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The Crystal Structure of the Phenyl isoCyanute Dimer. 
By C .  J. BROWN. 

[Reprint Order No. 6261.1 

The crystal structure of the phenyl isocyanate dimer has been determined 
from X-ray diffraction data. A complete three-dimensional analysis has 
been carried out, and from the resulting atomic co-ordinates, the geometry of 
the molecule has been thoroughly investigated. The dimer is found to be 
isostructural with p-terphenyl. 

THE dimer and the trimer formed by self-condensation of phenyl isocyanate have long been 
known (Hofmann, AnnaZen, 1861, Suppl. I, 57), and although their formulae have been 
assumed to be (I) and (11) respectively, c o n h a t i o n  by physical methods was desirable. 
Further, if (I) were correct it would be of interest to determine the bond lengths and inter- 
bond angles accurately as no similar structure has yet been worked out. The dimensions 
of the triazine ring in the trimer (11) would be of less interest as these data are already 
available from compounds such as cyanuric acid (Wiebenga, J .  Amer. Chem. SOC., 1952, 

74, 6156), cyanuric triazide (Knaggs, Proc. Roy. SOC., 1935, A ,  150, 576), and melamine 
(Hughes, J .  Amer. Chem. SOC., 1941, 63, 1737). Accordingly preference was given to the 
dimer. 

The unit-cell dimensions of the dimer are a = 12.77, b = 5-50, c = 8.09 %i, and the 
angle p = 92". Assuming two molecules per unit cell, and a molecular weight of 238.1 
gives 1.393 as calculated specific gravity; that observed by flotation in sodium iodide 
solution was 1.400. Absent reflexions were {OM) for k odd and {hOZ) for I odd, so the space 
group was fixed unambiguously as P2,/c (Ca5). This requires that the dimeric molecule 
shall be centro-symmetrical, and that the centres of the molecules should coincide with the 
centres of symmetry in the unit cell. The unit cell dimensions of the trimer are a = 12.67, 
b = 13.76, c = 9.83 A, and @ = 90". Absent reflexions indicate body-centering, with 
space group either Ia or I2/a. The specific gravity of the sample available was rather 
difficult to determine, the best value being only 1.34 compared with 1-38 required for four 
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molecules per unit cell. Owing to the large number of atoms, the possible absence of a 
centre of symmetry, and the size of the unit cell which would preclude the resolution of 
individual atoms in projection, no further work was done on the trimer. 

Determination of the Structzcre.-The unit-cell dimensions of the dimer bore a close 
resemblance to those of fiterphenyl (Pickett, PYOC. Roy. SOC., 1933, A, 142, 333) and, 
as the space groups were the same, it was probable that the molecular packing in the 
two structures would be identical. The way in which organic compounds of similar 
molecular shape may crystallise in an isostructural series has been noted before (Brown, 
Acta Cryst., 1951, 4, 100) and Table 1 shows the crystal data for some of these substances. 

In  each of these crystals, the two unit-cell dimensions b and c correspond very closely; 
these are determined by the closest lateral packing of benzene rings. The other dimension 
a and the angle p depend on the length of the molecule and the nature and size of the 
$ma-substituents. Use was made of this analogy in the determination of the structure 
of the phenyl isocyanate dimer. After due allowance for the small difference in length 
of the molecules, the co-ordinates worked out for p-terphenyl (Pickett, Eoc. cil . )  were given 
to the dimer. There was at once moderately good agreement between the calculated and 
the experimental structure amplitudes for the IZOJ planes of the highest spacing, and two 

FIG. 1. Composite three-dimensional eluctron density map yepresented as a projection on the (011) plane. 
The contours are at intervals of 1 elA3, commencing at 2 ejA3. The origin is at the centre of the molecule. 

stages of Fourier projections were adequate to complete the refinement of this zone. In 
the same way, by using the y co-ordinates from the 9-terphenyl structure, satisfactory agree- 
ment was obtained for F(hkZ) of the dimer, and two stages of three-dimensional Fourier 
syntheses computed along appropriate lines and over appropriate sections, with finally 
all the 726 terms, were sufficient to complete the refinement of all the atomic co-ordinates. 
These are given in Table 2, and a composite electron-density map showing the whole 
molecule as a projection on the (011) plane is reproduced in Fig. 1. 

TABLE 1. CeU dimensions of some analogous strudures. 
a b t B 

Phenyl isocyanate dimer .................................... 12.77 6-60 8.09 92' 

Diphenyl ......................................................... 9-57 5-67 8-11 944O 
4 : 4'-Diphenyldiphenyl .................................... 1 8 4  5.64 8.14 97" 

p-Terphenyl ................................................... 13-59 5-60 8-08 92. 

y-Quinol ......................................................... 13.24 6-20 8.1 1 107' 

TABLE 2. Atomic co-ordinates of the dimer.* 
x Y 2 x Y z x Y f 

C, ...... 0.184 1.994 0.073 C, ...... 0.393 1.997 0.173 C, ...... 0.012 0.160 1.931 
C, ...... 0-247 0-174 0.021 C6 ...... 0-328 1-822 0-228 N ......... 0.078 Is991 0.017 
C, ...... 0-352 0.176 0-071 C, ...... 0-224 I-818 0-173 0 ......... 0.023 0430 I-850 

For numbering see Fig. 2. 
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3. ExperimenW and calculated structure amplitudes. 
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dimer Description . of the Structure.-The crystal structure of the phenyl isocyanate 
comprises- discrete molecules, each of which has a centre of symmetry relating the two 
halves of the molecule. There is no intermolecular bonding other than van der Waals 
contacts, of which the closest are 0-0' = 3.23, C,-C,' = 3-90, C,-C,' = 3-91, C,-C,' = 3-98 
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and C4-C,' = 3.98 A. The interatomic bond lengths and inter-bond angles calculated 
from the co-ordinates listed in Table 2 are shown diagrammatically in Fig. 2. By 
Cruickshank's method (Acta Cryst., 1949, 2, 65), the mean standard deviation of the 
position co-ordinates (T = 0.010 A for the carbon atoms, hence the standard deviation 
of a bond is 0.014 A, and the Gaussian probable error is &O.OlO %i for the bond lengths 
and 5 1 "  for the inter-bond angles. The mean C-C bond length in the benzene ring 
(1.37 A) is a little, but not significantly, shorter than the usual value (1.385 A), that for 
C,-N agrees with that found in acetanilide (1.426 A) (Brown and Corbridge, ibid., 1954. 
7, 711), and that for C,-O is the same as in ethylene carbonate (Brown, loc. cit., p. 92). 
The two pairs of C,-N bonds in the central four-membered ring, which might be expected 
to be equivalent, are different by 0.07 %i, for which no satisfactory explanation can be given. 
The angles associated with the benzene ring have 120" as their mean value. The other 
angles approximate to 90" within the four-membered ring, and 135" externally to it. 

The benzene rings are individually planar, 
the equation of the mean plane through one of them, derived by least squares, and referred 
to rectangular axes, being 

The molecule as a whole is not planar. 

0.252~' - 0.553~ - 0.7942' = 0.135 

from which the atoms are displaced by the following amounts : C, 0; C, -0.006; 
c, +0.002 ; c4 +0.016; c, -0.021 ; c6 +Om014 A. The central four-membered ring 
is necessarily planar, but the C=O bond makes an angle of 87.5" with its normal. The 
equation of the mean plane through the origin, C,, N, and 0 is 

0.088~' - 0 . 5 5 5 ~  - 0.8272' = 0. 

The normals to these two planes intersect at an angle of 9.5". The C,-N bond makes 
an angle of 79" with the normal to the central ring, the nitrogen atom being slightly pyrami- 
dal. This distortion from planarity may be due to the close approach of the oxygen atom 
to the benzene ring. If the whole system were rigidly planar, the distances between 
0 and C,, and between 0' and c6 would be 3.22 and 3.24 A respectively, but the distortions 

FIG. 2. Diagrammatic representation of fhe molecule showing bond lengths and inter-bond angles. 
0 

0 

increase these distances to 3.25 and 3.26 A. The differences are very slight, but since the 
true contacts are between the oxygen atoms and the hydrogen atoms attached to the 
carbon atoms, it may be that in this way adequate clearance is given to the hydrogen 
atoms. 

EXPERIMENTAL 
Crystals of the dimer were prepared by M i .  A. C. Farthing of these laboratories by treating 

phenyl isocyanate with pyridine, and recrystallking the product from benzene. The crystals 
were mostly platy with (100) tabular, and m. p. 176.2', although some were acicular with [ O l l ]  
as the needle axis. No good cleavage was observed, but sections of larger crystals were cut to 
suitable dimensions for X-ray photography. The unit-cell dimensions were obtained by 
measurement of layer lines on rotation photographs. X-Ray intensity data were obtained 
from Weissenberg moving-film photographs about I 3 3  (zero and four layers), and [c] (zero layer 
only). Multiple films were used for increasing the intensity range, and the densities of the 
spots were estimated visually by comparison with a time-exposure calibrated film strip. Owing 
to the platy shape of the crystals, the accuracy of the intensities was not thought to be very 
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high. After correction for the usual polarisation and geometrical factors, the structure 
amplitudes were converted to the absolute scale by comparison with calculated values. 

The atomic scattering factors used finally were derived experimentally, but corresponded 
approximately to the values of International Tables, with temperature factor B = 3-5 Az. 

The precise values were : 

sin B/h .................. 0 0-1 0.2 0.3 04 0-5 0-6 0.7 
4fc ..................... 24.0 17.0 10.8 7.0 4.6 2.9 1.8 1-3 

The residual R = summed over all values of F(hkZ) except those where 

T;(exp.) = 0 was 0.21. Values of calculated and experimental structure amplitudes are given 
in Table 3 ; where F(exp.) = 0, these are omitted, but in these instances the calculated structure 
amplitudes were all small. No attempt has been made to locate the hydrogen atoms, nor were 
they allowed for in the structure-amplitude calculations. Neither has any correction been 
made for errors due to the artificial termination of the Fourier series, but in view of the appre- 
ciable temperature factor it is not expected that inaccuracies due to this cause will be very great. 

CIF(exp.) - F(calc.)i 

2 1 F (exp- 1 1 
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