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The Crystal Structure of /N-Methyl-N,2,4,6-tetranitroaniline (Tetryl)*

By Howarp H.CabDy
Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico, U.S.A.

(Received 5 December 1966)

The crystal structure of N-methyl-N,2,4,6-tetranitroaniline, or tetryl, C;HsNsOs, has been determined
and refined by analysis of three-dimensional diffraction data from molybdenum X-radiation. The unit
cell is monoclinic (a=14-129, b=7-374, c=10-614 A, B=95-07°), space group P2,/c, with four mol-
ecules per cell. Least-squares refinement of all positional and thermal parameters (hydrogen atoms
isotropic), with 1808 reflections of non-zero weight, yielded a final weighted R index of 0-030 (R=0-06).
The final difference Fourier map indicates that conventional spherical atomic scattering factors are
inadequate to describe the true electronic configuration of this molecule. None of the substituent groups
is coplanar with the benzene ring. The nonplanarity of the 4-nitro group may be caused, in part, by
the formation of an intermolecular hydrogen bond between the hydrogen atom attached to a benzene
ring carbon and one of the oxygen atoms of the nitramine group.

Introduction

As part of an effort to understand the fundamental
properties of explosives, it has been desirable to deter-
mine the crystal structures of several materials. Tetryl,
one of those materials, has had a long history of mili-
tary application. From a crystallographic point of view,
tetryl was known to be potentially ideal for the study
of the symbolic addition procedure because it is com-
posed of equal atoms and its structure possesses a
center of symmetry.

It was also of interest to see if the problem of inade-
quate atomic scattering factors, which was first en-
countered by theauthorin 1,3,5-triamino-2,4,6-trinitro-
benzene (TATB) (Cady & Larson, 1965), would be
noticeable in this centrosymmetric structure. The non-
centrosymmetric structure of benzotrifuroxane (Cady,
Larson & Cromer, 1966), with data of the same quality
as those for TATB, had failed to show evidence of
residual electron density in bonding regions in the final
difference Fourier maps. Maslen (1967) has shown that
benzotrifuroxane is a disordered structure with about
two per cent of the molecules in the disordered posi-
tion. This disorder probably accounts for the fact that
bonding electrons were not observed.

Experimental

Well-formed needles of tetryl with principal faces {011},
with a plane of perfect cleavage perpendicular to a*
and elongated along a, were grown from a chloroform
solution. A crystal cleaved from one of these needles
was used for the determination of unit-cell parameters
and the collection of the diffraction data. The dimen-
sions of this crystal are 0-19 mm along a, 0-19 mm
along b, and 0-29 mm along ¢. Precession photographs
were used to determine preliminary unit-cell dimen-
sions and space group extinctions (h0/ with / odd, and

* This work was performed under the auspices of the U.S.
Atomic Energy Commission.

040 with k odd), and to inspect the diffraction pattern
for satellites. The crystal was then transferred to a care-
fully aligned General Electric Company single-crystal
orienter (SCO) equipped with a scintillation counter,
pulse height analyzer, and molybdenum X-ray tube.

Final cell parameters and their estimated standard
deviations were determined from a least-squares fit of
62 20 (A Mo Ka;=0-70926 A) values greater than 20°,
for hkl reflections which were measured on the SCO
at 21°C. This least-squares fit gives a=14-1290 + 0-0019,
b=7-3745+0-0013, ¢=10-6140+0-0020 A, and f=
95-071 +0-017° for the monoclinic unit cell. There are
four molecules in the unit cell, and the calculated den-
sity of 1:731 g.cm~—3 compares reasonably with a den-
sity of 174 g.cm~3 as measured by flotation.

The general technique used for obtaining accurate
20 values may be of interest. Initial settings for the
SCO are calculated from the preliminary unit-cell par-
ameters, the lattice row which coincides with the ¢ axis
of the SCO, and another lattice row which determines
the origin of the ¢ circle. The diffractometer is set to
a 1° take-off angle for all alignments and measure-
ments. At y=90° the crystal arcs are adjusted to posi-
tion the lattice row which coincides with the ¢ axis.
A small change from the initial setting of 26 will
normally be required to center a diffraction spot with
respect to the left-right beam splitting device for all
values of ¢. Except at y =90° the setting of ¢ is critical.
The value of ¢ for a lattice row is determined by cen-
tering a low order reflection with respect to the left-
right device. Small adjustments of the 26 and ¢ angles
are normally required in this centering. This centered
lattice row is then scanned in 20 for higher order re-
flections. The narrowest receiving slit which gives meas-
urable peaks is used to obtain resolution and the peak
maximum is taken to be the 26 value for the reflection.
This technique gives cell parameters which agree with
those obtained from back reflection powder photographs
within the calculated estimated standard deviations.

The crystal was mounted with its a* axis coincident
with the ¢ axis of the SCO. Reflections within a sphere
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limited by 20=350° were examined by the stationary-
counter, stationary-crystal technique. The intensities
and background corrections were measured with bal-
anced filters, one filter consisting of zirconium foil and
the other consisting of ytterbium foil plus a small
amount of aluminum foil. In addition, a background
dependent on 26 was also subtracted. This background,
also measured with balanced filters, arises because of
the small amount of K« radiation scattered by air, the
glass fiber, the glue used to mount the crystal and also,
perhaps, from slight unbalance of the filter pair. Within
the hemisphere counted, 3865 reflections were exam-
ined. The choice of P2,/c as the space group was con-
firmed from examination of the space-group-extinct
reflections, Of the 1936 unique space-group-allowed
reflections in this set, 1808 had observed relative
F2>0-0, and were considered observed.

Computational details

Lorentz and polarization corrections were applied.
The geometry of the fragment as measured with the
aid of a microscope was used in the calculation of
absorption corrections (absorption coefficient=1-726
cm™!). Equivalent observed relative F2 values were
averaged, and the observed relative |F| was taken as
the square root of this average. The average agreement
of equivalent observed reflections was estimated by

forming the index X' |F2— F2}/X F? where the summa-
tion was taken over all reflections which were observed
twice. This index was 0-020. A similar quantity,
Z||F|—(F?)*|/Z(F2)* based on |F|, was 0-018. This
implies an ideal R of about 0-013 for the final structure
if the assumptions of no systematic errors in the data
and a perfect least-squares model are made.

All least-squares calculations were made with a pro-
gram which uses the full matrix. The least-squares par-
ameters included, in addition to atomic position and
thermal parameters, one scale factor and one param-
eter to allow for secondary extinction. The secondary
extinction parameter was found to be negligible and
was set equal to zero in the later stages of the refine-
ment. The quantity minimized was Zw(|Fo| —{F}|)?,
where

F,
o= o T

2 (1+cos*26) )
K{””’[ a +coszze’)7] Lp'FC‘Z}

in which K is the scale factor, g is the extinction par-
ameter (Zachariasen, 1963), Lp is the Lorentz and
polarization factor, F is the calculated structure factor,
and w is the weight based on counting statistics as
described by Evans (1961). The weights of ‘unobserved’
reflections were set to 0-0. Anisotropic thermal par-
ameters were in the form

exp[ — (hzﬁ“ + kzﬁzz -+ ]2ﬁ33 -+ hkﬂlZ + hlﬁlj, -+ k[ﬁz:,)] .

The R index is defined as Zw(|Fo| — |F%])/Z w|F,|.
The estimated standard deviations (e.s.d.’s) were cal-
culated from

o = Vaﬂ [5 w(|Fo| = |F 1) ]

m-—n

where m is the number of observed reflections, » is
the number of parameters, and a¥ is the jj element of
the inverse matrix. The atomic scattering factors used
are those given in International Tables for X-ray Crys-
tallography (1962). These scattering factors were chosen
for their general availability and not for their accuracy.
In particular, the scattering factor for hydrogen as
calculated by Stewart, Davidson & Simpson (1965)
would have been appreciably more realistic and would
have improved the thermal parameters found for the
hydrogen atoms.

All calculations were performed with updated ver-
sions of codes written by the author or by Larson, Roof
& Cromer (1963-1965 plus other unpublished codes)
unless otherwise indicated.

Determination and refinement of the structure

Normalized structure factor magnitudes, |E|, were cal-
culated and sorted into classes using codes furnished
by Stewart (1964). For space group P2,/c

N
Ei=F}/e '21 (fin?
j=

where ¢ is 2 when h is A0/ or 0k0, ¢ is 1 otherwise,
fin is the atomic scattering factor for the jth atom, N
is the number of atoms in the unit cell, and the F3
have been placed on an absolute scale and corrected
for thermal motion by means of a least-squares fit of
Wilson’s plot.

The statistical averages and the distribution of the
1936 reflections are given in Table 1. The experimental

Table 1. Statistical averages and distribution of |E)|

Experimental
{El) 0-746
(IE2—1]) 1-027
{|E|2) 1-000 (definition)
|E|>3 0-006
|E|>2 0-054
IE]>1 0-280

Theoretical
Centrosymmetric Noncentrosymmetric
0-798 0-866
0-968 0-736
1-000 1-000
0-003 0-0001
0-050 0-018
0-320 0-368



HOWARD H. CADY

values correspond to a structure with a center of sym-
metry.

The symbolic addition procedure, which was used
to determine the phases, has been used to determine
the phases directly from the structure factor magnitudes
for a large number of centrosymmetric structures. This
procedure and its historical development are described
in Karle & Karle (1966).

A code written by Bednowitz (1965) and extensively
modified by the author was used to facilitate the prop-
agation of signs and the application of the 2 relation-
ship (sE,~s 2 E E,_, where s means ‘sign of’). The

K

five assignments listed in Table 2, together with the
X, relationship, were used to calculate 106 phases with
|E|>2-0.
Table 2. Initial symbolic signs
used in the application of the X, relationship

h k, | |E| Phase
52,3 2-524 +
9,4,2 2:767 +
11, 3,3 3415 +
10, 0, 4 5-515 d
11, 0, 4 3775 e

It was decided that both 4 and e were probably 4+
from the interactions among the signs. This assignment
was made, and signs were determined for 260 reflec-
tions with |E|’s>1-5. An E map (Fourier map with
E rather than F values for coefficients) was calculated.

Coordinates for the 20 heavy atoms, as read from
the E map, were used as input to the least-squares re-
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finement. In the initial stages of the refinement, only
the 1374 strongest reflections were used, while all re-
flections in which /—Bkgd > 0-0 were used in the later
stages of the refinement. With one exception, the re-
finement proceeded normally through the steps: heavy
atoms with isotropic B’s, heavy atoms with anisotropic
B’s, and finally all atoms with anisotropic B’s for heavy
atoms and isotropic B’s for hydrogens. The exception
was that the least-squares program was limited to 196
parameters. For this reason the hydrogen positions and
thermal factors were refined on alternate cycles until
the problem had converged. In the next to the last
cycle, all of the A&;/a(&;) were less than 0-02 for the
hydrogen B’s except for B of H(1) which was attempting
to go negative (4Bm()/os=0-3). In the final cycle the
largest A&;jo(&;) was 0-06 for f; of C(3). The final
weighted R index is 0-030, while the R index with all
1808 reflections assumed to have unit weight is 0-063.
The standard deviation of the electron density in the
structure is estimated to be 0-064 e.A-3 by Cruick-
shank’s (1949) formula. The final least-squares param-
eters are given in Table3,and the correspondingvalues
of K|F,| and F, are given in Table 4.

Observed and difference Fourier maps of the final
structure were calculated in order to check that no
important parameters had been overlooked. Even
though these Fourier maps indicated that the structure
was reasonable, they also pointed out the presence of
a systematic error in the determination of the structure
and the probable reason for much of the discrepancy
between the R value obtained and that expected.

Table 3. The final least-squares parameters and their estimated standard deviations for tetryl

The standard deviations apply to the rightmost digits of the least-squares parameters. The anisotropic temperature factor is of

the form:

exp [ —(B11/2 + P22k + B3312 + Brohk + B3kl + B23kD)]; and B is 4/3(B11a2+ B22b? + B3¢ + Pr3ac cos f) for an anisotropic atom

(Hamilton, 1959).

X Y 2 a“xw’ ano‘ ﬁ”no’ B u"“s ﬁuxm’ B, xt0 Bk
CC 1) 0,73680320 0,04150336 0.42398226 293818 1228 7 416231 139256  -10438 9t 7 2.29
CU2)  0.81676220 0.13717¢37 0.47408326 365218 90t 6 546232 -59356 4440 1627 2.44
CU3)  0.88023320 0.06549339 0.56716828 303819 1208 7 56635  -224857  -138240 6t 8 2.58
CL &)  0.86047219 -0,09995:38 0.61617¢26 275817 1228 7 478831 99156 190237 10 7 2.37
CUS)  0.78283320 -0.2024938 0.57264328 329819 1132 7 384334 -6158 48241 12607 2.58
CU6)  0.72440319 -0,13025838 0.47266226 256217 1198 7 616833  -164254  -32438  -17¢ 8 2.48
CUT)  0.5722642¢ 0.16827:60 0.36937$37 330223 338212 860846 661189  -197$48  -14413 4,66
NC 1) 0.83549121 0,32600334 0,43441225 658322 1254 6 647830 -309462  -127343 1868 7 3.65
NC2)  0.92349%19 -0.17349834 0.72390:24 440319 1402 7 690231 196253 -295839 2141 3.21
NC3)  O.64681817 -0,2501635 0.41596229 313318 1493 6 1087238 130351  -192842  -248 9 3,58
MO &) 0.66611216 0,11300331 0.353435222 351416  171s 6 466227 161249  -105233 2627 2.89
N(S)  0.09200321 O0.16381235 0,22085225 662323 1602 7 533231 -14262  -183343 10¢ 7 3.76
O( 1) 0.76941217 0.41643328 0,38845223 782319 1212 5 1292333 275251  -533339 504 6 5.00
O 2)  0.91602818 0.37903232 0.45160227 715818 2378 7 2255346  -1490361  -772248 2172 9 7.18
O(3)  1.00444816 -0.11611233 0.73640223 416215 3152 7 1479336  -526256  -764236 1612 8 5,79
O( &)  0.88984115 -0.20141528 0.79339320 601217 1812 6 892428  -47s47  -366233 1072 ¢ 4,32
O( %) 0.60397813 -0.53688232 0.49055:23 495316 2708 7 1471335  -1315852 247239 106 8 5.44
O &)  0.63432116 -0.25593s33 0.30145223 663318 2983 7 846328  -839354  -727237  -208 8  5.33
O(7)  0.63478218 0.25049234 0.15193322 813320 3294 7 888:29 705260  -465239 147 8  5.96
O 8) 0.77321316 0.12038328 0.19525319  S$68216 2184 6 741226 270849 313334 1626 4.15
WO 1) 0.9298217  0.1345333  0.5985323 0. 10.61
WO2)  0.7717819 -0.3301237  0.6094226 2.3120.74
MU 3)  0.5778225  0.2059845  0,3986135 5.6031.28
WC &) 0.5324824  0.1402348  0.3139332 3.3821.09
WO S)  0.5600:21  0.1168262  0,4608230 4.1220.98

SCALE (1) = 6.83462 82 x 107!

AC23-7
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Table 4. Observed and calculated magnitudes of the structure factors for tetryl
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-4 18 -10 -6 122 -138 -9 14 10 1 22% 236

-3 30 26 -3 270 av2 -3 13 L] 2 1c¢8 a7 -7 129 =131 -4 6 -17

-2 2 58 -4 bt] 10 -7 55 92 3 2 55 -8 54 52 -3 -34

-1 13 =70 -3 17 [ -6 33 -32 4 T €9 -5 13 -6 -2 13 =22
] 57 ~4b -2 1€9 -117 -5 26 38 s 13 =21 -4 51 52 -1 33 -3s
1 47 -1 -1 126 137 -4 12 6 & 21 15 -3 63 =74 0 43 ~42
2 116 123 ] G ~14 - 7 79 -2 19 -5 1] 26 =40
3 49 56 1 82 =00 =2 1¢9 -112 He 13 K= 2 -1 1786 177 2 31 -4l
- 27 -7 2 9 s -1 14 13 Q 91 -93
£ ] 19 4“4 3 " 9 0 17 28 -8 Fis 26 1 11 -8 He 16 Ke 2
L) 50 =64 4 17 38 1 164 -187 -T 168 -23 2 5% -58

s 3 41 2 17 14 -8 3% 33 3 0 -8 -3 17 13

H= 10 «x [y [ 2 51 3 218 234 -5 26 20 4 30 b 1] -2 110 111

? ] 13 4 2y =29 -4 25 -18 s 13 -4 -1 27 34

-5 45 ~63 s n 39 =3 1C% ~1Cs ('] [} ] 43

-4 31 -3 ke 11 K L) [ 3 9cC -2 T -12 He 14 K= ) 1 ] -3

-3 42 n 7 €2 AT -1 1C -12

-2 L] -1 -8 c =11 2 -9 -8 (2] (1]

-1 25 15 -7 s He 12 K= 3 1 ler =178 -5 42 =41
L] 993 " -8 19 -11 2 4C ~-42 -4 bl L3
1 49 47 ” 79 -8 23 =21 3 11 142 -3 32 -29

Fourier maps illustrating this error are given in Figs.
1, 2, and 3. This error, which is caused by neglecting
bonding effects on the atomic scattering factor, has
been observed by Cady & Larson (1965), Hanson
(1966), and Fritchie (1966), among others, and is dis-
cussed in detail by Stewart, Davidson & Simpson
(1965), Rae & Maslen (1965), O’Connell, Rae &
Maslen (1966), and Dawson (1965).

Further refinement of tetryl should be profitable with
nonspherical atomic scattering factors that allow for
bonding effects, but this was not attempted here. The
use of better atomic scattering factors would be ex-
pected to cause noticeable shifts in the positions of the
hydrogen and oxygen atoms and significant shifts in
the thermal parameters of all of the atoms. The largest
shifts in the hydrogen and oxygen parameters should
be such as to lengthen the C-H and N-O bonds and
reduce the apparent thermal motion of the atoms
parallel to these bonds.
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Discussion of the structure

The above-mentioned shifts would invalidate any de-
tailed analysis of bond length corrections and their re-
lation to thermal motion at this time. On the other
hand, the structure is well determined according to the
present state of the art. Positions of the heavy atoms
should change very little when better scattering factors
are used so that a discussion of the uncorrected inter-
atomic distances, bond angles, and molecular packing
is meaningful.

Intramolecular bond distances and angles are given
in Fig.4. With the inclusion of correlation terms and
e.s.d.’s for the unit-cell parameters in the calculations,
the e.s.d.’s of the bond distances are less than 0-004 A
for heavy-atom bonds and 0-03 A for those involving
hydrogen atoms. The e.s.d.’s for the angles are less
than 0-3° for heavy—heavy-heavy, 3° for heavy—heavy—
hydrogen, and 4° for hydrogen-heavy-hydrogen bond
angles. None of the nonbonded intramolecular dis-
tances is less than Bartell’s (1960) hard-shell distances,
so the existence of intramolecular hydrogen bonds is
ruled out.

The bond distances and angles in tetryl appear to
be normal when compared with results obtained with
three-dimensional data in other recent structure deter-
minations of nitrobenzene derivatives (Trotter, 1959,
nitrobenzene; Coppens & Schmidt, 1964, o-nitroben-
zaldehyde; Sax, Beurskens & Chu, 1965, o-nitroperoxy-
benzoic acid; Hamilton & La Placa, 1964, methyl ester
of o-nitrobenzenesulfenic acid; Trotter & Williston,
1966, m-dinitrobenzene ; Coppens & Schmidt, 1965a, b,
p-nitrophenol; Trueblood, Goldish & Donohue, 1961,
4-nitroaniline; Mak & Trotter, 1965, N,N-dimethyl-p-
nitroaniline; Boonstra, 1963, 4,4'-dinitrodiphenyl;
McPhail & Sim, 1965, 2-chloro-4-nitroaniline; Fergu-
son & Sim, 1962, 2-chloro-5-nitrobenzoic acid ; Brown,
Wallwork & Wilson, 1964, Hanson, 1964, 1965, 1966,
Williams & Wallwork, 1966, Carter, McPhail & Sim,
1966, s-trinitrobenzene complexes; Struchkov & Khot-
syanova, 1960, 2,6-dichloro-4-nitrodimethylaniline;
Bailey & Prout, 1965, picrylazide complex; Harris,
1964, picryl chloride; Palenik, Bettman & Hughes,
1966, potassium picrate; Holden & Dickinson, 1967,
1,3-dichloro-2,4,6-trinitrobenzene; Holden, 1967, 1,3~
diamino-2,4,6-trinitrobenzene; Holden, Stewart &
Dickinson, 1966, 2,3,4,6-tetranitroaniline; Cady &
Larson, 1965, 1,3,5-triamino-2,4,6-trinitrobenzene;
Akopyan, Struchkov & Dashevskii, 1966, hexanitro-
benzene; Akopyan, Kitaigorodskii & Struchkov, 1965,
1,8-dinitronaphthalene). Bailey & Prout (1965) have
mentioned the general occurrence of internal angles
greater than 120° at the carbon atoms attached to nitro
groups. Carter et al. (1966) propose a reasonable ex-
planation for this effect which would explain why the
size of this internal angle is independent of the rotation
angle of the nitro group with respect to the benzene
ring. Angles larger than 120° for the O-N-O angle
have been recognized for some time. The structures in
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which the O-N-O angle is less than 120° have either
steric problems associated with two ortho substituents
which have intramolecular forces strong enough to
hold the nitro group in the plane of the benzene ring,
or two adjacent negatively charged groups. Examples
are 1,3,5-triamino-2,4,6-trinitrobenzene and the nitran-
ilate ion (Jensen & Andersen, 1964). Bond lengths in
nitrobenzene derivatives which have exceptionally nu-
merous and stable resonance forms [1,3,(5)-di(tri)-
amino-2,4,6-trinitrobenzene or the nitranilate ion] are
significantly different from those in tetryl.

The direction cosines and distances from the origin
of the least-squares planes through several groups of
atoms in tetryl are given in Table 5, together with the
angles between these planes and the benzene ring. As
can be seen from the deviations of the atoms from these
planes (Table 6) it is unlikely that most of these groups
are truly planar; however, there can be no question
that the methylnitramine and nitro groups are bent and
twisted with respect to the aromatic nucleus. The
C(1)-N(4), C(2)-N(1), C(4)-N(2), and C(6)-N(3) bonds
are bent +5, +4, +3, and —5°, respectively, from the
plane of the ring. These bends make an insignificant
contribution to the rotation angles between the nor-
mals of the planes given in Table 5. In addition, it is
apparent from Fig. 5 that the nitro groups adjacent to
the methylnitramine group have rotated slightly in the
plane of the benzene ring [angles C(1)-C(2)-N(1) and
C(1)-C(6)-N(3)] so as partially to relieve the over-
crowding near C(1). This type of rotation has been ob-
served in all of the aromatic compounds mentioned
in this paper in which there are ortho substituents.
Dashevskii, Struchkov & Akopyan (1966) have dis-
cussed in detail packing effects and the expected bond
deformations and nitro group rotations in nitrobenzene
derivatives.

The only substituent groups on an aromatic ring
which have been studied and which do not repel orrho
nitro groups sufficiently to twist them from the plane
of the benzene ring are the relatively small hydrogen
atom and the hydrogen-bonding amine group. Since
the nitro group attached to C(4) has only hydrogen
atoms ortho to it, it would be expected to be nearly
coplanar with the benzene ring; however, it is rotated
from this plane by about 24°. This rotation must be
caused by some intermolecular force, possibly the hy-
drogen bond which is discussed in the following para-
graphs.

The hydrogen atoms are poorly located by the least-
squares refinement as is evidenced by the large spread
in C~H bond distance, and it was felt that the inter-
atomic distances involving hydrogen atoms could be
better obtained from a model than from the refinement.
An admittedly arbitrary model was constructed by
adjusting only the C-H bond lengths for H(1), H(2),
and H(4) to 1-085 A, while adjusting both the bond
lengths and angles involving H(3) and H(5) to obtain
tetrahedral angles at C(7). Assuming van der Waals
radii of 157, 1-50, 1-40, and 1-20 A for carbon, nitro-

Fig. 1. Final difference Fourier map of the section through the
aromatic ring. Contour interval 0-05 e.A-3, negative contours
light lines, zero contour dotted.

Fig.2. Final difference Fourier map of the section through
the nitramine group. Contour interval 0-05 e.A-3, negative
contours light lines, zero contour dotted.

c(2 ‘e

Fig.3. Final difference Fourier map of the section through the
C(1)-C(2) bond and perpendicular to the plane of the

aromatic ring. Contour interval 0-05 ¢.A-3, negative contours
light lines, zero contour dotted.
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Table 5. Least-squares planes™®

Direction cosines with respect to Distances from Angle with
a b c* origin Description of plane aromatic ring
—0-6039 0-4187 06782 2:893 A (1) Aromatic ring —
—0-2571 0-3265 0-9096 —2-036 (2) C(2), N(1), O(1), O(2) 25°
—0-3351 0-7449 0-5769 0-673 (3) C4), N(2), 0(3), O(4) 23t
—0-6613 0-7497 00233 7-076 4) C(6), N(3), O(5), O(6) 44
0-3414 0-8534 0-3939 —5-148 (5) N(4), N(5), O(), O(8), C(7) 65

* For the molecule whose coordinates are given in Table 3.
+ Rotation is in the opposite sense from the other planes.

Table 6. Deviation of atoms (A) from least-squares planes*

Plane

1) 2 )] (€Y )
c@) 0-015 0-219
C(2) 0-015 0-001
C(3) —0-027
C(4) 0-010 0-002
C(5) 0-020
C(6) —0-033 —0:004
C() 1-388 0-013
N(1) 0132 —-0-003
NQ?) 0-078 —0:009
N(3) —0-177 0013
N(4) 0-145 —0-017
N(5) —0-805 —0-004
o(1) 0619 0-001
0Q) —0-259 0-001
0(@3) —0-338 0-003
O(4) 0-570 0-003
O(5) 0-495 —0-005
0(6) —-0-977 —0-005
o) —0-574 —0-004
0O(8) —1-822 0-011
H®1) 0-005
H(Q) —0-024
H@3) 1-961
H(4) 1-212
H(5) 2-040

* Bold face type indicates that the atom was used to define the plane.

gen, oxygen, and hydrogen, respectively, the list of all
intermolecular interatomic distances was examined for
distances shorter than those that would be predicted
from the van der Waals radii. Only four such inter-
molecular distances, H(1)-O(3") (2-50 A), H(4)-0(6")
(2-46 A), H(5)-O(7") (249 A), and H(2)-0(8") (2-28 A),
were found. The last two of these are longer in the
model than in the determined structure. The pertinent
angles and distances are given in Table 7.

The ‘bond’ from H(2) to O(8’) appears to be a weak,
but conventional hydrogen bond in that the O-H dis-
tance is 0-3 A less than the van der Waals contact dis-
tance, the H(2)-O(8')-N(5) angle approximates a nor-
mal bond angle for an oxygen vertex atom, and the
C(5)-H(2)-O(8’) angle is nearly 180°. Additional crys-
tallographic information which supports the formation
of this hydrogen bond is found by examination of the
thermal motions of N(4), N(5), O(7), and O(8), and
their associated rigid body oscillations. The major os-

Type
C(3)-0(3)
H(1)-0(3")

C(7)-0(6"
H(#4)-0(6")

C(71)-0(7)
H(5)-0(7")

C(5)-0(8")
H(2)-0(8")

Table 7. Distances and angles
in intermolecular ‘hydrogen bonds’

Distance
339 A
2:50

3:34
2:46

311
2-49

Type
C(3)-0(3")-N(29)
H(1)-0(3")-N(2)
H(1)-C(3) -0(3")
C(3)-H(1) ~0(3")

C(7)-0(6')-N(3")
H(4)-0(6")-N(3")
H(4)-C(7) -O(6")
C(7)-H(4) -0(6")

C(7)-O(7)-N(59
H(5)~0(7')-N(5")
H(5)-C(7) -O(7)
C(N)-H(5)-O(7")

C(5)-0(8")-N(5")
H(2)-0(8")-N(5")
H(2)-C(5) -O(8")
C(5)-H(2) -0(8")

607

Angle
106°

29
131

126
118

29
138

142
159

47
114

113
111

171
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cillation axis of the group is not defined by the N(4)-
N(5) vector, as would be expected in a free nitro group,
but is more nearly the N(4)-O(8) vector and indicates
a restriction on the motion of O(8) as would be expected
if it is involved in a bond which is nearly perpendicular
to the plane of the nitro group. It can also be postulated
that the apparent long C(5)-H(2) bond of 1-10 A is
caused by a shift in the position of the electron cloud
near H(2) relative to the position in a normal covalent
bond.

A similar calculation of the intermolecular inter-
atomic distances and angles in potassium picrate

(Palenik et al., 1966) and 2,3,4,6-tetranitroaniline (Hol-
den et al., 1966) indicates the presence of the same
type of C-H---0O bond.

The remaining three weaker ‘hydrogen bonds’ in
tetryl are indicative of an ionic attraction between a
partially shielded proton (electrons concentrated in
C-H bond) and negatively charged oxygen atoms of
the nitro groups. Close intermolecular approaches of
hydrogen atoms and oxygen atoms of nitro groups have
been calculated in nearly all nitro compounds the
author has investigated. Many of these close ap-
proaches would not seem to be hydrogen bonds in the

(@

(]

Fig.5. Stereo pair illustrating the molecular packing in tetryl.
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conventional sense, principally because of the large
deviations of the hydrogen atoms from the C---O, or
in the case of amines N---O, vectors. The stronger
H(2)-O(8') interaction in tetryl can also be interpreted
as an especially favorable case of this electrostatic at-
traction.

The molecular packing in the unit cell is illustrated
by the stereo pair in Fig.5. The direction of view is
7° from b toward ¢* and 3° toward —a. The mono-
clinic unit cell is outlined. Covalently bonded atoms
are connected by solid lines, and the O(8"-H(2) bond
is represented by a dotted line. All atoms which are
within the volume bounded by —0-005<x<1-250,
0:0<y<1-5, and 0-0<z<1-350, and which are bonded
to at least one other atom in this volume are included.

The author wishes to thank A.C.Larson, D.T.
Cromer, and R.B.Roof for their interest and assistance
with parts of this structure; G.J.Palenik and J.R.
Holden for furnishing the author with the parameters
for potassium picrate, 2,3,4,6-tetranitroaniline, 1,3-
diamino-2,4,6-trinitrobenzene, and 1,3-dichloro-2,4,6-
trinitrobenzene in advance of their publication; and
Mrs M.L.Clancy and Mr P.Dimas for their help in
collecting the intensity data.
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