
960 

Acta Cryst. (1956). 9, 960 

The Crystal Structure of p-Nitroaniline* 

BY J ~ Y  Do~o~rv~ 

Department of Chemistry, University of Southern California, Los Angeles 7, California, U.S.A. 

AND KENNET~r N. TI~UEBLOOD 

Department of Chemistry, University of California, Los Angeles 24, California, U.S.A. 

(Received 25 April 1956) 

The structure found by Abrahams & Robertson for p-nitroaniline has been re-examined and shown 
to be incorrect. The correct structure is related to that  proposed earlier and may be derived from it 
by shifting the origin in the projection on (010) from a center of symmetry to a twofold screw axis. 
The correct structure has been refined with two-dimensional Fourier syntheses and least-squares 
methods. Within the rather low precision obtainable with the original two-dimensional data, the 
intra- and inter-molecular geometry is normal. In particular, the abnormally short intermoleeular 
distances characteristic of the structure of Abrahams & Robertson, and often cited in the recent 
literature as 'polarization bonds', or 'charge-transfer bonds', are completely absent. 

I n t r o d u c t i o n  

Some years  ago, Abrahams  & Rober tson  (1948) 
repor ted the  results of their  de terminat ion of the  
crystal  s t ructure  of p-nitroaniline. They  found the  
crystals to be monoclinic, with space group C~h-P21/n, 
the  uni t  cell of four molecules having dimensions 
a =  12.34, b = 6 . 0 2 ,  c = 8 . 6 3  A, f l = 9 1  ° 40'. They  
refined the  paramete rs  by  use of the  three axial 
:Fourier projections calculated with the  observed values 
for Fh0z, Fhko, and 2,0ks, respectively. Their s t ructure  
is no tewor thy  in t h a t  there are three r emarkab ly  short  
intermolecular  distances of 2.66, 2.99, and 3.03 /~ 
between oxygen and carbon atoms of different mole- 
cules which, they  s ta ted,  ' indicate powerful a t t rac-  
tions of a new type ' .  This feature  is ra ther  unusual .  
Nevertheless,  the  intrinsic evidence for the correctness 
of any  s t ructure  lies in the  agreement  between the  
observed and  calculated s t ructure  factors.  Abrahams  
& Rober tson repor ted an  average discrepancy of 
15.2% for the  (hOl) zone, 22-1% for the  (hkO) zone, 
and 26.2 % for the  (Okl) zone. By  means of a specious 
a rgument  which invoked the  m a x i m u m  value t h a t  a 
s t ructure  factor  would have  if all the  a toms scat tered 
in phase, they  arr ived a t  the  conclusion t h a t  the  
agreements  for the  three zones were ' reasonably 
¢0mpar~bl~'. In @it~ of th~ f~ct that, in~tead of u~ing 
a conventional set of form factor  curves, t hey  cal- 
culated their  2' values with a 'composite empirical 
scat ter ing curve' ,  the  a toms being weighted in the  
curious rat io C: N :  0 = 6: 6 : 9, there remained more 
t h a n  a few serious discrepancies between Fc and 2'0, 
some of the  most  serious being those shown in Table 1. 

Since none of these discrepancies occurred in the  

* Editorial note.--Seo also Short Communications by Abra- 
hams & Robertson (Acta Cryst. (1956). 9, 966) and by Ubbe- 
lohdo & Parry (Acta Cryst. (1956). 9, 966). 

Table 1. Some discrepant structure factors 
hkZ Fo Fc 
(021) 3.0 + 15-0 
(025) 9.5 + 2.0 
(045) 13.5 + 2.5 
(140) 3"5 + 14.5 
(510) 4.5 +10.0 
(740) 14.0 q- 5.0 

zone [010], it seemed reasonable to suppose t h a t  the  
poor agreement  in the  other two prism zones and the  
general ly poor definition of the  a toms in these two 
corresponding :Fourier projections arose from the same 
cause, namely,  t ha t  the  s t ructure  was somewhere in 
error. Consideration of the d a t a  they  presented in 
their  Table 4, the  observed and calculated s t ruc ture  
factors,  showed t h a t  of the  (hkO) reflections with 
h = 2n the average discrepancy was 14-7 %, while for 
those with h = 2 n + 1  the  average discrepancy was 
34.6%, and similarly, for the  (Okl) reflections the  
values for 1 even and odd were 18.9% and 39.8% 
respectively. These facts s trongly suggest t h a t  the  
origin as chosen by  Abrahams  & Rober tson  in the  
(hO1) projection lies on the twofold screw axis, r a the r  
t h a n  on a center of symmet ry .  Such an interchange 
would not  of course affect the  calculated values of 
Fhoz, nor those of Fhk0 or F0kz where h or 1 is even. 

Practically, this interchange is effeeted by adding ¼ 
to the  x and z parameters ,  while retaining the  con- 
vent ional  coordinates for the  four equivalent  points of 
P21/n, with the  origin on a s y m m e t r y  center. 

E s t a b l i s h m e n t  of the  c o r r e c t  s t r u c t u r e  

A direct test  of the  correctness of the  above idea was 
made  by  calculation of the  s t ructure  factors  for the  
three prism zones, first with the  Abrahams  & Robert -  
son parameters  and then with the  paramete rs  al tered 
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as described above. In  these  calculations we used the 
MeWeeny (1951) form factors and, as indicated by  
some pre l iminary  calculations, an isotropic tempera- 
ture factor with B = 4 /~2 and a scale factor of 1.2. 
Al though the comparison of the results with those of 
Abrahams  & Robertson is somewhat  less t han  straight- 
forward, owing to their  use of their  empirical  form 
factor, there is no doubt  tha t  these first calculations, 
summarized  in Table 2, indicate tha t  the new struc- 
ture is the correct one. I t  is also apparent  from the 
da ta  of Table 2 tha t  the use of the empirical  form 
factors resulted in misleadingly good average discrep- 
ancies for the erroneous structure. 

Table 2. Average discrepancies for p-nitroaniline 

Zone 

(h01) 

(hk0), h even 
(hk0), h odd 

(Okl), I even 
(Ok/), l odd 

Original Original Correct 
structure, structure, structure,* 
empirical McWeeny McWeeny 
f-curve f-curve f-curve 

15.2 18-6 18"6 

14.7 17"0 17.0 
34"6 48"9 37"2 

18.9 28.7 28.7 
39.8 50"9 21.8 

* Before refinement. 

The signs of the structure factors for the new struc- 
ture were then  used, together with the Fo of Abrahams  
& Robertson, to calculate the three Fourier  projec- 
tions. Because the only sign changes in the (hOl) zone 
were those for reflections with h+l = 4 n + 2  (a conse- 
quence of the shift  in the  origin) our projection on 
(010) is identical  with tha t  of Abrahams  & Robertson. 
I t  is interest ing tha t  no sign changes occurred merely 
as a result  of the drastic change from the empirical  
to the MeWeeny form factors. For  the other two zones, 
on the other hand,  there were of course numerous  
sign changes, since the two structures are not the same 
in these projections. The Fourier  projections on (100) 
and  (001), a l though not  completely resolved, show 
excellent definit ion of the resolved atoms, and none 
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of the  spurious m a x i m a  or irregular peaks charac- 
teristic of the projections made  with the signs of the  
original s tructure (see Figs. 3 and 5 of Abrahams  & 
Robertson). 

R e f i n e m e n t  of the  p a r a m e t e r s  

The structure factors for the three zones were then  
t reated by  the method  of least squares. These calcula- 
tions, like those described above, were made  on t h e  
Nat ional  Bureau of Standards  Western  Automat ic  
Computer  (SWAC) by  procedures which have been 
described elsewhere (Sparks, Prosen, Kruse  & True- 
blood, 1956). McWeeny 's  form factors were used 
throughout.  

The least-squares routine, which was devised for  
analysis  of three-dimensional  data,  calculates in each 
cycle the shifts in the posit ional parameters  and in 
the six individual  anisotropic tempera ture  factors for 
each atom, and the change in scale factor. In  solving 
the normal  equations, all of the cross-terms among the 
three posit ional parameters  for each atom and all of 
the cross-terms among the six tempera ture  factors for 
each atom are used; all other cross-terms are neglected. 
Since there are unresolved atoms in the  several zones, . 
the  neglect of off-diagonal terms probably  in t roduces  
errors. The three zones were therefore t reated sepa- 
rately,  since different atoms are unresolved in each. 
Nine cycles on each zone were performed. During t h i s  
refinement,  there were changes in the parameters  
averaging 0.023 ~ ,  the largest change being 0-072 J~. 
None of the shifts in the last  two cycles was as much  
as 0.010/~; the average shift  at  this stage was 0.005 A. 
A set of best least-squares parameters  was then  ob- 
ta ined by  averaging the two indiv idual  results (i.e., 
for the x-parameters,  the answers given by  the least- 
squares t r ea tment  of Fhk 0 and F/,01, and so forth), 
with the condition, however, tha t  if an atom was  
resolved in a par t icular  zone, the corresponding least- 
squares parameter  was given tr iple weight in the  
averaging. 

During the above refinement,  the signs of several  

o sin 

(a) 

C sin 

(b) 
Fig. 1. (a) Fourier projection, Q(x, y). Contours are drawn at intervals of 1 e.A -2, starting at 2.5 e./~ -2. (b) Fourier projection, 

Q(y, z). Contours are drawn ab intervals of 1 e.A -2, starting at 4 c.A -2 (broken). 
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small structure factors in each zone changed. The three 
Fourier projections were then recalculated with the 
new signs. The final projections on (100) and (001) 
are shown in Fig. 1. The final projection on (010) is 
not shown because it is virtually identical with that  of 
Abrahams & Robertson; there were only two changes 
in the signs of Fa0t, those of the weak reflections (109) 
and (808). The positions of the resolved atoms were 
located by the Gaussian method (Shoemaker, Dono- 
hue, Schomaker & Corey, 1950), and back-shift cor- 
rections were obtained and applied in the usual way. 
Values for twenty-four of the thir ty parameters could 
be obtained from the electron-density maps. 

The final parameters (Table 3) were obtained by 
averaging the least-squares and Fourier values (except 
for those six parameters which could not be obtained 
from the Fourier projections). We estimate the aver- 
age standard error in a final parameter, as obtained 
from the standard errors given by the least-squares 
data and from the difference between the Fourier and 
least-squares results, to be about 0.025 J~. The corre- 
sponding limit of error in an interatomic distance is 
about 0-07 ~, and about 4 ° for the bond angles. 

Table 3. Final positional parameters 
A t o m  x y z 

0 x 0-4292 0.6130 0.8654 
0 s 0-4448 0.9182 0.7187 
N t 0.4757 0.7300 0.7612 
N e 0-8133 0.3109 0.4509 
C t 0-6076 0.7111 0.5578 
C s 0.6922 0.6198 0.4819 
C a 0.7283 0.4112 0.5218 
C 4 0.6788 0.3194 0.6509 
C~ 0.5930 0.4154 0.7288 
C~ 0.5562 0.6142 0.6818 

The structure factors calculated with the final para- 
meters together with the observed 2' values (with a 
change in the scale factor) reported by Abrahams & 
Robertson are presented in Table 4. Since we do not 
~eel that  much significance attaches to the individual 
anisotropic temperature factors as obtained in the 
least-squares procedure with zonal data only, the 
calculated structure factors include a single isotropie 
temperature factor with B = 4-50 _~, which is the 
average of the least-squares values. The average 
discrepancies for the (h0/), (hk0), and (Okl) zones are 
18.2%, 22-1% (15.8% for h even, 31.6% for h odd) 
and 18.5% (20-7% for l even, 16.0% for 1 odd), 
respectively. (R for each zone would be decreased by 
3-4 % if the individual anisotropic temperature factors 
were used.) All of the serious discrepancies have been 
removed, and no new ones have been introduced, with 
the possible exception of (110) and (130), both of which 
are calculated to" be about one-third too small. Al- 
though the overall agreement in the case of the (hkO) 
data is apparently satisfactory, and considerably 
better than for the original structure, the difference 
between the agreement for reflections with h even 
and h odd remains. The larger discrepancy for h odd 

Table 4. Observed and calculated structure factors. 
All 2'0 and  Fc have  been mult ipl ied by  10. 
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is, however, due entirely to the poor agreement for 
(110) and (130). The agreement for the (0kl) data is, 
on the other hand, entirely comparable for l even and 
1 odd. 

D i s c u s s i o n  

Intramolecular dimensions 
The intramolecular bond lengths and bond angles 

are listed in Table 5; they are also shown, in Fig. 2. 
The individual variations of the O-C bonds of the 
benzene ring from the average value of 1.38 A are 
not significant, nor is the difference of 0-04 A between 
the two N-O bonds of the nitro group. Both C-N 
bonds are shorter than the standard value 1.47 A; 
whether or not these differences are real cannot be 
definitely decided with the data available at present, 
but must await the results of a refinement of the com- 
plete (hkl) data, as the zonal data alone do not afford 
sufficient resolution for precise parameter determina- 
tion. Because the exact molecular dimensions might 
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Table 5. Bond distances and angles 
Distance (•) Angle (o) 

C1-C ~ 1.35 Ce-Cz-C a 125 
C~-C a 1.37 Cz-C2-C a 120 
Ca-C 4 1.40 C~.-C3-C 4 115 
04-0~ 1.4o c3-c4-c~ 125 
Cs-Ce 1"34 C4-C~-C ~ 119 
Ce-Cz 1.39 Cs-Ce-C I I17 
Ce-lg I 1.41 C~-Ce-Nz 122 
Nz-O 1 1.29 CI-C6-N 1 121 
Nz-O~ 1.25 Ce-Nz-O z 114 
Ca-I% 1.37 Ce-N1-O~. 121 

Oz-l~Iz-O~ 124 
C,-Ca-N,. 123 
C2-C3-~ 2 123 

allow an es t imat ion of the  impor tance  of the resonance 
s t ruc ture  

- 0  + O = N H , .  - 0  > N  = + 

963 

to the  s ta te  of the  molecule, we have  begun the  col- 
lection of all (hkl) reflections accessible to Cu K s  
radiat ion,  and  hope to carry  out the  above ref inement  
soon. This ref inement  will not,  however,  affect the  
discussion below concerning the  hydrogen  bonding and 
the  molecular packing,  since it  is unlikely t h a t  a n y  

, 122o,,~ . . . . . .  " ~  123o 149 o , , , ,  

o 

\ 

® 
Fig. 2. Intramolecular bond lengths and bond angles. 

c ~,.~ -'] ( 

9., o,%V> 

@ 

" ~  " , ~  "~, c, " ~ ~  
I I  I I  

cK ~ "  ,~ ".. d ,,,o _g"A .~.~o, 

Fig. 3. The structure projected (a) along the b axis, (b) along the a axis, (c) along the c axis. Hydrogen atoms are not shown; 
dashed lines represent the hydrogen bonds between amino and nitro groups of different molecules. 
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interatomic distance is in error by as much as 0.07 J~. 
The plane of the molecule is defined by the equation 

0.06680X'+0"04322 Y+0.06633Z' = 1 

(where X' = X + Z  cos ~, and Z' -- Z sin ~, X, Y, and 
Z being expressed in ~). None of the ten atoms of the 
molecule lies further than 0.06 /~ from this plane, 
the average distance being 0.03 /~. 

Hydrogen bonding 
Fig. 3 shows projections of the structure along the 

three crystallographic axes. The molecules are labelled 
according to the four equivalent positions of the space 
group: 

A (x, y, z) , 
B(½-x, ½+y, ½- z ) ,  
C(1 -x ,  l - y ,  l - z ) ,  
D(½+x, ½-y, ½-+z) ; 

Table 6. Intermolecular distances 
F r o m  a t o m  x To a t o m  y 
in molecule  A in molecule  Dis tance  x-y (~) 

N~ 01 D00~ 3.03 
N~ O 2 Doli 3.08 

C 4 C i Bxh 3.65 
C 4 C~ Bib 3" 71 
C 4 C 3 BI l l  3-89 
C4 (]4 B i l l  3"86 
C 4 C 5 Bill 3-84 
C 4 C s B i b  3.75 

02 C I COl o 3.32 
09 C~ Col o 3"66 
O i 01 Coo i 3" 17 
N 2 O 1 Doi{ 3-83 
01 N 2 Bio i 3.71 
Ni N 2 Bio I 3.58 
Cs N 2 B10 i 3.79 
C6 N s Bio i 3.71 

P lane  of A Plane  of C 3.48 

molecules equivalent to these by lattice translations 
are so designated with subscripts. 

The amino group forms two hydrogen bonds, to 
nitro groups of different molecules. The hydrogen 
bond lengths are 3.03 (to O i of molecule D00~) and 
3.08 A (to O~ of molecule D0ii). The angle expected 
for C -N-H is close to 120 °, and the two hydrogen 
atoms are expected to lie in the molecular plane. The 
observed angles, C3-N~ • ' '  0 are 149 ° and 119 °, and 
the respective distances of O i of molecule D00 £ and 
O~ of molecule D01£ from the plane of molecule A are 
-0 .47  and 0.57 /~. If we assume tha t  the amino 
hydrogen atoms lie in the plane defined by Ca, N2, 
O1 (D0oi), and O~ (D01i), then a twist of the amino 
group of 14 ° from the molecular plane is indicated. 
The lengths and departures from linearity of these 
N - H . . - O  hydrogen bonds are comparable to those 
in, for example, urea (Vaughan & Donohue, 1952). 

Packing of molecules 
The molecular packing is entirely satisfactory. 

Intermolecular distances less than 3.9 A are given in 
Table 6. Individual distances between molecules A 
and U are not listed because these molecules, which 
lie in parallel p lanes-- they are related by the center 
of symmetry  at  (½, ½, ½)--are separated by 3.48 /~. 
This distance is slightly greater than the separation 

of 3.34 /~ between layers in graphite; consequently 
there is no reason to believe tha t  the interplanar 
forces here are even as large as those in graphite. 
The distances of C 4 to the six carbon atoms of the 
benzene ring of molecule Bffi vary  from 3.65 to 3.89/~, 
and apparently the situation is similar to that  in 
biphenylene (Waser & Lu, 1944), namely, a hydrogen 
atom (on C4) pointing in the general direction of the 
center of an aromatic six-ring. None of the other inter- 
molecular distances is so short as to require any special 
comment. 

The so-called 'polarization bonding' 
Since there are no abnormally short intermole'cular 

contacts in crystals of p-nitroaniline, the discussion 
by Abrahams & Robertson of the 'powerful attractions 
of a new type '  in relation to apparently abnormal 
properties of the substance, and the related discussion 
by Abrahams (1952) of molecular complex formation 
between aromatic amines and nitrohydrocarbons, are 
accordingly without significance. Similarly, Mulliken's 
(1952) proposal tha t  a covalent bond is formed be- 
tween a carbon of one ring and a nitro-oxygen of an 
adjacent molecule as a result of charge transfer, not 
only in crystalline p-nitroaniline but  also possibly in 
solution complexes of aniline with polynitrobenzenes, 
is unwarranted. 

The supported short C - "  0 distance of 2.66 • in 
p-nitroaniline was later termed a 'polarization bond' 
by McKeown, Ubbelohde & Woodward (1951), who 
studied the anisotropic thermal expansion of p-nitro- 
aniline over the range 90-293 ° K. They concluded 
that ,  since the very large ~n  expansion of the crystal 
coincided within 6 ° with the projection on (010) of 
the 'polarization bond', the large expansion was due 
to the presence of this bond in the crystals and, more- 
over, that  at 90 ° K. the C • • • 0 distance was reduced 
to 2.44 /~. They made a specific proposal related to 
tha t  of Mulliken (1952), namely, tha t  the bond arose 
from actual electron transfer~ giving rise to the fol- 

lowing arrangement: 
NH2 
I ÷ 

- - - O - \ N / 0  ? - - -  

I f ~ ÷ /N\ 
. . . .  O -  0 

I 
NH2 
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This proposal, which has since been cited elsewhere 
(Harding & Wallwork, 1953), is not only dubious but  
is not now justified by the structural evidence. The 
direction of maximum thermal expansion is, moreover, 
in projection on (010), roughly perpendicular to the 
plane of the molecule, in the direction in which the 
intermolecular forces might well be expected to be 
considerably less than those arising from the N - H . . .  O 
interactions. This situation thus is somewhat analo- 
gous to tha t  in graphite, where the thermal expansion 
normal to the 'molecular' plane is about ten times as 
great as tha t  in the plane (Pierrey, 1946). 

In  his investigation of 1,3-dimethyl-5-iminotetrazole 
hydrochloride, Bryden (1955) found tha t  the rings lay 
in parallel planes 3.29 A apart.  This cyclic mesoion 
would appear to offer very favorable conditions for 
strong interaction, and yet the distances found corre- 
spond to a normal van der Waals separation. Bryden 
suggested tha t  the interaction between the rings was 
probably similar to tha t  found by Abrahams & Robert- 
son in p-nitroaniline, but concluded tha t  the forces in 
other directions (mainly hydrogen bonds) were much 
greater, as shown by the cleavage, and of 'pr imary 
importance in determining the structure of the crystal' .  

Polarization bonding was also invoked by Harding 
& Wallwork (1955) in their discussion of the results 
of their determination of the structure of the chloranil- 
hexamethylbenzene complex. Their structure, how- 
ever, contains features much more unusual than the 
'slightly less than normal van der Waals separations' 
which they ascribe to the formation of polarization 
bonds, to wit, extreme departure from planari ty for 
both the chloranil and hexamethylbenzene molecules. 
I t  is difficult to understand how the authors arrived 
at  their estimated standard deviations in the para- 
meters, since the values quoted for achlor~-e are 20% 
larger than those for acarbon, whereas one would nor- 
mally expect the errors in the carbon parameters to 
be almost three times those for chlorine. For this 
reason, and because only 185 independent reflections 
were used to determine the 24 positional parameters, 
their structure cannot be accepted with regard to 
detail. 

The complexes of 1,3,5-trinitrobenzene with naph- 
thalene and aniline in several different solvents have 
been studied recently by Ross & Labes (1955), who 
considered tha t  the specific polarization bond O- . . .  C+ 

in p-nitroaniline was unlikely, but  then postulated a 
structure for their complex with charge transfer at  
different points. Charge transfer would be expected 
to lead to distances shorter than the usual van der 
Waals contacts. The present results show tha t  there 
are no abnormally short distances in p-nitroaniline, 
nor were any found by Powell, Huse & Cooke (1943) in 
crystals of the complex formed by p-iodoaniline with 
1,3,5-trinitrobenzene, the only other structure of this 
sort which has been investigated. 

I t  would therefore appear tha t  there is not at this 
time any direct structural evidence for short inter- 
molecular contacts resulting from charge transfer, and 
the general question of the structural nature of such 
intermolecular complexes remains open. 
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