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A Three-Dimensional Refinement of the Crystal Structure of 4-Nitroaniline

By KenNETH N. TRUEBLOOD
Department of Chemistry, University of California, Los Angeles 24, California, U.S. 4.

AND EL1HU GOLDISH* AND JERRY DONOHUE
Department of Chemistry, University of Southern California, Los Angeles 7, California, U.S8.A.

(Received 5 January 1961)

The structure of 4-nitroaniline has been refined three-dimensionally with visually-estimated Cu Ko
data. Positional and thermal parameters for the carbon, nitrogen, and oxygen atoms, and positional
parameters for the hydrogen atoms, were obtained by least squares. The standard errors in bond
lengths not involving hydrogen are 0-006-0-007 A ; the corresponding errors in bond angles are
about 0-4°. Intramolecular bond distances were corrected for the effects of thermal motion. These
distances are discussed, and compared with those in related molecules. The molecular geometry
supports the view that there is a small but significant contribution of a quinonoid resonance form
to the structure of the molecule, although the amino group appears to interact with the aromatic
ring to a greater extent than does the nitro group. The nitro group shows a pronounced torsional
oscillation, the r.m.s. amplitude being about 14°; this sort of motion seems to be characteristic of

nitro groups in aromatic compounds.

Introduction

A determination of the crystal structure of 4-nitro-
aniline by means of the three axial projections was
- reported earlier (Donohue & Trueblood, 1956; Abra-
hams & Robertson, 1948). However, the precision of
that determination was low, the estimated standard
deviations of the bond distances being of the order of
0-035 A. Because of the importance of this molecule
in discussions of the effects of electron-withdrawing
and electron-attracting substituents in aromatic rings,
a careful three-dimensional refinement of the structure
was deemed worthwhile in order to provide greatly
increased precision.

Experimental

Needle-like crystals of 4-nitroaniline were grown by
controlled cooling of a hot aqueous solution. Sections
cut from selected crystals of regular cross section and
thickness 0-5 mm. or less were mounted on fibers or
in thin-walled glass capillaries. Equi-inclination mul-
tiple -film Weissenberg photographs were taken with
Cu K« radiation about the a and b axes, with A=0
to 4 and k=0 to 3 respectively. Intensities were
estimated visually by comparison with calibrated
intensity strips, with corrections made for spot exten-
sion on upper-layer photographs (Phillips, 1956); no
corrections were made for absorption. About 759%, of
the reflections in the sphere of reflection were acces-
sible for measurement; of these, 826 were observed
while the intensities of an additional 274 were below
the minimum observable limit. The intensities were

* Present address: Union Qil Co., Brea, California.
AC 14— 65

multiplied by the Lorentz-polarization-Tunell correc-
tion factors to convert them to relative values of F2;
the corresponding F2 values were then correlated to
put data from different films on the same scale. An
additional 9(kk0) reflections with A=5 and k=5 ob-
served by Abrahams and Robertson were also then
included after the suitable correlations had been made.

Cell constants ag, co, and B were determined from
single-crystal oscillation photographs taken on the
Weissenberg camera with the film in the Straumanis
arrangement. The determination of by was done with
less precision from several high-angle reflections on
an (0kl) Weissenberg photograph. The resulting values,
with their e.s.d.’s, are:

ao=12-336 + 0-008, bo=6-07 + 0-02,
co=8592 +0-005 A,
B=91-45°+0-05° (cos f= —0-0252)
(Cu Kx1=1-54051 A, Cu Kxo=1-54433 A).

and

The space group is P2;/n—(C%,) .

Refinement of the structure

All calculations except some of those involved in
analysis of the molecular vibrations were carried out
on SWAC (Sparks et al., 1956). The form factors
used for oxygen, nitrogen, and hydrogen were those
of McWeeny (1951), and that for carbon was taken
from an average curve based on McWeeny’'s (1954)
trigonal-carbon curves. Least squares refinement was
started with the final position parameters from the
two-dimensional study (Donohue & Trueblood, 1956),
and with three averaged anisotropic temperature fac-
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Fig. 1. Composite difference map, contributions of heavy
atoms calculated with parameters from seventh least-
squares. Contours drawn at intervals of 0-05 e.A-3, starting
at 0-3 e.A—3, The lines through each atom in a given drawing
indicate the position of the section used for this atom in
the other drawing; (a) view along (100); (b) view along (001).
The dots show the positions first assumed for the hydrogen
atoms, as described in the text, and the crosses their posi-
tions as indicated by the least-squares calculations.

tors divined from that work; the hydrogen atoms
were omitted. Because of the limitations of the com-
puter, it was not possible to evaluate and solve the
full matrix of the least squares equations. Consequent-
ly, the block-diagonal approximation (3 x3 and 6 x 6
blocks for each atom, 1x1 for the scale factor) was
used, with partial shift factors of 0-75, 0-375, and
0-20 for the xz;, Bjz and Bj;, and the scale factor, re-
spectively, to insure convergence. The weighting sys-
tem used was that of Hughes (1941), with Frin=2-5.
Those reflections which were too weak to be observed
were included with Fo=F'nin.[)/3, and F'nin. varying
over a factor of about ten in the different regions of
reciprocal space; part of this variation was due to
variation in exposure times.

After seven cycles of least squares, B (observed
reflections only) had dropped from 0-227 to 0-119.
At this juncture a three-dimensional difference syn-

REFINEMENT OF THE CRYSTAL STRUCTURE OF 4-NITROANILINE

thesis was calculated, revealing the positions of the
six hydrogen atoms of the molecule unambiguously
(Fig. 1). These were the six highest peaks in the map,
between 0-4 and 0-5 e.A-3; the only other two peaks
above about 0-3 e. A-% were clearly spurious, one being
about 0-5 A from C2 and inside the aromatic ring and
the other being about 0-3 A from C5 on a line toward
C6. The six hydrogen atoms were then inserted in the
structure factor calculations. The positions of the four
ring-hydrogens were so chosen that they were about
1-0 A from the nearest carbon atom, with bond angles
of about 120° the two amino-hydrogens were placed
at the positions found for them in the difference map.
Isotropic temperature factors of 4:5 A2 for the four
ring hydrogens and 6-0 A2 for the two amino hydro-
gens were assigned. Inclusion of these hydrogen atoms,
with no other changes, led to a pronounced improve-
ment both in R and in the weighted sum of the
squares of the residuals (Fig.2). Four more least
squares cycles then completed the refinement. The
positions of all sixteen atoms were refined, but the
temperature factors of the hydrogen atoms were held
constant; the course of the refinement to the point
of convergence (R=9-5%) is indicated in Fig. 2. Each
of the hydrogen atoms moved somewhat closer to the
atom to which it is bonded (Table 7), although none
of the individual changes can be considered significant,
since none was more than about 2¢. At the end, the
average C-H and N-H distance was 0-85 A, with an
e.s.d. of about 0-08 A. Bond angles involving the ring

020
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1 1 1 1 1 1 1 Wl
1 2 3 4 5 6 7 8
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ORI
Fig. 2. Progress of refinement. Open circles: R (observed

reflections only); filled circles: the weighted sum of the
squares of the residuals (arbitrary scale).
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Table 1. Observed and calculated structure factors
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hydrogen atoms did not change by as much as one
es.d. (about 5°) but there were more significant
changes in two of the angles involving the amino
hydrogens, both in a reasonable direction. The C-N-H
angles changed from 148° and 97° to 130° and 118°.
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Fig. 3. Bond distances. The intramolecular distances include
the corrections arising from vibrational anisotropy.

The final calculated structure factors are compared
in Table 1 with the observed values. The calculated
amplitude is greater than the estimated minimum ob-
servable | F| for ten of the 274 unobserved reflections,
but it is larger than 1-5 Fmix for only one of these,
(167), for which F¢ is twice Fmin. Table 2 gives the
final positional parameters of all the atoms with their
estimated standard deviations, evaluated in the least
squares calculations. The atoms may be identified
with the help of Fig. 3. (The numbering of the atoms
has been changed from that used earlier so that the
nitro group is bonded to C4.) The final temperature
factors are listed in Table 3, together with the com-
ponents of the corresponding vibration tensor U
{Cruickshank, 1956a) referred to the orthogonal axial
system a*, b, c.

The direction cosines and distances from the origin
of the best planes through various groups of atoms in
the structure are presented in Table 4, together with
the angles between these planes. These planes were

Table 2. Final position parameters and
their standard deviations*®

z Y z o(x) o(y) o(z)
Cl 7293 4158 5251 0003 0009 0005
Cc2 6781 3063 6472 0003 0008 0005
C3 5946 4044 7243 0003 0008 0005
C4 5608 6136 6800 0003 0008 0004
C5 6087 7240 5575 0003 0008 0004
C6 6927 6279 4813 0003 0008 0005
N1 8127 3219 4502 0003 0008 0005
N2 4730 7217 7600 0003 0007 0004
01 4295 6199 8649 0003 0006 0004
02 4466 9093 7209 0003 0006 0004
H1 695 158 673 005 010 007
H2 564 353 798 005 010 007
H3 591 853 535 005 010 007
H4 724 695 411 005 010 007
H5 825 168 466 006 012 008
H6 855 374 401 006 012 008

* Decimal point at the left omitted.

REFINEMENT OF THE CRYSTAL STRUCTURE OF 4-NITROANILINE

Table 3. Thermal vibration parameters* (x 104)

By, By, Bsg By, By By
Cl 56 301 112 —6 2 =71
C2 63 242 129 —41 -9 -8
C3 61 258 109 —13 3 89
C4 50 283 97 -5 7 57
C5 58 226 104 —15 5 46
C6 61 293 103 —1 19 39
N1 90 404 196 90 91 3
N2 63 327 117 —11 39 85
01 98 448 181 23 140 166
02 109 292 197 126 124 146

Uy U Uss Uye Uss Uss
Cl 431 562 419 —11 -5 =101
C2 485 452 484 —18 —36 -9
C3 470 482 408 —25 —4 118
C4 385 528 362 -9 9 76
C5 447 422 389 —28 2 61
C6 470 547 383 —4 39 53
N1 693 754 721 171 227 0
N2 485 610 433 —21 93 113
0Ol 755 836 659 44 357 218
02 840 545 721 239 312 187

* The Bjy; are the coefficients of h;k; in the temperature
factor expression. The Uj; are in (A)2 and are referred to the
orthogonal axes a*, b and c¢. The e.s.d.’s of the B;; and Uy
average about 5%, ; those of the Uj; (¢+j) are comparable to
those of the Uj;; in absolute magnitude, while o(Bj;) for ¢%j
is about twice [o(By)o(Bj;)]d because of the way in which
the B;; are defined.

Table 4. Least-squares planest

Direction cosines Distance
with respect to from Description of
a¥* b c origin (4) plane
I. Planes
1 0-6563 04077 0-6348 9-648  Aromatic ring
2 06609 0-3791 0-6477 9-653 C4 and nitro group
3 05910 0-1829 0-7857 9:139  Cl and amino group
4 06656 01774 0-7249 9-:578 Cl, N1 and hydro-
gen-bonded oxygen
atoms
II. Angles between normals
2 3 4
1 1-9° 16° 14-2°
2 — 14°  (32:6°)%
3 —_ —_ 5-5°

1 For molecule whose coordinates are given in Table 2.

I The angle between planes 2 and 4 involves the C-NO,
plane in the two molecules containing O1’ and 02’ (these
molecules are parallel to each other).

evaluated by a least-squares procedure (Schomaker,
Waser, Marsh, & Bergman, 1959). The direction cosines
were then used with the U;; of Table 3 to calculate
the mean square displacements of the atoms in dif-
ferent directions in the structure, and were also used
to calculate the displacements of the principal axes
of the individual atomic vibration ellipsoids from
various significant molecular directions. All of the
results of these calculations will not be reproduced
here, but the most significant values are given in
Table 5. Examination of these values indicates that
there is a considerable torsional oscillation of the



KENNETH N. TRUEBLOOD, ELIHU GOLDISH AND JERRY DONOHUE

nitro group about the C-N bond, with a small addi-
tional wagging of the entire nitro group. The amino
nitrogen atom, NI, has a considerable vibration nor-
mal to the C-N bond, with the chief motion normal
to the molecular plane; since the thermal parameters
for the hydrogen atoms cannot be determined from
our data, it is not possible to say whether there is
additional tosional motion here as well.

Table 5. Some approximate mean-square
displacements (A2 x 103)

Approximate direction of displacement*

Normal to In plane, Parallel to

Atom  molecular plane normal to bond bond
o1 116 074 035
02 123 046 041

. N2 061 (@) 059 (O1) (a) 033 (O1)

(b) 038 (02) (b) 056 (02)

(c) 042 (C4) () 048 (C4)

C4 044 039 (N2) 044 (N2)
N1 100 074 043

Cl 039 060 (N1) 042 (N1)

* Values parallel and normal to bonds for Cl and C4 are
given only for the C-N bonds. The atoms listed beside certain
values in this table indicate the direction of the bond in
question.

It is clear from Table 5 that the molecule as a whole
cannot be considered as a rigid body, but it seemed
possible that the aromatic ring itself could be so
regarded, at least to a first approximation.

Consequently the thermal parameters of the six
carbon atoms were used in the determination by least
squares of overall translational and librational tensors
(Cruickshank, 1956b); the center of mass was taken
as the (unweighted) average of the atomic positions
(excluding the hydrogen atoms). The results are pre-
sented in Table 6. The translational motion is nearly
isotropic, with the r.m.s. displacements varying only
by about 10%, and the libration is small, the r.m.s.
amplitude being slightly less than 4° about a* and
appreciably less about the other axes. The r.m.s.
amplitude of libration of the aromatic ring about the
normal to the molecular plane is somewhat less than
4°, and the consequent corrections to the C-C bond
distances are very small, about 0-003 A. That this
analysis was not unreasonable was indicated by the
fact that of the 36 calculated U;; evaluated for the
six carbon atoms from the tensors of Table 6, only 2
differed by as much as twice the e.s.d. from the
observed value.

Table 6. Translational and librational tensors for
aromatic ring constdered as a rigid bodyt
0-0430 —0-0018 0-0012 A2 -1 5(°)?2
0-0448 0-0043 4 5
0-0358 2

T 6(Ty) ~ 0-002 A2 and &(wy) ~ 4 (°)2. The axes here are
*,b, and g
a*, b, and c.

T= w= 15
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Table 7. Intramolecular distances and angles*
Distance (A)
Atoms Uncorr. Corr.t E.s.d. Atoms  Angle
Cl1-C2 1-405 1-408 0-006 C6-C1-C2 118-9°
C2-C3 1-374 1-377 0-007 C1-C2-C3 120-8
C3-C4 1-387 1-390 0-006 C2-C3-C4¢ 1192
C4-C5 1-392 1-395 0-006 C3-C4-C5 121-2
C5-C6 1-370 1-373 0-007 C4-C5-C6 119-8
C6-C1 1-412 1-415 0-007 C5-C6-C1 1201
Cl-N1 1-353 1-371 0:007% C2-C1-N1 121-2
C4-N2 1-454 1-460 0-007% C6-C1-N1 1199
N2-01 1-227 1-246 0-007% C3-C4-N2 120-4
N2-02 1-229 1-247 0-007% C5-C4-N2 1184
C4-N2-01 1177
C2-H1 0-95 0-06 C4-N2-02 119-0
C3-H2 0-81 0-06 O1-N2-02 123-3
C5-H3 0-83 0-06
C6-H4  0-83 0-06
N1-H5 0-96 0-07
N1-H6 075 0-07
Ol...H2 240 (2-34)§
02...H3 245 (2-42)
H1...H5 24 (2:5)
H4...H6 25 (2:6)

* The atoms are identified in Fig. 3; the numbering has
been changed from that of the two-dimensional study in order
to conform more with chemical convention. The e.s.d.’s of the
bond angles at carbon atoms are about 0-4°, those at N are
about 0-35°. Bond angles involving hydrogen atoms are given
in Fig. 4; their e.s.d. is about 5°

t Corrected for librational and torsional effects (see text).

t Including an arbitrary uncertainty of 0-005 A in the
correction for thermal motion.

§ For some distances involving hydrogen atoms, two values
are given. The first is that found if one accepts the hydrogen
positions of Table 2; the second (in parentheses) is that
corresponding to the same bond angles for the hydrogen atoms,
but a C—H distance of 1-09 A and an N-H distance of 1-02 A.

Table 8. Deviation of atoms (A) from
least-squares planes*®

Plane
Atom 1 2 3 4
Cl +0-005 +0-005 —0-038
Cc2 —0-005
C3 —0-001
C4 +0-008 +0-001
C5 —0-008
Cc6 +0-002
N1 +0-022 —0-018 +0:061
N2 +0-019 —0-002
01 —0-004 +0:001
02 +0-061 +0:001
o1’ +0-494 —0-034 —0-009
02’ —0-614 —0-324 —-0.014
Hi —0-10
H2 +0-04
H3 +0-05
H4 +0-03
H5 +0-22 +0-01 +0-09
H6 —0-17 0-00 +0-02

* Bold face type indicates atom was used to define the

plane. O1’ and 02’ are the atoms hydrogen-bonded to the
amino group. The planes are identified in Table 4.
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Corrections to the N-O and C-N distances arising
from the motions implied by the displacements of
Table 5 are more significant. These corrections were
evaluated by standard methods (Cruickshank, 1956c)
and amounted to 0-006 A for the C4-N2 bond, 0-018 A
for the C1-N1 bond, and 0-019 and 0-018 A for the
N2-01 and N2-02 bonds respectively. Table 7 gives
the uncorrected and corrected bond distances, and
the bond angles (for which the corrections were small
and were assumed negligible), together with the e.s.d.’s
of these quantities. The corrected values of these
molecular parameters are given also in Fig. 3. The
displacements of various atoms from the least-squares
planes of Table 4 are given in Table 8.

Discussion

The molecular structure

The molecule very nearly has a two-fold axis col-
linear with the C-N bonds. The two nitrogen atoms
are just significantly out of the plane of the aromatic
ring, by about 0-02 A (in the same direction); the
angle of the C1-N1 bond with the ring plane is 0-7°,
that of the C4-N2 bond is 0-4°. The symmetry would
be mm2 were it not for these small distortions and the
tip of the nitro and amino groups relative to the plane
of the aromatic ring (Table 4). These groups are
twisted about the C-N bonds respectively 1-9° and
16°; viewed from outside the molecule, these twists
are in the same direction. The aromatic ring is itself
planar, although the deviations of C4 and C5, each
0-008 A and in opposite directions, approach the limit
of 20, accepted as the criterion of ‘possible signifi-
cance’. The nitro group is planar with the attached
carbon, as is the amino group with its attached carbon.
Although the precision of location of the hydrogen
atoms is low, the amino group is clearly not pyramidal
with angles near tetrahedral, for that configuration
requires one hydrogen atom to be moved about 0-8 A
(some 10c) from its observed position, or both to be
moved about 0-4 A in the same direction. It is sug-
gestive that the principal motion of the amino-nitrogen
atom, corresponding to the rather high r.m.s. ampli-
tude of vibration of 0-32 A, is roughly normal to the
plane of the amino group (the direction differs by
about 22° from the normal but the precision of location
of the principal axes of thermal motion is low with
these visual data, and the data of Tables 3 and 4 may
be used to calculate that the r.m.s. amplitude in the
direction strictly normal to the plane is 0-31 A, not
significantly different). To the extent that the at-
tached hydrogen and carbon atoms do not move with
the nitrogen in this motion, the configuration ap-
proaches the tetrahedral at the nitrogen atom when
this atom is at the extremes of its principal vibration,
for in the pyramidal structure with about 110° angles
it should be about 0-35 A from the plane of the other
three atoms. However, since the phenol oxygen atom
of f-4-nitrophenol (Coppens, 1960) is also ‘wagging’
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appreciably at room temperature with the principal
motion also normal to the aromatic ring plane, the
motion of NI in the present study is probably not
directly related to the trigonal hybridization of the
atom.

The average C-C distance is 1-393 A, identical to
the value found in crystalline benzene (Cox, Cruick-
shank, & Smith, 1958). However, the bonds parallel
to the long axis of the molecule are significantly
shorter than the average, in accord with the predic-
tions of resonance theory which would suggest minor
contributions from quinonoid valence bond structures.
Of the other four bonds, the pair near the nitro group
have the average value, while those near the amino
group are significantly longer than the average. It
seems more than coincidence that this same general
picture, with however smaller departures from the
average, has been found by Coppens (1960) in his
careful study of both the x- and f-forms of 4-nitro-
phenol. It does not seem worthwhile to speculate
quantitatively about bond orders or the relative con-
tributions of different valence bond forms in view of
the arbitrariness of the standards used in such a
discussion. However, in both 4-nitroaniline and 4-nitro-
phenol, one expects cooperative electronic interaction
of the p-substituents, with a greater effect anticipated
in the former compound. It is noteworthy that the
distribution of bond distances in the aromatic ring in
these two compounds is just the opposite of that
pointed out by Trotter (1960; see especially his Table3)
for many monosubstituted benzenes and alkylbenzenes.
In all of his examples, which invariably involved elec-
tron-withdrawing substituents, the 2-3 and 5-6 bonds
were longer than the other four, with the average
discrepancy for ten compounds being 0-04 A, equal in
magnitude (but opposite in sign) to the variation
found in the present structure. Although the precision
of most of the determinations cited by Trotter is rather
low, with an optimistic average e.s.d. in a bond length
being perhaps 0-015 to 0-02 A, the average values for
all ten compounds are probably significant.

The C-NH. distance of 1371 A agrees well with that
found by Brown and Marsh (1960) in 2-amino-3-methy]-
benzoic acid (which is not a zwitterion), 1-367 + 0-003 A
without correction for librational effects. There are
no other precise values of aromatic C—-NH: distances
with which to compare that found here. Some related
distances have been summarized elsewhere (Trotter,
1960; Brown, 1949; Tables of Interatomic Distances,
1958) but most of these are imprecise (with e.s.d.’s of
at least 0-02 A and usually more) or involve amide
nitrogens, ~NHs*, or a heterocyelic ring. The distance
found is significantly longer than that suggested by
Truter (1960) for a single bond between a trigonal
nitrogen and a trigonal carbon, about 1-32-1-33 A as
found in many amides and related species, but is more
nearly comparable to that actually found for C-N
bonds in many unsubstituted heteroaromatic rings,
reported values varying from 1-334 to 1-36 A (Bak,
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Hansen, & Rastrup-Andersen, 1954; Wheatley, 1957
and 1960). We estimate that a sigma bond between
a trigonal nitrogen and a trigonal carbon should be
about 1-41 +0-02 A, if one accepts a singlebond radius
for trigonal carbon of about 0-785+0-010 A and for
trigonal nitrogen of about 0-675+0-015 A; careful
measurements of bond distances in a N-methyl pyridi-
nium salt or a related species might give a better value
for the latter radius. If these values are accepted, then
there is a significant degree of double-bond character
in the C-NH; bond, as indeed is expected if the con-
figuration at the nitrogen atom is planar.

The C-N bond length of 1:460 A at the nitro group
is slightly shorter than the average of 148 A found
for a number of nitro aromatic hydrocarbons (Trotter,
1960), but the difference can barely be considered
significant. Similarly it is slightly longer than the
values reported for the two forms of 4-nitrophenol
(Coppens, 1960), 1-442 4 0-006 and 1-445 + 0-003. None
of these quoted values has been corrected for oscilla-
tional effects, although the shortest of them was
measured at about 90 °K. where the effect would be
small. The variation of distance with angle of twist
of the nitro group in the compounds studied by
Trotter is so small that he concludes that in these
compounds resonance interaction across the C-N bond
even in a planar molecule such as nitrobenzene is
insufficient to cause any measurable shortening of the
bond distance. To the extent that the C-NOz bond
length in 4-nitroaniline is shorter than these values,
the shortening might well be attributed to the same
electronic interaction which gives importance to quino-
noid resonance forms and shortens slightly the C1-N1,
(C2-C3 and C5-C6 bonds. The effect, on the C4-N2
bond is, however, very small. It is striking that al-
though the nitrogen is undoubtedly trigonally hy-
bridized in the nitro group, its single-bond radius
here is not significantly smaller than that for a trigo-
nally hybridized carbon. There seems a simple explana-
tion for this in terms of the sort of intramolecular non-
bonded repulsions discussed by Bartell (1960). If one
uses his radii for oxygen (1-13 A) and carbon (1:25 4),
one would predict, for various possible nitrogen posi-
tions, the following sets of values for the C-N and
N-O distances (in A) and the O-N-O angle: 140,
1-33, 117°; 1-45, 1-30, 121°; 1-50, 1-27, 125°. In terms

Hz H '
< i2e° 8o -0
0 15°C3; Cp122° o
| lgze 1208 He s
146° d
urze  1204° 2r° / ngeyP e
123:3° N Cq J2r2° 1189°C, N
1190°  1184= lig:g° !30: N, 2° 927°
21 e
198 120:° A\
Oz 121°Cs 6 119° 7
noe r21oX \
Hs Ha \
\ 1
o)

Fig. 4. Bond angles.
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of this remarkably simple and useful model, then, the
significant amount of z-bonding (or double bond char-
acter) in the N-O bonds which makes the N-O bonds
shorter than 1-30 A, draws the oxygen atoms in suf-
ficiently far that the C-N bond is lengthened by
O...C repulsion. Conversely, if one takes the para-
meters to be 1-46, 1-25 and 123°, as found in the
present study, one can get a perfect fit with carbon
and oxygen radii each about 0-02 A smaller than
Bartell’s values. The fact that the radii must be chosen
slightly smaller here may reflect a tendency toward
double-bond character in the N-C bond, balanced by
increased O...C repulsion. This sort of effect may
also be responsible for the fact that the single-bond
radius of trigonally hybridized carbon atoms in car-
boxyl groups and carboxylate ions, which are iso-
electronic with nitro groups, is slightly greater in
some environments than the usual trigonal radius of
carbon. This is particularly noticeable in oxalic acid
and its derivatives (Robertson, 1960; Ayerst & Duke,
1954 ; Ahmed & Cruickshank, 1953 ; and T'ables of In-
teratomic Distances, 1958) but is not unique to them.

The pronounced torsional oscillation of the nitro
group in 4-nitroaniline about the C-N bond corre-
sponds to a r.m.s. amplitude of oscillation of nearly
14°. A straightforward calculation employing the clas-
sical approximation for the relation between the aver-
age amplitude and the average frequency for an an-
gular oscillation (sec e.g. Cruickshank, 1956d) indicates
that the corresponding frequency of this motion should
be about 57 cm.-1; a more rigorous calculation by
summing appropriately weighted squares of ampli-
tudes for different energy levels gives essentially the
same result and indicates that the classical approxima-
tion is a very good one here (since Av ~0-28kT'). This
frequency might be observable in the far infrared, or,
by combination, in more accessible regions.

Few of the reported structural studies of aromatic
nitro compounds have been carried out with aniso-
tropic or even individual isotropic temperature factors,
s0 it is not possible to check whether there is this sort
of torsional oscillation in most of these structures.
However, for all of those for which data are available,
the motion of the nitro group seems remarkably simi-
lar. Thus for S-4-nitrophenol (Coppens, 1960), the
published Uy indicate that at room temperature the
two oxygens of the nitro group have a mean square
amplitude normal to the plane nearly twice that of
the nitrogen atom, the absolute amounts being very
similar to those in 4-nitroaniline. In the x-form, stud-
ied at 90 °K. (Coppens, 1960) the mean square am-
plitudes are of course much smaller, but again the
two oxygens are moving significantly more than the
nitrogen. In 2-nitrobenzaldehyde (Coppens, 1960), the
oxygen atoms of the nitro group are both vibrating
considerably more than is the nitrogen atom, although
here the motion is complicated by the fact that the
nitro group is tipped about 274° from the plane of
the benzene ring and the C-N bond is also tipped out
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of the plane, presumably because of the close contact
of one nitro group oxygen with the adjacent aldehyde
group, which is tipped in the opposite direction. For
nitrobenzene, studied by Trotter (1959) at —30 °C.,
only individual isotropic temperature factors are avail-
able, but those for the two oxygens of the nitro group
are 7-5 A2, that for the nitrogen only 5-3 A2, If one
makes the reasonable assumption that the motions of
the oxygen and nitrogen atoms in directions parallel
to the N-O bonds are about equal, then the average
mean square amplitude of each oxygen atom in direc-
tions normal to the bond is about 8-6/872=0-11 A2,
Presumably this high amplitude motion is concen-
trated in directions normal to the plane, for the close
contact of the two oxygen atoms would prevent high
amplitude oscillations in the plane. Finally, in an un-
published study of 3-nitroperchlorylbenzene (Palenik,
Trueblood, & Donohue) we have found, even before
refinement is complete, that the mean square ampli-
tudes normal to the molecular plane containing the
aromatic ring and the nitro group are about 0-038,
0-115, and 0-107 A2 for the nitrogen and the two
oxygens respectively. Thus in all of these examples
the pattern is very similar to that revealed in Table 5,
and it, would seem that high-amplitude torsional oscil-
lations of the nitro group are common to all nitro-
aromatic compounds. It is suggestive that the contacts
of the oxygen atoms with the ortho hydrogen atoms
(Table 7) are somewhat below the sum (about 2:6 A)
of the usual van der Waals radii when the nitro group
is planar with the aromatic ring.

The changes in atomic position from the structure
reported on the basis of the two-dimensional analysis
(Donohue & Trueblood, 1956) average about 0-05 A,
with the changes in y nearly three times as great as
those in « and 2. The largest changes were in the
positions of C2 and C5, each of which moved about
0-08 A. The C-NO: bond and two of the C-C bonds
changed in length by 0-05 A, and one of the N-O
bonds changed by 0-04 A. These changes are not un-
expected inasmuch as the e.s.d. of a bond distance
in the two-dimensional refinement was about 0-035 A.

The crystal structure

The arrangement of the molecules in the unit cell
is indicated in Figs. 5 and 6. The changes from the

Table 9. The hydrogen bonding system*

Atoms?t Angle Atoms  Distance
Cl-N1...0l’ 146:1° N1...01" 3144
Cl1-N1...02’ 120-6 N1...02 307
01’...N1...02" 927
N1-H5...01’ 140 (139)

N1-H6...02" 164 (162)
H5-N1...01" 29
H6-N1...02 12

* Angles in parentheses are for idealized N-H distance of
1-02 A. See footnote § to Table 7. No corrections for librational
effects have been calculated.

+ Atoms O1’ and 02’ are in molecules Dyg7 and Dy, 7 respec-
tively. See footnote * of Table 10.
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Table 10. Intermolecular distances*

From atom X To atom Y

in molecule 4 in molecule Distancef
c2 C5 By 364 A
C2 CG BITI 3'69
C2 Cl Bin 383
C2 02 111 3‘91
C2 C3 By 3:86
C2 C4 Blil 3‘70
02 C5 0010 3'33
02 CG 010 3‘70
(0]} 01 Cyny 3-21
N1 01 017 3-76
01 N1 BlOl 373
N2 Nl BlOl 3’64
C3 N1 Bjy 3-92
C4 N1 By 373
H5 O1 Dgoy 2:35 (2-29)f
H6 02 Dg3 2:34 (2-09)
H1 C5 Biny 3:34 (3-31)
Hl Cé By 3-25 (3-20)
H1 Cl Biny 3-11 (3-00)
H1 C2 Biqy 3-05 (2-92)
H1 C3 Bin1 3-13 (3-02)
H1 C4 Bin 325 (3-20)

* Note that the atom numbering has been changed from
the two-dimensional study. Molecule 4 is at z, y, z (Table 2),
B at (3—x, $+y,4—2), C at (1—z,1—y,1~2), and D at
(3+x, +—y, $+2). Molecules equivalent by lattice translation
are identified by subscripts.

T Uncorrected for libration effects.

1 See footnote § of Table 7.

Fig. 5. The structure projected along the b axis.

two-dimensional results do not materially affect the
discussion of the hydrogen-bonding (Table 9) or other
intermolecular contacts (Table 10). Although one of
the hydrogen bonds is about 0-11 A longer than re-
ported earlier, the other is essentially unaltered, and
the corresponding C-N...O angles are changed but
little. The angle between the plane of the aromatic
ring and the plane defined by C1, N1,and the hydrogen-
bonded oxygen atoms (planes 1 and 4 of Table 4)
remains 14° as it was in the earlier structure. These
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hydrogen bonds are very typical of those between
amino and nitro groups (Fuller, 1959).

Fig. 6. Packing drawing of the structure,
as viewed along the b axis.

Other intermolecular distances are given in Table 10,
where, for convenience of comparison, the distances
are listed in the same order as in Table 6 of the earlier
report (Donohue & Trueblood, 1956). All distances
less than 3-8 A which involve ‘heavy’ atoms and all
distances less than 3-3 A which involve hydrogen
atoms are listed. As noted before, the hydrogen atom
on C2 lies nearly on the axis of the benzene ring of
molecule B,j,, essentially in contact with atoms Cl,
C2 and C3 (‘Contact’ here assumes that the half-
thickness of the aromatic ring is 1-7 A and the van
der Waals radius of the hydrogen atom is about 1-2 A).
No other features of the packing appear to merit
special comment.
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