are consisting of  connected octahedra. Thus, the 
formation of  Rb3LaCls is enlarging the degrees of  freedom, the isolated 
octahedra can oscillate or possibly rotate much easier as if they were 
connected,  the disorder and thus the entropy increases. 

The same is true with several compounds  of  bivalent metals. In Cs2 MgC14 
we have isolated tetrahedra as in the isotypic K2 COC14 [5]: 

For  KCI+KCoC13 = K2COC14 A G  r kJ'mo1-1 = 2 .25 -0 .0245  T,K. 
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Here the change in lattice enthalpy is nearly zero; the compounds exists 
mainly by the entropy gain. 

So we can give an answer to the question in the topic of  this article: 
Ternary chlorides do exist either by a gain in lattice enthalpy and are then 
stable at 0 K, or they can exist as high-temperature-modifications, if a loss in 
enthalpy is compensated by a sufficiently great gain in entropy. For a group 
of  compounds the entropy gain can be correlated to structural consider- 
ations. These statements could be confirmed by experimental measure- 
ments, using a less-common method of  thermal analysis. 

Support  by the Deutsche Forschungsgemeinschaft  and Fonds der Chemischen Industry is gratefully 
acknowledged. 
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Zusammenfassung - Tern/ire Chloride sind stabil, wenn sie sich aus allen Paaren der restlichen in einem 
System existierenden Verbindungen unter  Energiegewinn darstellen lassen. Insbesondere mut.~ die 
Bildungsenergie aus den beiden Nachbarverbindungem .die Synproportionierungsenergie, netativ sein. 
Bei 0 K ist diese Bedingung erfiillt, wenn dabei (Gitter-) Enthalpie gewonnen wird. Bei h6heren Tem- 
peraturen kann auch der T'AS-Term der Gibbs-Helmholtz-Gleichung ausschlaggebend werden: ein 
Verlust an A/-/ mui~ durch einen geniigend grofien Gewinn an T A S  kompensiert  werden, damit eine 
(Hochtemperatur-) Verbindung existieren kann~ 
Dieses Konzept wurde experimentell an Systemen ACI/MC12 und ACI/LnCI3 (Ln ~- Lan thano id)be-  
wiesen. Durch DTA und R6ntgenpulveraufnahmen wurden die Phasendiagramme de r  pseudobin/iren 
Systeme erstellt, um Zusammensetzung und Strukturen der existierenden Verbindungen zu ermitteln. 
Mittels L6sungskalorimetrie wurden die Bildungsenthalpien bei Raumtemperaturen aus den bin~iren 
Ausgangsverbindungen gemessen. Messungen mit  einer galvanischen Zelle ffth Festelektrolyte bei 
Temperaturen > 3 0 0  ~ lieferten die freien Enthalpien und Entropien f'tir die Synproportionierungsreak- 
tionen. Als wichtigstes Resultat ergab sich, dat~ Verbindungen mit isolierten Koordinationspolyedern 
(K2COC14 ----- Tetraeder; Rb3LaCI~ ----- Oktaeder) einen so grof~en Entropiegewinn aufweisen, dal3 sie bei 
hohen Temperaturen stabil sein k6nnen. 
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PE3IOME - -  T p e T h ~ r e  x n o p r ~ m  ~mnamTCa CTa6HYII~I-I~IMH coelIHHeHI, IFIMH, eCJIH I4X o 6 p a 3 o B a r m e  
HX Ka)lr n a p M  ~Ipyrrtx coeKt4HeHrlfl COrlpOBO)K/IaeTc~l BblHrpbltUOM 3HeprnH. 3HeprI4~ o6paSoBaHHIZ 
H3 ~ByX CMe>XHbIX cOeKHHeHH~ ~ o n ~ H a  6bITb OTpHI~aTeYlbHOI?L ~ p H  O K 3TO yCYIOBHe BblIIOYIHFIeTCH~ 
eCYIH ~OCTHrHFT H36bITOK (pemeTOqHOfi) 3HTanbrn~n. HpH 6 0 n e e  Bb~COKO~ TeMnepaType B ypaBHeHHn 
I~n66ca-FeymMroJrbua 3Haqem4e npno6peTaeT  tLUeH T ' A S  Ta~HM o 6 p a 3 o M ,  wro noTepH B ~ Kon~KHa 
KOMIIeHCHpOBaTbCFI Bb~ ' rpbImeM B T'~h~ npH HaY~qHH B~ICOKOTeMnepaTypHorO coez~meHHm 3Ta  KOH- 
LIeHLpAH 3KcrlepHMeHTaYlI~HO KoKa3aHa Ha CI4CTeMaX AC1/MCI  2 H A C 1 / L n C I 3 ,  r ~ e  Ln - - n a H T a H O H ~ L  
C HOMOI.I~I.O ~TA rl pei-rfreHoc'rpyKTypHoro aHa.n~3a 6blnH O67~ffCHeHbl qba3oBr-,le ~IHarpaMMbI r/ceB,/lo- 

6HHapHr~IX CHCTeM C rlOny~eHHeM n'pl, t 3TOM CTeXHOMe'rpHH 14 cTpyKTypr~l cymecrnymmax coe~HeHrm, 

C nOMOItl~IO KanopHMeTpI4YeCKRX H3MepeHH~ paCTBOpOB 6/~IJ]H onpe~IeneHLi mx 3HTaJlbIlMI~ o 6 p a 3 o n a -  
HHH H3 ]IBO~IHI~IX pO]ICTBeHHbIX coe]IHHeHH~L !/I3MepeHH~ TBep~bIX 3HeKTpOJIHTOB C rasIt3BaHHqecI<OI~I 
HtIeffIKOI~I rlpH TeMiiepaTypax Bl~Iule 3 0 0  ~ ]IaJIH BO3MO>KI-IOCTb oHpe]IeJIHTI, CBO~OlIIHbIe 3HTa.TI~YI~H H 

3HTpOnm4 cHHnponopI~IOen4pOBe_~l~. I~naB~IM pe3y~bTaTOM npoBe]IeH~mix n 3 M e p e H ~  m~JL=IeTC~ TOT 
~baKT, qTO c o e ~ H e H m ~  c n3onHpOBamn,  IM Koop~HHaIIHOHHbIM nonH~IpOM ( K 2 C o C 1 4  - -TeTpa3~Ip ,  
R b L a C I 6  - -  OKTag~p) MOryT HMeT~ ~OCTaTOtlHbII~I n36~rro~c 3HTpOnHH, trro6~i 6~IT~ CTa~HYlI~I-~IMH IlpH 
TeMIiepaTypax Bmme O K.  
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