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Stability and Vaporization Behaviour of 
Group IV-VI Transition Metal Monophosphides 

THE vaporization properties of Group IV-VI transition 
metal monophosphides were investigated in order to 
obtain knowledge of their thermodynamic stability and of 
the possible existence of binary gaseous molecules 
between phosphorus and the respective transition metal. 
For this purpose, a Knudsen effusion-mass spectrometer 
assembly similar to that described by Chupka and 
Inghram1 was used. Included in the investigation were 
the monophosphides of titanium, zirconium, hafnium, 
niobium, tantalum, molybdenum and tungsten. 

The primary phosphorus species observed in the vapour 
above the condensed phase were P, P 2 and P 4 • In tho 
temperature range 1,000° - c. 1,800° K, diatomic phos
phorus was the major species. At higher temperatures 
monatomic phosphorus also became an important vapour 
component. Tetratomic phosphorus was, under all con
ditions, either a minor species or was not detectable. In 
no case has a gaseous species containing both metal and 
phosphorus been observed. This has been checked 
especially for the monomeric monophosphides. The con
contration of such species in the vapour phase at the 
temperatures and pressures investigated is at least 100-
1,000 times less than that of the major vapour species. 
With respect to the formation of binary gaseous molecules, 
the transition metal phosphides appear to behave similar 
to the corresponding nitrides for which no binary gaseous 
molecules have been observed. 

All phosphides investigated vaporize according to 
equation (1) by decomposition into phosphorus vapour 
and a solid phase of lower phosphorus content. 

(1) 

where O<x< 1~3 and z is either I, 2 or 4; 3 is approxim
ately 0·04 for TiP and NbP, and 0·08 for et-ZrP. For the 
other phosphides it is apparently close to zero. 

From X-ray diffraction analysis of the residue, it was 
found that the condensed phase of lower phosphorus 
content, which is in equilibrium with the monophosphido, is 
phosphorus-saturated tungsten metal and sub-phosphides 
of the composition MoP 0 • 7 and TiP 0 •6 in the respective 
systems. 

Analysis of the phosphorus ion-intensity as a function of 
phosphorus content in the condensed phase at constant 
temperature indicates the presence of a homogeneity 
range for the TiP phase that extends between TiP o·••-•·•u 
at 1,700° K. No indication for a homogeneity range was 
found for MoP, WP, and Ct-ZrP. 

The ion-intensities of P 2+ were correlated to vapour 
pressures through silver calibration 2. The ratio in electron 
multiplier efficiencies for P 2+/Ag+ was 3·0. The ionization 
cross-sections for silver and monatomic phosphorus were 
obtained from Otvos and Stevenson 3. For the phosphorus 
dimer the value of 21·8 was estimated. The possibility of 
a very low vaporization coefficient was not taken into 
account. The P 2-dissociation pressures obtained for the 
phosphorus-deficient boundary composition of the respec
tive phosphide as a function of temperature were used for 
the calculation of the partial molal froo enthalpies of 
phosphorus dissociation, .6.GS}[P 2). Tho results are listed 
in Table 1 for 1,000° K, 1,500° K and 2,000° K. Also 
included is the temperature-range over which the experi
mental pressure measurements were made. For hafnium 
and tantalum monophosphides the determination of the 
temperature-pressure relationship was complicated by the 
apparent presence of a diffusion barrier, and, in the case of 
tantalum monophosphide, by reaction of phosphorus 
vapour with the tantalum effusion cell. From the possible 
observations it can be estimated that, at 2,000° K, the 
stability of tantalum monophosphide is comparable with 

that of et-ZrP and the stability of hafnium monophosphide 
is considerably higher than that of Ct-ZrP and similar to 
that of thorium sub phosphide (ThP 0• 7 ) (ref. 4) and uranium 
monophosphide5 • The results presented in Table l show 
that the stability of the monophosphides of group IV 
increases markedly with atomic number. The same 
appears to be the case for the group V monophosphides of 
niobium and tantalum, while for molybdenum and 
tungsten monophosphides the stability trend is reversed. 
Within a period the stability decreases with atomic 
number. This decrease is most pronounced in third 
transition period. 

Table 1. PARTIAL MOLAL FREE ESTHALPIES OF P,-DISSOCIATION FOR 
SELECTED TRANSITION METAL MONOPHOSPHIDES 

Compouncl. 

TiP0 • 0 , 

ZrP 0 .u: 
NbP0 .,, 

MoP 
WP 

Temperature 
range of pressure LJGT0 [P,l in kcal/mole P, 

measurement 1,000° K 1,500° K 2,000° K 
(•K) 

1,295-1,705 
1,770-2,120 
1,200-1,450 
1,190-1,450 

950--1,250 

55·8 

55·4 
54·3 
36·7 

40·8 
66·8 
34·0 
28·3 
17·3 

25·9 
51·1 
12·7 

A comparison of the stability of the groups IV-VI 
transition metal monophosphides with the corresponding 
nitrides is attempted on the basis of information reviewed 
by Storms•. Such a comparison is only of relative sig
nificance for the groups IV and V compounds because of the 
strong dependence of the non-metal activity on the com
position in a given binary system, and the difficulty of 
comparing compounds of exactly the same stoichiometry. 
For the groups IV and VI nitrides the family trends appear 
to be similar to those found for the corresponding phos
phides, but are less pronounced. The trends within a 
period are also in the same direction as indicated for the 
phosphides, but are considerably more pronounced. As a 
result, the group IV nitrides, especially titanium nitride, 
are of higher stability than the corresponding phosphides; 
whereas the group V mononitrides appear to be some
what less stable and the group VI mononitrides signifi
cantly less stable than the corresponding monophosphides. 
The high thermodynamic stability of hafnium mono
phosphide, Ct-zirconium monophosphide and tantalum 
monophosphide, together with their reported resistance to 
chemical attack, makes these compounds attractive for 
special high-temperature applications. The rather low 
stability of WP and the non-existence of a lower tungsten 
phosphide above 1,000° C make tungsten metal a promis
ing oxygen-free container material for the more stable 
phosphides. 
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Molecular Orbital Theory and 
Experimentally Determined Energy-levels 

ONE of the more successful descriptions of the electronic 
structure of aromatic hydrocarbons has been given by 
molecular orbital theory. Originally formulated by 
Huckel1, it has been developed and modified by many 
different authors. An account of the molecular orbital 
theory in its various forms has been gtven by Daudel, 
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