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Metal halide vapour complexes: 
vapour transport and lamp experiments 

D. S. McPHAIL,  M. G. HOCKING, J. H. E. JEFFES 
Department of Metallurgy and Materials Science, Imperial College of Science and 
Technology, Royal School of Mines, London SW7 2BP, UK 

Stable vapour complexes of the type ABXm+n can sometimes increase the vapour concen- 
tration of a low volatility salt above the liquid pool. If the equilibrium concentration of A 
and/or B, in all their molecular forms above the binary melt AXm/BXn exceed their 
values above their respective pure salts enhancement (F > 1 ) has occurred. Mass spectro- 
metric data suggests that such enhancement may occur in two dissimilar systems NaCI/ 
PbCI2 (FNa > 1) and NaCI/DyCI 3 (FDy > 1). Vapour transport and electrical discharge 
lamp experiments have been used to test this prediction by direct measurement of the 
enhancement and the results are reported here. 

1. Introduction 
A recent review of metal halide vapour complexes 
[1] showed that in a binary salt system AXm/BX n 
that contains three vapour species AXm, BXn and 
the complex ABXm+n, enhancement of for 
example, A will occur provided F A > 1 where 

FA = aAXm(1 + aBxnP~ (1) 

= ahxm(1 + aBxne) (2) 
and 

FB = aBXn(1 + aAxmP~xmKa)  (3) 

aAXm, aBX n are the activities of the salts, Pgx n the 
saturated vapour pressure of the complexing salt 
BX n (monomer), and K a = exp- -  AGa/RT, the 
equilibrium constant for the vapour reaction 

AXm(g) + BXn(g) = ABXm+n(g ) (4) 

The review concluded that in systems where K a is 
large, the vapour pressure of the complexing salt 
is low, and vice versa. Thus in selecting systems for 
optimum enhancement there is a competition 
between complex stability (Ka) and complexing 
salt volatility (P~ 

To examine this hypothesis two systems were 
chosen for experimental work. In the first AC1/ 
PbCI2 (A = Li, Na, K) a volatile complexing agent, 
lead chloride, was partnered with a relatively low 
volatility alkali metal chloride. In the second 
AC1/DyCI3 (A = Na, K) two salts of similar low 
volatility were partnered. 

0022-2461/85 $03.00 + .12 

The equilibriated vapour was investigated by a 
combined Knudsen effusion/time of flight mass 
spectrometry technique [2]. The complex ions 
APbCI~ and ADyCI~ were found suggesting the 
presence of 1:1 vapour complexes. The reaction 
enthalpies were measured for Reaction 4 above 
and the free energies of complex formation 
deduced by assuming the reaction entropies are in 
both cases (ASa = -- 125.5 J mo1-1 K-l). Enhance- 
ment terms were now calculated according to the 
equations 

ea = PgxnKa, eB = P~xnKa (5) 

The results, presented in Table I suggest that 
the enhancements F are likely to be in order 

FNa(NaC1/PbC12) > FDy(NaC1/DyC13) 

> FNa(NaC1/DyC13 ), 

Feb (NaC1/PbC12) 

given that the equimolar melt activities are 
unlikely to be less than a = 0.1. The large dif- 
ferences in the predicted sodium and lead enhance- 
ments in the NaC1/PbC12 system arise from the 
commensurate difference in volatility of the two 
components. In the NaC1/DyC13 system the free 
energy of complex formation is more favourable, 
but the low vapour pressure of the two salts indi- 
cate that only modest enhancement is likely. 

The enhancements F were measured directly 
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T A B L E I A summary of the mass spectrometric data showing the estimated free energies of complex formation and 
enhancement terms at 1000 K. 

System ~H a AS a AG a Ka pO(NaC1)d po (MCln) e f - -  - -  - -  ern e N a  

(kJ mo1-1) (Jmol-lK -1) (kJ mol -t) (atm -~) (atm) (atm) 

NaC1/PbCI~ a 234 • 28 125.5 e 108.5 4.7 X l0 s 4.8 X 10 -s 5.9 X 10 -2 27600 22.5 
NaC1/DyC13 a 250 +- 32 125.5 e 124.5 3.2 X 106 4.8 X 10 -s 6.6 X 10 -6 21.2 154 
NaC1/PbC12 b 159 • 4 80 79 1.3 X 104 4.8 X 10 -s 5.9 X 10 -2 794 0.65 

aThis work. 
bBloom's work. 
CEstimated, see Schafer [ 11 ]. 
d o PNaC1 = P~aCl( 1 -- c0/(1 -- c~/2), a = 0.59Pleat1 = 8.3 • 10 -5 atm. 
e e N a  = P~Cln X K a (Equation 5). 
feM = P~qaCl • Ka (Equation 5). 

to check the validity of the theory and the 
enhancement equations by a vapour transport 

technique. 

2. Experimental details 
2.1. Materials and apparatus 
The alkali metal chlorides and lead chloride were 

purchased as Analar grade reagents (BDH) and 

were used without further purification. Dyspros- 

ium trichloride was prepared from its oxide [2]. 
All subsequent handling and processing was con- 
ducted in a VAC systems dry box at Thorn Light- 
ing, Leicester. The salt mixes were weighed out 

and melted into gold reaction boats. 
The vapour transport apparatus, Fig. 1, consists 

of two concentric alumina tubes, the carrier gas 
tube and the flushing gas tube, which rest hori- 
zontally within ;a resistance-wound Kanthal fur- 
nace. The reaction boat is located inside the inner 
tube on a push rod assembly and can be inserted 
into the end of the inner tube which is coincident 

with the hot zone of the furnace. 

At equilibrium the carrier gas, oxygen-free 
nitrogen, passes over the boat, is saturated with 

salt vapour, and passes through the capillary into 
the silica condensate tube, where it is collected. An 

inward leak is maintained at the interface between 
the condensate tube and the carrier gas tube by 

passing additional nitrogen through the flushing 

gas tube, ensuring that the salt-laden vapour is 

quantitatively convected into the condensate 
tube. The boat temperature is measured using a 

p la t inum-pla t inum 13% rhodium thermocouple 
which is also connected to a Eurotherm controller. 
Temperature differences along the boat were 

found to be less than 2~ at 1000K and tempera- 
ture control was within one degree. 

Back diffusion is limited by the close fit 
between the silica cradle and the inner tube and 
forward diffusion by the capillary. These effects 
were modelled using the theories of Merten and 

Bell [3] and Kvande and Wahlbeck [4], with the 
nitrogen/salt interdiffusion coefficients estimated 
using Arnolds [5] equation. This calculation sug- 

0 10 20 30 40 50 60 
I I I I r I I 

70 
(cm) 

fig 

Q 

L# A /B 

\ .  

f c/q "-.,, ~ �9 f 

t )  �9 a \ ~ 7  " m �9 �9 

J 

e 

Figure 1 The  v a p o u r  t r a n s p o r t  a p p a r a t u s ,  a = c o n d e n s a t e  t u b e ,  b = c rad le ,  c = b o a t ,  d = silica c rad le  a s s e m b l y ,  e = 

f u r n a c e ,  f = O-r ing  seal ,  f /g  = f l u s h i n g  gas t u b e ,  c /g  = ca r r i e r  gas t u b e ,  t = t h e r m o c o u p l e .  
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gested that the salt transport rate would be inde- 
pendent of  flow rate provided that the room tem- 
perature flow rate (fA) exceeded 10cmamin  -1. 
Undersaturation may occur at high flow rates due 
to incomplete mixing in the gas stream or the 
inability of  the salt to vaporize rapidly enough to 
saturate the gas [3]. This effect was calculated [6] 
and found to be insignificant provided fA > 30 cm 3 
rain -1. Thus theoretical considerations suggested 
that the characteristic plateau in the transport 
rate/carrier gas flow rate plot would occur in the 
range 10 < fA/cm 3 rain -I < 30 as shown in Fig. 2. 

2.2. Experimental procedure 
The reaction boat was loaded into the cradle 
assembly inside a glove bag and with the gas 
trains flowing moved to the hot end of the tube. 
After reaching thermal equilibrium (10rain) a 
clean condensate tube was engaged to the carrier 
gas tube and timing commenced. On completion 
(2 to 10h) the condensate tube was removed and 
washed with dilute nitric acid. The collected wash- 
ings were diluted and then analysed for cation con- 
centration by atomic absorption spectrophoto- 
metry. 

The data for subsequent examination consists 
of: TR room temperature irE, the boat tempera- 
ture, fA, the room temperature flow rate of  gas; 
the duration of  the experiment; NA, B the number 
of moles of cations transported. 

The apparatus was first calibrated using sodium 
chloride and lead chloride separately. Having 
established the saturation plateau the saturated 
vapour pressure of  dysprosium trichloride was 

P/po 

di f fus ion 
buf ion '  

safuraf ion 
p[afeau 

'k inef ics '  

I I I 
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t heo re t i c a l l y  p r ed i c t ed  ca l ib ra t ion  curve  Figure 2 The 
for the  vapour  t r a n s p o r t  appara tus ,  P = m e a s u r e d  pres- 
sure, pO = t rue  equ i l i b r i um vapour  pressure,  

measured at 1240K and the binary mixes NaC1/ 
PbClz and NaC1/DyCl3 then investigated. 

3. Results 
3.1. Single component systems: PbCI2, 

NaCI, DyCI 3 
The saturated vapour pressure of  lead chloride is 
deduced from the number of  moles of  lead in the 
condensate by application of  the ideal gas law, 
yielding 

P~ = N p b R T R / ( A E V  ) (6) 

where TR is the room temperature, A the constant 
1.01 x 10 s N m -2 atm -1 and 

2 V = Vc,m+r gas + Vs~at, 

the total volume of  the gas at room temperature. 
The sodium chloride vapour contains dimeric 

species, hence the saturated vapour pressure 
P~acl(total) is given by 

P~acl(total) o o = P r n o n o m e r  + P d i m e r ,  

o 
= ( n m o n o m e  r + n ~  

(7) 

The number of  moles of monomer and dinaer are 
found by simultaneous solution of the conser- 
vation equation 

0 + ~  o 
N N a  = r / m o n o m e r  ~ r / d i m e r  ( 8 )  

and the dimerization equation 

DO 2 /DO 
K d , m o n o m e r / ~ d i m  er 

2 0 0 
= (17monomer/r/dimer)RTR/(A~V) ( 9 )  

for the reaction 

Na2C12(g) = 2 NaCl(g) 

K a is found using [7] AH = 202.8 kJ tool -1 and 
AS = 121.3 J tool -1K -1. 

] 'he saturated vapour pressures of these salts 
were found for several carder gas flow rates and 
the characteristic plateau in the calibration curves 
found. The combined results are shown in Fig. 3 
where the mean plateau values have been used to 
normalize the ordinate values. This plot PO/pOmea~ , 
plateau suggests that for both salts saturation 
occurs in the range of  12 < (JA/Cm 3 rain -1) < 30, 
which agrees well with the theoretical prediction. 

The saturated vapour pressure of  sodium 
chloride was now measured over a series of  tem- 
peratures using an appropriate carrier gas flow 
rate. The resulting values shown in Fig. 4 are in 
good agreement with the literature [8]. The vapour 
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pressure of dysprosium trichloride (for which the 
equations are identical to lead chloride) measured 

0 at 1240 K has the value PDyC13 = 1.94 +- 0.34 torr 
which is in fair agreement with Moriarty's [9] 
value of 2.94torr. This discrepancy may arise 
from the difficulties inherent in handling such a 
hygroscopic material or the difficulties experi- 
enced in analyzing for dysprosium ion by atomic 
absorption spectrophotometry. 

I 
42 

Figure 3 Combined calibration curves show- 
ing the  saturat ion plateau. 

3 . 2 .  B i n a r y  c o m p o n e n t  s y s t e m s  
Mass spectrometry suggests that in the two binary 
systems investigated NaC1/MCln (M = Pb, Dy) the 
vapour consists essentially of four species NaC1, 
Na2C12, MC1, and NaMCI,+ 1. 

The number of moles transported may be 
written nl = n (NaMCln+l); n2 = n (MCln); n3 = n 
(NaC1); n4 = n (Na2C12). The vapour equilibria are 
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Figure 4 Vapour pressure of  
chloride by vapour transport.  
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MCln + NaC1 = NaMCln+i K a 

Na2C!2 = 2 NaC1 K d 

of which only K d is known [7]. 
Characterization of the vapour involves solving 

the set of six equations 

K a = (n~/n4)D (10) 

Ka = nx/(n2n3D) (11) 

NNa = ni + n3 + 2n4 (12) 

ArM = h i + n 2  (13) 

a2 = aMcl.  = n2/n ~ (14) 
and 

a s = a N a c l , m o n o m e r  = n2/n ~ (15) 

where D is the constant RT/(1.01 x 10S2V), N 
refers to the total number of moles of the cation 
Na or M transported, inclusive of all its molecular 
forms, and aa, a3 are the activities of the com- 
ponents in the melts, n o refers to the number of 
moles of MC1 n that would have been transported 
had the pure salt MCI. been used, t h u s  n~ > 

/ ' / 2 ,3 .  

These six equations contain seven unknowns: 
ni to n4, Ka, a2 and aa, and their solution requires 
some assumption about K a o r  about the activities 
a2, a3 or one of the values nx to n4. 

3.3 .  S o d i u m  c h l o r i d e / l e a d  c h l o r i d e  
This system was investigated at 960 K over a range 
of compositions. At higher temperatures the rapid 
evaporation of the lead chloride brought about 
unacceptable changes in melt composition, and at 
lower temperatures the small sodium chloride 
transport rate rendered condensate analysis 
difficult. 

The data are presented in Table II. Nearly all 
the sodium is being transported as the complex 
and in Fig. 5 the approximation, n l_~NNa has 
been used to plot the vapour pressure of the com- 
plex against melt composition. The broad maxi- 
mum around the equimolar composition is con- 
sistent with a complex of 1 : 1 stoichiometry. This 
allows the approximate solution of Equations 
10-15. 

Given 
ni ~--NNa (16) 

Equation 13 may be written 

n2 --~Nt,b --NNa (17) 

and the partial vapour pressures of complex and of 
lead chloride by the ideal gas law Pi = n i D ,  as 

Pi ~-- NNaD (complex) (18) 

P2 ~" (Npb  - -  N N a )  D (lead chloride) (19) 

AG ~ , the free energy of complex formation, may 
now be found for 
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Ka = aa/aea3 = Pt/P2P3 = P1/P2a3P ~ (20) 

hence 
AG a = - - R T ( l n  Pt/P2P ~ -- In a3) (21) 

The activities are referred to standard states of  
1 atm and for dilute salt vapours the vapour pres- 
sure may be taken as equal to the fugacity, hence 
a = (P/1 atm). Pt  and P2 are given by  Equations 
18 and 19 and po is found from vapour pressure 
data. a3 is unknown but  a2, the activity of  the lead 
chloride, may be reliably estimated from Equation 
19. a2 =P2/P ~ is plot ted against composit ion in 
Fig. 6. The system is close to ideal for this com- 
ponent and thus for the other, so a3 is approxi- 
mated by  XNaCa. This procedure, which is set out 
in Table II, leads to the result. 

A G ~  = --  74.2 -+ 3 kJ mol -t 

AG~ K) = --  69.2 + 3 kJ mo1-1 

(AS a = --  125.5 J mol -t K - t )  

This value lies just  outside the error limits on the 
mass spectrometric data, and must be regarded as 
more accurate. 

The enhancement of  sodium can now be calcu- 
lated according to the equation 

FNa = nt + n3 + 2n4/n ~ + 2n ~ = 21 +- 2 

(22) 

This would represent a significant increase in the 
luminous intensity of a sodium chloride-doped 
metal halide discharge lamp. 

The enhancement Equation 1 can be rearranged 
as a quadratic in the activity a, by writing at = 
a2 = a at the equimolar composi t ion,  i.e. 

a2P~ + a - -  F = 0 (23) 

Substituting the results given above, F = 2 1 ;  
K(960)  = 10949;  P~  = 0.0295 atm yields 
a = 0.25. Thus the analysis is self-consistent. 

Bloom [10] has studied the NaC1/PbC12 by 
vapour transport  but  found only about two-fold 
enhancement at 1071K. At  this temperature 

P~ = 123.6tor t ,  P~ 1 = 0 . 5 8 t o r r .  At  the 
composit ion XNaCl=0.491 he found Pvbc12 = 
40 .58 tor t ;  PN~woc13 = 0 .93torr ,  thus aVbC12 = 
0.33. At  the same time he States that  the free 
energy of  Complex formation measured by  mass 
spectrometry,  

AG ~ = --  87.8 kJ mo1-1 

which yields 
K a = 104.28 atm-1 

Given K a =P1/P2P3 atm -1 one can deduce that  

PNaCX = P 3  = 0.000 914 torr, i.e. that  aNaCl = 
0.0016. This is very unlikely given that  avbc12 = 
0.33, and hence the values quoted for F and 
AG a appear incompatible bo th  with one another 
and with the enhancement observed in this work. 

3.4. Sodium chloride/dysprosium 
trichloride (1238 K) 

This system was investigated at one temperature,  

and melt composit ion XNaa = 0.555. The data are 
presented in Table III. The average dysprosium 
and sodium enhancements are 2.76-+ 0.70 and 
0.93 -+ 0.28. n, to n4 are all of  similar magnitude, 
hence solution of  Equations 10 to 15 requires an 
assumption about a :  or K a. In both  instances the 

limiting conditions are that 0 < a 2 <  1; nl  < NDy 
and n 1 < NNa. 

Equations 10, 12, 13, 14 and 15 yield a quad- 
ratic in n3 containing a2 

1"0 
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Figure 6 The activity of lead chloride in 
the system NaC1/PbC12. 
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T A B L E I I I Results for the sodium chloride/dysprosium trichloride system. Vapour transport data for the binary 
system NaC1/DyC13 at 1238 K (equimolar melts) - gold sample boats. Sample NaC1/DyC13 ; XNaCI = 0.555 

Quantity Experiment Units 

F G H I J 

fA 24.63 24.63 26.00 25.63 28.75 cm 3 min-' 
~- 60 60 30 36 44 min 
T E 1238 1238 1238 1238 1238 K 
T R 296 296 296 296 296 K 
NNa X 104 5.997 3.578 2.811 4.92 7.02 mol 
NDy X 104 2.468 2.730 2.481 2.78 4.37 mol 
n o X 104 1.471 1.096 0.779 0.924 1.269 mol 
n o X 104 2.695 2.685 1.4525 1.692 2.323 tool 
n o X 104 1.985 1.979 1.050 1.246 1.712 mol 
NI~a X 104 6.665 6.643 3.525 4.184 5.745 mol 
D 16.24 16.34 30.79 25.94 18.91 atm mo1-1 
FDy 1.68 2.49 3.19 3.01 3.44 
FNa 0.90 0.54 0.80 1.18 1.22 

n~(2D/Kd) + n3 + (NDy --NNa --a2n ~ = 0 

(24) 

which may be solved yielding n2 and thus nl ,  n2, 

n4 and K a as a function of a2. Alternatively 
Equations 10 to 15 may be solved by eliminating 

az, n2, n3, n4 to yield a cubic in nl ,  which may be 

solved for various values of Ka, i.e. 
1.0 

n ~ + F n ~ + G n l + H  = 0 (25) 
where 

F = 2/(K2aKa D) - -XNa--  2Nsy  -- 1/(KaD) 

G = 2 N N a N D y  + N ~ y  + NDy/(KaD ) 05 

H = NNa • N~y 

The resulting values of a2 were plotted as a 
function of K~. Two such examples are shown in 

Fig. 7. The fraction of dysprosium transported as 0 

the complex R = nl/(na + n2) is plotted together 
with a2 (the activity of DyC13), both as a function 

1{ 
of K a. As K a increases and complex formation 

becomes more favourable the ratio R increases, 
that is most of the dysprosium in the vapour is in 
the form of the complex and so a2 decreases. The 
collected activity plots are shown in Fig. 8 with a 
tie line at a2 = 0.5. If this is the true activity of v~- 

the melts then the experimental errors lead to an 
equilibrium constant in the range 867 < K J  
atm -1 < 3670 (at 1238 K). If the true activity is 

lower then K a assumes higher values. The scatter 
in results may be due to the handling and analyt- 
ical problems experienced. If the dysprosium 
chloride is contaminated with moisture it forms 
the oxychloride on heating, and it would be pre- 
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ferable to have the vapour transport apparatus 
appended to a dry box. Dysprosium ion requires 
2000/lgm1-1 of potasium ion as an ionization 
buffer for atomic absorption spectrophotometry 

results to be reproducible to ten per cent. Assum- 
ing ideal mixing &G~ K) can be evaluated 
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Figure 7 The activity and complex ratio as a func t ion  of 

K a �9 
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Figure 8 The combined activity results 
for Experiments F to J. 

and its v a l u e , - 7 6 . 9 - + 8 k J m o 1 - 1  corrected to 
1000K using AS ~  -1 [11]. 
The result AG~ = - -  112.7 +- 8kJmo1-1 
implies AHa ~ = -  263.3 kJ mol- ' .  This free energy 
is in good agreement with No~.kov's [12, 13] data 
for the lithium and caesium complexes: AG ~ 
(1000 K) = -- 114 kJ mol-1. The value of  the 
reaction enthalpy agrees with that found by mass 
spectrometry [2] (AHa ~ = -- 251.6 -+ 32 kJ mol-1). 

The observed enhancements are temperature 
dependent and can be corrected to 1000K by 
writing [ 1 ] 

d in FDy/dT = (AHOvaporation, NaCl + A H ~  2 

and 

d in FNa/dT = o (A Hevapor ati on, Dye13 

(25) 

+ a G ) / R  r 2 

(26) 

The evaporation and reaction enthalpies, measured 
by mass spectrometry [2], are AH~ NaC; = 
+ 167.1 +- 11.8, AH:vapoza t ior t ,  DyC13 = + 223.2 + 
10, and A H  ~ = - -  251.6 + 32kJ tool -1. Thus the 
corrected enhancements are FNa(1000K ) = 1.8 
and FDy(1000K ) = 19.3. A drop in temperature 

of ~ 238 K increases the enhancement of dyspro- 
sium seven-fold. This trend was predicted by 
observing the relative changes in ion intensities 
of  the complex NaDyCI~ and the ion DyCI~ 
(DyC13) in the mass spectrometry experiments. 

3.5. Lamp experiments 
The enhancements found in the NaC1/DyC13 
system were further tested by dosing three elec- 
trical discharge mercury lamps with sodium 
chloride, dysprosium chloride and an equimolar 
sodium chloride/dysprosium chloride mix, 
respectively. The resulting spectra, shown in Fig. 
9, contain emission lines from the mercury in all 
three cases, and emission lines from the respective 
metals. Both the sodium and dysprosium lines 
increase in intensity in the third lamp with the 
multi-line emission spectrum of dysprosium 
appearing. The enhancement factors were esti- 
mated as F N a >  4 and FDy > 8 and so were con- 
sistent with the vapour transport results. 

4. C o n c l u s i o n s  
Vapour transport experiments yield direct 
quantitative values for the enhancement(s) in a 

Figure 9 The spectra from three 
mercury/metal halide discharge 
lamps. 
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system from which accurate free energies may be 

calculated provided the melt activities are known. 
Enhancement of  a species in the vapour 

requires both  a large equilibrium constant for 
complex formation and a volatile complexing 
agent. However, since the most stable complexes 
(e.g. NaDyC14) are formed from relatively invola- 
tile ionic salts, these requirements are incompat-  
ible. 

The two types of  system studied here give 
similar enhancements. In the NaC1/DyC13 system 
the combination of  two involatile salts yields a 
stable complex with Ka(1000K ) = 7.76 x 10 s 
atm -1, but  the enhancements are limited by  the 

low vapour pressures of  NaC1 and DyC13 to FNa 
(1000K)  = 1.8; FDy(1000K)  = 19.3. In the NaC1/ 

PbC12 system the complex is less stable with K a 
(1000K)  = 4.1 x 103 atm -1, but  the high vapour 
pressure of  lead chloride allows it to act as an 
effective complexing agent and the sodium 
enhancement,  corrected to 1000K, is FNa = 
11.4. In the latter type of  system one will only 
observe enhancement of  the low volatility com- 
ponent  (Na). 
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