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The hydrogen bonding in the DL structure is exten-
sive and involves all the oxygen atoms. The distances
and angles are shown in Table 7. The left and right
handed molecules are linked in pairs across centers of
symmetry by a hydrogen bond from O(1) to O(5), the
ring oxygen atom, as shown in Figs.3 and 4. These
DL pairs are then linked into a three-dimensional net-
work by a donor/acceptor chain of hydrogen bonds
which interconnect molecules of the same sense through
the sequence

— 0(2) > 03, d) > 04) = 02, ) > O(3, )
— 0(4, ¢) - 0(2) —.

These hydrogen bonded chains linking a sequence of
D or of L molecules are therefore also centrosym-
metrically related. There are two non-bonded O---O
distances which are 3-16 and 3-30 A and these are also
shown in Table 7.
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The Structure of 1,3-Diamino-2,4,6-trinitrobenzene, Form 1.
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The crystal structure of 1,3-diamino-2,4,6-trinitrobenzene, form I, has been determined by X-ray

diffraction. The dimensions of the monoclinic unit cell are: ao="7-30, bo=15-20, co=11-63

A, p=95-9°,

The space group is Pc with two molecules per cell. The molecule is approximately planar with apparent
intramolecular hydrogen bonds between adjacent amino and nitro groups. The benzene ring is distorted
so as to relieve the overcrowding of the planar configuration. The molecules are linked by intermolecular

hydrogen bonds into continuous chains.

Introduction

Two crystalline polymorphs of 1,3-diamino-2,4,6-tri-
nitrobenzene have been identified by X-ray powder dif-

fraction. Form I is stable from room temperature to
217°C and form II from 217°C to its melting point,
286°C. The solid-solid transition is rapid on heating,
and the transition temperature was determined by
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microscopic observation. In the absence of solvent,
form II can be supercooled to room temperature and
stored indefinitely.

The crystal structure of form I has been determined
by single-crystal X-ray diffraction procedures as part
of a study of the molecular configurations and hydro-
gen bond networks present in nitroaromatic com-
pounds.

Two different types of intermolecular hydrogen
bonding have been reported for nitroaromatic amines.
In p-nitroaniline (Trueblood, Goldish & Donohue,
1961), the amino group is bonded to oxygen atoms of
nitro groups of two separate molecules; whereas in
1,3,5-triamino-2,4,6-trinitrobenzene (Cady & Larson,
1965)*, each amino group is bonded to both oxygen
atoms of one nitro group.

When a nitro group and an amino group are attached
to adjacent carbon atoms of a benzene ring, there is
also the possibility of intramolecular hydrogen bond-
ing. Such bonding is observed in triaminotrinitroben-
zene. A similar atomic configuration exists in the nitro-
guanidine molecule for which an intramolecular hyd-
rogen bond 2-57 A in length has been reported (Bryden,
Burkhardt, Hughes & Donohue, 1956).

Experimental

A sample of diaminotrinitrobenzene was obtained from
the Organic Chemistry Division of the U. S. Naval
Ordnance Laboratory. Satisfactory crystals of form I
were grown by allowing form II to transform at room
temperature under a saturated p-butyrolactone solu-
tion which had been seeded with form I. The crystal
used for the determination of unit-cell dimensions and
for the collection of intensity data was of irregular
shape and approximately 0-7 mm in its largest dimen-
sion (parallel to the b axis). All data were obtained at
room temperature with a non-integrating Weissenberg
camera using Cu Ko radiation (1=1.5418 A) filtered
through nickel foil. The unit-cell dimensions are:

ay=7-30+001, by=520+001, co=11-63 +0-02 A,

B=959+0-3°.
These values give a calculated volume of 439-3 A3 and
a calculated density of 1:838 g.cm=3 with two mole-
cules per unit cell. The observed density, determined
by flotation in an aqueous lead perchlorate solution, is
1-837 g.cm—3,

The following absences were observed on Weissen-
berg films taken about the b axis: 40/, /=2n+1. An
hkO precession film showed no periodic absences in the
0kO0 reflections; thus, the space group was shown to be
Pc or P2/c. The known configuration of the molecule
and the length of the b axis rule out P2/c; therefore,
the space group is Pc.

* This structure determination of diaminotrinitrobenzene is
referenced by Cady & Larson as Naval Ordnance Laboratory
Technical Report 62-46,
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Intensities of the 40/, h1l, h2l, h3l and A4l reflections
were estimated visually by means of the multiple film
technique using an intensity scale prepared from grad-
uated exposures of the 208 reflection. Of the 736 re-
flections in the region of reciprocal space measured,
612 had measurable intensity. No cross-reference in-
tensity exposures were taken. The five layer scale fac-
tors were assumed to be equal during the determina-
tion of the rough structure and were subsequently re-
fined by least squares.

The determination of atomic parameters

The intensity estimates were averaged giving greater
weight to measurements in the mid-region of the inten-
sity range, Lorentz and polarization corrections were
applied and a three-dimensional Patterson calculation
was performed with the crystallographic computing
system, X-ray 63 (Stewart, 1964). The Patterson vector
array was successfully interpreted by searching for the
known planar distributions of vectors produced by the
two benzene rings in the unit cell. This was done by
plotting the value of the Patterson function on spheres
14, 2:4 and 28 A from the origin, which contain the
interatomic vectors between adjacent, alternate and
opposite carbon atoms respectively. The angular orien-
tation of the benzene ring planes was obvious from
these plots, and an estimate was obtained of the orien-
tation of the rings within the planes.

The x and z coordinates of one molecule were chosen
arbitrarily so that the center of the ring was on the
b axis. The y coordinate was estimated from inter-
molecular vectors of the Patterson function and ad-
justed by trial and error. The entire molecule was as-
sumed to be planar and the correct distribution of the
amino and nitro groups around the ring was deter-
mined by trial and error.

After four cycles of three-dimensional Fourier re-
finement and two cycles of full-matrix least-squares re-
finement including the scale factors and an overall
temperature factor, the R value (including only ob-
served reflections) was 0-151. Six more cycles of least-
squares refinement including the scale factors and iso-
tropic atomic temperature factors lowered R to 0-142.

A three-dimensional difference Fourier syntheses did
not indicate positions for the hydrogen atoms but did
indicate significant anisotropic thermal motion by
some of the atoms, especially the oxygen atoms. Fur-
ther least-squares refinement with the introduction of
anisotropic temperature factors for all of the atoms
lowered the R value to 0-096 but failed to converge
properly. That is, even after eight cycles of full-matrix
refinement, the shift/error ratio for some of the param-
eters was still about 0-5. The scale factors were not in-
cluded in this full anisotropic refinement because of
the degeneracy with the B,, temperature factors pointed
out by Lingafelter & Donohue (1966).

With isotropic temperature parameters, the structure
contains 71 independent parameters. Considering only
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observed reflection intensities, the overdetermination
ratio is 86 (612/71). The introduction of anistropic
temperature factors for all atoms lowers this ratio to
3-9. This probably constitutes an over-extension of eye
estimated data and may explain the lack of conver-
gence observed in the full anisotropic refinement.
Therefore, the final refinement was carried out with
anisotropic temperature factors for the oxygen atoms
and isotropic temperature factors for the carbon and
nitrogen atoms. This compromise leaves the over-
determination ratio at 6:0. The scale factors were in-
cluded in this mixed refinement.

Six cycles, starting with the parameters from the
isotropic refinement, gave a final R value of 0-103. The
average shift/error ratio for the parameters in the last
cycle was 0:04; the maximum ratio was 0-15. The atom-
ic scattering factors used in all calculations were those
tabulated by Berghuis, Haanappel, Potters, Loopstra,
MacGillavry & Veenendaal (1955). The weighting
scheme used was similar to that recommended by
Hughes (1941). Observed reflections were given weight
1-0 if F, was less than 10 and 10-0/(0-5F,+ 5-0) if F,
was greater than 10. The smallest weight given to an
observed reflection was 0-23. Unobserved reflections
were given weight 1:0 when F, was greater than Fpin
and 0-0 when F, was less then Fpin, where Fmin is the
observed structure factor calculated from the minimum
observable intensity. After the last least-squares cycle,
27 of the 124 unobserved reflections calculated greater
than their estimated threshold values. The maximum
deviation from zero in a final difference Fourier syn-
thesis was +0-5 e.A—3,

The quantity minimized during all least-squares cy-
cles was 2w(F,— F.)? where w is the weight factor de-
fined above. The anisotropic temperature factors used
for the oxygen atoms were of the form:

exp [_ %(hza*zBll + kzb*2B22 + lZC*2B33
+ tha*b*Blz + 2hla*C*B13 + 2klb*C*B23)].
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These By; values are on the same scale as the isotropic
B values used for the carbon and nitrogen atoms.

Calculations were performed on an IBM 7090 com-
puter using codes from the X-ray 63 system (Stewart,
1964).

Discussion

The final atomic parameters are given in Table 1. The
numbers in parentheses are the errors in the last two
digits as indicated by the inverse matrix from the final
least-squares cycle. No errors are given for the x and
z parameters of C(1) because these values were arbi-
trarily fixed to determine the origin of the unit cell.

The determination of layer scale factors by least-
squares refinement rather than by direct measurement
reduces the significance which can be placed on the
temperature factors owing to the high correlations
which exist between the scale and temperature factors.
As pointed out by Lingafelter & Donohue (1966),
when all of the atoms are given anisotropic tempera-
ture factors, the problem becomes degenerate. For this
reason, the scale factors were not included in the at-
tempted full anisotropic refinement. However, they
were included in the final mixed refinement. Although
the inverse matrix indicates correlation values as high
as 0.39 between the scale factors and B,, temperature
factors of the oxygen atoms, the procedure seems
justified by the fact that normal convergence was ob-
tained.

The covalent bond lengths found for the 1,3-di-
amino-2,4,6-trinitrobenzene molecule are given in Fig. 1
and the bond angles are given in Fig.2. The estimated
standard deviations in the bond lengths range from
0:019 to 0-023 A ; those in the bond angles range from
1:3to 1-6°.

Within the limits of error of the determination, the
benzene ring is planar, and the nitrogen and oxygen
atoms lie close to this plane. The equation of the best
plane through the six carbon atoms, as determined by

Table 1. Atomic parameters

X y z B or Bi;
C) 0-1760 0-7060 (27) 0-0015 3:91 (24)
Q) 0-0168 (21) 0-6447 (28) —0-0814 (14) 3-47 (22)
C(3) —0-1520 (25) 0-8007 (29) —0-0860 (15) 3:99 (24)
C@4) —01533(21) 09932 (27) —0-0029 (14) 3-89 (24)
C(5) —0:0046 (24) 10516 (27)  0-0756 (14) 3-78 (23)
C(6) 0-1529 (23) 0-9062 (25) 0-0773 (14) 3:64 (23)
N(1) 0-3279 (21) 0-5667 (24) 0-0030 (14) 4-37 (23)
N(2) 0-0276 (22) 0-4379 (24) —0-1595 (15) 4-35(23)
N@3) —0-2922 (22) 0-7495(26) —0-1632 (14) 4-70 (25)
N@4) —0-3080 (22) 1-1599 (24) 0-0041 (14) 4-20 (22)
N(5) 0-3080 (22) 0-9981 (25) 0-1640 (14) 4-19 (21)
o(1) 0-1680 (21) 0-2956 (22) —0-1566 (14) 4-80 (43)
O(2) —0-1050 (21) 0-3830 (25) —0-2309 (14) 5-26 (48)
0(3) —0-4556 (20) 11120 (22) —0-0581 (14) 3-03 (33)
O@4) —0-3013 (20) 1-3385 (20) 0-0728 (13) 4-11 (37)
O(5) 0-2824 (21) 1-1835 (22) 0-2182 (13) 4-03 (37)
0(6) 0-4483 (21) 0-8637 (24) 01724 (14) 3-30 (36)

B, Bs3 B3 By3 B;;
5-42 (63) 6-32(53) 2:81 (44) -051 (37 —1-47 (47)
8-31 (79) 6-33 (53) 3-43 (49) —2-46 (43) —3-61 (51)
6:60 (69) 5-44 (44) 123 37) —1-53 (30) —1-48 (43)
495 (58) 493 (43) 2:06 (37) —042(32) —1-06 (42)
552 (61) 494 (46) —0-56(41) —0-80(32) —1-08 (44)
7-28 (74) 5-30 (48) 1-70 (41) —1-07 (32) —0-79 (43)
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Table 2. Observed and calculated structure factors

The column headings are 4, 10F,, 10F., and phase angle in cycles times 103. F, values followed by * are estimated threshold values
of unobserved reflections.

H,0,0 H,0,14 8 10% 25 31a Hits18 5 153 121 R24 4 47 32 691 <3 46 53 949 Hidya
-8 21 27 1% <5 20e 13 491 8 456 31 899 4 65 64 46
1 216 233 54 n 48 58 984 n 14 8 630 6 A2 83 188 4 T4 &6 90 -4 24 14 948 0 28 24 422
2 225 210 498 1 18 24 7%% Hels6 1 13¢ 15 174 «6 X5 34 804 7 29 27 236 8 21 19 366 1 22¢ 30 949
3 118 101 950 -1 43 52 903 -1 28 38 672 7 22 23 934 «% 238 14 39 -1 25 25 784
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8 A7 55 427 1 234 241 492 -2 130 115 389 “1 106 137 429 0 24e 17 373 4 39 29 238
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7 31 31 %88 -3 207 210 352 3 49 51 30s H,2,2 0 29 28 159 -2 33 37 8%8 Hi3, 18 1 63 47 554
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the method of Schomaker, Waser, Marsh & Bergman
(1959) is:

—3-062x—3-305y +8-000z= —2-850
where x, y and z are fractional coordinates of the

monoclinic cell. The distances of the atoms from this
plane in A are as follows:

Fig.2. Bond angles.
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C(1) through C(6);
0-01, —0-02, 0-02, —0-01, 0-01, —0-01

N(1) through N(5);
0-00, —0-04, 0-04, 0-01, 0-08

O(1) through O(6);
—0-11, —0-06, —0-11, 0-07, 0-18, —0-00.

Unhindered nitro groups attached to an aromatic
ring have been found to lie approximately in the plane
of the ring, probably because the resonance stabiliza-
tion energy is largest for a planar configuration. For
example, in nitrobenzene (Trotter, 1959a), p-dinitro-
benzene (Trotter, 1961a), m-dinitrobenzene (Trotter,
19615) and p-nitroaniline (Trueblood et al., 1961) the
angles between the benzene and nitro group planes are
all reported to be less than 12°. When carbon atoms
are attached to the adjacent ring positions, the nitro
group is rotated out of the plane. Examples of the
angle between the nitro group plane and the ring plane
for this arrangement are: nitromesitylene, 66-4° (Trot-
ter, 1959b); 9-nitroanthracene, 84-7° (Trotter, 1959¢);
and 9,10-dinitroanthracene, 63-7° (Trotter, 1959d).

The steric effect of amino groups on adjacent ring
positions should be similar to that of the correspond-
ing carbon atoms in the anthracene structures. How-
ever, amino groups are known to form hydrogen bonds
with nitro group oxygen atoms. Such intramolecular
hydrogen bonding could allow closer approach of the
oxygen atoms to the plane of the aromatic nucleus. All
three nitro groups in 1,3,5-triamino-2,4,6-trinitroben-
zene were found to be essentially coplanar with the
ring (Cady & Larson, 1965).

A comparable configuration is present in the nitro-
guanidine molecule. In this case, the nitro group was
also found to be coplanar with the rest of the molecule
with an amine nitrogen—oxygen distance of 2-57 A
(Bryden et al., 1956). If all the bond angles in nitro-
guanidine had their normal values, this distance would
be impossibly short. The strain is relieved by expan-
sion of two of the bond angles rather than by rotation
of the nitro group out of the plane of the other atoms
of the molecule. In diaminotrinitrobenzene, the nitro
groups also lie approximately in the plane of the rest
of the molecule, and the nitrogen—oxygen distances
are 259, 252, 2-52 and 2-60 A. The strain is similarly
relieved by considerable distortion of the bond lengths
and angles within the molecular plane rather than by
rotation of the nitro groups out of this plane. The
carbon—carbon distances on either side of the unoc-
cupied ring position were found to be 1-38 and 1-37 A;
whereas both distances on the crowded side were found
to be 1-47 A (Fig.1). The difference between the aver-
age lengths of the short and long bonds is four times
the maximum standard error of an individual bond
length. Therefore, the benzene ring distortion is sig-
nificant.

The differences found between other chemically
equivalent bond lengths and angles also appear to be
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related to the crowding of the planar configuration.
That is, the molecule contains an approximate twofold
axis through N(2), C(2) and C(5) (Figs.1 and 2). The
one significant exception to this steric symmetry is the
position found for N(5), which places it 1-51 A from
C(6). The oxygen atoms of the N(5) nitro group are not
further from the ring than those of the other nitro
groups. O(5) and O(6) lie 2-:31 and 2-:33 A from C(6).
The corresponding distances of O(1), O(2), O(3) and
O(4) from C(2) and C(4) are 2-34, 2:31,2.32and 232 A.

The triaminotrinitrobenzene molecule was also found
to be planar. In this case, since all of the ring positions
are occupied, the ring distortion consists of a sym-
metrical expansion. That is, the carbon-carbon bond
lengths range from 1435 to 1:450 A (Cady & Larson,
1965). The normal value reported for benzene is 1:397 A
(Langseth & Stoicheff, 1956).

There appear to be two possible configurations for
crowded nitro-aromatic amines; either the nitro groups
are twisted out of the plane of the ring or the nitro
groups lie in the plane and the ring is distorted. The
fact that in diaminotrinitrobenzene the molecule as-
sumes the planar configuration may indicate that any
loss of resonance energy caused by distortion of the
benzene ring is more than compensated by formation
of intramolecular hydrogen bonds and resonance in-
teraction between the nitro groups and the benzene
ring.

The diaminotrinitrobenzene molecules are packed
into the crystal lattice so that each molecule forms one
link in a hydrogen-bonded chain in which the N(1)
amino group is attached to O(3") and O(4') of the
molecule located at (1+x, y—1, z). The nitrogen—
oxygen distances in the bonds of this chain are 2:97
and 2:99 A (Fig.1). The molecules of the chain are
approximately coplanar; O(3’) and O(4’) lie only —0-35
and —0-17 A from the plane of the benzene ring of
the adjacent molecule. Therefore, the hydrogen atoms
of the N(1) amino group can be in proper location for
both the intramolecular and intermolecular hydrogen
bonds in which they are apparently involved.

Since the N(1) amino group is in a hydrogen bond-
ing environment almost identical with that reported
for all three amino groups of triaminotrinitrobenzene
(Cady & Larson, 1965), it is interesting to note that no
such environment exists around N(3). The closest oxy-

STRUCTURE OF 1,3-DIAMINO-2,4,6-TRINITROBENZENE, FORM 1

gen atom is O(4’) of the symmetrically related mole-
cule located at (x, 2—y, —1+2z). This atom is 3-10 A
away and lies 1-83 A above the benzene ring plane. If
this is a hydrogen bond at all, it is considerably weaker
than those in the chains described above.

The only non-bonded intermolecular distance within
0-1 A of van der Waals contact, using the atomic radii
listed by Pauling (1960), is 2-86 A between N(5) and
O(1v) of the molecule located at (x, 1 —y, 3 +2z). The
observed displacement of N(5) from the position in-
dicated by the approximate symmetry of the rest of the
molecule may be caused by the influence of this neigh-
boring molecule.
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