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Thermodynamic considerations of metal 
halide vapour complexes 

D. S. McPHAIL ,  M. G. HOCKING, J. H. E. JEFFES 
Department of Metal/urgy and Materia/s Science, Imperia/ Co//ege, London SW7 2BP, UK 

Certain metal halide vapour complexes of the type ABXm +n increase the equilibrium 
vapour concentration of one or both of the component salts in the binary system 
(AXm/BXn ). Such enhancement depends upon the free energy of complex formation, 
the saturated vapour pressure of the complexing salt and the melt activities, in a manner 
formulated here by means of a thermodynamic scheme. Certain trends in the periodic 
table are established. 

Nomenclature x 
e enhancement term = p ~  a AH~ 

e' enhancement term = P ~  a 
F enhancement AH u 
p partial vapour pressure (atm) AH c 
pO saturated vapour pressure of  monomer AH d 

(atm) 2xHe 
p0 total saturated vapour pressure exerted by AH m 

a salt (atm) A V 
p vapour concentration of a species Db 
po vapour concentration of a species above D t 

the pure salt (tool m -3) 

cation mole fraction 
enthalpy of complex formation 
monomers 
vaporization enthalpy of AXm 
vaporization enthalpy of BXn 
vaporization enthalpy of ABXm + n 
exchange enthalpy 
enthalpy of mixing in liquid pool 
change in coulombic potential energy 
bridge bond strength 
end bond strength 

from 

1. I n t r o d u c t i o n  
The presence of dimers, trimers and higher order 
aggregates in the vapour phase above salt conden- 
sates is well established [1]. Binary salt systems 
may also contain mixed polymeric vapour species 
which are termed heterocomplexes [2]; thus for 
example the vapour in equilibrium with a sodium 
chloride/lead chloride melt is known to contain at 
least four vapour species, NaC1, Na2CI2, NaPbC13 
and PbC12 [3]. Their relative abundances will vary 
with temperature, the higher order aggregates 
being more abundant at low temperatures where 
the partial vapour pressure of the complex may 
exceed the saturated vapour pressure of sodium 
chloride. 

PNaPbCI~ >~ 0 . P Na2Cl 2 + P ~ a C l  

The total vapour concentration of sodium at such 

a temperature, 

PNa = PNaCI + 2,0N%Ct 2 + PNaPbCl 3 

where measured as a function of melt composition 
will then actually increase as the pure sodium 
chloride is diluted with lead chloride, passing 
through a maximum value. 

This phenomenon, known as enhancement, is 
of considerable interest to, for instance, the manu- 
facturers of electrical discharge lamps. They wish 
to increase the arc concentration of certain 
elements which have useful light-emitting proper- 
ties, without increasing the lamp temperature 
which is limited by the thermal properties of the 
envelope. One possibility is to complex the salts 
of these metals (the alkali, alkaline earths and rare 
earths). 

The magnitude of the likely enhancement can 
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be predicted from the melt activities, the tempera- 
ture, the vapour pressure of the complexing agent, 
and the free energy of complex formation, as 
described below. 

2. T h e o r y  
Complex formation in the gas phase is generally 
exothermic and accompanied by a decrease in 
entropy, thus the equilibrium constant Ka for 
the reaction 

nXm(g ) + BXn(g) = ABXm+n(g) 

decreases as the temperature increases. In the 
simplest model these are the only gaseous species 
present. Their equilibria with each other and with 
the condensed phase are represented in the iso- 
thermal equilibrium box of Fig. 1. Kirchoff sum- 
mations yield the relationships 

AXa = (AXd--AXb--Axe) q-AXm 

where X = H, S, G. 
Enhancement of the species A will occur pro- 

vided its equilibrium vapour concentration above 
the mixed salt AXm/BXn  (taking into account all 
the molecular forms) exceeds its equilibrium 
vapour concentration above the pure salt AXm; 
i.e., if the ratio 

F A = (PABXm+n + PAXm)/POAXm (1) 

exceeds unity. The ideal gas law is applicable to 
dilute salt vapours however [4], so that Equation 1 
may be rewritten in terms of the partial vapour 
pressures to give 

F A = (PABXm+, + PAXm)/pOAxm (2) 

The activity equilibria in Fig. 1 can now be written 
as 

0 
Ka = PABXm+ n/PAxrn)/PBxn 

A X  m + BX n ~-l ABXm+n 

(AX m) + (BXn)~(ABXm+n) 

Figure 1 I so the rma l  equ i l i b r ium for A X  a = (A J( d- 

A X  b -  AXe)  -t- A X  m. X = H ( en tha lpy ) ,  S ( en t ropy)  
and G (free energy) .  
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K b = P~ m 

Kc = p~  (3) 

Kd o --- PABXm+ n 

K., = (p/p0)ABX.,+,,/[(p/p0)AX. ' X (p/p0)BXn ] 

Rewriting Equation 2 in terms of these equilibria: 

F A = aAXm(1 + aBX n • P~Xn X Ka) (4) 

= aAXm(1 + aBX n X 6A) (5) 

where the "enhancement term" 6 A = P ~ x K a  
Equation 4 dictates that for a large enhancement: 
(a) K a should be large so that AG a must be large 
and negative; (b) the vapour pressure of the com- 
plexing salt p o x ,  should be high; and (c) the 
activities of the components should be close to, 
or above, their ideal Temkin values (anx m = XA; 
aBX n = X B ; for common anion halide mixtures). 

If Temkin's law is obeyed in the melt, Equation 
5 yields 

f A = (6+ 1)x A - e x  2 (6) 

FA is plotted as a function of XA in Fig. 2 for 
several values of CA. The higher the enhancement 
term, 6A, the greater the enhancement F A. For an 
ideal system enhancement (FA> 1) occurs pro- 
vided 6A > 1 with the maximum value at the melt 
composition x A = 6+  1/26, (i.e. XA ~0.5  as 
6-+ oo). If the melt is non-ideal and the vapour 
phase more complicated than that described 
above, maximum enhancement may be obtained 
at some other melt composition. 

The analysis described above raises some inter- 
esting questions: 

(a) Can one define an activity for a species such 
as the complex ABXm+n which does not exist as a 
pure compound? 

(b) Can enhancement occur when the complex 
is absent from the condensed phase and, if so, by 
what mechanism is the salt of low volatility trans- 
ported into the vapour? Karpenkos' work [5] sug- 
gests that such a circumstance occurs in the tin 
chloride/alkali metal chloride systems. 

Much experimental evidence supports the view 
that enhancement occurs by virtue of hetercom- 
plex formation. Such molecules have been 
detected by mass spectrometry and their free 
energies of formation, AGa, have been measured. 
Vapour transport/condensate analysis techniques 
have been used to measure the enhancements F 
directly. These parameters are related, in the 
simplest systems, by Equation 4 .and, since 
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Figure 2 Enhancement as a function of melt 
composition for salts that mix ideally. 

Ka = exp -- AG~ the free energy of  complex 
formation depends logarithmically upon the 
enhancement ; i.e. 

AG O = -- RT[ln  (Fa -- anxm) 

- -  In aaxrnaBXn -- in pOxn ] (7) 

SO that an accurate value for AGa ~ can be calculated 
from vapour transport results, provided that the 
activities are known. 

Theory predicts that the enhancement may 
also vary considerably with temperature. Substi- 
tuting PBXn~ = exp- -AGO/RT into Equation 4, 
taking logarithms and differentiating with respect 
to temperature: 

d in FA/dT - (AH~ + AH~ 2 (8) 

If, for example, the reaction enthalpy /"Ha ~ = 
- 200 kJ tool -1 while the vaporization enthalpy of  
the complexing salt BXn, AH ~ = + 150kJmo1-1, 
Equation 8 yields F(1050)/F(950) - 0.55 ; i.e. the 
enhancement is nearly halved in a 100 K interval. 

In the following review enhancement terms like 
e '=P~  are estimated from vapour pressures 
[6] and the free energies of  complex formation. 
In addition the enthalpy of  the reaction 

�89 + �89 = ABXrn+n 

(AHe ~ is often measured, and this is quoted where 
appropriate. 

The reaction enthalpy ~Ha is related to this 
enthalpy AHe by the expression 

Alia = �89 + /'~/d2) + Z~He (9) 

where /"Ha1 and AHd2 are the dimerization 
enthalpies of  the component salts. 

3. Review 
3 . 1 .  R e v i e w  o f  t h e r m o d y n a m i c  d a t a  

3. 1.1. A X / B X  (,4, B both alkali metals) 
The reaction enthalpies AH ~ determined by mass 
spectrometry, are negative and increase in mag- 
nitude with the difference in cation radius, 
( rA--rB)  (see Table I). Thus the complexes are 
more stable than the dimers of their component 
salts (the arithmetic mean enthalpy). This stabiliz- 
ation can be explained in part by the net change 
in coulombic potential energy of  the cations 
during the exchange of  dimers. Hastie [7] has 
shown that this energy 

AV e = c [ ( r  A + rB) -1 -- (4rA) -1 -- (4rB) -1] 

correlates with the exchange enthalpy, but he 
notes that higher order polarizations must be 
accounted for before quantitative predictions 
can be made. 

The enhancement terms e' can be calculated 
from the exchange enthalpies AH ~ as follows (the 
procedure is given in Table II): the reaction 
enthalpy AHa ~ is calculated from AHe ~ and the 
dimerization enthalpies AHdI and AHd2 which 
are known [1]. The free energy of  complex for- 
mation, AG ~ is now found by assuming AS ~ = 
-- 125.5 J mo1-1K -1, a value recommended by 
Hastie [7], and finally the saturated vapour 
pressures of  the salts are used to calculate the 

r 0 enhancement terms e = P K a. 
The resulting values are generally small, with 

the enhancement limited by the low vapour 
pressures of  the alkali metal halides. Enhancement 
is unlikely for most o f  these systems. 
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T A B L E I A Exchange reaction enthalpies for systems type AX/BX (A, B both alkali metals; X = F, C1). Values of 
&H e are given in kJ mo1-1 

NaF KF RbF CsF Reference 

-- 9.62 -- 12.55 LiF 
--6.28 NaF 

--5.86 KF [7] 
-- 5.44 RbF 

T A B L E I B Exchange reaction enthalpies for systems type AX/BX (A, B both alkali metals; X = F, C1). Values of 
/tH e are given in kJ mo1-1 

N aC1 KC1 RbC1 CsC1 Reference 

-- 28 LiC1 [8, 9] 
--6.7 -- 24 -- 22 NaC1 [I1, 10, 10,] 

- -  3 - -  11 KC1 [10, 101 
- -  4 R b C 1  [ 1 0 ]  

3. 1.2. A X / B X n  (,4 = alkafi metal," 
B = non-alkafi metal) 

The data are present  in Table III. The thermo- 
dynamic  data for this class of  system is generally 

given as AHa ~ and AS  ~ having been determined 

by  mass spectrometry.  There are some large 

discrepancies in the reported &G ~ values for 
certain systems which lead to disproport ionate  

errors in the enhancemen t  terms and thus the two 
values of  AG ~ reported for the complex LiBeF3; 

AG ~ = - -125  and --  96 kJmo1-1, yield e l i  ~--- 1023 
and 31 respectively. 

For  each system the enhancements  o f  the two 
componen ts  are in an inverse ratio to their vapour  
pressures, e.g. e t a / e B e  - o o r r - -  P B e F  2 / P L i F .  

The stabili ty of  the complexes (AG ~ ) varies 

with the halide group, usually in the sequence 
F > C1 > Br > I, while the vapour pressures of  

the complexing salts usually increase in that 

sequence. The enhancement  terms, a product  of 
these two, in general decrease in this sequence 

with the loss in complex stability overriding the 
gain in complexing salt volatil i ty.  For  example,  

the enhancement  term for potassium in the KC1/ 
0 PbC12 system [3] (AG ~ = - -  90 kJ mol-1;  PPbCI~ = 

0.0588 a tm)  e~ = 2971, whereas in the KBr/PbBr2 
system ( A G O = _ 7 1 k J m o l - 1 ;  p0 = 0 . 0 9 3 1  Pb Br 2 

atm)  e~ = 478. (In systems where one of  the salts 
is a gas at 1000 K a nomina l  pressure of  one atmos- 
phere is assigned.) 

The change in stability with halide group may  

be explained in terms of  the bridge bonds  thought  
to form in heterocomplexes since these are, on 

average, 20% stronger than end bonds [7]. Thus 
the reaction 

Na-C1 + C1-Sn-C1  = N a J C I " s n - C 1  
~C1 j 

will, on this basis, yield the enthalpy 

T A B L E I I Calculation of the enhancement terms for the system AX/BX (A, B both alkali metals; X = fluoride, 
chloride) 

Complex -- &Ha -- ASa -- 'XGa -- AHe e)~ e~3 References 
ABX 2 (kJ mo1-1) (J tool -1 K -1) (kJ mo1-1) (kJ mo1-1 ) 

LiNaF~ 259.6 125.5 134.1 9.62 7.1 X 103 11.7 [7] 
LiRbF~ 238.1 125.5 112.6 12.55 140 0.88 [7] 
NaKF~ 233.3 125.5 107.8 6.28 29.7 298 [ 71 
KRbF 2 208.4 125.5 82.9 5.86 3.91 1.5 [ 7 ] 
RbCsF~ 185.9 125.5 60.4 5.44 2.38 0.26 [7] 

LiCsCI~ 214.5 125.5 89 28 59.9 401 [8, 9] 
NaKCI~ 197.2 125.5 71.7 6.7 0.95 0.46 [ 11 ] 
NaRbC12 208 125.5 82.5 24 7.75 1.66 [10] 
NaCsCI= 200 125.5 74.5 22 10.37 0.65 [ 10l 
KRbCI~ 176.5 125.5 51 3 0.18 0.08 [10] 
KCsCI~ 178.5 125.5 53 11 0.78 0.10 [10] 
RbCsC12 165 125.5 39.5 4 0.16 0.05 [I0] 
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T A B L E I 11 Calculation of  the enhancement  terms for the system AX/BX n (A = alkali metal; B = non-alkali metal; 
X = F, C1) 

Complex --  2xH a - -  2xS a --  ~G a - -  AH e e~ el3 References 
ABXm+ 1 (kJ mol -I) (J mo1-1K -1) (kJ tool -1) (kJ mol -t) 

Group IIA 
LiBeF 3 251 126 125 41.5 1023 3.92 [ 12 ] 
LiBeF 3 222 126 96 12.5 31.2 0.12 [ 13 ] 

NaBeF 3 218 88 130 17.5 1866 5.6 [14] 
NaBeF 3 283 134 149 82.5 18326 55 [ 15 ] 
NaBeF 3 281 126 155 80.5 38107 115 [16] 

N'aBeCI~ 226 96 130 75.5 6.2 X 106 418 [14] 
KBeC13 201 100 101 44.5 1.9 X l0  s 32 [14] 
KMgCI~ 243 130 113 54.5 422 137 [ 10] 

Group III 
LiAIF 4 289 133 156 59 76.1 163.5 [17] 
LiA1F 4 305 155 150 75 37 79.4 [18] 
NaA1F 4 366 132 234 145 9.1 X 10 s 1.55 X 106 [19] 
KA1F 4 35[ 126" 225 144 3.1 X 10 s 3.97 X 107 [20] 
CsA1F 4 146 126 '  20 39 0 0.02 [21 ] 

NaA1CI 4 208 121 87 35.5 3.52 X 104 2.36 [22] 
NaA1C14 209 126" 83 36.5 2.18 X 104 1.46 [23] 
NaAIC14 213 126" 87 40.5 3.52 • 104 2.35 [7] 

Group IVB 

NaSnFa 251 79 172 9.8 X l0  s 887 [7J 
NaSnC1 a 192 113 79 44 1.3 X 104 0.91 [5] 
NaSnBr 3 167 109 58 1.1 X 103 0.28 [5] 
NaSnIa 155 109 46 254 0.15 [5 ] 

KSnF a 226 79 146 4.3 X 107 2.9 X 103 [7] 
KSnCI a 201 121 80 64 1.5 X 104 2.6 [5] 
KSnBr a 155 105 50 410 0.17 [51 
KSnI 3 146 105 41 140 0.12 [5] 

RbSnC13 192 113 79 24 1.3 X 104 5.2 [5] 
RbSnBr 3 155 105 50 410 0.21 [51 
RbSnI a 151 109 42 157 0.13 [5 ] 

CsSnC13 192 113 79 16 1.3 X 104 17.5 [5] 
CsSnBr a 151 100 50 410 0.45 [5 ] 
CsSnI a 155 113 42 157 0.27 [5 ! 

NaPbCt a 159 84 75 490 0.56 [ 3] 
KPnC1 a 172 82 90 2971 8.53 [ 3 ] 
RbPbCI a 165 81 84 1443 9.51 [31 
CsPbC13 153 80 73 384 8.68 [31 

KPbBr a 155 84 71 478 2.1 [3] 

B = transition 
seHes 

LiScC14 237 147 90 33 146 5.1 [ 1 j 
NaScC14 243 149 93 41 101 25 [ 1 ] 
NaMnC1 a 209 117 92 26 102 4.4 [ 24] 
NaFeC13 216 121 95 41 9.2 • 104 6.3 1101 
NaCoC13 214 129 85 36 266 1.9 [ 25 ] 
NaScI 4 167 109 58 11 0.7 [26 [ 

*Estimated. 
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T A B L E  IVa  The exchange reaction enthalpies for 
system type AXra /BX  n (A, B non-alkali metals) 

-~ A2X~m a = ABXm+ n + 2B~X~r n 

System - -  A H  e References 
ABXm+ n (kJ mo1-1) 

A1GaC16 -- 2.9 [27] 
AIlnC16 -- 7.5 [28] 
A1FeCI~ 0 [29] 
A1UC16 -- 5.4 [ 30 ] 
GaInC16 2.9 [ 31 ] 
InT1C15 2.9 [ 1 ] 
InSnC15 3.8 [ 1 ] 
InZnC1 s 11.7 [ I] 
T1PbC13 14.2 [ 1 ] 
T1SnC13 16.3 [ 1 ] 
T1CdC13 7.1 [ 1 ] 
T1ThC14 6.3 [ 1 ] 
T1UC15 12.1 [ 1 ] 
PbCdC14 7.9 [ 1 ] 
PbThC16 5.4 [ 1 ] 
EuLuC1, 5.4 [ 321 
ThUC1 s 3.8 [33] 

AHa  = 2Db(NaC1) - -Dt (NaC1)  

+ 2Db(SnC12) - -D t (SnClz )  (10) 

or, i f  the  complex  has a triple bridge bond  by 

AHa = 3Db(NaC1) - -Dt (NaC1)  

+ 3Db(SnC12) --  2Ot(SnC12 ) (11) 

The bridge and terminal  bond strengths have been 

de te rmined  f rom the heat  of  a tomiza t ion  o f  the 

m o n o m e r s  and dimers [7] and are D b ( N a C 1 ) =  

, 2 5 5 ,  Db(SnC12) = - -  213, Dt(NaC1) = - -  414, 

D t (SnC12) = --  389 kJ tool -1. 

Thus the entha lpy  o f  react ion is 

AHa (double  bridge bond)  = --  133 kJ mo1-1 

o r  

AHa (triple bridge bond)  = --  212 kJ tool -1, 

compared  with  an exper imenta l  value due to 

Karpenko  [5] o f - -  192 kJmo1-1.  

Fur the rmore  the stabilization depends upon  

terms such as 2Db - - D t  and 3 D  b - - D  t (Equat ions  

10 and i1 )  and these terms decrease in t h e  

sequence F, C1, Br, I. For  example  [7] (2Db - - D r )  

N a F = - - 1 2 1 ;  N a C l = - - 9 6  and L a F 3 = - 1 4 7 ;  

LaC13 = - -  95 kJmo1-1.  Thus the bridge bond  

mode l  explains the decrease in magni tude  of  the 

react ion entha lpy  down the halogen series, and 

achieves some measure o f  quant i ta t ive  accuracy.  

Some very stable complexes  and large enhance- 

men t  terms are found in this group AX/BX n 

( A - -  alkali meta l ;  B = n o n - a l k a l i  metal) ,  and 

some enhancements  ( F >  1) seem probable.  

3. 1.3. AXm/BXn (A, B non-alkali metals) 
The exchange react ion enthalpies are repor ted  in 

Table IV as are the  free energies o f  complex  form- 

mat ion ,  calculated as described above for com- 

plexes o f  the type ABX2 (A, B = alkali metals). 

The free energies are very low and there is no 

possibili ty o f  enhancement  in any of  these systems. 

4. Summary 
The trends in complex  stability be tween  groups 

may  be discerned f rom Fig. 3 where AG ~ (1000 K) 

has been p lo t ted  for all the chloride complexes .  

Complexes  o f  the type ABCI,+I  (A = alkali meta l ;  

B = non-alkali  meta l )  are more stable than those 

fo rmed  by the in teract ion of  two alkali metal  

halide monomers ,  or  by two non-alkali  meta l  

halide monomers .  Within this group the strongest 

complexes  ABCln+I are formed by the in teract ion 

o f  the vapours o f  the least volatile salts, i.e. 

B = alkali earth or rare earth. Fo r  example  AG ~ 

for the alkali meta l  hal ide/rare earth halides, 

measured by Novikov e t  al. [ 3 4 - 4 6 ] ,  lie be tween  

- -  98 (CsguC14) and - 157 (LaNaCI4) kJ mo1-1 . 

They were measured by a total  vapour pressure 

T A B L E I V b Calculation of the free energy of complex formation from the exchange reaction enthalpy and dimer- 
ization enthalpies. System A X m / B X  n (A, B non-alkali metals) 

System AHdl AHd2 dxH dav .  AH e ~ H  a AG a References 
ABXm+ n (kJ tool -1) (kJ tool -~) (kJ tool -1) (kJ tool -1) (kJ tool -1) (kJ tool -~) 

A1GaC16 - 126 - 90 - 108 2.9 - 105.1 20.4 [27] 
AIInC16 126 - 124 - 125 7.5 - 117.5 8 [28] 
A1FeC16 - 126 - 148 - 137 0 - 137 - 11.5 [29] 
GalnCl~ - 90 - 124 - 107 - 2.9 - 109.9 15.6 [31] 
InSnC15 - 124 - 95 - 109.5 - 3.8 - 113.3 12.2 [1] 
InZnCl~ - 124 - 111 - 117.5 11.7 - 129.2 - 3 . 7  [1] 
PbCdC14 - 128 - 114 - 121 - 7.9 - 128.9 - 3.4 [1] 
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condensate analysis technique and are reported 
separately in Table V. 

It is unfortunate that the least volatile salts 
form the most stable complexes since large 
enhancement requires a volatile complexing agent. 
It appears that, in optimizing enhancement, there 
is a competition between complex stability and 
complexing salt volatility. In bonding terms this 
arises because low volatility salts are strongly 
bound in the condensed phase and require large 
energies for vaporization. They will therefore 
form strongly bound dimers (dimerization can be 
regarded as the first stage in condensation to an 
aggregate). Thus according to Equation 9 the 
reaction enthalpy will also be large and the com- 
plex stable. 

5, Conclusions 
Reactions of the type 

AX,n(g ) + BX,,(g) = ABXm+n(g) 

are exothermic and accompanied by a decrease in 
entropy, usually in the range 104 to 145Jmol -t 
K -1. The relative stability of the complexes may 
be gauged by comparing the free energies of com- 
plex formation at 1000K. Those combinations 
where A is an alkali metal and B is not are the 
most stable and within the group the largest AGa 
is found when the salt BX n is of low volatility. 
Thus there is a competition between complex 
stability and complexing salt volatility when 
selecting systems for maximum enhancement. 

Two kinds of system AX/PbX2 and AX/DyX3 

T A B L E  V The free energy of  formation at 1000K of complexes type ABCI 4. ( A -  alkali metal, B = rare earth) 
Values o f - - /XG a are in kJ mo1-1 

Y La Ce Pr Nd Gd Dy Ho Lu 

Li 103 s4 126 as 112 s6 106 a7 
Na 119 s8 157 s9 12344 12240 

K 12142 12942 12243 15542 11543 11740 

Cs 12244 1 164s 11944 984s 
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have been  invest igated to  f ind out  whe the r  com- 

plex stabili ty or complex ing  salt volati l i ty is the  

more  impor t an t  in maximiz ing  e n h a n c e m e n t .  The 

results  o f  these exper iments  are descr ibed and 

discussed in o the r  articles. 
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