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Utilising the preferential adoption of hydroxy-cyano hydrogen bond over the hydroxy-hydroxy hydrogen bond in 
molecular crystals, the crystal structure of 4'-cyano-2,6-dimethyI-4-hydroxyazobenzene is designed into an acentric 
space group. 

Designing a non-centrosymmetric crystal to possess high 
second-harmonic generation properties using weak molecular 
interactions is yet to become a routine exercise for the 
solid-state chemist.1 The recent literature on non-linear 
optical materials has hinted that substituted stilbenes, azoben- 
zenes and benzylidines are potential candidates for obtaining 
high fi values (high hyperpolarizability).* In general, a 
molecule with electron-withdrawing groups and electron- 
donating groups on either side, prefers to  crystallise in a 
centrosymmetric space group owing to its high dipole 
moment. The generation of a non-centrosymmetric crystal 
structure by such a molecule using well recognised inter- 
molecular interactions is the point of our interest here. 

The literature on the 0-H...N hydrogen bonding suggests 
that it is almost equal to  if not slightly stronger than O-H..-O 
bonding and a number of studies were carried out to correlate 
the 0-H stretching frequencies to the hydrogen bond 
strengths.3.4 To study the nature of O-H.-.N hydrogen 
bonding in organic crystal structures, a search on the 
Cambridge Structural Database (CSD) (1990 June version) 
excluding metal and transition elements, was performed 
which yielded 106 crystal structures containing both cyano and 
hydroxy groups.5 Incidentally, 51 of these crystal structures 

adopt a non-centrosymmetric space group,$ which is rather a 
large number (48%) compared with the normal value of ca. 
28% for all the structures of CSD.6 However, no direct 
correlation between the presence of the cyano and hydroxy 
groups and the crystallographic non-centrosymmetry was so 
far observed. Geometrical searches were carried out on 91 of 
these 106 structures. Structures containing polymer, error and 
disordered units were omitted. The fragment -C-CkN-..H- 
0-C- yielded 19 hits; mean N. . -H (O.-.N) distance is 2.07 
(2.88) 8, and mean 0-H-..N and H...NzC angles are 160 and 
150.5", respectively. A similar search for the H-O'-..H-O' 
fragment (hydroxy group as a part of phenols and alcohols 
only) produced 15 hits; mean O.-.H (O...O) distance is 1.87 
(2.76) 8, and mean O-H...O angle is 164". 

In general, the crystal structure of planar aromatic mol- 
ecules with sufficient nitrogen and/or oxygen atoms consti- 
tutes layers characterised by weakly attractive yet directional 
non-bonded interactions.7.8 Such layers stack together by 
optimising a large number of van der Waals interactions.' If 
the crystal packing of a molecule containing both hydroxy and 
cyano groups is considered, the hydroxy group (alcohols/ 
phenols) prefers to orient along the twofold/screw axis 
optimising O-H...O interactions,g and cyano groups adopts 

T IICT communication number 3129. 
~~~~~~~~ 

$ 21 of these 106 structures are c h i d  molecules. 
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Fig. 1 Stereo diagram of 1, showing a molecular sheet generated by translational molecules of one of the two independent molecules in the 
asymmetric unit. The intermolecular O-H...N ( - . a ) ,  C-H...O (---) and intramolecular C-H..-N (- - .- - - -) hydrogen bonding interactions are 
indicated. 

t t 
Fig. 2 Stereo diagram of two independent molecules in the asymmetric 
unit of 1, and are related by a pseudocentre of symmetry 

an 'antiparallel' arrangement (usually leading to centrosym- 
metry) to optimise the dipole-dipole interactions along the 
layers.10 However, if O-H..-N=C hydrogen bonding is 
preferred over O-H-..O hydrogen bonding, then the crystal 
packing is more compatible with a layered structure. The 
centre of symmetry within a molecular layer could be removed 
by placing the -OH and -CN groups in 4 and 4' positions of an 
azobenzene molecule so as to optimise the O-H.-.N=C only by 
translationally related molecules. The centre of symmetry 
between the successive layers could be removed by making the 
molecule slightly non-planar, which could be achieved by 
placing one or two bulky substituents on one or two ortho 
positions of the phenyl ring. In accordance with this scheme, 
4'-cyano-2,6-dimethyl-4-hydroxyazobenzene, 1 was synthe- 
sised and its crystal structure was solved.$ 

The compound, 1 was prepared by diazotization of 4-cyano- 
aniline and subsequent coupling with 3,5-dimethylphenol at 
0 'C and characterized by UV, IR, 1H NMR and mass spectral 
data. UV (MeOH) peak A (hmax 368 nm, E 34966 n-n*), peak 
B (amax 466 nm, E 2913 n-n*); IR (KBr) 3362-2325, 2240, 
1590,1435,1310, 1220,1140 and 850 cm-1; 1H NMR (CDC13) 
6 2.55 (s, 6H), 5.45 (s, lH) ,  6.6 (d,  2H), 7.85 (dd, 8 Hz, 4H); 

N2) (100). The UV spectra were recorded in various solvents 
of different polarities, such as methanol, ethanol, acetone, 
chloroform, dichloromethane , benzene and hexane. A shift of 
9 nm for n-n* (bathchromic) and n-n* (hypsochromic) 
transitions were observed from methanol to hexane. The 

dz(%) 251 (M+*) (15), 149 (M+. - C7H4N1)(5), 121 (149 - 

9 Crystal data for 1: ClSHl3N30, M = 173, m.p. 182"C, triclinic, space 
group P1, 298 K,  a = 7.523(2), b = 8.099(2), c = 12.097(3) 81, QI = 
92.76(2), fi = 91.68(2), y = 116.72(2)", V = 656.5(2) 813, F(OO0) = 
264, Z = 2, D, = 1.27 g ~ m - ~ ,  D, = 1.24 g ~ m - ~ ,  p(Mo-Ka) = 0.08 
mm-I, crystal size 0.20 X 0.18 X 0.25 mm. 1518 Independent 
reflections with I > 341) from 1828 observed reflections. C, N, 0 
anisotropic, R = 0.0473; R ,  = 0.0547 w = l.O/[o*(F) + (0.029 F ) 2 ] .  
Even though all hydrogen atoms could be located in the difference 
Fourier map and refined satisfactorily, their positions were fixed at 
1.00 8, to assist in further calculations and their thermal parameters to 
a value of 0.08 812. Atomic coordinates, bond lengths and angles, and 
thermal parameters have been deposited at the Cambridge Crystallo- 
graphic Data Centre. See Notice to Authors, Issue No. 1. 
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compound was recrystallized from methanol to yield red, long 
and thick needles.1 

There are two independent molecules in the asymmetric 
unit which are related only by a pseudocentre of symmetry. 
They are mutually opposite in their conformation, the 
difference is mainly around the central >C-N=N-C< region 
(Fig. 1). Cyanobenzene and phenol ring planes make an angle 
of 17.4; 11.14' (molecule 1) and -15.88; -10.22" (molecule 
2), respectively with the central azo plane. The near planarity 
of the molecule could be a result of an intramolecular 
N--.H-CH2- weak hydro en bonding (H-..N 2.04 and 2.08 8, 

resembling a six-membered ring (Fig. 2). In these two 
molecules, the conformations are locked in two minima of a 
double well potential surface. In addition to the different 
molecular geometry between two molecules in the asymmetric 
unit, the non-centrosymmetric space group- P1 was also 
confirmed by ( a )  unsuccessful refinement in P1 space group,l( 
(b)  a nearly identical match was observed between experimen- 
tal and calculated X-ray powder spectra in P1 space group and 
( c )  a total mismatch between these two sqectra when the 
calculated spectrum was computed in the P1 space group." 

As predicted previously, the crystal structure lacks the 
centre of symmetry. Each independent molecule of the 
asymmetric unit generates a layer with its own translational 
molecules and one such layer is shown in Fig. 2. However, two 
successive layers are formed along [ 1 0 01 by two independent 
molecules in the asymmetric unit and hence the layers are 
again related by a pseudocentre of symmetry. In a layer, each 
molecule is held firmly by two stron O-H...N (H...N 1.94 A, 
O...N 2.88 8, in layer 1; H-..N 1.95 i , O . . . N  2.88 8, in layer 2 

in layer 1; H .e -0  2.71 A, C- . -O  3.58 8, in layer 2) hydrogen 
bonding interactions by molecules x,  - 1 + y, l  + z and x , l  + 
y, -1 + z along the long axis ends, as shown in Fig. 2. Thus the 
deviation from real centre of symmetry is due to non-planarity 
of the molecule as predicted previously. The mutually 
opposite conformations in the two independent molecules is 
probably an attempt to optimise the stacking and/or charge- 
transfer interactions along the stack direction as shown in Fig. 
1. The lack of any other short contacts of considerable 
importance especially sideways in a sheet, resulted in low 
packing coefficient of 0.71 and density of 1.24 g cm-3. The 
packing energy calculations using Williams potentials,'* gave 

and C..-N 2.81 and 2.85 R for molecules 1 and 2, respectively) 

and two relatively weak C-H...O (H.e.0 2.61 A, C...O 3.52 d 

Some crystals are as large as 3 x 0.7 x 0.4 cm. 

1 1  The lowest R factor obtained was 0.36 at which all the bond lengths 
and angles changed to unacceptable values. 
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an estimated lattice energy as -222.25 kJ mol-1 in which the 
coulombic contribution is -14.98 kJ mol-1. 

The O-H stretching frequencies of 1 obtained by M I R  are 
3596 (solvent CC14) and 3362 cm-1 (Nujol or KBr). Hence, a 
shift of 234 cm-1 (strength ca. 23 kJ mol-1) is attributed to the 
intermolecular O-H.. .N hydrogen bonding.13 MACRO- 
MODEL14 using MM2 force field gave an estimated energy of 
17.99 kJ mol-1 for the same intermolecular hydrogen bond. 
Semi-empirical AM1 calculations failed to reproduce the 
experimental geometry (optimised H...N distance is 2.72 A) 
and the estimated hydrogen bonding energy is only 5.44 
kJ mol-l. However, the calculations with the recently 
developed PM3 parameters produced the hydrogen bonding 
distance of 1.83 A and an energy of 5.86 kJ mol-1.6 Finite 
Field approach of the energy expansion was used to calculate 
the hyperpolarizabilities. 15 The MNDO hamiltonian using the 
PM3 parameters yielded a Po value of ca. 10.3 x 10-30 esu 
units which is nearly of the same magnitude as that of 
p-nitroaniline. Efforts to measure the fi value for this 
compound and other related compounds are in progress. 

While there have been some reports on designing organic 
mixed crystals using hydrogen bonding and other weakly 
attractive interactions,l6>17 this attempt to design an organic 
crystal of a molecule containing both electron-donating and 
withdrawing groups (large hyperpolarizability) into an acen- 
tric space group is the first example though it was met with a 
partial success. In the sense that a real crystallographic 
non-centrosymmetric structure could not be obtained, instead 
a geometrically non-centrosymmetric (pseudo-centrosymmet- 
ric) structure was obtained. Such a structure may not be 
compatible with the requirements of the above mentioned 
physical properties. 
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