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Abstract 

Systematic investigations on the vaporization and gas phase chemistry of metal halides and their quasi-binary systems were 
carried out to support the development of metal halide lamps. Homo- and heterocomplexes were identified and the 
thermochemical data describing the stability of the complexes determined. This paper summarizes the thermochemical data on 
the complex stabilities. The data were used for thermochemical computations to elucidate the high temperature chemistry in 
metal halide lamps. 
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1. Introduction 

Metal halides in genera1 vaporize forming mole- 
cules of the type MXj or M’Xj and gaseous homo- 
complexes such as (MX,), and (M’Xj)n, n = 2,3,4. 
Gaseous heterocomplexes, such as MM’X;+j, can be 
present in the vapor of quasi-binary systems. In addi- 
tion, gaseous species with different halogen atoms X 
and Yare formed. They are, for example, of the type 
MXiYk, M,XiYk or MM’XiYk. The metallic ions are 
bound by halogen atoms in the homo- and hetero- 
complexes. The formation of gaseous complexes from 
the monomeric metal halide species has often been 
observed and is a very interesting phenomenon in 
inorganic gas phase chemistry. 

The different homo- and heterocomplexes observed 
in the vapors of metal halide systems and their ther- 
mochemical data are summarized in various review 
articles by Hilpert [ 1,2], McPhail et al. [3], Schäfer 
[4,5], 0ye and Gruen [6], Hastie [7,8], Novikov and 
Gavryuchenkov [9], Biichler and Berkowitz-Mattuk 
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[ 101, as wel1 as Bauer and Porter [ 111. The study of 
gaseous metal halide complexes is of fundamental 
interest for the chemistry of coordination compounds. 
The potential of enhanced vapor transport by hetero- 
complex formation has been described in the mono- 
graph by Schäfer [12]. In addition, gaseous metal 
halide heterocomplexes are of applied technological 
importante for chemical vapor transport in metal 
halide lamps [ 131. They have achieved widespread 
acceptance due to their high luminous efficacy and 
excellent color quality [ 14-191. 

The arc tube of a metal halide lamp is made from 
quartz glass or polycrystalline alumina with two tung- 
sten electrodes (Fig. 1). The arc tube contains mix- 
tures of metal iodides and/or bromides which 
vaporize. Of particular interest are the quasi-binary 
{alkali halide)-{ lanthanide halide) systems com- 
posed, for example, of NaI and Dy13, Tm13, or 
Ho13. Dissociation and recombination take place at 
different local temperatures during the diffusion of the 
gaseous species in the arc tube. The concentration of a 
metal in the vapor, for example, Na or Dy, can be 
enhanced by chemical vapor transport caused by 
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Fig. 1. Arc tube of a metal balide lamp with temperature 
distribution under operating conditions. 

formation of heterocomplexes such as NaDyId(g). The 
partial pressure of the heterocomplexes over the con- 
densed phase at the wal1 of the arc tube represents the 
starting concentration for the subsequent diffusion of 
the metal containing gaseous species into the high 
temperature arc column. The enhancement of metal 
concentrations in the arc column can be utilized to 
modify the color-rendering properties and/or to 
increase the efficacy of light generation. For the 
modelling of such lamps it is necessary to know the 
gaseous species present in the arc tube over the 
condensed phase and their thermochemical data con- 
ceming dissociation and vaporization. 

Systematic investigations on the vaporization of 
metal iodides and bromides and their quasi-binary 
systems, which are of interest for the development 

of metal halide lamps, were carried out. The data were 
incorporated into a thermochemical database and used 
for modelling purposes. 

2. Vapor composition and thermochemistry of 
gaseous complexes 

Knudsen effusion mass spectrometry [2] was used 
to identify the gaseous species present in the vapor and 
to determine thermodynamic properties such as their 
enthalpies of dissociation and sublimation. 

2.1. Vapor species with identical halogen atoms 

Table 1 shows some of the condensed phases inves- 
tigated by US and the gaseous species identified upon 
vaporizing these phases. It can be seen that single- 
phase metal haiides as wel1 as phases of quasi-binary 
systems have been studied. The samples of the quasi- 
binary systems generally contain a sodium halide as 
one component and were often investigated with 
respect to a possible sodium enhancement by hetero- 
complex formation and chemical vapor transport. 

Obviously, monomeric species and dimeric homo- 
complexes were observed over each of the single- 
phase metal halides. The detection of a trimer and a 
tetramer was also possible in some cases. Over the 
binary mixtures 1,l heterocomplexes such as 
NaScL+(g) and NaDyL+(g) were identified as the most 
abundant heterocomplexes over the binary mixtures. 
Higher heterocomplexes such as Na*DyIs(g) have also 
been observed in the vapor. In addition to the hetero- 
complexes, the corresponding monomers and dimeric 
homocomplexes were detected over the mixtures as in 
the case of the pure components. 

Partial pressures were determined for the gaseous 
species identified and thermochemical properties eval- 
uated [2]. Tables 2 and 3 show the enthalpies and 
entropies of dissociation determined for the homo- 
complexes and heterocomplexes. 

The dissociation enthalpies of the 1,l heterocom- 
plexes can be predicted by the semi-empirical rule 

&H&g[M’MIj+kI = 1/2&&9s [WIj) 

+ 1/2&&s [(MI&] +dH 

(1) 
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Table 1 
Gaseous species identified in our laboratory over metal halides and their quasi-binary systems 

Condensed phases 

Metal halides 
NaBr(s) 
Na&,) 
CsBr(s) 
CsI 
CaI* 

sCI&) 

DyBrs(s) 
D%(s) 
F&(s) 
ZnI26) 

SnC12(s) 
SnBra(s) 

SnI2W 

P&(s) 

Phases of quasi-binary systems 
NaI/Fe12 
NaCl/SnClr 
NaBr/SnBrr 
NaI/Sn12 
NaI/PbIr 
Sc13/Sn12 
NaI/Sc13 
ABr/DyBr,(A = Na, Cs) 
AI/Dy13 (A = Na, Cs) 

Gaseous species 

NaBr, (NaBr),, (NaBr), 
NaI, (NaIk (NaOs, (NaU4 
CsBr, (CsBrb, (CsBr)s 
CSI, 002, (CSIk, (CSb 

CaI,, (Ca12)2 

SCh, (%)2 

DyBrs. (DyBr& 
DyIs, (DYIk (DYIs)s 
FeIr, (Fe& (FeI&, Fels, 1, 12 
ZnI2. (Zn1212 

SnCla, (SnCl& 
SnBrr, (SnBr2)2 
SnI2, (SnIh 

Pb #'Wz 

NaFe13, NaaFeb. NaI, (NaI)a, Fe12, (FeI&, (Fe& 
NaSnC13, NaCI, (NaC1)2, SnC12 
NaSnBr3, NaBr, (NaBr)2, SnBr2 
NaSnI,, NaI, (NaI)a, Sn12 
NaPb13, NaI, (NaI)a, PbIa 
ScSnIs, Sc13, (ScI&, SnIr 
NaScI,, Na2ScI,, NaI, (NaI)2, Sc13, (Sc13)* 
ADyBr,, ArDyBrs,ABr, (ABr)2, DyBr, 
AD&, AzDyIs, Al, W)2> Dy13 

Ref. 

1201 
UI,221 
Wl 
~24,251 
V61 

1271 
GW 
1291 
1301 
[311 
1321 
[331 
v71 
~271 

1341 
[351 
[351 
1361 
[341 
(361 
[371 
138,391 
[40,411 

where M’Ij and Mik are different metal iodides; 

&H;gs [M’MIj+kl 1 &df;g, [(M’Ij)zI >y and 
&H.&s [(MIk)2] are dissociation enthalpies of hetero- 
complexes and homocomplexes. The term 6H is the 
enthalpy change of the reaction 

M’MIj+k = 1/2(M’Ij)z + 1/2(MIk), (2) 

and its physicochemical meaning can be explained by 
the structure of the complexes involved 1341. The 6H 
values obtained from Eq. (1) by employing the experi- 
mental values of the dissociation enthalpies of the 
homo- and heterocomplexes are given in Table 3. The 
SH values range between about 20 and 90 kJ moll ’ 
and can be used to predict the dissociation enthalpy of 
heterocomplexes by the use of Eq. (1) and the dis- 
sociation enthalpies of the homocomplexes. It is inter- 
erting to note that the 6H values for heterocomplexes 
of the type AM& are high as compared to those of the 
type AMXs. Moreover, the SH values of a given 
heterocomplex in genera1 increase on proceeding from 

1 to Cl. This can be understood in terms of the ideas 
discussed in Ref. [34]. According to these ideas, the 
6H values are caused by the Coulomb attraction 
between the two different cations in the heterocom- 
plex. This Coulomb attraction is the higher the smaller 
the intercationic distance. This distance depends on 
the size of the halogen anions because the two cations 
are bound by halogen bridges. 

2.2. Vapor species with different halogen atoms 

Lamp filling can contain mixtures of metal bro- 
mides and iodides (cf. Section 1). Systems of metal 
halides composed of identical metal and different 
halogen atoms as wel1 as different metal and different 
halogen atoms were, therefore, investigated (Table 4). 
The number of vapor species increases significantly in 
these systems by the formation of species with dif- 
ferent halogen atoms. 
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Table 2 
Enthalpy and entropy changes at the temperature of 298 K for the dissociation of different iodine and bromine homocomplexes (MX,), 
according to the reaction (MX,),(g) = nMXi(g). (The given errors are probable uncertainties.) 

Complex Ref. 

lodides 

(Na02 
(NaIk 
(Cs02 

(CW2 

WM2 

(DYMz 
(DyM, 
(Feb)2 
Feb)3 
WW 

(Sn1212 

(PbI2)z 

Bmmides 

(NaBrL 
(NaBrk 
(CsBr12 
(CsBrk 
(CsBrL 
GnBr& 
(DyBr& 

172.2zt3.8 

307.2*5.2 
149.2f4.4 
192f14 
189.8f14.7 
193.315.6 
390.3f13.0 
157.1*6.4 
297.5k10.3 

93.2~t4.2 
10 1.0*4.4 
115.9*4.7 

189.6*7.4 
337.9zt10.9 
161.9f9.8 
318.3zt18.1 
552.2114.0 
106.8h3.6 
220.8zt6.6 

125.3*6.9 
241.0f9.1 
119.5f7.0 
134zt16 
165.3f19.3 
137.417.9 
300.8f16.1 
144.0* 10.9 
263.2zk16.8 
141.ozt9.5 
158.3f10.2 
164.6zt9.0 

130.1f7.6 
258.1k14.1 
115.1116.6 
261.0518.9 

153.8f8.8 
165.4zk8.5 

[21,221 
[21,221 
W.251 
LW 
~271 
1291 
~291 
[301 
[301 
1311 
~271 
~271 

Wl 
PO1 
v31 
~231 
~231 
[331 
Wl 

Table 3 
Enthalpy and entropy changes of gas phase reactions for the dissociation of different iodine and chlorine heterocomplexes, 6H sec text (The 
given errors are probable uncertainties.) 

Reaction 6H 
Wmol. 

Ref. 

NaScL = NaI + Sc13 
Na2ScIS = 2NaI + ScI3 
NaDyBr, = NaBr + DyBr, 
NazDyBr, = 2NaBr + DyBr, 
NaDyI, = Na1 + DyI, 
Na2Dyls = 2NaI + DyI, 
CsDyBr, = CsBr + DyBr, 
CssDyBr, = 2CsBr + DyBr, 
CsDyI, = Cs1 + DyI, 
DsDyI, = Cs1 + DyI, 
NaFeI3 = NaI + Fe12 
NazFeI4 = 2NaI + Fe12 
NaSnC13 = NaCl + SnC12 
NaSnBq = NaBr + SnBr2 
NaSnI3 = Na1 + Sn12 
NaPbIj = Na1 + Pb12 
ScSnIs = ScI3 + Sn12 

228.3 f 4.8 
388.1 f 8.7 
242.7 f 5.6 
418.8 & 12.1 
217.1 * 5.9 
372.4 & 10.5 
284.5 zt 8.8 
402.6 & 10.6 
230.2 zt 6.3 
379.3 f 10.5 
183.6 f 5.0 
333.0 & 8.7 
196.6 zt 5.7 
189.8 * 5.5 
166.3 zt 4.5 
168.3 * 5.1 
172.3 zk 7.7 

165.2 f 7.9 

146.5 * 6.8 

130.5 f 9.9 

186.2 f 10.5 93 f 6 

129.6 f 7.8 

142.9 f 7.8 

153.1 + 6.7 
159.9 i 7.4 
144.2 i 6.5 
151.2 f 8.7 
181.1 zt 10.2 

47f9 

38f7 

34 * 7 

59 * 7 

1917 

42 f 7 
30 f 5 
24 zt 6 
27zt 11 

1371 
[371 
[381 
[381 
[401 
[401 
1391 
r391 
[411 
[411 
1341 
[341 
[351 
[351 
[361 
[341 
[361 



K. Hilpert, lJ. Niemann/Thermochimica Acts 299 (1997) 49-57 53 

Table 4 
Gaseous species indentified over quasi-binary systems of metal halides with different halogen atoms I42-441 

Condensed phases Gaseous species 

SnBr*-Sn12 
HoBr3-HOI3 
FaBr-Sn12 
_ 

SnBrz, Sn12, SnBrI 
HoBrz, HoIx, HoBrL, HoBrA (HoBr&, (HOI,),, HoZBrSI, Ho2Br412, Ho2Br313, HoZBr214, Ho2BrI, 
NaBr, (NaBr)*, NaI, (NaI)*, SnBrz, SnI,, SnBrI, NaSnBr?, NaSnI,, NaSnBrI*, NaSnBr,I 

Table 5 
Enthalpy and entropy changes for the dissociation of vapor species in the SnBrz-SnI2, HoBr3-HoI3, and NaI-SnBrz systems with different 
halogen atoms 

Reaction 

SnBr2-Snlz S.vstem 
SnBrz + Sn12 = 2SnBrl 
HoBr3-HoI3 System 
HoIj + HoBrl = HoBrIz + HoBrIl 
iHoI3 + HoBr3 = 3HoBrl2 
Ho13 + 2HoBr3 = 3HoBr21 
HoIj + 3HoBr2I = HoBr3 + 3HoBrl2 
hal-SnBr2 System 
haSnI3 = Na1 + Sn12 
&aSnBrIz = NaBr + Sn12 
h‘aSnBr21 = Na1 + SnBrZ 
KaSnBr3 = NaBr + SnBr2 
Sn12 + 2NaBr = SnBr2 + 2NaI 
SnBr2 + Sn12 = 2SnBrI 

Y 

T,/K a 

298 

900 
900 
900 
900 

723 
143 
144 
767 
788 
768 

aa 

2.3zt2.4 

-0.67zt1.7 
-0.58*2.3 
- 1.43rt3.2 

0.84h2.5 

160.5zt1.8 
176.3f1.8 
167.6zt3.7 
18 1.2zt6.0 

-12.8hl.6 
0.6zt 1.2 

r,,, is the mean temperature of measurements, if not 298 K is given. 

GY?k 

11.4f4.1 

17.8f1.8 
26.7f2.6 
26.3f3.5 

0.0zt2.8 

131.2f2.4 
132.5f2.3 
129.9f4.8 
142.5f7.8 

4.1 f2.0 
12.1zt1.6 

Ref. 

1421 

1431 

1441 

Table 5 shows the enthalpy and entropy changes of 
different exchange reactions and reactions describing 
the formation or dissociation of the vapor species with 
different halogen atoms. It is interesting to note that 
the equilibria describing the formation of SnBrI as 
wel1 as of HoBrI* and HoBr21 are practically entropy 
determined. The values for the enthalpy changes of the 
reactions describing the dissociation of the species 
NaSnBrJ and NaSnBrIz are between those of NaSnI, 
and NaSnBr,. 

3. Chemical vapor transport in metal halide 
lamps 

Fig. 2 shows a comparison of the Ciibbs energy of 
formation of some heterocomplexes from the compo- 
nent metal halides determined. It can be seen that the 
value of NaSnBrs(g) is similar to the Gibbs energy of 

formation for the other heterocomplexes of the type 
NaMXs(g) and that its value is between those of 
NaSnIs(g) and NaSnCls(g). This can be explained 
by the electronegativities of 1, Br, and Cl. The com- 
paratively high value of the Gibbs energy of formation 
of the heterocomplexes of the type AMX4(g) may be 
explained by the structure of these complexes, which 
are assumed to contain a rigid MX4 tetrahedron with 
an alkali metal cation at the apex, edge or face 
position. Such MX4 tetrahedra cannot be formed in 
the structures of the NaMXs complexes. 

The stability of the heterocomplexes shown in 
Fig. 2 is an important parameter for the enhancement 
of the metal concentration in the gas phase in the arc 
tube by chemical vapor transport. Metals important for 
the light generation are, for example, Dy, Ho, and Na. 
The height of the heterocomplex partial pressure 
determines the potential for the enhancement. The 
main parameters which determine this height are 
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F’ I I I / I 

Cs DyI, 

pPJaBr) 

600 800 1000 

TI K 

Fig. 2. Gibbs energy of formation of some heterocomplexes from 
their component metal halides according to the reaction 
AX + MX, = AMX,,, (n = 2,3). 

schematically shown in Fig. 3 for the NaBr-DyBrs 
system. The formation of the heterocomplex NaDyBr4 
can be subdivided in two processes: The monomer 
species NaBr(g) and DyBr,(g) are formed by the first 
process. Their partial pressures are determined by the 
products p”(NaBr) a(NaBr) and po (DyBr,). 
a(DyBr,), where p”(i) are the partial pressures of 
the pure components i = NaBr and i = DyBr,, and 
a(i) are their thermodynamic activities in the con- 
densed phase. The second process is the formation of 
the heterocomplex NaDyBr4 from NaBr and DyBrs by 
the gas phase reaction shown in Fig. 3. A high stability 
of the heterocomplex, that is, high value of the equili- 
brium constant KP, increases the partial pressure of the 
heterocomplex. It can be derived from Fig. 3 that both, 
high component partial pressure p”(i) and a high 
stability of the heterocomplex, increase the partial 
pressure of the heterocomplex whereas this pressure 
is diminished by smal1 values of the thermodynamic 
activities u(i). 

A high stability of the heterocomplex indicates a 
strong bond between its components in the condensed 
phase leading to low thermodynamic activities. There- 
fore, the total enhancement is also determined by the 
interplay between the stability of the gaseous hetero- 

p(NaDyBr,) ?? K, plNaBr) piOyBrjl 

NaBr + DyBrj+ NaDyBr, 

__t___-___- e 
olNaBr1 ElNaBr) p(DyBr3i 

aiDyBr,l F(DyBr31 

Fig. 3. Schematic representation of the different parameters 
determining the enhancement of Na and Dy in the NaBr-DyBr3 
system. 

complexes and the strength of the bond in the con- 
densed phase. This means that, in addition to the 
stabilities of the heterocomplexes, thermodynamic 
activities of the metal halide components in the con- 
densed phase are necessary for the determination of 
partial pressures of the heterocomplexes. They were 
obtained by thermodynamic modelling on the basis of 
experimental thermodynamic activities [45] deter- 
mined by Knudsen effusion mass spectrometry for 
some quasi-binary metal halide systems. 

4. Results obtained by thermochemical modelling 

Computer-based thermochemical modelling is a 
necessary tool to understand the complex chemical 
interactions in high temperature light sources [46-48]. 
A necessary prerequisite for the computations is the 
existente of a comprehensive database. The data 
reported in Section 2 were incorporated into such 
a database as thermochemical functions for the 
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800 900 1000 1100 1200 1300 1400 1500 

T/K 

Fig. 4. Partial pressure of the heterocomplexes over equimolar mixtures of the systems NaX - DyX, and CsX - DyX,(X = Br, 1). 

formation of the vapor species in the tem- 
perature range from 200 to 10 000 K. Selected results 
obtained by chemical equilibrium computations 
applying these data are presented in the following 
discussion. 

The partial pressures of the vapor species over 
equimolar mixtures of each of the system NaX- 
DyXs and CsX-DyXa(X = Br, 1) were computed 
for the temperatures from 800 K to 1500 K. Interac- 
tions in binary common-ion salt mixtures have been 
deduced from activity measurements [49]. Using these 
binary coefficients properties of temary reciprocal 
systems were calculated applying standard thermo- 
dynamic models for symmetrical mixtures [50]. Fig. 4 
summarizes the partial pressures of the 1,1 hetero- 
complexes in these systems. The partial pressures of 
metal halides are determined by the coldest spot 
(typically 1100 K) at the inner wal1 of the arc tube. 
The partial pressures of NaDyI, and CsDyI, are 
comparable and exceed those of NaDyBr4 and 
CsDyBr, by about one order of magnitude. This 

means that the iodide heterocomplexes yield 
higher Dy enhancements as compared to the corre- 
sponding bromide complexes under the mentioned 
conditions. 

The gas phase compositions resulting from the 
computations for the systems NaX-DyXs and CsX- 
DyXs(X = BR, 1) are used to predict the corrosion 
reactions between the vapor species and the tungsten 
electrodes and/or the wal1 material of the arc tube. 
The result of the vapor species/tungsten is shown in 
Fig. 5 for an equimolar CsBr/DyBrs mixture. The 
computations were carried out by taking into account 
typical levels of residual gases (OZ, HzO) present in 
the arc tube of metal halide lamps. Only the vapor 
species containing tungsten are considered in the 
diagram. The summed tungsten pressure, from which 
direction and amount of chemical tungsten transport in 
the arc tube can be derived, is given additionally. In 
this case a regenerative tungsten transport on a high 
leve1 with corrosion attack at feed-through tempera- 
tures of electrodes is forecast. 
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1000 1250 1500 1750 2000 2250 2500 2750 3000 
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Fig. 5. Partial pressures and summed pressure of tungsten compounds in CsBr-DyBr3 metal halide lamps (residual gases: 
p(q) = 5 x lO_” bar, p(H,) = 10e6 bar). 
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