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A Three-Dimensional Analysis of the Crystal Structure of m-Dinitrobenzene

By J. TROTTER

Chemistry Department, The University, Glasgow, W. 2, Scotland

(Received T April 1960 and in revised form 16 May 1960)

C'rystals of m-dinitrobenzene are orthorhombic with four molecules in a unit cell of dimensions

a=13-20, b=1397, c=3-80 &,

space group £’on2,. The x and y coordinates determined in a previous investigation have been
refined by two-dimensional Fourier methods, the z-coordinates estimated by trial, and all the posi-
tional and temperature parameters then refined by threc-dimensional least-squares methods. Details
of the molecular geometry and dimensions, and of the intermolecular separations, have been ob-
tained. The carbon and nitrogen atoms all lie on one plane but the nitro groups are twisted out of
this plane about the CC-N bonds by about 11°. The mean bond lengths are

C-C=138, C-N=147, N-O=1.20 A .

Introduction

The crystal structure of m-dinitrobenzene has been
examined by several investigators. The most recent
and most thorough analyses were reported by Archer
(1946) and independently by Gregory & Lassettre
(1947), and a resumé of all the earlier work has been
given in these papers. In both these analyses x and ¥
coordinates for all the carbon, nitrogen and oxygen
atoms were determined reasonably accurately from the
projection along the short crystal axis, but the z
parameters were determined only rather roughly from
the consideration of a few general reflexions.

Archer (1946) found the data to be consistent with
a regular six-membered ring, with C-C distances
1-41 A, the other bond lengths being C-N=1-54 4,
N-0=1-20 A. The nitro groups were found to deviate
from the plane of the benzene ring, but their size and
shape were largely assumed from the results of other
investigations. Gregory & Lasscttre (1947) found C-C
distances in the ring varying between 1-33 and 1-42 A,
C-N distances of 1:39 and 1-46 &, and N-O distances
of 1-10, 1-15, 1-18 and 1-22 A,

The abstractor in Structure Reports (1947-48) com-
ments that ‘the considerable differences in the param-
eters obtained in these two investigations indicates
that a redetermination of the structure will be neces-
sary before any conclusions can be drawn regarding
the precise values of the bond lengths’. The present
paper describes such a redetermination; three-dimen-
sional data have been used, and the final refinement
has been made by least-squares methods.

Experimental

Crystals of m-dinitrobenzene, which were obtained by
crystallization from aqueous ethanol, consist of yellow
needles elongated along the c-axis. The density was

determined by flotation in aqueous potassium-iodide
solution. The unit-cell dimensions and space group
were determined from rotation and oscillation photo-
graphs of a crystal rotating about the c-axis, Ak0 and
hkl Weissenberg films, and 0kl and A0l precession
films.

Crystal data
m-Dinitrobenzene, C¢HiN204; M =168-1;
m.pt. =90 °C.
Orthorhombic,

a=13-20+0:03, b=13-97 + 003,
c=3-80+0-005 A .

Volume of the unit cell=700-7 As.

Density, calculated (with Z=4)=1-583,
measured = 1-570 g.cm. 3. »

Absorption coefficients for X-rays, A=1:342 A,

p=135cm. 1; A=07107 A, p=1-65cm.L.

Total number of electrons per unit cell=F000)=
344.

Absent spectra: kOl when (h+1) is odd, 0kl when
k is odd. Space group is Pbn2,-C3, or Pbnm-D3j.
A positive piezoelectric test (cf. Archer, 1946) estab-
lishes the space group as Pbn2;.

The intensities of the Akl reflexions were recorded
on Weissenberg photographs for a crystal rotating
about the ¢-axis, using Cu K x radiation, the multiple-
film technique being used to correlate strong and weak
reflexions. Layers with I=0, 1, 2, 3 were recorded, the
equi-inclination method being used for non-equatorial
layers. 0kl and A0l precession films (Mo Ka radiation)
were used for intensity correlation between the various
layers. All the intensities were estimated visually, the
range being about 20,000 to 1. The same crystal was
used for all the photographs; the cross-section normal
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to the c-axis was 0-30 x 0-30 mm., and no absorption
corrections were applied. The values of the structure
amplitudes were derived by the usual formulae for a
mosaic crystal, Lorentz and polarization factors being
applied together with the rotation factors appropriate
to equi-inclination Weissenberg photographs (Tunell,
1939). The absolute scale was established later by
correlation with the calculated structure factors.

In the hk0O, hkl, hk2 and hk3 zones, 75%, 93%, 80%,
and 909, respectively of the reflexions within the
Cu K« sphere were observed. The hk4 reflexions have
not been recorded, since they are outside the observ-
able range for a crystal rotating about the c-axis in
the conventional Weissenberg goniometer.

Structure analysis

[001] projection

A preliminary electron-density projection along the
c-axis was computed with measured structure ampli-
tudes and the signs of the calculated structure factors
given by Archer (1946). On the resulting map (Fig. 1)
all the carbon, nitrogen and oxygen atoms were well
resolved. Centres were chosen and structure factors
calculated for all the 2k0 reflexions, using the scatter-
ing factors of Berghuis et al. (1955), corrected for
thermal vibration, with B=4-8 A2 for all the atoms.
The R valuc was 23-59, over the observed reflexions.

Refinement proceeded by computing a difference
synthesis and changing the positional and isotropic
temperature parameters to minimize the slopes and
difference densities at the atomic centres. Recalcula-
tion of structure factors indicated that R had dropped
to 18:39%,

z-coordinates

By assuming that the molecule wasx completely
planar, the z-coordinates of all the atoms were then
deduced from a consideration of the bond lengths
projected on (V01). For the carbon atoms these trial
z-coordinates were very similar to those given by
Archer (1946), but for the nitrogen and oxygen atoms
there were considerable differences, Archer having
assumed a non-planar model for the molecule. The
maximum difference was 0-79 A for atom Oy. The co-
ordinates were markedly different from those of
Gregory & Lassettre (1947).

Taking the z-coordinate of the molecular centre as
zero (it ean of course be chosen arbitrarily) structure
factors were calculated for the hkl reflexions; the
discrepancy over the observed reflexions was 24-29,.
This reasonable agreement indicated that further
refinement could proceed by three-dimensional least-
squares methods.

Three-dimensional least-squares refinement

The z- and y-coordinates and isotropic temperature
parameters from the Ak0 zone refinement, and the trial
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Fig. I. (n) Preliminary electron-density projection along the

c-axis. Contours at equal and arbitrary intervals (of ahow
I e.A 2). (b) Projection of the structure onto (001).

z-coordinates were used as a starting point in the
three-dimensional refinement. Hydrogen atoms were
included, coordinates (Table 1) being obtained by
assuming that they lay on the ring diagonals with

Table 1. Assumed hydrogen fractional coordinates

Atom xr iy H
H] 01321 0-5075 —0-2108
H, 0-4254 0-3040 0
H, 0-3479 0-2458 0-2108
H, 0-1617 0-2309 0-2108
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C-H=1-08 A and B being taken as 5-6 A2. Aniso-
tropic temperature parameters for the carbon, nitrogen
and oxygen atoms were introduced after the first cycle.
The initial B value was 24:29; for all the observed
hkl planes.

The weighting system in the least-squares program
was such that

|Fo |/|F*| when |Fo < |F*|
|F*|/|Fo | when [Fo| > |F¥|

1F*| being taken as 12-0.

The refinement process is outlined in Table 2. After
two cycles it became apparent that the shifts were too
large, and coordinates for input to the third cycle
were taken as the niean of the coordinates obtained
by half-shifting in the first and second cycles. In the
third cycle the shifts in the positional parameters
were quite small (maximum 0-01 A) and refinement
was terminated at this point. The values of the mea-
sured structure amplitudes for the observed reflexions
arc listed in Table 5. The final calculated structure
factors were not computed, but it is likely that the
final B value is a little less than 14-69%. Throughout
the refinement structure factors were calculated at
each stage for all the unobserved reflexions, and no
anomalics were found.

Yo
Y

Table 2. Refinement process

Sources of coordinates R (%) Zw(|Fol — | Fel)?
tst (Fo— F,) synthesis k0 + trial
z-coordinates 24-2 298
Ist LS cycle 18-5 191
Mean of 3-shifts on 1st and 2nd
LS cycles 14-6 134

3rd LS cycle Not calculated

('oordinates and molecular dimensions

The positional and temperature parameters of the
carbon, nitrogen and oxygen atoms obtained from the
third least-squares cycle are listed in Table 3, x, y
and z being coordinates referred to the principal
crystallographic axes, and expressed as fractions of the
unit-cell edges, and b;; the parameters in the expression

OF m-DINITROBENZENE

[ = fo x 2-(O11h2 tbogk? rbag2 shagkisbaath - byghk)
The equation of the mean molecular plane is
0-1055X —0-4470Y —0-8883Z + 2-0853 =0,

where X, Y, Z are coordinates expressed in A units.
The deviations of the atoms from this plane are listed
in the second column of Table 4. These deviations
indicate that all the atoms in the molecule do not lie
in one plane, and to obtain a better description of the
deviations from coplanarity, the equation of the best
plane through the carbon atoms only was calculated.
It is
0-0871X —0-4048Y —0-9103Z +1-8723 =0 .

The deviations of the atoms from this plane are listed
in the fina] column of Table 4.
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Fig. 2. (a) Bond lengths, and (b) valency angles
in m-dinitrobenzene.

Table 3. Final positional and temperature parameters

Atom x Y z by
C, 0-1402 0-3667 —0-0055 0-00610
C,y 0-1800 0-4513 —0-1408 0-00525
C, 0-28135 0-4589 —0-1177 0-00970
C, 0-3490 0-3870 0-0330 0-00835
Cy 0-2994 0-3042 0-1366 0-01007
Ce 0-1982 0-2956 0-1223 0-00827
N, 0-0297 0-3538 —0-0213 0-00573
N2 0-3282 0-5486 —0-2419 0-00782
0, —0-0059 0-2857 0-1440 0-01087
0O, —0-0189 04109 —0-1945 0-00867
0, 0-2759 0-6021 —0-4028 0-01339
0, 0:4152 0-5603 —0-1934 0-01073

bas bs3 byg b1 by2
0-00557 0-13088 —0-00211 0-00889 —0-00016
0-00477 0-07293 —0-01347 —0-00510 —0-00060
0-00437 0-06127 —0-00795 0-02280 0-00073
0-00776 0-08461  —0-02080 0-01488 0-00491
0-00569 0-09522 —0-00348 0-:00553 0-00481
0-00605 0-:05136  —0-00867 —0-00360 0-00168
0-00800 0-15349 0-:01216 —0-00247 —0-00066
0-00930 0-11444 —0-01339 0-01917 —-0-00775
0-01315 0-17612 0-01260 0-01043 —0-00882
0-01113 0-16113  —0-00804 0-00037 —0-00088
0-00904 0-18000 0-03895 —0-00148 —0-00100
0-01292 0-28340 0-01269 0-01584¢ —0-00476
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Table 4. Deviations from the mean planes

Deviation from

Deviation from

Atom molecular plane benzeno ring planc
C, +0-01 A —0-02 A
C, —0-01 +0-01
Cy +0-01 +0-01
C, +0-04 —0-03
Cs +0-14 +0-02
Ce +0-10 +0-01
N, —0-01 —0-02
N, —0-07 —0-02
0, —0-19 —0-25
0, +0-15 +0-20
Oy +0-07 +0-18
0, —0-18 —0-15

The equations of the planes of the nitro groups are

N10;0::0-1031 X —0-5827Y — 0-8062Z 4+ 2-7745=0
N20304:0-2056 X —0-4995Y — 0-8415Z + 2:1641 =0 .

The angle between the plane of the carbon atoms and
the N10,0, plane is 11-8°, and between the carbon
atom plane and the N2O304 plane 9-6°.

The bond lengths and valency angles in the mole-
cule, calculated from the coordinates of Table 3,
are shown in Fig. 2. No corrections for errors in atomic
position due to rotational oscillation of the molecule
have been applied. These corrections would increase
all the bond lengths by small amounts, but leave the
valency angles unaltered (Cruickshank, 1956).

Standard deviations

The standard deviations of the atomic positions
were calculated from the least-squares formulae:

) ) F 2
o(x/'a)=L'u'.(,{1F)2/(n—.s-).L‘w{rr—a—A | ,
o (z/a)]
where
n = number of reflexions = 706

s = number of parameters = 109 .
The r.m.s. values for all the atoms were
a(z) =0-010, o(y)=0-010, o(z)=0-014 A .
(The values for C, N and O did not differ significantly.)

Discussion

The aromatic ring in the m-dinitrobenzene molecule is
completely planar within the limits of experimental
error, the maximum deviation of the carbon atoms
from the mean plane being 0-03 A and the root mean
square deviation 0-02 A. The nitrogen atoms also lie
on this plane, but the oxygen atoms deviate signifi-
cantly from the plane. In the nitro group Ni0:10s,
Oy lies below and Oz above the plane of the ring at
mean distances of 0-22 A. This nitro group is thus
rotated out of the plane of the aromatic ring about the
(1-N; bond, the angle of twisting being 11-8°. Sim-
ilarly in the group N:030s, O3 lies above and Oq
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below the aromatic plane at mean distances of 0-16 A,
so that this nitro group is rotated 9-6° out of the plane
of the benzene ring about the C3~N: bond. These
departures from an ideal planar structure may be
compared with the corresponding displacements in
p-dinitrobenzene (Abrahams, 1950). This latter mole-
cule is centrosymmetrical and both nitro groups make
angles of 9-4° with the aromatic plane. Since it has
heen shown that the nitrobenzene molecule is com-
pletely planar (Trotter, 1959), the deviations from
planarity in m-dinitrobenzene and p-dinitrobenzene
are probably not due to intramolecular steric effects,
but rather to intermolecular forces.

An ideal planar model for the m-dinitrobenzene
molecule has symmetry mm2. The present results show
that, in the crystalline state at least, all these sym-
metry elements are destroyed, although since the
difference between the nitro-group twists (mean value
10-7°) is small and not definitely significant, the mirror
plane perpendicular to the plane of the ring is possibly
retained. It might be noted that the deviations from
planarity are different from those deduced by Archer
(1946). The C-N bonds lie in the aromatic plane, and
only the oxygen atoms are displaced.

The dimensions of the two nitro groups are very
similar, the mean dimensions being

(-N=147 A, N-O=120 4, O-N-0=125",

Fig. 3. Projection of the structure onto (001), showing the
shorter intermolecular contacts.
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Table 5 (cont.)

okl Fo ook ¥, h { F, | h k1 Fo o h k1 F, hokl ¥,
1211 1 50 512 130 13 52 23 1210 2 39 | 813 I10 11 63 —
13 — 6 58 14 — 111 2 88 9 33, 12 2:5
0121 41 7 66 0 62 9-8 2 41 i 10 10-6 1 73 2-4
1 178 8 66 1 58 3 36 | 11 45 2 6-7
2 1000 i 9 57 2 12-4 4 2-9 12 4-0 3 66
3 63 | 10 9-2 3 7-8 b 50 | 13 - 4 3-8
4 1-8 11 36 4 35 6 — 0 23 36 5 33
3-8 ‘ 12 — 5 37 7 66 1 107 6 2-2
6 56 | 13 55 6 43 8 51 2 84 7 33
7 60 14 - 7 28 9 44 E 11-0 . 8 45
8 31 15 — 8 2:9 10 4 141 . 9 2-2
9 35 0 29 548 9 11-3 11 27 5 31 : 10 2:2
10 1 22-4 ; 10 — - 12 6 31 i 11 33
11 23 2 1.4 1 - 012 2 - 7 21 12 —
12 1-3 3 23-6 12 — 1 4-1 8 72 083 179
1131 8-1 4 12-9 13 2.7 2 35 9 61 1 151
2 44 5 10-2 14 2-4 3 — 10 82 2 9-8
3 81 6 147 1 72 132 ., 4 34 11 35 3 2-2
4 31 7 145 2 78 ! 5 34 12 — ' 4 61
5 46 | 8 72 3 70 6 - 13 26 5 56
5 3-8 9 12-7 4 41 7 4-4 1 33 41 ‘ 6 47
7 34 . 10 9-2 5 43 8 2-8 2 70 7 34
8 28 11 - 6 53 9 — 3 44 8 2-8
4 4-4 12 2.8 7 50 10 2.1 1 6-0 9 —
1o 2.7 13 - 8 51 11 — 5 28 i 10 2-8
11 1-7 14 2.9 9 36 113 2 — 6 24 1 11 1-3
0141 86 15 12 10 2-8 2 43 7 2.2 1 93 74
] 86 1 32 69 11 19 3 2-7 8 65 2 31
2 6-9 2 11-7 12 47 4 — 9 57 3 3
3 59 i 3 82 13 2.0 5 — 10 33 4 5-0
4 33 4 12-1 14 — 6 3-8 11 2.7 5 21
5 2-3 H — 0 82 187 7 — 12 2-8 6 2:0
6 46 G 10-8 1 12-2 8 2-4 1 — 7 39
; 2.0 7 66 2 2-6 9 — 0 43 180 | 8 —
8 2.8 8 501 3 4-3 10 — 1 20-0 ! 9 2-4
9 1-8 9 15 4 4-4 014 2 4-4 2 13-6 10 3-2
10 — 10 17-6 5 35 1 40 3 30 010 3 33
115 1 46 | 1N 9-2 6 87 2 3-0 4 22 1 50
2 4-5 12 — 7 25 3 — 5 53 ' 2 1-7
3 66 13 31 8 2-9 4 2-3 6 7-4 3 21
4 2.4 14 9 4-9 5 2.7 7 74 4 51
5 4-7 15 2.0 10 33 6 2-0 8 7-8 5 2-0
6 3-9 0 42 345 11 56 7 — 9 63 6 3-8
7 - 1 352 12 44 8 - 10 44 7 2-5
8 2.9 2 214 13 — 115 2 2-2 11 — 8 1-8
o — 3 295 1 92 6-8 2 56 12 — 9 2.6
016 1 31 4 12+ 2 4-0 3 — | J— i 111 3 2-4
1 33 5 87 3 4.0 4 47 1 53 144 2 35
2 43 6 12-0 4 4-1 5 17 2 22 3 —
3 1-3 7 6-3 5 54 6 1-8 3 53 4 2-5
4 1-2 8 2-8 6 4-6 016 2 — 4 4.7 5 1-9
5 2.2 9 14-8 7 4-6 1 7-8 5 7-3 6 31
6 - 10 10-1 8 57 2 - 6 2.2 7 25
7 — 11 45 9 5-1 3 5-0 7 67 8 2-8
117 1 — 12 — 10 36 8 2:2 i 012 3 6-5
2 2-8 13 34 11 6-9 9 3-8 ] 34
3 2-4 14 — 12 — 1 03 75 10 — 2 3-2
25 15 3-2 13 1-6 3 18-0 11 1-4 ! 3 4-2

1 52 174 010 2 257 5 11-4 12 [0 . 4 1-7

0 02 79 2 19-8 1 79 7 3-0 0 63 260 5 2-6
2 15-0 3 3-8 2 18-3 9 18-0 1 51 6 1-4
4 12-7 4 2-3 3 — Il 32 2 10-4 7 2:7
6 36 5 16-7 4 8-0 13 — 3 41 113 3 —
% 63 6 6-4 5 72 113 2.4 4 17 2 2-7
10 11-7 7 2.7 6 3-6 2 7-9 5 — 3 2-3
12 6-0 8 78 7 — 3 23 6 11-1 4 1-8
14 2:3 9 4-1 8 6-8 1 10-4 7 2.2 D 31
112 84 | 10 10-9 9 3-6 5 38 8 2.7 014 3 4-2
2 47 1o — 10 53 1 6 40 9 2.0 i 1 2-8
3 93 12 - 11 2.0 i 7 21 10 2 ! 2 3-0
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As with many other nitro compounds and other types
of derivative (Trotter, 1960), these dimensions in-
dicate that there is no ‘resonance’ involving excited
structures.

The bond distances and angles in the six-membered
ring vary widely and haphazardly, many of the
variations being too large to be real. It is considered
that part at least of this variation is the result of
errors in positional paramecters due to the inadequaey
of the block diagonal least-squares approximation, or
perhaps of the weighting system, used in the present
refinement. It would have been very useful to repeat
the refinement using either full-matrix least-squares
or differential syntheses for comparison of the results,
but we did not have computational facilities for
carrying out these refinements. It is considered that
the finer details of the bond-length variations in the
benzene ring are still obscure. The mean C-C distance
is 1-38 A.

Intermolecular dimensions

All the intermolecular distances correspond to
normal van der Waals interactions. The perpendicular

Acta Cryst. (1961). 14, 250
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distance between the aromatic planes of molecules
related by translation ¢ is 3-46 A. The shorter lateral
contacts are illustrated in Fig. 3.

The author is indebted to Prof. J. M. Robertson for
his interest, to the University of Glasgow for an I.C.1.
Rescarch Fellowship, and to the Superintendent of
the National Physical Laboratory for permission to
usec the DEUCE programs developed there by Dr
J. 8. Rollett.
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The Molecular and Crystal Structure of (PCF;);

By CaroL J. SPExXCER aAND WirLLiaM N. Lirscoms

(hemistry Departments of Harvard University, Cambridge 38, Massachusetts, U.S. A.
and the University of Minnesota. Minneapolis 14, Minnesota, U7.S. A.

(Recerved 13 June 1960)

Visual estimates of 2078 reflections obtained from a single crystal at — 100 °C. indicated four
molecules of (PCF;); in a unit cell of symmetry F2;/n and having parameters

a=9-87, b=978, c=16-67 A; $=103°0".

The sterically distorted P, ring shows also one short P - -

- F interaction of 3:04 A.

Average distances are P-P =2-223 +0-007, P-C =1:91 + 0-02 and C-F =1-35 + 0-03 A. The P-P-P

angles vary from 94-6 to 107-5 + 0-4°. Values of

R=Z3|\F,| = |F||/Z|F, =018 and 7= Zu|iFof> - [F. 2/ ZwkFi =014

do not includo the anisotropic thermal motions of the I’; ring along 2 and the torsional oscillations

of CF, and the P-C bonds.

Introduction

Recognition of the ability of the CF3 group to stabilize
unusual molecular and valence structures had led to
the recent preparation of many new compounds in
recent years. Among these are some new fluorocarbon—
phosphorus compounds, and especially the two new
ring compounds (PCF3)4 and (PCF;3); (Mahler & Burg,
1958). The nature of the P-P bond in small rings,

the role of the unshared pairs on P in the valence
structures, and especially the not-directly bonded
P - - - P interactions were of interest. In particular,
the unshared pair might play a role in stabilizing the
ring structure in several possible ways. Also, a com-
parison of the structures of (PCFs); and (AsCHj)s
(Burns & Waser, 1957) is of interest because CF3 ix
larger than CH3 and P is smaller than As, thus in-
creasing the steric effects greatly.



