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The crystal structure of the geminal 2,2,4-trichloro-4,6,6-trisdimethylaminocyclotriphosphazatriene, 
C13[N(CH3)213P3N3, has been determined by the symbolic addition procedure, and has been refined by 
least-squares to R =0.05 for the 2495 observed reflexions. The unit cell is monoclinic, P2~/n, with 
a= 15.867, b= ! 1.869, e= 8"861 A, fl =93°44 ', Z =4. The PaN3 ring has a distorted boat conformation. 
The two bonds of each P-N-P segment are of different lengths, 1-546+ 0.001 and 1.607 + 0.001 A for 
two of the segments, and 1 '563 and 1"592 ,~ for the third, but the average of the two bonds in each seg- 
ment is 1.577 A. The endocyclic N-P(NMe2)z-N angle is only 113-1 °, while the N-PCI2-N and N-PCI 
(NMe2)-N angles are 120.7 and 119.0 °. The P-N ligands are of nearly equal lengths 1.628, 1.639, and 
1.642 (o-=0.004) ~, but the P-CI ligands are of significantly different lengths 1"992, 2.014 and 2.051 
(o.= 0.002) ,~,. 

Introduction 

The X-ray crystal structure analysis of small phospho- 
nitrilic systems is intended to enhance the understand- 
ing of the P-N bonding mechanism, since the theoret- 
ical concepts of valency in these compounds are usually 
complicated due to the wide variety of d-orbitals and 
the different symmetries of the p- and d-orbitals, Pad- 
dock (1964). Beside the academic interest in the valency 
problem, there has been an increasing industrial in- 
terest in the phosphonitriles because of their use as 
fire proofing reagents (Shaw, 1968). 

In all the trimeric phosphonitriles examined so far 
by X-rays, the molecular formulae were of the types 
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R6P3N3 and R4R'zPaN3, with two like substituents 
(Rz or R'2) at each P atom. A study of the crystal struc- 
ture of ClsFP3N3 by Olthof (1969) did not quite 
achieve the objectives of the analysis since the F atom 
was found to be equally distributed over the six halogen 
positions. The present series on the CI3[N(CH3)z]3P3N3 
compounds has been undertaken in order to examine 
the stereochemistry of the PaN3 ring as the positions 
of the substituents on the ring are altered. These com- 
pounds were characterized by Keat & Shaw (1965) 
who also supplied suitable crystals for the X-ray anal- 
ysis. The three compounds of this series are: (I) gem- 
inal 2,2,4-trichloro-4,6,6-trisdimethylamino-, (I1) cis 
non-geminal 2,4,6-trichloro-2,4,6-trisdimethylamino- 
and (III) trans non-geminal 2,4,6-trichloro-2,4,6-tris- 
dimethylamino-cyclotriphosphazatriene. The crystal 
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structure of the geminal compound (I) is presented in 
this paper, and that of the eis non-geminal compound 
(II) is now under study. 
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Experimental 

Crystals of the geminal compound (I) which were 
used for the data collection were cut from larger crys- 
tals into approximate cubes of 0.2-0.3 mm length. The 
quality of the crystals deteriorated on exposure to 
X-rays, and four crystals in total had to be used. On 
exposure, the crystals became opaque, the profile of 
the diffracted intensities broadened, and the integrated 
intensities dropped steadily. Similar changes were also 
noted for crystals of the cis non-geminal compound (I 1). 

The space group assignment was based on preces- 
sion photographs. The unit-cell dimensions and the 
intensity data were measured on a Picker automatic 
diffractometer with Mo radiation and Nb filters, placed 
before the crystal, and with b along the ¢ axis of the 
instrument. The cell constants were derived fi'om the 
20 and ¢ values of a few axial reflexions measured with 
a narrow slit at a take off angle of 1 °. The integrated 
intensities were measured at a 20 scan rate of 2°/min 
over a scan range of 2.0 or 2.4 ° in 20, and the back- 
ground was measured for 20 sec at the start and at 
the end of each scan. The 004 and 130 reflexions were 
monitored every 20-40 reflexions. The crystal density 
was obtained by flotation in a solution of carbon tetra- 
chloride and toluene at 20°C. The crystal data are 
presented in Table 1. 

In total, 3809 permissible non-equivalent reflexions 
within 20= 55 ° (sin 0/2 =0.65 A- l )  were scanned, but 
only 2495 reflexions (65.4%) were observed above 
threshold. The very strong reflexions were remeasured 
at the end with a lower current setting. The Lorentz- 
polarization corrections were applied, but the absorp- 
tion corrections for Mo radiation were considered to 
be negligible. 

Table 1. Crystal data 

a 15"867 (5) A C6HIsN6P3CI3 
b 11"869 (5) M.W. 373-53 g/mole 
c 8-861 (6) Space group P21/n 
# 93"73 (6) ° Z 4 
U 1665"21 A 3 F(000) 768 electrons 
Dz 1.490 g.cm -3 p(Cu) 76.3 cm -1 
Dm 1"493 g.cm-3 p(Mo)  8-3 cm-1 

Systematic absences : hOl when h + / =  211 + 1 • 
0k0 when k = 211 + 1. 

Structure determination 

The structure was determined by the direct method of 
symbolic addition, as described by Karle & Karle 
(1963) and Karle & Karle (1966). In attempting to 
phase the 170 reflexions with ]El >2.0, the computer 
program selected 3,11,3, 12,3,1, and 465 as the origin- 
defining reflexions, and assigned symbols A, B, C to 
three others at different stages when they were needed. 
The value of each symbol and symbol-product was 
determined independently from the multiple sigm in- 
dications accumulated for each reflexion during the 
phasing process, as described by Ahmed (1970). This 
procedure gave self consistent signs, i.e. satisfying iden- 
tities such as s(A). s(B)=s(AB), and the phases of the 
170 reflexions were determined lanambiguously. Using 
these phases and the Z2 relationships, phases were 
derived for 323 of the 327 reflexions with 2.0> IE[ > 1.5. 
The 493 accepted signs were later found to be all cor- 
rect. 

(4) 

c/ 2Zll  c<3, 

2"62/f ° ~ 2 " 9 7 5 L ' r ) ~  . 

f j ~ i l l  } i i : i ~  "" "''''" 2 " 6 0 "  2'998 ......... H(6[~ 

" 3.oo -I 
2 5 5 ~ )  

H(1) 

Fig. 1. A view of  the molecule down the normal  to the phos- 
phazene ring, with the short  in t ramolecular  distances (/~) 
indicated. 
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The positions of  the P, N, and C1 atoms were taken 
from the E map, and those of  the C atoms were ac- 
cepted from the first Fourier map. The R index for this 
trial structure was 0.22, and it was reduced to 0.08 
after six anisotropic cycles of  block-diagonal least- 

squares. A difference map calculated at this stage 
showed all the H atoms with peak heights 0.3-0.5 
e.,~ -3. The refinement was continued until R for the 
observed reflexions was reduced to 0.050, and the 
shifts in the atomic parameters were < 0.3a for P, N, 
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Table 2. Fractional coordinates, vibration tensor components (A2)for the expression 
T =  exp [ -  2rcz(Uxta*Zh 2 + . . . + 2U23b*c*k l+ . . . ) ] ,  and their e.s.d.'s 
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Fig.2. Bond lengths (A.) and angles (°), and their e.s.d.'s in parentheses. E.s.d.'s of bond lengths are × 10 3. 
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Table 3 (cont.) 
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CI, C and <0 .5a  for H. The weights assigned to the 
reflexions were calculated by the expression 

w= 1/{1 + [(IFo1-40)/40] 4} 

where IFol =3.7  to 185.9. The scattering factor curves 
employed in the analysis were those by Hanson, Her- 
man, Lea & Skillman (1964) for P, N, C, CI, and by 
Stewart, Davidson & Simpson (1965) for H. 

Results 

The atomic parameters and estimated standard devia- 
tions resulting from the least-squares refinement are 
listed in Table 2, and the corresponding structure fac- 
tor data are given in Table 3. The observed data show 
no outstanding discrepancies, and of the 1314 un- 
observed reflexions only 59 are calculated above thresh- 
old but not more than 1.3 times the threshold ampli- 
tudes. The final [ 5 ~ w A Z / ( m -  n)] 1/2 is 1.14. 

A view of the molecule along the normal to the mean 
plane of the PaN3 ring is shown in Fig. 1. The bond 
lengths and angles, not corrected for thermal vibra- 
tion, are presented in Fig. 2. The C-H bond lengths 
are in the range 0.84 to 1.05 A, and their mean is 
0"96 A. 

Discussion 

The PaN3 ring segments of C12P(2)-N(1)-P(6) (NMe2)2 
and (N MeE)C1P(4)-N(5)-P(6) (N Me2)2 are very similar, 

with P(2)-N(1)-, ,P(4)-N(5)=I.546+0.001 A, P(6)- 
N(1)~P(6)-N(5)=l .607+0.001 ~, and the angles at 
N(I )  and N(5)= 123.8 + 0.4 °. The two remaining cyclic 
P-N bonds in the CIzP(2)-N(3)-P(4)CI(NMe2) seg- 
ment are 1.563 and 1.592 A, and the angle between 
them is 118.5 ° . The four bond lengths quoted here are 
significantly different from each other since a ( P - N ) =  
0.004 A. Despite these variations in the cyclic P-N 
bond lengths, the mean of the two bonds in a P - N - P  
segment is 1.577 +0"0005 A in each case. This mean 
value is nearly identical with the mean P-N bond length 
of 1.578 A found for the CI2P-N-PCI2 segment in 
(C6Hs)2CI4PaNa by Mani, Ahmed & Barnes (1965), 
and for the cyclic P-N bonds in (MeEN)sP4N4 by Bul- 
len (1962). Also since the C1 and N substituents have 
the same electronegativity of 3.0, the results of this 
analysis are therefore in agreement with the conclusion 
of Ahmed, Singh & Barnes (1969), that the mean P-N 
bond. length ofa  P - N - P  segment is dependent primarily 
on the mean electronegativity of the two pairs of sub- 
stituents on the bordering P atoms of the segment• 
However, it is obvious from the present results that 
consideration of the electronegativity of the ligands is 
not sufficient by itself to explain the observed varia- 
tions in the cyclic P-N bond lengths• A possible cause 
for these variations is the difference in the orientations 
of the dimethylamino groups and its effect on the 
degree of efficient overlapping between the orbitals, 
and the degree of electron exchange between the sub- 
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stituents and the ring. In this structure, the NC2 group 
substituted at P(4) is rotated by only 1 ° around the 
P(4)-N(7) bond, while those at P(6) are rotated by 
angles of 50 and 53 ° round the P(6)-N(8) and 
P(6)-N(9) bonds respectively. 

The equations of the mean plane of the phosphazene 
ring, the planes of the ligands and the planes of the 
dimethylamino groups, referred to the orthogonal axes 
X'=ax+czcos[3 ,  Y '=by,  Z ' = c z s i n ~ ,  are listed in 
Table 4. The phosphazene ring has a distorted boat 
form and its atoms are within -0.056 and 0.073 
from the mean plane as shown in detail in Fig. 3. The 
planes of the ligands at P(2), P(4), and P(6) make 
dihedral angles of 88.2, 89.1, and 87-1 ° respectively, 
with the mean plane of the phosphazene ring. The 
C(1)-N(7)-C(2) plane makes a dihedral angle of 89.2 ° 
with the plane of the ligands at P(4), while the 
C(3)-N(8)-C(4) and C(5)-N(9)-C(6) planes make di- 
hedral angles of 48.0 and 45.3 ° , respectively, with the 
plane of the ligands at P(6), as can be seen from the 
projections given in Figs. 1 and 3. The three bonds 
joined at each of N(7), N(8), and N(9) are not co- 
planar; the mean interbond angle at each of these 
atoms is within 116.5 + 0.5 °. 

Table 4. Parameters of the mean planes Jor the normal 
equation IX' +m Y' +nZ '  - p  =0 

l m n p 

Phosphazene ring 0-6298 - 0.6666 - 0.3988 - 0.6020 
Cl(l), P(2), C1(2) -0"5485 0 " 0 2 8 8  -0.8357 -6"9146 
C1(3), P(4), N(7) 0.2393 0.6700 -0.7027 -0.9208 
N(8), P(6), N(9) -0.7203 -0"6823 -0.1246 -5"6984 
C(I), N(7), C(2) 0.4998 -0.7141 -0.4902 -2.3302 
C(3), N(8), C(4) 0.3907 0.6814 -0.6189 -1.7299 
C(5), N(9), C(6) -0.7149 -0.1519 -0.6826 -9.3667 

The exocyclic P(6)-N(8) and P(6)-N(9) bonds are 
nearly equal in length, 1.640 + 0.002 ~,  while P(4)-N(7) 
is only 1.628 A, and the difference of 0.012 ~ between 
them is possibly significant; o-=0.004 A and P=0.02. 
These three ligands are considerably shorter than the 
single P-N bond length of 1.77 ~, and the P-N ligands 
of 1"68 ~ in (NMez)sP4N4. The C-N bonds of the 
dimethylamino groups are between 1.452 and 1.461 ~,  
and their mean is 1.455 A as in (NMez)sPaN4. 

The three P-C1 ligands have significantly different 
lengths of 2.014, 1.992, and 2.051 (o-=0.002) .~,. The 
longest of these is P(4)-C1(3) which shares atom P(4) 
with the shortest P-N ligand, and the shortest is 
P(2)-C1(2) which is trans to the longest P-CI bond. 

Bond angles 
In small phosphonitrilic rings, the endocyclic N-P-N 

angles are lmually expected to be close to the trigonal 
value of 120 ° . The widest deviations from this value 
are observed in the N-P(C6Hh)2-N angles of 
Clz(C6Hh)4P3N 3 and (C6Hs)zCI4P3N3 by Mani, Ahmed 
& Barnes (1965, 1966), and of (C6Hs)zF4P3N3 by Allen, 
Moeller & Paul (1969), where they occur in the range 

I15"2-115"9 °. In the present structure, the N(I)-P(2)- 
N(3) and N(3)-P(4)-N(5) angles are 120.7 and 119.0 ° 
respectively, but the N(1)-P(6)-N(5) angle is only 
113.1 °. This is indicative of a more tetrahedral coor- 
dination of the bonds at P(6) than of those at P(2) and 
P(4). The six bond angles at P(6) vary fi'om 103.7 to 
114.2 ° (mean= 109.4°), while those at P(2) vary from 
99.6 to 120.7 ° (mean= 109.1°), and the angles at P(4) 
vary from 104.6 to 119-0 ° (mean = 109.3°). 

The exocyclic C1(1)-P(2)-C1(2) angle of 99.6 ° is in- 
termediate between the corresponding values of 98-5 ° 
and 100.3 ° found in Clz(C6Hs)4P3N 3 and 
(C6Hs)zCI4P3N 3 respectively, but is considerably 
smaller than the values of 102.1 ° for CI6P3N 3 by Wilson 

c(4) c(5) 
-1610 / 1"213 

1'183 ,~%-1:388 
/ h i ' ~ ,  

c/6/ li ,0c31 
2"501 [ -2"613 

N(1) J - 0 ' 0 3 8  " .  N(5) 
0'057 [ it -0'027 

C(2) 
P(2) P(4) -1"115 

C1(2) .,,,f ~-0"010 0"073 
-1554j." - . .  

"-, ,"" 
C1(1) a(3) 1'912 ~-0"992 
1'504 -0"056 ill 

', c(1) 
t - 1 " 1 2 8  

0 1 2 3~, 
I . . . .  i . . . .  I I I 

Fig. 3. Deviations (~,) of the atoms from the mean plane of the 
phosphazene ring. 

, , ~ -  ~ . ~  N(8) N ( 9 )  "~  

J ~ -  y , ; '  

P(6) 

c'c~ '),.../ " -%1- .  . "".1. "'" a(71 

"x._J " : "  

1) 
. . . . . . . . .  t , I L I C 1 ( 3 )  

Fig.4. Residual electron density distribution in the planes of 
the ting and the ligands. Contour lines start at + 0-1 and are 
at intervals of +0.1 e.A 3 



F. R. A H M E D  AND D. R. P O L L A R D  519 

& Carroll (1960), and 102.8 ° for ClaP4N 4 by Hazekamp, 
Migchelsen & Vos (1962). The exocyclic N(8)-P(6)-N(9) 
angle of 103.7 ° in this structure is comparable to the 
corresponding value of 103"8 ° in (NMez)8P4N4 . 

Intramolecular contacts 
Although there are no intermolecular contacts 

shorter than expected, there are four short intramo- 
lecular contacts between some of the H atoms of the 
methyl groups and the N atoms of the ring. These are 
H(7) . . .N(5) ,  2.46; H(1) . . .N(3) ,  2.55; H(6) . . .N(5) ,  
2.60; and H(17) . . .N(1) ,  2.62 (a=0.05-0.06) A, as 
identified in Fig. 1. The corresponding van der Waals 
contact based on the radii given by Pauling (1960) is 
2.7 A, and according to the statistics only the shortest 
of these contacts can be considered statistically dif- 
ferent from the expected value. The C - H . . .  N angles 
for these short contacts are 109, 106, 102, and 106 ° 
respectively. 

Residual electron density 
The residual electron density distribution in the 

mean plane of the phosphazene ring, and in the planes 
of the ligands is shown in Fig. 4. The positions of the 
P atoms have negative residual electron densities 
around them with troughs as low as -0 .15 ,  -0 .20 ,  
and -0 .28  e.A -3 at P(2), P(4), and P(6), respectively. 
The positions of the N atoms of the ring have positive 
residual electron densities of about 0.1-0.2 e.A -3 
around them. The estimated standard deviations of the 
electron density is 0.08 e./~ -3 

The authors are indebted to Professor R. A. Shaw 
for various discussions on the phosphonitriles, to him 

and Dr R. Keat for supplying the crystals, and to Mrs 
M. E. Pippy for assistance with the computations. The 
computer programs employed in the analysis are those 
by Ahmed, Hall, Pippy & Huber (1966) for the 
I BM/360 system. 
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Barium Aluminate Hydrates. IV. The Crystal Structure of Gt-Ba21AI4 (OHh61 
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The barium aluminate hydrate e-BaO.A1203.4H20 has been shown by X-ray structural analysis to 
contain anions of formula [A14(OH)16] 4- consisting of a cluster of four AI(OH)6 octahedra sharing edges. 
The anions are linked by the barium ions and by hydrogen bonding. The compound is thus a complex 
hydroxide whose formula should be written Ba2[Ala(OH)16]. 

Introduction 

The existence of a compound of empirical formula 
BaO. AlzO3.4H20 was first reported by Sainte-Claire- 

* Permanent address: Laboratorium ffir Elektronmikro- 
skopie der Universit~it Bern, Freiestrasse 3, CH-3012 Bern, 
Switzerland. 

Deville (1862). Subsequent preparations have been re- 
ported and its stability relationships have been in- 
vestigated (Carlson & Wells, 1948; Carlson, Chaconas 
& Wells, 1950). Thilo & Gessner (1965) also prepared 
it; they added the prefix ~ to distinguish it from a dif- 
ferent polymorph (fl) which they prepared by dehydra- 
tion of a higher hydrate. 

The single crystals used in the present study were 


