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Refinement of the Structure of Metastable Phosphonitri l ic  Chloride, (PNCI2)4 

BY ROELI HAZEKAlVI2, TINY MIGCHELSEN AND AAFJE Vos 

Laboratorium voor A lgemene Chemic, Anorganische Chemic en Kristalchemie, Rijksuniversiteit, 
Groningen, The Netherlands 

(Received 4 September 1961) 

The crystal structure of (PNC12) 4 has been refined by three-dimensional Fourier syntheses. The 
crystallographically non-equivalent P-I~ bonds in the puckered eight-membered ring have an equal 
length of 1.570 A, s.d. 0.01 A. The average value for the P-C1 bond lengths is 1.989/~, s.d. 0.004 A. 
The configuration of the molecule is compatible with Craig's or Dewar's theory in which a delocaliza- 
tion of the p - z  and d - z  electrons is assumed. 

Introduction 

In  an early structure determinat ion of the metas table  
modif icat ion (Lund, Paddock et al., 1960) of (PNC12)4 
by  Kete laar  et al. (1939), the lengths of the P - N  bonds 
in the e ight -membered ring were found to be equal 
within ra ther  large exper imenta l  error. However, 
a theoretical  prediction (Craig, 1959) of equal  S-N 
bond lengths in the analogous case of (NSF)4 proved 
to be incorrect (Wiegers & Vos, 1961). Therefore it  
seemed desirable to refine the structure of (PNC12)4 
b y  three-dimensional  methods  in order to obtain more 
conclusive evidence about  the P - N  bond lengths in 
this compound. 

In  connection wi th  our work on the thiazylhalides,  
an  invest igat ion of some more phosphonitr i l ic  com- 
pounds is in progress. A pre l iminary  structure deter- 
mina t ion  of the stable form of (PNC12)4 by  two- 
dimensional  syntheses has a l ready shown tha t  the 
(PNC12)4 molecules in  this  modif icat ion are centro- 
symmetr ical .  In  addi t ion the crystal  structures of 
(PNCIg)6, [PN(0H)914.2H20 and [PN(0H)(0Na)]3. 
4H20 are being investigated. The above structures 
will be refined by three-dimensional methods. 

Experimental  

The substance was prepared by  the  method  of Schenk 
& RSmer, described by  Kete laar  (1939). Crystals were 
obtained from a solution in benzene. For the in tens i ty  
measurements  cylindrical  crystals were used;  they  
were made by  touching a rota t ing crystal  l ight ly  with 
filter paper  soaked with benzene. 

Table 1. Crystallographic data 

Ketelaar et al. 
Tetragonal, 

space group P42/n 
Two rnol. (PNC12) 4 per cell 

a = b =  10.82 +- 0.01 A 
c= 5.95+-0.01 A 

Present work 

With 
~(Cu Kal )  = 1.54050 A 
2(Cu Ka2) = 1"54434 A 

a=b= 10.844___0.002 A 
c=  5.961 +_0.005 A 

The crystal lographic da ta  are listed in Table 1. 

Accurate cell dimensions were obtained from back- 
reflexion photographs.  

The intensit ies were measured from the following 
integrated equi- incl inat ion Weissenberg photographs,  
taken with zirconium-fil tered molybdenum radiation.  

Crystal f i r  Layer line 

1 0.50 0-6 about [001] 
2 0.34 0-3 about [001] 
3 0.13 0-4 about [ 110] 

The mult iple-f i lm technique was applied, Ilford- 
Indust r ia l  G, Indust r ia l  B and  Indus t r ia l  C film being 
used. Corrections for absorpt ion were calculated from 
Bond's  table (Bond, 1959). 

10 20 30 40 50 60 70 80 90 100 

Fig. 1. Correction for extinction (see text). 
I s and 13 are on the same relative scale. 

110 /, 

By comparing the [Fr-values  of the reflexions from 
crystal  1 with those of corresponding reflexions from 
crystal  3, we found tha t  the intensit ies obtained from 
crystal  1 showed strong extinction. These ext inct ion 
errors could greatly be reduced by  comparing, for 
each layer line about  the  c axis, the intensit ies 11 of 
the medium and strong reflexions from crystal  1 with 
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the intensities I~ of the reflexions from crystal 2. 
A plot of I2/I~ versus I1 for the zero layer line is shown 
in Fig. 1. I t  is seen that  the correction factor in the 
intensities /1 amounts to about 3 for the strongest 
reflexions Mc0. The extinction effect appeared to 
decrease rapidly for increasing values of l, and is 
vanishingly small for the reflexions hk3. For 8 strong 
reflexions no reliable correction for extinction was 
obtained. 

During the refinement 623 independent reflexions 
with reliable intensity were taken into account. 

R e f i n e m e n t  

The approximate structure is described by Ketelaar 
(1939). The two (PNC12)4 molecules in the unit cell 
lie on a two-fold special position with symmetry  4, 
so that  the structure contains only one independent 
PNC12 group. Starting from Ketelaar 's final co- 
ordinates, we refined the structure in successive 
cycles of structure-factor calculations and difference 
Fourier syntheses. For P and C1, the atomic scattering 
factors, calculated by Tomfie & Siam (1958) and for N 
those calculated by Berghuis et al. (1955) were used. 
The scale factor was determined by comparing 
observed and calculated structure factors. The atomic 
shifts were calculated in the usual way (Cochran, 1951). 

To obtain accurate values for the bond lengths and 
angles a certain amount of anisotropic refinement 
was necessary. We did not aim at a complete refine- 
ment  of the thermal parameters, however. As no 
machine-program for the calculation of structure 
factors with anisotropic temperature factors was 
available, the structure factors were computed by 
substituting the anisotropically vibrating atoms by 
a number of fractional atoms (Vos & Smits, 1961). 

During the refinement of the [001] projection, 
the principal axes of vibration were assumed to 
coincide with the x and y axis, so that  only the 
parameters B~ and By in the temperature factor 
exp - (Bx~2 /4+By~2 /4 )  (Kartha & Ahmed, 1960) 
were determined. Corrections in Bx and By were first 
calculated with Hamilton's formula (1955), the param- 
eters a being determined from the curvatures in in 
at  the atomic maxima in a Fourier synthesis of the 
calculated structure factors. When it appeared that  
the required corrections were underestimated in this 
way, further corrections were estimated by comparing 
successive difference Fourier syntheses. 

From the [100] projection we only obtained ap- 
proximate values for the z-coordinates, because of 
overlap. 

As initial values for the' three-dimensional refine- 
ment, the final parameters from the projections and 
estimated Bz values were taken. The directions of the 
principal axes of vibration x', y' and z', were deter- 
mined from the first three-dimensional difference map 
and were kept constant during the refinement. The 
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Fig. 2. Directions of x',  y" and  z" for C11 (a) and  C12 (b). 

main directions of vibration of P and N coincide 
with the crystal axes. For Cll and C12 the directions 
of x', y' and z' are shown in Figs. 2(a) and (b) respec- 
tively. Corrections in the temperature factor param- 
eters were calculated by using Cochran's formula 4.8 
(Cochran, 1951). 

At the end of the refinement the residual R 
amounted to 6-8%. Only a rough estimate of the 
standard deviations in the coordinates could be made. 
As the final difference map still shows slight errors 
in the temperature-factor parameters, Crnickshank's 
formula (Cruickshank, 1949) will only give a lower 
limit for the possible errors. The estimated 's tandard 
deviations' listed in Table 2 are twice the values 
calculated with Cruickshank's formula. The atomic 
shifts from the final difference Fourier map were 
small in comparison with these standard deviations. 

Table 2. _Final coordinates* 
x S.d. y S.d. z S.d. 

P 0"2049 0.0002 0"0750 0.0002 0.8094 0-0004 
N 0.1119 0.0007 0.1556 0.0006 0.6706 0-0018 
C11 0.1477 0.0003 0.0500 0.0004 0.1225 0.0006 
C12 0.1924 0.0003 0.9064 0-0002 0.6784 0.0006 

* The coordinates refer to the  centre of s y m m e t r y  as origin. 

Table 3. Corrections of Ketelaar's final coordinates 
Ax Ay Az 

P --0.039/~ +0.016 A -- 0.123 ~_ 
:N --0.142 +0.115 +0.212 
C11 --0.003 --0.011 --0.104 
Cl~. -- 0.001 + 0.010 -- 0.039 

Table 4. Temperature favtor parameter8 

Bx, B u, Bz, 
P 1"57/~  1'77 A s 2"57 A 2 
1~ 1-99 1.94 2.74 
C11 2"71 5.21 2.21 
C12 4-09 1.71 4.01 

The final coordinates are listed in Table 2 and are 
compared with Ketelaar 's  coordinates in Table 3. 
Table 4 shows the temperature factor parameters 
,B~,, Bu" and Bz,. The observed and calculated struc- 
ture factors are listed in Table 5. 
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T a b l e  5.  Observed and calculated structure factors 
In order to obtain Fo and Fc on the absolute scale, the values in the table must  be multipl ied by  ¼ 

The reflexions which could not  be corrected for ext inct ion are marked * 

h k i F o ~c h k i F o F c h k i F o F c h k i F o F c h k 1 F ° F c h k i F o F c 
2 5 3 134 139 lO 5 4 @9 48 lO 7 5 37 - 36 

2 0 0 52 - 37 8" 3 1 51 51 9 @ 2 69 67 5 5 3 6@ 76 12 5 4 44 45 1 8 5 65 - 69 
4 0 0 264" -315 9 3 1 92 98 ll @ 2 104 107 @ 5 3 42 37 14 5" 4 47 - @3 2 8 5 163 164 
60 0 85 - 78 12 3 l l@l -129 12 @ 2 73 - 73 5 5 3 38 - 34 2 6 4 59 40 5 8 5 53 44 
8 0 0 205 -211 1 4 1 129 -127 13 @ 2 56 - 61 7 5 3 @l 36 3 6 4 25 39 6 8 5 51 60 

lO O 0 90 87 3 4 1 178 193 1 5 2 198 202 8 5 3 38 - 52 5 6 4 37 39 7 8 5 32 42 
l@ 0 0 73 70 ~ @ 1 222 236 2 5 2 60 66 9 5 3 77 75 6 6 4 29 @2 8 8 5 26 - 24 
16 0 0 ~6 - @l 5 @ 1 58 58 3 5 2 llO -ii0 13 5 3 60. - 54 8 6 4 65 6@ lO 8 5 75 - 68 
1 1 0 200" -169 6 4 1 24 21 4 5 2 149 141 2 6 3 178 185 ii 6 @ @7 @7 1 9 5 76 72 
3 1 0 @78* -678 7 4 1 220 -242 5 5 2 35 37 4 6 3 64 63 13 6 @ 38 - 37 3 9 5 76 - 77 
5 1 0 187 172 8 4 1 71 - 62 7 5 2 139 -142 5 6 3 99 -~I04 1 7 4 I16 122 5 9 5 ll5 -ll4 
7 1 0 65 - 70 9 4 1 86 I00 8 5 2 5 ~ - 41 6 6 3 51 - 55 2 7 4 48 " 56 7 9 5 38 32 

ll 1 0 57 43 lO 4 1 62 - 62 ll 5 2 76 81 7 6 3 53 - 52 4 7 @ 58 62 8 9 5 26 - 26 
1 0 @8 52 1 5 1 152 -149 1 6 2 @5 52 8 6 3 57 - 60 6 7 "4 72 67 ll 9 5 57 52 

132 2 0 546" -421 3 5 1 I16 -127 2 6 2 117 -I17 l0 6 5 75 - 71 8 7 4 128 -135 I i0 5 38 - 59 
4 2 0 146 152 4 5 1 253 275 3 6 2 115 i15 ii 6 3 65 64 1 8 @ 77 67 4 i0 5 81 - 78 
6 2 o 458" 512 6 5 1 230 -261 6 6 2 76 77 12 6 3 73 - 62 3 8 a 16o -]~71 6 I0 5 69 55 
8 2 0 145 156 7 5 1 59 - 39 8 6 2 70 - 73 14 6. 5 70 65 4 8 4 105 -115 7 i0 5 59 - 38 

lO 2 0 124 -151 8 5 1 49 - 49 i0 6 2 55 56 1 7 5 88 -lO0 5 8 @ 27 27 8 I0 5 41 59 
12 2 0 l@@ -l@l 9 5 1 67 -- 68 ll 6 2 48 - 50 2 7 3 52 55 6 8 @ 2@ -28 1 ~l 5 54 53 
1 5 0 251" 283 lO 5 1 69 69 1 7 2 50 - 44 5 7 3 I17 -126 7 8 @ @7 - 45 2 ll 5 49 - 46 
5 3 0 91 - 74 i@ 5 1 74 76 3 7 2 98 -104 5 7 5 32 - 28 Ii 8 @ 70 70 5 ii 5 54 42 
5 3 0 37 - 40 1 6 1 356 -~4~ 4 7 2 I03 -ll6 9 7 3 95 105 13 8 4 ~0 - 42 4 ll 5 50 43 
7 5 0 104 -106 2 6 1 150 -162 5 7 2 167 175 1 8 5 @@ 43 1 9 @ 47 @7 5 ii 5 5~ 52 
9 5 0 144 -147 5 6 1 135 154 6 7 2 171 -185 2 8 5 128 -130 2 9 @ 76 - 71- 9 ii 5 ~6 - 45 

15 3 0 108 I05 6 6 1 71 74 7 7 2 38 55 3 8 3 49 54 4 9 4 75 - 69 2 12 5 54 - 29 
4 4 0 59 - 54 9 6 1 135 140 8 7 2 96 lOl @ 8 3 45 48 6 9 @ 5@ 60 4 12 5 .40 - 31 
6 4 0 191 .206 I0 6 1 51 52 lO 7 2 63 ~8 6 8 3 56 - 55 7 9 @ 68 66 1 15 5 41 - 38 

12 @ 0 177 185 ll 6 1 92 - 92 1 8 2 ll0 -105 8 8 5 i00 99 lO 9 @ 76 77 2 15 5 56 - 37 
14 4 0 68 64 12 6 1 55 47 2 8 2 64 69 i0 8 5 7 @ 73 1 i0 @ @7 56 5 15 5 42 28 
16 4 0 75 - 66 " 3 7 1 94 102 3 8 2 205 219 12 8 3 55 - 60 2 i0 @ 28 54 9 15 5 55 55 
1 5 0 29@* -365 @ 7 1 186 212 5 8 2 51 - @4 1 9 3 49 - 51 5 l0 4 i19 ll8 4 14 5 68 66 
3 5 0 229 251 6 7 1 151 -154 6 8 2 48 - 55 5 9 5 5! aO 9 i0 @ 44 - 53 7 15 5 39 - 56 
5 5 0 127 128 9 7 1 7 @ - 79 7 8 2 52 65 5 9 3 93 104 5 ll 4 57 - 65 2 16 5 37 - 56 
7 5 0 281 289 lO 7 1 58 52 8 S 2 @7 - @5 6 9 3 @2 - 49 3 12 @ 51 - 29 0 0 6 156 165 

ii 5 0 IiO -115 1 8 1 139 142 Ii 8 2 55 - 5 @ 7 9 3 70 - 70 5 12 4 45 - 45 3 0 6 107 -105 
15 5 0 96 - 83 3 8 1 5@ 45 2 9 2 181 188 ll 9 3 86 - 79 6 12 @ 40 39 @ O 6 37 - @o 
2 6 0 ll2 121 5 8 l 159 -151 4 9 2 102 120 2 lO 5 lO1 -105 9 12 @ 50 44 5 0 6 121 -120 
4 6 0 60 54 7 8 1 124 -150 5 9 2 58 - 65 410 5 87 91 @ 15 4 68 61 6 0 6 59 - 59 
6 6 0 150 -175 8 8 1 78 - 73 6 9 2 80 - 80 2 ll 3 41 - 34 3 14 4 77 76 8 0 6 59 - 55 

lO 6 0 91 - 98 2 9 1 iii -156 7 9 2 51 - 41 5 ii 5 @9 - 46 5 l@ @ 56 - 34 9 0 6 45 42 
12 6 0 @i 56 4 9 1 58 - 64 lO 9 2 79 - 85 7 15 3 ~8 40 Ii i@ 4 56 - 52 lO 0 6 49 54 
14 6 0 45 - 52 6 9 1 74 85 1 lO 2 60 - 65 2 14 3 @8 47 6 15 4 52 - 44 ll 0 6 22 15 
18 6 0 71 56 8 9 1 lO~- 99 2 lO 2 66 - 59 @ i@ 3 9@ - 89 8 15 4 @3 56 @ 1 6 28 - 23 
1 7 0 i18 -124 ll 9 1 54 52 4 i0 2 55 57 2 16 5 58 52 1 16 4 54 - 55 5 1 6 62 62 
3 7 0 126 126 1 i0 1 93 91 5 l0 2 196 -206 0 0 4 250 -271 3 0 5 87 88 6 1 6 77 67 
5 7 0 226 -247 2 lO 1 8S 82 8 lO 2 90 90 2 0 4 49 - @7 4 0 5 98 81 7 1 6 55 - 32 
7 7 0 91 - 75 3 i0 1 62 72 9 lO 2 76 76 ~ 0 4 209 212 5 0 5 32 15 i0 1 6 35 54 

ll 7 0 88 87 7 lO 1 126 150 1 11 2 59 - 59 ~ 0 @ 78 80 6 0 5 30 - 23 12 1 6 59 - 54 
70 94 92 2 ll 1 188 193 5 ll 2 94 99 5 0 @ 69 68 9 0 5 57 58 2 2 6 60 - 55 

125 8 0 75 - 80 4 ll l 130 -145 8 ll 2 71 66 6 0 @ 56 - 59 10 0 5 55 51 5 2 6 29 55 
~- 8 0 152 158 8 ll 1 54 - 61 1 12 2 76 71 7 0 @ 66 - 72 Ii 0 5 42 - 33 4 2 6 54 22 
6 8 0 130 135 lO ii 1 56 - 59 3 12 2 53 56 ..9 0 @ 89 - 87 12 0 5 @8 - @I 5 2 6 57 36 
8 S 0 52 48 12 ll 1 75 79 6 12 2 88 - 81 ~13 0 4 67 68 3 1 5 150 154 6 2 6 57 61 
1 9 0 105 - 99 • 5 12 1 65 - 65 1 13 2 89 - 9@ ll 0 @ 50 - 59 4 1 5 19 18 8 2 6 26 24 
5 9 0 71 70 7 12 1 95 91 2 13 2 57 - 57 13 O @ 60 63 5 1 5 45 3 ~ 9 2 6 50 - 45 

9 0 82 - 80 2 13 1 105 95 4 13 2 98 -104 1 1 @ 38 41 6 1 5 26 - 22 ii 2 6 59 - 56 
123 i0 O 50 43 6 13 1 75 74 3 14 2 70 - 70 2 1 4 8@ 90 7 1 5 167 -170 12 2 6 46 - 45 
"8 lO 0 155 -150 1 l@ 1 82 81 5 l@ 2 57 57 3 1 @ 181 186 8 1 5 @5 44 15 2 6 48 58 
lO lO 0 74 72 5 16 1 71 56 1 0 3 208 -207 4 1 4 @2 - 38 i0 1 5 4_5 - 37 2_ 3 ~ ~0~ - 92 
12 lO 0 52 52 0 0 2 4@4* -545 2 0 3 154 145 6 1 4 95 - 92 ii 1 5 55 - 24 3 5 6 21 8 
1 ll 0 102 99 1 0 2 232 -259 5 0 3 98 - 89 7 1 4 @6 - @2 12 1 5 57 - 56 4 3 6 150 -151 
5 ii 0 69 - 66 2 0 2 91 81 @ 0 3 85 89 8 1 4 63 69 15 1 5 43 58 5 3 6 21 - 23 
5 ll 0 iii 112 3 0 2 189 -190 6 0 5 79 - 77 9 1 4 51 50 2 2 5 30 - 31 7 5 6 51 - 25 
7 ii 0 72 - 55 4 0 2 91 92 7 0 5 90 - 91 lO 1 4 70 - 74 3 2 5 63 - 68 14 5 6 54 29 

ll ll 0 84 76 5 0 2 161 167 8 0 3 93 - 95 l~ 1 4 50 - 56 4 2 5 109 107 5 4 6 80 - 80 
13 ii 0 37 - 40 6 0 2 91 92 13 0 3 48 50 1 2 4 130 -150 5 2 5 50 - 58 5 @ 6 56 5 @ 
2 12 0 67 - 57 70 2 129 132 16 0 5 66 62 2 2 4 52 52 6 2 5 109 -109 6 4 6 72 - 64 

• 4 12 0 70 - 6@ 8 0 2 126 126 1 1 5 50 - 46 3 2 4 6@ - 68 8 2 5 59 65 7 4 6 65 65 
6 12 0 83 74 9 0 2 75 60 2 1 3 179 -177 5 2 4 199 -215 I0 2 5 56 57 9 4 6 57 52 

lO 12 0 59 49 lO 0 2 Ill -121 3 1 3 340 -3@7 6 2 @ 160 -168 12 2 5 29 - 59 12 @ 6 32 29 
12 12 0 71 - 55 ll 0 2 72 59 4 1 3 167 175. 7 2 4 151 158 14 2 5 @i 27 1 5 6 76 - 69 
1 13 0 140 155 13 0 2 61 - 58 5 1 3 203 -205 8 2 @ 29 - 35 1 5 5 87 - 81 2 5 6 35 40 
3 13 0 50 - 45 2 1 2 246 -245 6 1 3 93 90 9 2 4 89 94 2 3 5 82 88 3 5 6 44 
1 15 O 70 - 68 3 1 2 140 139 7 1 3 133 I~B IO 2 4 35 39 3 3 5 25 18 @ 5 6 41 56 
4 16 0 70 58 4 1 2 145 139 9 1 3 95 92 15 2 4 89 - 83 5 5 5 6@ - 63 7 5 6 61 54 
1 0 1 320 294 5 1 2 120 -129 ii 1 5 105 105 1 3 4 63 - 59 7 3 5 56 - 56 I0 5 6 59 - 55 
2 0 1 201 -186 6 1 2 47 " 52 15 1 3 59 - 63 2 3 4 170 179 9 3 5 155 131 ll 5 6 55 - 35 
3 0 1 266 -285 7 1 2 85 82 15 1 5 @9 - 50 3 3 @ 80 78 15 5 5 39 - 31 12 5 6 29 - 22 
4 0 1 154 -153 8 1 2 211 -234 2 2 3 241 245 4 3 4 94 99 1 4 5 62 63 1 6 6 56 - 55 
6 0 1 85 85 I0 1 2 @5 51 3 2 5 156 143 5 5 4 51 - 51 3 4 5 76 - 75 2 6 6 58 47 
7 0 1 97 102 1 2 2 260 -251 5 2 5 69 65 6 5 4 29 - 51 @ @ 5 106 105 3 6 6 69 - 75 
8 0 1 85 88 2 2 2 173 162 6 2 5 149 158 8 3 4 45 @9 6 @ 5 87 - 95 5 6 6 41 - 57 
9 0 1 160 -172 3 2 2 40 31 7 2 3 57 - 62 9 3 4 88 95 7 4 5 59 52 6 6 6 39 - 43 

15 0 l 71 - 72 4 2 2 85 - 85 8 2 5 48 - 49 lO 3 4 95 - 96 8 @ 5 32 29 8 6 6 29 55 
1 1 1 150 150 5 2 2 308 528 9 2 3 61 - 60 12 5 @ 56 31 9 @ 5 54 - 35 15 6 6 @9 39 
2 1 1 210 207 6 2 2 i43 -146 14 2 5 66 - 69 13 5 4 35 - 25 II 4 5 32 - 21 2 7 6 51 - 45 
3 1 1 246 256 7 2 2 200 -221 1 3 3 511 309 1 @ 4 58 - 42 12 @ 5 55 - 50 3 7 6 49 55 
4 1 l 236 -257 8 2 2 63 - 62 2 5 5 61 - 66 2 @ 4 121 120 1 5 5 58 55 5 7 6 8@ - 76 
5 1 1 164 175 9 2 2 89 - 95 3 5 3 159 170 3 4 ~ 154 169 2 5 5 @l - 41 8 7 6 68 61 
8 1 l 167 -185 lO 2 2 56 @9 4 3 5 43 - 49 5 @ 4 57 - 56 5 5 5 94 88 2 8 6 31 - 35 
9 1 1 92 - 79 ii 2 2 67 71 5 3 5 25 - 26 6 4 4 @7 - @0 @ 5 5 94 - 92 3 8 6 46 47 

I0 1 1 121 129 12 2 2 97 102 6 3 5 96 -105 7 4 @ 31 33 6 5 5 8@ 83 6 8 6 35 21 
ll 1 1 85 - 78 15 2 2 75 68 8 3 3 59 - 59 8 @ 4 @@ 41 II 5 5 51 - 46 9 8 6 54 - 50 
12 1 1 169 165 1 5 2 ~i - 82 9 3 5 171 -195 9 4 4 103 -105 13 5 5 26 22 Ii 8 6 38 - 30 
2 2 1 25@ -2@9 2 5 2 142 -142 12 5 5 79 7~- ll 4 4 49 - 57 1 6 5 115 ll7 2 9 6 25 - 23 
3 2 1 102 102 4 3 2 129 152 15 3 3 83 76 12 4 4 44 - @8 ~ 6 5 123 -120 5 9 6 50 24 

2 1 86 - 83 5 5 2 55 58 1 4 5 112 -120 15 4 4 51 @8 5 6 5 37 - 15 1 i0 6 29 - 25 
5 2 1 120 121 6 3 2 93 106 5 @ 5 70 67 2 5 4 80 - 96 6 6 5 58 - 45 8 lO 6 58 - 35 
6 2 1 79 - 81 7 3 2 61 62 4 @ 3 299 -323 5 5 4 57 - @3 8 6 5 66 54 5 Ii 6 38 - 57 
1 3 1 264 -277 8 3 2 83 - 93 5 4 3 71 74 4 5 4 i04 -107 9 6 5 @7 - 44 5 Ii 6 27 22 
2 3 1 301 -329 I0 5 2 126 126 6 4 3 54 ~O 5 5 4 109 -116 4 7 5 57 - 60 6 12 6 55 29 
3 3 1 180 -190 2 4 2 134 -130 7 4 5 59 70 7 5 4 45 - 38 5 7 5 40 41 1 15 6 46 44 
4 3 1 @9 50 5 4 2 135 -145 8 4 3 64 60 8 5 4 @@ 49 6 7 5 50 ~ 3 l@ 6 35 - 30 
5 3 1 55 6)f 6 4 2 163 164 l0 4 3 81 77 9 5 4 58 34 7 7 5 98 81 1 16 6 55 26 
6 5 1 104 ll2 7 4 2 183 -197 1 5 5 131 133 
7 5 1 42 43 
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D i s c u s s i o n  of the  s t r u c t u r e  

The arrangement of the molecules is shown in Fig. 4 
in Ketelaar 's paper. The smallest intermolecular 
distances are those between chlorine atoms, the 
minimum distance, 3.68 A, agreeing well with the 
sum of the Van der Waals radii, 3.60 /~. 

?c,: 
N P 

Fig. 3. Molecule of (PNC12) 4. 

The (PNCh)4 molecule, which is shown in Fig. 3, 
contains a fourfold inversion axis. The puckered eight- 
membered ring of alternating phosphorus and nitrogen 
atoms has a tub-like form. In Table 6 our intra- 
molecular distances and angles are compared with 
those given by Ketelaar. No correction for thermal 
motion was made in calculating the atomic distances. 
The standard deviations are estimated from the 
standard deviations in the coordinates, listed in 
Table 2. The P-C1 bond lengths are equal within 
experimental error. The average value, 1.989 A, 
agrees with the P-CI bond lengths known from other 
structures, e.g. 2.03 + 0.02 A in PCla, PCI2F and PC1Fe 
and 2-00+0.02 A in POC13, POC12F, POC1F~ and 
PSC13 (Sutton, 1958). 

Table 6. Intramolecular distances and bond angles 

P-N 
p_y" 

P-C1 
P-C1 
C11 • . C12 
p . .  p ,  

N . .  N' 
N "  Cll 
N.- C12 
N ' ' "  C11 
N" • • CI~ 
Cl1". • C12 

Cll-P-C12 
N-P-N 
P-N-P 
Cll-P-N 
Cll-P-N' 
C12-P-N 
C12-P-N' 

Kete laa r  Ref ined 
et al. value 

Distance Distance S.d. 

1.66 A 1.570 A 0-009 A 
1.69 1.569 0.009 
1-98 1.985 0.004 
2.02 1.993 0.004 
3-17 3.109 0.005 
2.93 2.861 0.003 
2.85 2.73 0.01 
3.18 2.953 0.009 
2.71 2-840 0.009 
2.88 2-838 0.009 
3.14 2.914 0.009 

4.23 0.005 

Angle Angle 

105 ° 102.8 ° 0.2 ° 
117 121.2 0.5 
123 131.3 0.6 

111.8 0.4 
105.3 0.4 
105.1 0.4 
109.2 0"4 

The values found for the lengths of the two crystallo- 
graphically non-equivMent P -N  bonds show tha t  the 
P -N  bonds in the eight-membered ring are essentially 
equal. The P - N  bond length, 1.57 /~, is significantly 
smaller than the value, 1-67 •, reported by Ketelaar 
and is even smaller than the sum, 1.60 A, of the 
covalent radii for a double P - N  bond (Pauling, 1945). 
Short P -N  bond lengths have also been found in other 
phosphonitrilic compounds, e.g. 1-59 A in [PN(N Me2)214 
(Bullen, 1960), 1.53-1.61 ~ in (PNC12)3 (Wilson & 
Carroll, 1960; Giglio, 1960) and 1.51 A in (PNF2)4 
(McGeachin & Tromans, 1960). The phosphorus atom 
is four-coordinated. The bonds point to the corners 
of a distorted tetrahedron. The N - P - N  bond angle is 
large in comparison with the tetrahedral value, 109.5 °. 
The P - N - P  bond angle is larger than the angle between 
two p orbitals, 90 °, or between two sp~ hybrid orbitals, 
120 ° . 

Theoretical discussions of the electronic structure 
of the phosphonitrilic chlorides have been given 
recently (for a review see Paddock, 1960; Dewar et al., 
1960). Craig (1958) pointed out tha t  d orbitals may 
take part  in the binding. Besides a bonds, the phos- 
phonitrilic chlorides will ~orm ~ bonds due to the 
interaction between phosphorus d -g  and nitrogen p - u  
orbitals. 

Our values for the bond lengths and angles suggest 
that  the a bonds in (PNC12)a are established by spa 
hybrid orbitals of phosphorus and sp 2 hybrid orbitals 
of nitrogen. The relatively planar configuration of the 
eight-membered ring, corresponding to the large 
P - N - P  and N - P - N  bond angles, and the equal 
lengths of the P -N  bonds support the assumption of 
a delocalization of the p - ~  and d -x  electrons. From 
our experimental evidence it cannot be concluded, 
however, whether this delocalization is complete 
(Craig, 1959) or restricted to a three-centre P - N - P  
bond (Dewar, 1960). 

The Fourier syntheses and structure factors were 
calculated on the digital computer ZEBRA, with 
programs devised by Dr D. W. Smits. Bond lengths 
and angles were calculated with a program devised 
by Dr D. Rogers. We wish to thank Prof. E. It .  
Wiebenga for his interest throughout the course of 
this investigation, and Dr D .W.  Smits and Mr 
H. Schurer for operating the ZEBRA. The Nether- 
lands Organization for the Advancement of Pure 
research (ZWO) supported this work indirectly. 
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The Structure of the p-Phase  Co7Mo6 
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The #-phase structure of Co,Me 6 has been confirmed by making single-crystal measurements. The 
atomic parameters show some significant changes when compared with those in/~F%W s, and the 
interatomic distances in CoTMo 8 are compared with those in other transition-metal phases. The 
distribution of atoms in the available sites appears to be completely ordered. 

1. Introduct ion 

The coba l t -molybdenum system has been invest igated 
by several workers. The phase diagram in the range 
0-50 at. % Me was de termined by  R a y d t  & T a m m a n n  
(1913), Takei  (1928), Sykes & Graft (1935) and 
Haschimoto (1937). Two intermedia te  phases were 
found in this  range:  Co3Mo at  25 at. % Me and Co7Mo6 
at 46.15 a t .% Me. Takei  detected the phase Co2Mo3 
at 60 at. % Me, which was later confirmed by Sykes & 
Graft (1935) and H a m  (1950). Co,Me3 has a a-phase 
structure (Summers-Smith,  1951; Goldschmidt,  1951). 

Henglein & Kohsok (1949) showed tha t  the inter- 
mediate  phase CoTMos was isotypic with FeTW6 by  
comparison of their  X- ray  powder photographs.  The 
structure of the la t ter  phase had  been de termined by  
Westgren (1936) using Arnfel t ' s  (1928) data.  

The present work is concerned with the ref inement  
of the structure of Co7Mo6. 

2. Materia l  

The crystal  used in this work was prepared by  heat ing 
pressed compacts of the two meta l  powders. The 
composition of the compacts was 58.25 wt .% Me 
(i.e. 46-15 a t .% Me) and  each compact  was melted in 

* On leave of absence f rom Centre  of Studies  of ~ u c l e a r  
Physics, Physics Laboratory of the University of Coimbra 
(Portugal). 

an a lumin ium boat  under  10 -5 mm.  t tg  pressure using 
an induct ion heater. 

Some diff iculty was experienced in f inding a suf- 
f iciently large single crystal  and three melts  had  to be 
prepared. A few crystals of reasonable size were 
obtained, the habi t  being plate-like, with the Chex-aXis 
perpendicular  to the plate. X- ray  examina t ion  showed 
tha t  every crystal  was twinned;  however, one of these 
crystals was successfully used for the ref inement  of 
the structure.  

3. U n i t  cel l  and space group 

Accurate latt ice parameters  were determined by  the 
method of Fa rquha r  & Lipson (1946). The values 
obtained are compared with those of Henglein & 
Kohsok in Table 1. 

Pre sen t  inves t iga t ion  

ahex 4 . 762±  0.001 A 
Chex 25"615 +_ 0"005 
arh 8"970 
a 30 ° 47' 

Table 1. The lattice parameters of Co7Mo6 

i e n g l e i n  & Kohsok ' s  values  
^ 

Alloy at Co rich end 
58.4 wt.% Me of composition range 

4.767 _+ 0.005 A 4.725 + 0.05 A 
25.65 _0"01 25.42 +_0.02 

8.980 8.873 
30 ° 48' 30 ° 53' 

Laue and Weissenberg photographs were consistent 
with the space group R32, R 3 m  and R-3m. The last  


