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The Crystal and Molecular Structure of 2-(2',4'-Dinitrobenzyl)pyridine* 
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When the pale yellow crystals of 2-(2',4'-dinitrobenzyl)pyridine (DNBP, C6H3(NOz)zCH2CsNH4) are 
irradiated with light of wavelength 4000 A or less, a deep blue substance is produced by what is be- 
lieved to be a reversible tautomeric reaction. The haft-life of the excited form is several hours in the 
crystal but only a few seconds, or much less, in various solvents. Crystals of the isomeric 4-substituted 
compound do not show this long half-life. DNBP forms monoclinic crystals in space group P2~/c, 
with a0= 10.276, b0= 15.198, co= 7"708/~,//= 101.84 °, and with four molecules in the unit cell. Nearly 
complete integrated Weissenberg f i l l  data were collected with the use of Cu Kct radiation. The structure 
was solved by direct methods and refined by full-matrix least squares to R= 0.073. Small corrections 
for molecular libration are included in the final geometry. The intramolecular angle between the planes 
of the two aromatic rings is 1140. The closest approach of a methylene hydrogen atom to an electronega- 
tive atom is intramolecular to an oxygen atom (at 2.4/~) on the o-nitro group. This nitro group is 
rotated 32 o from the plane of the benzyl ring; the other is twisted 12 o from the benzyl plane. These 
nitro groups undergo appreciable torsional oscillation about the C-N bonds, with approximate libra- 
tion amplitudes of 8 ° and 10 °. The shortest intermolecular distance from a methylene hydrogen atom 
to an electronegative atom is 2.6 A (H. • • O). 

Introduction 

When the pale yellow crystals of 2-(2',4'-dinitroben- 
zyl)pyridine, C12HgN304, also referred to as c~-DNBP 
or DNBP, are irradiated with light of wavelength 
4000/~ or less, a deep blue substance is produced by a 
reversible tautomeric reaction (Hardwick, Mosher & 
Passailaigue, 1960). The half-life of the excited form is 
several hours in the crystal, but only a few seconds or 
much less in various solvents. The related compound 
(),-DNBP) with the pyridine nitrogen atom para rather 
than ortho to the dinitrobenzyl group does not show 
this high solid-state tautomeric stability (Mosher, 
Hardwick & Ben-Hur, 1962). It has been shown that 
the presence of a p-nitro group on each phenyl ring in 
diphenylmethane lowers the pKa of the methylene 
hydrogen atoms from 30.2 (Steiner & Gilbert, 1965; 
Steiner & Starkey, 1967) to 15.85 (Bowden & Stewart, 
1965). In DNBP the methylene hydrogen atoms are, 
therefore, presumably the most acidic hydrogen atoms 
in the structure, and the most likely to be involved in 
the tautomerization reaction. 

We hoped that the determination of the structure 
would indicate whether the reaction is inter- or intra- 
molecular, and that a mechanism might become ap- 
parent. An examination of non-bonded distances in 
the structure suggests that the tautomerization is 
probably intramolecular, and that the reaction begins 
with the transfer of a methylene hydrogen atom to an 
oxygen of the o-nitro group, leaving the two rings inter- 
conjugated and shifting the absorption maximum to 
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longer wavelengths. This hydrogen atom might then 
be transferred intramolecularly to the pyridine ni- 
trogen atom. 

Experimental 

Crystals of DNBP (supplied by R. Hardwick and D. 
Ben-Hur) are either bipyramidal Ca) or long prismatic 
(c), and are yellow in color, becoming blue upon ex- 
posure to fluorescent room light or sunlight. The 
space group P21/c, was assigned on the basis of Weissen- 
berg photographs (hOl, l=2n;  0k0, k=2n).  Unit-cell 
dimensions are" a0 = 10.276 + 0-002, b0= 15.198 + 0.003, 
Co = 7.708 + 0.003 A, and fl= 101.84 + 0.02 °; these were 
determined by a least-squares refinement of fifty-two 
20 values measured on hOl and hkO Weissenberg 
photographs calibrated with reflections from a quartz 
sample. The measured density of 1.454 agrees well with 
the value of 1.460 g.cm -3 calculated for a four-mole- 
cule unit cell. The intensities of 2563 independent re- 
flections (about 95% of the Cu sphere) were measured 
with a densitometer from integrated Weissenberg films 
of the layers 0 to 14 along b and 0 to 6 along e; the 
intensities of 2120 of these were above the minimum 
observable limit. Cu Ka radiation (2=1.5418/~), 
reasonably monochromatized by means of a Kfl filter, 
was used throughout. Small spherical absorption cor- 
rections (/z= 9.67 cm -a) were made assuming approxi- 
mate crystal radii of 0.02 cm for the bipyramid 
(0.02 x 0.03 x 0.02 cm) mounted about b, and 0.02 em 
for the prism (0.02 x 0.025 x 0-04 cm) mounted about e. 

Some weak reflections on the b-axis photographs 
were observed to be markedly more intense than the 
same reflections observed about e. The conditions 
about b (equi-inclination Weissenberg photographs 
taken about an axis normal to a reciprocal net) are 
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Table 1. Observed and calculated structure factors 

T h e  r u n n i n g  index  is h; va lues  o f  k and  I for  each  g r o u p  i m m e d i a t e l y  precede  that  g r o u p .  T h e  central  c o l u m n  is 10tFol, the  r ight-  
h a n d  c o l u m n  10F~. T h e  Fo l isted for  u n o b s e r v e d  ref lect ions  is 1.48 Fmin. T h e  s y m b o l s  i m m e d i a t e l y  f o l l o w i n g  s o m e  va lues  o f  Fo 
h a v e  these  m e a n i n g s :  U, u n o b s e r v e d ;  E, suffers f rom e x t i n c t i o n  but  i n c l u d e d  in l eas t - squares ;  *, inaccurate  o b s e r v a t i o n  ( o n l y  
1 , 0 , 0 )  but  i n c l u d e d  in least -squares .  
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sufficient for double reflection (Zachariasen, 1965). No 
comprehensive corrections were applied, although 
several particularly inconsistent observations about b 
were omitted. 

An hOl Weissenberg photograph taken while the 
crystal was irradiated with light from a mercury are 
lamp was not perceptibly different from that of an un- 
irradiated crystal. This was not unexpected because at 
high-intensity light equilibrium, less than 2% of the 
DNBP is converted to the blue excited form. The very 
large extinction coefficient of this form (Hardwick, 
Mosher & Passailaigue, 1960) prevents the colored 
layer from being more than a few microns thick. 

Crystals of 4-(2', 4'-dinitrobenzyl)pyridine, 7-DNBP, 
with the same empirical formula as c+-DNBP, are mono- 
clinic, also in space group P2a/c, with a0= 7.21, b0= 
13.30, e0=12 .45A,  and p=102 .7  . The calculated 
density, assuming four molecules per unit cell, is 1.48 
g.cm -3, nearly the same as for e-DNBP. It is reason- 
able to surmise on the basis of several X-ray photo- 
graphs that the two isomers form crystals with quite 
different structures, consistent with their differing 
photochromic behavior. 

Structure determination 

The structure was solved by direct methods (Karle, 
1964) using a computer program (Long, 1965) [ACA 

(new)No. 2] which uses only a reiterative application 
of Sayre's equation. The 220 values of E, the norma- 
lized structure factor, greater than 1.70 were used to 
generate sixteen solutions. The most consistent solu- 
tion, for which convergence was the most rapid, was the 
correct solution. All carbon, nitrogen and oxygen 
atoms appeared in an E map at positions differing 
from those in the final refined structure by an average 
of 0.15 A, which was in fact the precision of estimating 
the positions in the E map. Full-matrix least-squares 
refinement including only the observed reflections, 
with anisotropic temperature factors for the non- 
hydrogen atoms and isotropic temperature factors for 
the hydrogen atoms, eventually brought the unweighted 
R index to 0.073. The program used was that of 
Gantzel, Sparks & Trueblood [ACA(old)No. 317 
modified] which minimizes S w(AlFI) z. Hughes (1941) 
weights were used, modified to account for the number 
of times a reflection was observed. All hydrogen atoms 
were found on an intermediate three-dimensional dif- 
ference Fourier synthesis. The intensities of  about 
88% of the unobserved reflections are calculated to be 
less than the minimum observable intensity (F,,in), and 
only one is as great as 2Fmln. 

The scattering factors used were: O, N and C 
(valence) (Hoerni & Ibers, 19542; and H (bonded) 
(Stewart, Davidson & Simpson, 1965). In the last 
cycle of least-squares refinement, the average shifts 
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Table 2. Final positional parameters and their standard 
deviations 

Values given are x 104 for C, N and O and x 103 for H. See 
Fig. 1 for the identities of the atoms. The e.s.d., separated by 
a comma, is in the units of the least significant digit given for 
the corresponding parameter. 

C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
N(1) 
C(6) 
C(7) 
C ( 8 )  

C(9) 
C(lO) 
C(11) 
C(12) 
N(2) 
0(1) 
0(2) 
N(3) 
0(3) 
0(4) 
H(1) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 
H(9) 

x, a(x) 
1934,2 
1277,3 
1078,3 
1552,3 
21874 
23892 
21973 
3055 2 
2694 2 
3518 2 
4732 2 
5142 3 
43082 
1378 2 
4372 

1300.2 
5600.2 
5315.3 
65463 

994 
53.4 

140 3 
250.5 
130.3 
276.3 
323 3 
588,4 
474,3 

y, a(y) 
5200,1 
5982,2 
6220,2 
5690,2 
4936,2 
4676,1 
4953,2 
4145,1 
3292,1 
2572,2 
2724,2 
3550,2 
4248,2 
3092,1 
3540,2 
2479,2 
1965,2 
1258,2 
2078,2 

642,2 
677,2 
590,2 
459,3 
489,2 
544,2 
198,2 
357,3 
484,2 

z, a(z) 
- 1903,3 
- 2448,4 
- 4208,4 
- 5377 4 
- 4724 4 
- 3027 3 

41 3 
507 3 

-43  3 
426 3 

1528 3 
21164 
1591 4 

-11523 
- 958 3 

- 2179 3 
2106.4 
1362.4 
3303 4 

-152 6  
- 473 5 
- 664 5 
- 578 7 

324 
89.5 
6,4 

274,5 
190,4 

were about  0.05 e.s.d.'s of  posi t ion;  no non-hydrogen  
coordinate  shift exceeded 0.0006 A, or 0.2a, and no 
hydrogen coordinate  shift exceeded 0.01 A, or 0.2a. 
Table 1 gives the observed and calculated structure 
factors. The final posi t ional  and thermal  parameters  
are listed in Tables 2 and 3 respectively. Two regions of  
negative residual electron density, with min imum val- 
ues of  - 0 . 4 2  and - 0 . 4 4  e.t~k -3, occurred in a final dif- 
ference Fourier  synthesis at the posit ions of  the two 
nitro ni t rogen atoms. Wi thout  a more detailed anal- 
ysis of  the difference map,  and of  possible variat ion of  
the f curve for ni t rogen as a parameter  in the least- 
squares, the significance of  this finding with regard to 
possible electron withdrawal f rom the ni t rogen atoms 
remains uncertain.  Otherwise, the highest and lowest 
points on this map were + 0.25 and - 0.27 e .~  -3, about  
three times the e.s.d, of  the electron density, 0.08 
e.~-3. 

T h e r m a l  m o t i o n  

The mot ions  of  several different groups of  atoms have 
been analyzed in terms of  the rigid-body tensors of  
t ransla t ion (T), l ibrat ion (L), and screw mot ion  (S) 
(Schomaker  & Trueblood,  1968). The computer  pro- 
gram used was ACA(new)No.  1. The r.m.s, discre- 
pancy between observed and calculated U~j serves as a 
measure of  the applicabili ty of  the analysis and thus of  
the rigidity of  a part icular  grouping. 

Table 3. Thermal vibration parameters and their standard deviations 
The b are x 10 4. See Fig. 1 for the identities of the atoms. The e.s.d., separated by a comma, is in the units of the least significant 

digit given for the corresponding parameter. 

I. Carbon, nitrogen, or oxygen temperature factor= 
exp (-- (bl lh 2 + b22k 2 + b33/2 + b12hk + b13hl+ bz3kl)} 

bll b22 b33 b12 b13 b23 
C(1) 91,2 38,1 167,4 11,2 35,4 8,3 
C(2) 137,3 49,1 238,6 54,3 107,6 28,4 
C(3) 125,3 62,2 243,7 64,3 65,6 83,5 
C(4) 131,3 58,1 193,5 21,3 38,6 47,4 
C(5) 192,4 57,1 162,5 40,4 100,7 21,4 
N(1) 156,3 43,1 153,4 34,2 67,5 14,3 
C(6) 131,3 42,1 166,5 28,3 49,5 - 11,3 
C(7) 102,2 38,1 144,4 4,2 53,4 1,3 
C(8) 89,2 41,1 146,4 - 11,2 54,4 - 1,3 
C(9) 112,2 35,1 197,5 - 10,2 98,5 3,3 
C(10) 103,2 40,1 194,5 20,2 75,5 39,3 
C(11) 101,2 51,1 189,5 - 9,2 6,5 22,3 
C(12) 120,3 37,1 196,5 - 13,2 7,5 - 10,3 
N(2) 96,2 51,1 183,4 - 27,2 51,4 - 12,3 
O(1) 99,2 69, I 265,5 12,2 18,4 1,3 
0(2) 136,3 85,1 290,6 - 73,3 68,5 - 142,4 
N(3) 125,3 53,1 263,6 36,3 92,6 82,4 
0(3) 202,3 45,1 375,7 56,3 167,7 43,4 
0(4) 181,4 77,2 405,8 83,4 - 63,8 79,5 

II. Hydrogen 
B B 

(A2) (A2) 
H(1) 6"9,9 H(6) 5"4,7 
H(2) 6"1,8 H(7) 4"7,6 
H(3) 5"0,7 H(8) 6"8,10 
H(4) 8"4,11 H(9) 4-9.6 
H(5) 4.8,6 
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Some rigid-body parameters for the pyridine ring 
with the methylene carbon a tom included are given in 
Table 4; the fit is good. The translat ional  mot ion  is 
reasonably isotropic, while l ibrat ion is quite anisotrop- 
ic, with the pr imary  mot ion  corresponding to a r.m.s. 
ampli tude of 9.5 ° about  an axis (L1) 14 ° away f rom the 
exocyclic C - C  bond. The secondary l ibrat ion has a 
4 ° r.m.s, ampli tude about  an axis (L2) which makes a 
4 ° angle with the pyridine ring plane (Table 5) and an 
84 ° angle with the exocyclic C - C  bond. Substantially 
the same mot ion  is indicated by the analysis of the 
six-atom pyridine ring alone. 

Three rigid-body analyses were done for the dini- 
t robenzyl  group. One of these analyses included only 
the ring and the methylene carbon a tom;  the second 

also included both  nitro nitrogen atoms and indicated 
approximately the same mot ion and rigidity as the 
first. In the third analysis, the nitro oxygen atoms were 
included as well; this entire group of atoms did not  
comprise a satisfactorily rigid body, which is not  sur- 
prising in view of the known high torsional oscillations 
of aromatic  nitro groups (Trueblood, Goldish & Dono-  
hue, 1961). Translat ional  motions are nearly isotropic. 

These motions of the nitro groups were best exam- 
ined by subtracting the calculated Utj c o r r e s p o n d i n g  
to the rigid body mot ion of the dini trobenzyl  group 
without  oxygen atoms (C7N2) f rom the observed Utj 
of the entire dinitrobenzyl group (C7N204). The four 
oxygen atoms show residual r.m.s, displacements cor- 
responding to l ibrat ion ampli tudes of  10 °, 7 °, 6 °, and 

Table 4. Rigid-body thermal parameters 

Axes of reference are a,b, e*. E.s.d. of components of L are given after them, separated by a comma, in units of last place shown. 

Pyridine ring and methylene C: 
N(1), C(1) to C(5), and C(6) 

L[ x 10-1(°) 2] 110,13 

Principal axes of L 
r . m . s .  

amplitude 
L1 9"5 ° 
L2 4"1 
L3 2-7 

Principal axes of reduced t T 
r . m . s .  

amplitude 
0.23/~ 
0.21 
0.20 

Benzyl group: C(7) 
to C(12), and C(6) 

^ 

-11,14 - 78,24 184,33 --82,25 32,22 
290,21 -306,23 92,50 - 82,22 

742,52 174,20 

Direction cosines r.m.s. D~ection cosines 
(× 103) amplitude (× 103) 

082 445 -892 5.3 ° 626 -521 580 
580 -749 -321 3.8 694 033 -719 
811 491 319 1.4 356 853 382 

D~ection cosines r.m.s. Direction cosines 
(x 103) amplitude (x 103) 

764 537 -358 0-22A -789 419 -449 
095 -642 -761 0.20 327 905 271 

-638 547 -542 0.20 520 066 -851 

Displacement of libration axes from intersecting (A) 
Parallel to L1 -1.19 
Parallel to L2 - 1.11 
Parallel to L3 -0.34 

2"94 
0"49 

-0"75 

Effective screw translations (A) 
Parallel to L1 0.001 -0.003 
Parallel to L2 --0.028 0.022 
Parallel to L3 0.040 -0.048 
(A U~2)+ (A2) 0.0014 0-0016 

t Corresponding to equation (20) of Schomaker & Trueblood (1968). 

Table 5. Least-squares planest 

Direction cosines (x 104) 
with respect to 

^ 

No. a b e* Description of plane~: 
1 8507 4906 1890 CsN (pyridine ring) 
2 5795 1336 - 8040 C6 (benzyl ring) 
3 3326 6260 -7054 CNO2 (o-nitro group) 
4 7086 2364 -6648 CNO2 (p-nitro group) 

t For the molecule whose coordinates are given in Table 2. 
:~ See Table 6 also. 

r.m.s, deviation 
from plane 

(A x 10 3) 
4 
7 
4 
2 
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14 ° for O(1), 0(2), O(3), and 0(4) respectively, as 
measured normal to the plane of the appropriate nitro 
group. The averages of these for each nitro group give 
approximate r.m.s, librations of 8 ° and 10 ° about the 
respective C-N bonds. These torsional oscillations are 
comparable to but slightly smaller than those in other 
aromatic nitro compounds. For example, in 4-nitro- 
aniline (Trueblood, Goldish & Donohue, 1961) an 
r.m.s, amplitude of 13 ° is found at room temperature, 
and in 3-nitroperchlorylbenzene (Palenik, Donohue & 
Trueblood, 1968) the amplitude is 14 °. 

The bond lengths and angles were corrected (Cruick- 
shank, 1956, 1961) for the effects of thermal motion 
indicated by the above rigid-body analyses. (The N-O 
bond distances were corrected by the method of Busing 
& Levy (1964), assuming 'riding' motion.) The molec- 
ular geometry is given in Fig. 1, Fig. 2, and Table 7. 

Crystal and molecular structure 

The direction cosines of the least-squares planes of 
each ring and each C-NO2 group are presented in 
Table 5, and the displacements of some atoms from 
these planes in Table 6. No atom used to define a plane 
deviates significantly from that plane. The intramolec- 
ular angle between the planes of the two aromatic 
rings is 114 °. Since the nitro nitrogen atoms are about 
0.05 A out of the plane of the benzyl ring, the angles 
between the nitro group planes and the plane of the 
benzyl ring do not represent precisely the angles of 
twist about the C-N bonds, but they are sufficient for 
our discussion. The o-nitro group [N(2), O(1) and 0(2)] 
is twisted approximately 32 ° (Fig. 2) from the benzyl 
plane, and the p-nitro group [N(3), 0(3) and 0(4)] is 
twisted 12 ° in the opposite sense. The C(1)-C(6) bond 

® 
1.24 

H(7) 

H(3) 

bl C ~ 
r 

1.24 

1.23 

0.98 

1.388 

1473 

1.380 

H(4) 

1.07 

'... 

2.4 
'... 

1.400 

.512 I 1.00 

1.375 

)H(8) 

..) H(5) ~ , ) ,  H(9) 
1.01 

1.518 
, . v  i 

I.:370 7 " /  H(6) 

,.00 t , . 3 8 2  :: 
1.382 1.06 !2.6 

.05 ~ H(I) 

H(2) 

Fig. 1. Bond lengths and the two shortest methylene-hydrogen to nitro-oxygen distances. 
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makes an angle of 37 o with the plane of the benzyl 
ring. 

The molecular geometry of DNBP appears to be in 
agreement with previous findings on related com- 
pounds. The benzyl ring C-C distances average 
1.387 A with an r.m.s, deviation of 0.009 A, in agree- 
ment with values of 1.390 A in the tetraphenylphos- 
phonium ion (Goldstein, Serf & Trueblood, 1968), 
1-389 A in [3.3]paracyclophane (Gantzel & Trueblood, 
1965), and 1.392 A in benzene (Cox, Cruickshank & 
Smith, 1958). The pyridine ring has C-C distances of 
1-383 A with an r.m.s, deviation of 0.010 A and C-N 
distances of 1.346 A. These compare well with values 
(uncorrected for libration) of 1.388 and 1.342 in 
1,2-di-(2-pyridyl)ethenediol-l,2 (Ashida, Hirokawa & 
Okaya, 1965) and 1.380 and 1.349 in 1-phenyl-2- 
(2-pyridyl)ethanedione-l,2 (Ashida, Hirokawa & Oka- 
ya, 1966). 

The C-C-C angle at the methylene carbon atom is 
114.4 ° (with an e.s.d, of 0.4°), somewhat larger than 

the value 111.5 ° (1.0 °) found in a 2,2'-methylenedi- 
quinoline (Thuijl & Romers, 1966) and the values of 
112.4 ° (0.2 °) in propane (Lide, 1960) and of 112.4 ° 
(0.3 °) in n-butane (Bonham & Bartell, 1959). The 
C-N bonds at the nitro group average 1.476 A with an 
r.m.s, deviation of 0.004 A, and the N-O bonds are 
1.235 A with an r.m.s, deviation of 0.005 A. In 4- 
nitroaniline (Trueblood, Goldish & Donohue, 1961) 
these bond lengths were found to be 1.460 and 1.246/~ 
respectively. The C-N bond lengths in the present mole- 
cule are near the average of 1.48 A found for a number 
of nitro,aromatic hydrocarbons (Trotter, 1960). 

Some non-bonded approach distances are given in 
Table 8, and two of these are shown in Fig. 1. Interac- 
tions between methylene hydrogen atoms and elec- 
tronegative atoms are of particul, ar interest in connec- 
tion with the tautomeric reaction; the shortest of these 
are the H(5) to O(1) intramolecular contact of 2.4 A 
and the intermolecular H(6) to 0(4) distance of 2-6/k 
(Fig. 1). These are approximately the same as the intra- 

H(7) 

@ 

118.4 

124.0 

c .  

bl 3z'~',z4.z ......... 117.8 

122 

109~(5}ff "v 117.0 " ~  118.7 1 0 ~ ( 6  
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OH(Z) 
Fig. 2. Bond and torsion angles. 
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molecular  O . - . H  distances found between nitro 
oxygen atoms and aromat ic  hydrogen atoms at adja- 
cent ring positions on the dinitrobenzyl group. The 
32°-twist of  the o-nitro group from the plane of the 
benzyl group results in a close intramolecular  non- 
bonded approach of  O(1) to the pyridine ni t rogen N(1) 
(3.3 A) as well as to H(5). The large l ibrat ional  mot ions  
of  the o-nitro group and of  the pyridine ring presum- 
ably result in some appreciably closer instantaneous 
approaches (unless these two mot ions  happen to be 
strongly coupled and of  the same frequency). 

We are grateful to R. Hardwick and D. Ben-Hur for 
the samples used in this work as well as for many 
valuable discussions, and are indebted to the U.C.L.A. 
Comput ing  Facility for their  coopera t ion  and to the 
Nat ional  Science Founda t ion  for their  support.  
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Table 6. Deviations of atoms from least-squares planes (A × 103) 

See also Table 5. Boldface deviations indicate the atoms used to define the least-squares plane. A negative deviation from a plane 
indicates that the atom with the coordinates given in Table 2 lies between that plane and the origin. See Fig. 1 for the identities of 
the atoms. 

Plane No. 
Plane No. ^ 

1 "2 3 
Atom Atom 

C(1) - 1227 
N(1) - 2  C(6) 24 
C(1) 0 C(7) 2 
C(2) 5 C(8) 7 
C(3) - 6 C(9) - 10 
C(4) 3 C(10) 5 
C(5) 1 C(11) 4 
C(6) 61 C(12) - 8 
C(7) 213 N(2) 56 
H(1) 85 O(1) 662 
H(2) -73  0(2) -489 
H(3) 15 N(3) 46 
H(4) 13 0(3) -- 160 
H(5) -774 0(4) 296 
H(6) 916 H(5) 766 

H(6) 187 
H(7) 22 
H(8) - 8 
H(9) - 164 

-612 
2 

679 

- 7  
2 
2 

263 
1 

-234 

--4 
1 
1 

Table 7. Bond lengths* (A) 

Distance Distance 
Atoms Uncorrected Corrected]" Atoms Uncorrected 

C(1)-C(2) 1.389 1.397 C(8)--N(2) 1.476 
C(2)--C(3) 1.378 1.382 C(10)-N(3) 1.469 
C(3)--C(4) 1.370 1.382 N(2)--O(1) 1.217 
C(4)--C(5) 1.364 1.370 N(2)--O(2) 1.214 
C(5)--N(1) 1.342 1.346 N(3)--O(3) 1.226 
N(1)--C(1) 1.331 1.346 N(3)--O(4) 1.208 
C( 1 )--C(6) 1.515 1.518 H( 1 )--C(2) 1.06 
C(6)--C(7) 1.511 1.512 H(2)--C(3) 1.04 
C(7)--C(8) 1-392 1.400 H(3)--C(4) 1-00 
C(8)--C(9) 1.384 1-388 H(4)--C(5) 1.07 
C(9)--C(10) 1.377 1.383 H(5)--C(6) 1.07 
C(10)-C(11) 1.372 1.380 H(6)--C(6) 1.00 
C(11)-C(12) 1.372 1.375 H(7)--C(9) 0.99 
C(12)-C(7) 1.392 1.396 H(8)--C(11) 0"82 

H(9)--C(12) 1.00 

Corrected]" 
1.480 
1.473 
1.23, 
1.24, 
1.24:]: 
1.23, 

* Estimated standard deviations (not including an expected error arising from the use of spherically symmetric form factors) 
average: C-C, 0.005 A; N-O, 0.01 A; C-H, 0-04 A; angles involving heavy atoms, 0.4°; angles involving one H, 3 °. All bond 
angles are shown in Fig. 2. 

t The shape parameters (q2) (Cruickshank, 1956, 1961) used in calculating bond-length corrections were as follows: aromatic 
C, 0.08; aliphatic C, 0.096; aromatic N, 0.069; nitro N, 0-075. 

:1: Corrected on the assumption of riding motion, (Busing & Levy, 1964). 
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(a) In t ramolecular  
Table 8. S o m e  non-bonded  in tera tomic  distances* 

O(1) . . . .  N(1) 3.30 A 
. . . .  C(1) 3.12 
. . . .  C(6) 2.81 

N(1) . . . .  N(2) 3"10 
. . . .  C(7) 2.78 
. . . .  c ( 8 )  3.08 

O(1)" .H(5) 
0 (2 ) .  • H(7) 
0 ( 3 ) . . H ( 7 )  
0(4) • .H(8) 
N(1)" "H(5) 

• H(6)  
N ( 2 ) . . H ( 5 )  

2.4 A 
2.5 
2-4 
2.4 
3.0 
3-2 
3.0 

(b) In te rmolecular t  
(x, ½ - y ,  - ½ + z )  0(2) . . . .  O(1) 3.26 A 0(2)  .• .C(9) 3-22 .& 

N(1) . . . .  0(3)  3.44 0 ( 3 ) . . .  C(11) 3•25 
C ( 1 0 ) . . .  0(4)  3.41 H ( 8 ) . . .  0(3) 3.0 
0(2)  . . . .  N(2) 3.20 H ( 4 ) . . .  H(7) 2.5 

. . . .  C(8) 3.10 
( - x ,  ½+y,  - ½ - z )  C(2) . . . .  0(2)  3-46 H(2)- - -O(1) 2-9 

C(3) . . . .  0(2)  3.44 . . . 0 ( 2 )  2.8 
H(1) . . . .  0(2)  2.9 . . .  N(2) 3.0 

( I - x ,  ½+y,  ½ - z )  H(6) . . . .  0(3) 2.9 H ( 6 ) . . . N ( 3 )  3.1 
. . . .  0(4)  2"6 H ( 9 ) - ' '  0(3)  2"5 

(x, y, - 1 +z )  H(3) . . . .  H(5) 2.8 H(4). • .H(6) 2.9 
. . . .  H(6) 2.7 

( - x ,  l - y ,  - i - z )  O(1) . . . .  C(4) 3.34 H ( 2 ) . . . 0 ( 2 )  2.9 
H(3) . . . .  O(1) 2.5 

( - x ,  l - y ,  - z )  H(1) . . . .  O(1) 2.6 H ( 5 ) . . . H ( 5 )  2-6 
H(5) . . . .  O(1) 3.1 

( I - x ,  I - y ,  - z )  H(9) . . . .  N(1) 3.0 H(8) . -  .C(2) 3.0 
( i - - x ,  - -½+y,  ½--z) 0(3)  . . . .  C(12) 3.42 

* Some intramolecular distances and all intermolecular distances less than the following are given: H .  • • H, 2.7 A;  H.  • • C, N, O, 
3.1 A;  C,N,  O . . .  C, N,O,  3.5/~ These limits are increased by 0.2 A for distances involving H(5) and H(6). 

t The first a tom of each pair has coordinates  as given in Table 2. The second a tom is related to the one in Table 2 by the sym- 
metry operat ion given in the subheading.  
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Fig. 3. The arrangement  of  D N B P  molecules in the structure. 
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The Geometrical Factor in the Crystal Chemistry of Metals: Near-Neighbour Diagrams 

BY W. B. PEARSON 
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In an attempt to gain some quantitative assessment of the influence of the geometrical principles of 
Laves for the structures of metals on the occurrence of phases, and on their structural dimensions, a 
model has been adopted that allows the atoms to be compressed until successively A-A, A-B and B-B 
contacts are folmed. The 'near-neighbour diagrams' that are obtained are thus more suitable for metals 
than the space filling diagrams of Laves, which are based on an incompressible atom model. They per- 
mit an assessment of (1) the relative importance of coordination, and geometrical and bond factors with 
regard to the occurrence of phases as a function of radius ratio of the component atoms and (2) the 
influence of these factors on the unit-cell dimensions and atomic parameters of phases with a given 
structure. The quantitative aspect is introduced by comparing the actual structural dimensions of phases 
having a given structure, with interatomic separations permitted by the structural geometry. 

Introduction 

The geometrical principles of  Laves (1956), that  the 
structures of metals, in the absence of other dominant  
effects such as bond factors, should exhibit  the highest 
degree of  space filling, the highest symmetry and the 
greatest number  of connexions between the atoms, 
have been a conversation piece for a decade. However, 
the difficulty in explicitly analysing the relative impor- 
tance of these geometrical effects in structures is that  
they are amenable  to discussion rather than quantita- 
tive measurement.  Al though Laves himself  did intro- 
duce a space filling model  for binary systems to com- 
pare the relative favourabil i ty of  various structures at 
different radius ratios of the component  atoms, it ap- 
pears to be inappropriate  for metals since it is based 
on a hard-sphere model  of the atom, whereas one of 
the main  properties of  metals is the compressibili ty of  

the atoms. Furthermore,  the space filling model  as 
presented by Laves and extended by Parth6 (1961) only 
compares structures and does not examine the dimen- 
sional behaviour of  phases with given structures; also 
it has obvious difficulties of  application to complex 
structures where many  different atomic contacts may 
OCCU£. 

In order to examine in a more quanti tat ive manner  
the geometrical influence on structure type, and the 
structural dimensions of phases with a given structure, 
we develop a model  that permits the atoms to be 
compressed in order to realize successively all of the 
different A-A,  A - B  etc. contacts permitted by the 
geometry of the structure. The conditions for the for- 
mat ion of the various atomic contacts are satisfied by 
straight lines on the 'near-neighbour diagrams'  (n.n.d.) 
which are obtained. The known lattice and atomic 
parameters of  phases with a given structure permit  

A C 24B - 2 


