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where K is the volume susceptibility, PO, the Bohr mag- 
neton, n, the electron density, and h, Planck’s constant. 

After the corrections for the diamagnetism of 02- and 
Os4+ according to Selwood,fo one calculates x3.1 = 

172 x cgsu. Assuming a rutile structure for 
OsOz with a. = 4.51 A and co = 3.19 A,5 a value of K = 
8.6 x 10-6 cgsu ~ m - ~  is calculated. Using this value 
of K and as a first approximation taking m* = mo in the 
Landau term for the collective electron diamagnetism, 
we obtain the calculated value of n = 2.03 x loz6 ~ m - ~ ,  
an absurd result. A value of m*/mo > 8 is required to 
bring n into the range defined by the Hall effect results. 
Such a large value of m*/mo is more characteristic of 
narrow-band carriers, as are encountered in the transi- 
tion metals themselves, l 1  than of nearly free carriers. 

Goodenough12 has suggested that, in transition metal 
oxides with the rutile structure, conduction bands can 
be formed from direct overlap of t*& orbitals on adjacent 
metal atoms along the c axis, giving rise to a metallic 
conductivity in a d band only along the c axis, and/or 
from overlap of tZg orbitals on the metal with oxygen 
p-T orbitals, giving rise to a nearly isotropic conductiv- 
ity in a R* band. In this scheme the metal d band 
would contain 2 electrons/OsOz unit while the T* band 
would have a capacity of 4 electrons/OsO2 unit. These 
two bands are expected to lie close in energy and may 
overlap. Three situations can be imagined: (I) the 
top of the T* band lies below the bottom of the d band; 
(2) the top of the d band lies below the bottom of the 
R* band; (3) the two bands overlap appreciably. 

The first of these possibilities can be ruled out as 
Os02 has exactly 4 valence electrons/Os02 unit and 
these would just fill the T* band and give rise to non- 
metallic behavior. Possibilities (2) and (3) are 
compatible with the observed metallic behavior. In 
case ( 2 )  the d band would be filled and the T* half- 
filled, whereas in case (3) the 4 electrons would inhabit 
a composite band with total capacity of 6 electrons/ 
Os02 unit. The carrier densities predicted by these 
two models are also consistent with the Hall data and 
the narrow band picture as case (2) predicts n = 6 x 
l oz2  ~ m - ~ ,  p = 2.5 cm2 IT-’ sec-l, and case (3) predicts 
n = 1.2 x loz3 ~ m - ~ ,  ,U = 1.5 cm2 V-l sec-l. 

In  summary, we submit that the available, albeit 
scant, data on Os02 can be consistently rationalized on 
the basis of a wholly collective electron approach such 
as that suggested by Goodenough and involving the 
concepts of narrow bands and high density of states 
which are quite commonly encountered in the transition 
metals and their compounds. 
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Until recently no electron-impact studies of phos- 
phorus-nitrogen polymers had been reported. Our re- 
sults complement the mass spectral study of the bromo- 
phosphonitriles‘ and fluorophosphonitriles2 and add 
important details to the abbreviated summary of spec- 
tral data for chlorophosphonitrile oligomers. To- 
gether these studies provide a comprehensive descrip- 
tion of the behavior of phosphonitriles to electron im- 
pact. 

Results 
The line spectrum of octachlorotetraphosphonitrile 

is shown in Figure 1. The relative abundances of ions 
in the mass spectra of the trimer and the tetramer are 
recorded in Tables I and 11, respectively. The abun- 
dances are reported as a percentage of the total ion 
abundance. The measured intensities of the multiply 
charged ions were divided by the charge on the ion to 
provide comparability with the singly charged ions. 
Several ions not reported earlier3 have been observed in 
low abundance. 

Discussion 
Certain characteristic behaviors of the chlorophos- 

phonitriles to electron impact are evident from the rela- 
tive abundance data. As noted pre~ious ly ,~  the 
P,N,ClZn-1+ ion is the most abundant in both spectra. 
The phosphonitrile ring appears to be cleaved to a very 
great extent upon electron impact. The P4N4 ions in 
the tetramer spectrum account only for 25.0% of the 
total ions and the P3N3 ions in the trimer spectrum make 
up 32.47. of the total ions. Fragments which contain 
the P3N2 and P2N backbone and are presumed to have a 
linear structure3 appear to be stable. These fragments 
make up 19.8yo of the total ions both in the tetramer 
and in the trimer. 

The dominance of even-electron ions over odd-elec- 
tron ions is striking. Of the ions which contain both 
phosphorus and nitrogen and are present in amounts 
greater than O.lyc in the trimer, 46.5y0 are even-elec- 
tron ions and 17.3y0 are odd-electron ions. In the 
tetramer spectrum the figures are 46.8 and 15.1Yc, re- 
spectively. Two correlations are evident when the rela- 
tive abundances of odd- and even-electron P3N3 and 
P4N4 ions of identical stoichiometry are compared. 
The data in Table I11 show that the relative abundance 
of an even-electron ion is always greater than the odd- 
electron ion of the same stoichiometry except for the 

(1) G. E. Coxon, T. F. Palmer, and D. B. Sowerby, J. Ckem. Soc., A ,  1568 
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Figure 1.-Mass spectrum of octachlorotetraphosphonitrile. 

parent ion. Secondly, an even-electron ion is always 
more abundant than the odd-electron ions that have 
one more or one less chlorine atom. A similar pattern 
exists in the chlorophosphonitrile trimer spectrum and 
the bromophosphonitrile spectra, but no notice was 
taken of it. 

A theoretical explanation was sought to account 
for this behavior. \\'e have assumed that the thermo- 
dynamic stability of a gaseous ion is the dominant factor 
in determining its abundance. Actually, the rates of 
formation and dissociation of an ion would have to be 
included in a detailed theoretical model. Since the 
kinetic effects are impossible to evaluate even qualita- 
tively, they necessarily have been omitted. 

Theoretical treatments of bonding in phosphoni- 
triles have been p ~ b l i s h e d . ~ - ~  To a first approxima- 

(4) M. J. S. Dewar, E. A. C. Lucken, and M. A. W. Whitehead, J .  Chem. 
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TABLE I 
RELATIVE ABUSDANCES OF Ioxs IK THE MASS SPECTRUM OF 

HEXACHLOROTRIPHOSPHOYITRILE~ 

5 6 Total Charge 0 1 2 3 4  

PaNaC1,z 
+1 . , .  0.5" 0.1 2 .0*  0 . 4  21.1* 4 . 2  28.3 
+2 . . .  . . .  0 . 2 * 0 . 1  3.6* 0 . 2  0.1* 4 . 1  

P,N*cl,a 
$1 t r  tr 0.1" tr 0.3* . . .  , . . 0 . 4  

P,S*Cl, 
$1 . . .  0.2*  0 . 3  0.5* tr . . .  1 . 0  
+2 . . .  . . . . . . . . . . . . . . .  

P&CI,, 
$1 3.1" 3 . 1  5 . 7 %  0 . 7  @ . 8 *  tr , . .  13.3 
$2 , , , 0 .4*  tr 1.3* , . .  0.4"  , , , 2 . 1  

PIi2Cln 
+I  0.8" 0 . 2  . , , . . , . , . . , , . . .  1 . 0  
+2 . . .  . . . . . . . . . . . . . . .  

PNCI, 
+l 6 . 9  2.3* 0 . 5  . . .  . . . . . .  , . .  9 . 6  
+ 2  0 . 1  . . . . . .  , . .  0 . 1  

PC1, 
+1 8 .5*  8 . 2  8.6* 0 . 3  0 .2*  . . .  . . .  25.8 
+2  . . .  tr . . . . . .  , . .  . . . . . .  

a Other species present: C1+, 3 .6 ;  HCl+, 4 . 7 ;  SCl+,  0.1; 
P*+, 0.8; Cl*+, 0.1; PzCl+, 0.9; PZCl*+, 0.1; and PzCh+, 0.1. 
An asterisk designates an even-electron ion. 

tion, the G bonds in the ring may be regarded as bonds 
formed by the overlap of sp3 hybrid orbitals of the phos- 
phorus atoms with the sp2 orbitals of the nitrogens. 
Although there is some disagreement as to which d or- 
bitals are used in the ring T system, there is agreement 
that delocalization of bonds occurs through d,-p 
molecular orbitals. 

The reasonable expectation that the strength of a 
bond is determined significantly by overlap of hybrid- 
ized atomic orbitals and that the magnitude of the over- 
lap integral reflects this contribution to bond strength 
has been treated theoretically for bonds between two 
like atoms.7 Calculations showed that the a-bond 
overlap integral of an sp2 hybrid is greater than that of 
an sp3 hybrid. If the elimination of a chlorine atom 
from the odd-electron parent ion PaN&ls. + to give the 
even-electron P3N3Clj+ ion is accompanied by re- 
hybridization from sp3 to sp? of the phosphorus atomic 
orbitals of the PC1 group, the G bonding of the phos- 
phorus to the neighboring nitrogen atoms will be in- 
creased. In addition, the phosphorus atom to which 
the single chlorine is attached now has a 3p, orbital 
available for pT-pT bonding to nitrogen. 

What effect a change from 2pT-3d, bonding to 2p,- 
3p, bonding would have on the strength of the P-K 
bond is not readily assessed. The overlap integral for 
2pW(N)-3p,(P) bonding is 0.175* as compared to 0.139 

$ 2  0 . 8  1.0"  tr 1.1" , . .  1.0" , , .  3 . 9  

. . .  

. . . . . .  

. . .  . . . . . .  

(7) C. A. Coulson, "Valence," 2nd ed, Oxford University Press, London, 

(8) Calculations were made from Table XXI of R. S. Mulliken, C .  A. 
The data 

1961, pp 208-211. 

liieke, D. Orloff, and H. Orloff, J .  Chem. Phys . .  17, 1248 (1949). 
in Table XXI are for S(Zp,, 3pT) and not S(2pT, 2p,) as indicated. 
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TABLE I1 
RELATIVE ABUNDANCES O F  IONS IN THE 

MASS SPECTRUM O F  OCTACHLOROTETRAPHOSPHONITRILEa 

Charge 0 1 2 3 4 5 6 7 8 Total 

p4N4CIn 
4-1 . . . . . . . . .  tr* . . .  0.6*  0.1 15.36 3.4 19.4 
f? . . . . . .  0 . 2 *  . . .  1.2* t r  3.Q* 0.1 0 . 2 *  5.6 

P4NaCL 
+1 , . . , , , , , . , , , , , , . . , tr* , , , . . , t r  

PaNaCL 

f 2  . . .  0.1* . . .  0.1* . . .  0.1* . . .  0 .2*  . . .  0 . 6  

+1 t r  0 .2*  t r  1.5* 0.2 3.5* . . . . . . . . .  5.5 
+ Z  . . . . . .  O . l *  t r  1.4* . . . . . . . . . . . .  1 . 6  

PJVzCL 
+ 1  . . .  t r  O . l * t r  0 . 8 * 0 . 1  0 . 2 *  . . . . . .  1.3 
4-2 0 . Q  1.2* t r  1.1* t r  0.8* . . .  0 . 5 *  . . .  4.6 

PzNzCl, 
f l  0.4 tr* 0.1 . . . . . . . . . . . . . . . . . .  0 . 5  
+ 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PzNCl, 
4-1 3.5* 2.4 3.9* 0 .6  l . 6 *  0.1 . . . . . . . . .  12.1 
+2 . . .  0 . 3 %  . . .  1 . 2 *  . . .  0.4* . . . . . . . . .  1.9 

PNzCl, 
+1 0.6* 0 . 1  . . . . . . . . . . . . . . . . . . . . .  0 . 7  
+ z  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

PNCl, 
4-1 6.4 l.Q* 0.2 . . . . . . . . . . . . . . . . . .  8 . 5  
+ z  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P c1, 
+1 10.8* 7.0 7 . 2 *  0.3 0 . 2 *  . . . . . . . . . . . .  25.4 
+ z  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Other species present: HC1+, 5.5; NCl+, 0.2; Clz+, 0.1; 
Pz+, 1.8; PzCl+, 0.6; KHCl+, 0.1; Cl+, 3.8; and trace amounts 
of PzClz+, PaN+, P4+, PzCls+, and P4N4C1s3+. An asterisk desig- 
nates an even-electron ion. 

TABLE I11 

THE SAME STOICHIOMETRY IN THE MASS SPECTRUM OF P4N4Cls 
RELATIVE ABUNDANCE O F  ODD- AND EVEN-ELECTRON IONS WITH 

Even-electron % Odd-electron % 
ion abundance ion abundance 

P4N4C1s2+ 0.2 P4N4C18. + 3.4 
P4N4C17 + 15.3 PaN4C17. '+ 0 . 1  
P,N4C1s2 + 3 .9  P4N4Cls. + 0.1 

P4N4 CL2 + 1 . 2  P4N4C14. + . . .  
P4N4Cla+ t r  P4N4Cl3. '+ . . .  
P4N4C1z2+ 0.2 P4N4Clz. + . . .  
P3NaC15+ 3 . 5  PsNaC16. *+ . . .  
P,N3Cl42+ 1 . 4  PaNaC14. + 0 . 2  

P4N4C15+ 0.6 P4N4Cls. '+ t r  

PaNaCla+ 1 .5  PsNaCl3. '+ tr 
P3 N3C1zz + 0 .1  P3N3C12. + t r  
P3N3Clf 0 . 2  P3N3C1. '+ . . .  

for 2pT-3d,,, and 0.080 for 2p,-3d,,, (P4N4C18 with D 4 h  

~ymmetry) .~" A bond distance of 1.64 8 was used in 
these calculations. The sum of these overlap integrals 
for the p,-d, bonds is greater than the overlap integral 
for a 2p,-3p, bond. However, the apparent loss in 
n-bond energy in going from p,-d, to p;-p, bonds need 
not occur if the bond length is shortened. Craig and 
Paddock reported that the overlap integral for the 2p,- 
3d, bonds would not be significantly different if the 
bond were shortened from 1.64 to 1.60 8. Figure 2 
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Figure 2.-Nitrogen-phosphorus 2pr-3pr overlap integrals as a 
function of interatomic distance. 

shows that the 2p,-3p, overlap integral increases to 
0.190 for a bond distance of 1.60 A and reaches a value 
of 0.222 a t  1.50 k. Because the 2bn-3pII overlap in- 
tegral increases significantly with decreasing bond dis- 
tance, i t  is uncertain what effect the alteration from 
p,-d, to p,-p, bonding will have upon ion stability. 

To a first approximation, the molecular orbitals5" 
which are formed by the overlap of dX2+ orbitals and 
d,, orbitals of phosphorus and the sp2 orbitals of nitro- 
gen containing the lone pair of electrons would be the 
same for both types of ring bonding described above. 
Therefore, the overlap integrals associated with these 
molecular orbitals have been ignored in our bonding 
model. 

References to specific ions in Figure 3 illustrate 
the manner in which this simple model accounts for 
relative ion stability in terms of rehybridization of the 
u bond and the alteration of the n-molecular orbital. 
The removal of an electron from a bonding n-molecular 
orbital of P3N3Cle reduces the stability of the molecular 
ion relative to the ground-state molecule. The removal 
of a second electron from the n system to give P3N3Cle2+ 
would reduce the stability even further. Bonding sta- 
bility is achieved by the elimination of a chlorine atom 
from P3N3C16. + accompanied by a a-bond rehybridiza- 
tion and some p,-p, overlap in the ring to give the 
even-electron P3NaCI5+ (Figure 3b). The six elec- 
trons in the n system now are paired in bonding molec- 
ular orbitals. The removal of a chlorine atom from 
P3N3CIb+ to give the odd-electron ion P3N3C14. + (Figure 
3c) would be unfavorable on the basis of this model. It 
would be necessary to place the odd electron into an 
antibonding a-orbital which would offset any stabiliza- 
tion due to increased p,-p, bonding and overlap of 
phosphorus sp2 orbitals in the u system. Removal of 
an electron from a bonding n molecular orbital of 
P3N3CIS+ to give P3N3C1,. 2+ would tend to destabilize 
the resulting ion. Similar reasoning may be applied 
to the other ions in the tables to account for the patterns 
of relative abundance. 

A brief discussion of ion formation is warranted. 
Metastable transitions due to halogen elimination were 
observed and had been noted previously in the chloro- 
j~hosphonitriles~ and bromophosphonitriles. A 
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inass spectrometer. -411 ionizing voltage of 70 eV was used and 
the analyzer temperature and pressure were 250 f 1" and 
mm, respectively. Scanning was done electrically at a magnetic 
current of 4 A. Samples were introduced using a conventional 
solid inlet system. 
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in the purchase of the mass spectrometer. 

Figure 3.-Electronic configurations of gaseous PsN3 ions. 

mechanism, previously overlooked, is that of elimina- 
tion of the chloride ion. The presence of the chloride 
ion in the negative ion spectra of the trimer and the 
tetramer supports this mechanism. This ionization 
path is thought to be particularly important in the for- 
mation of the P,N,Clzn-l+ and P,N,CIzm2+ ions 

P,N,C12, + e- --f PnKaClzn-~+ + C1- + e- 

P4NkC17' + P4N4Cls2+ + C1- 

Metastable transitions in the mass spectra of bromo- 
phosphonitrilesl provide some evidence that the ring 
contraction can occur by elimination of a PN unit 

P4NdCla+ + + PaNaCls+ + PN 
P4?f4C1e2+ + PaNaC16" + P N  
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Another reasonable fragmentation mechanism for 
which there is no evidence a t  the moment involves ring 
contraction with the elimination of a PNC12 fragment 

P4N4C17+ + PaN$Cls+ + PNClz 

The presence of Pel3.+, Pc14+, PzC1+, P&.+, 
PzC13+, P3NzC172+, PzNCIS. +, P2NCIb2+, P4' +, and 
P3N- + as 2.2% 6f the total ions in the P4N4C18 spectrum 
indicates bond rearr'angement occurs to some extent 
during fragmentation. It is tempting to suggest that  
the ions P4. +, P3N. +, and PzN2. i- represent a series of 
structurally related ions formed by replacement of the 
phosphorus atoms with nitrogen atoms in the well- 
known Pq tetrahedral molecule. 

Experimental Section 
The hexachlorotriphosphonitrile and octachlorotetraphospho- 

nitrile were obtained from Hooker and purified by vacuum 
sublimation at  30-40". The melting points were 115 and 12Z0, 
respectively. 

Spectra were obtained on a CEC Model 21-104 single-focusing 
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Earlier we reported kinetic studies's2 of the sub- 
stitution reaction 
M(CO)e(X-o-phen) + L --+ cis-M(CO)a(L)(X-o-phen) + CO 

where M = Cr, &lo, or W, X = a substituted group on 
o-phenanthroline, and L = a phosphine or phosphite. 
For M = Cr, the kinetic data suggested that the re- 
action proceeded by only an S N 1  mechanism, whereas 
both s N 1  and S N 2  paths appeared to operate for the 
analogous complexes of Mo and W. It was also ob- 
served that the rate of CO dissociation ( s N 1  path) 
increased as the basicity of X-o-phen increased, but the 
rate of CO displacement by the s N 2  mechanism de- 
creased with increasing basicity of the X-o-phen. In 
the present paper, we wish to report the results of a 
kinetic study of the very similar reactions 

60 

where h l  = Cr, Mo, or LXJ and 

"r" X 

is a substituted o-phenanthroline. The purpose of 
this study was to compare the rates and mechanisms of 

(1) R,  J. Angelici and J ,  R. Graham, Inorg. Chem., 6 ,  988 (1967). 
( 2 )  J. R. Graham and R. J. Angelici, i b t d . ,  6 ,  992 (1967). 


