Acta Cryst. (1965). 18, 485

485

The Crystal Structure of 1,3,5-Triamino-2,4,6-trinitrobenzene*

By Howarp H. Capy aND ALLEN C. LarsonN
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, U.S.A.

(Received 10 April 1964)

The crystal structure of 1,3,5-triamino—2,4,68-trinitrobenzene has been refined by full-matrix least-
squares computations on all positional and thermal parameters, including hydrogen atoms, to a
final R index of 0-053 for 928 reflections of observable intensity. The unit cell is triclinic,

P1,a2=9-010, b=9-028, ¢c=6-812 A, and «=108-59°, f=91-82°, » =119-97°,

with two molecules per cell. The refinement was made with both spherical and non-spherical atomic
scattering factors for the carbon and oxygen atoms.

Three features of this structure are particularly unusual: the aromatic carbon-carbon distance
of 1444 A, the carbon-amino nitrogen distance of 1:319 A, and the presence of six bifurcated

nitrogen—oxygen hydrogen bonds.

Introduction

The compound 1,3,5-triamino-2,4,6- trinitrobenzene
(TATB) is unusual in its thermal and solubility
properties. The compound sublimes and decomposes
above 300 °C. Concentrated sulfuric acid is the best
of the few known solvents for TATB. These facts
indicated that the compound would be of interest
because of its hydrogen bonding system in which
both inter- and intra-molecular hydrogen bonds are
likely between amine groups and adjacent nitro groups.

Another compound, 1,3-diamino-2,4,6-trinitroben-
zene, form T (Holden, 1962}, that has a similar hydro-
gen bond system has been reported.

Optical crystallography

Triclinic TATB crystals commonly exhibit the forms
{oo1}, {100}, and {011}, and have nearly perfect
cleavage parallel to {001}. The X optic axis is per-
pendicular to the a-b plane, and the Y optic axis is
63-6° from b and 56-4° from a. The crystals are
strongly pleochroic, being colorless parallel to the
X axis and yellow in the Y-Z plane. The crystals
are anisotropic and biaxial negative, with 2E =62-8°
and 2V~26° as estimated from a centered optic
axis figure. The indices of refraction are n,=1-45,
and estimating from 2V, ny;=2-3 and 7,=3-1. Only
one polymorph has been observed.

Experimental

Single crystals suitable for optical and X-ray crystallo-
graphy were obtained by recrystallization from hot
nitrobenzene. A crystal having no dimension greater
than 200 u was selected for the determination of

* Work performed under the auspices of the United States
Atomic Energy Commission.

the crystal structure. The crystal was aligned, and
preliminary unit-cell dimensions were determined by
using precession photographs. The crystal was then
transferred to a carefully aligned General Electric
Company Single Crystal Orienter (SCO) equipped with
a scintillation counter and a molybdenum X-ray tube.
Cell dimensions were determined from a least-
squares fit of 31 20 (1 Mo Ka1=0-70926 A) values,
greater than 24°, for general Akl reflections which
were measured on the SCO. This least-squares fit
gives
a=9-010 +0-003, b=9-028 + 0-003, c=6-812 + 0-003 A,
o =108-59 +0-02°, $=91-82+0-03°, y=119-97 +0-01°
for the triclinic unit-cell parameters. There are two
molecules in the unit cell, and the calculated density
of 1-937 g.cm -3 compares favorably with the measured
density of 1-93 + 0-01 g.cm~3. The crystal was mounted
with its a* axis coincident with the ¢ axis of the SCO.
Background correction were made by the balanced
filter technique. Reflections within a sphere limited
by 20 =60° were examined by the stationary counter,
stationary crystal technique. No reflections were
detected by film techniques at larger 26 values.
Within the hemisphere considered, 2597 reflections
were examined, of which 928 were strong enough to
be observed (I—Bkgd >2-5)/({ -+ Bkgd)).

Computational details

The usual Lorentz and polarization corrections were
applied to give a set of observed |Fpx:|2 values on a
relative scale. No absorption corrections were applied
(abs. coeff.=2-16 cm=1). In the later stages of the
least-squares refinement, however, an extinction cor-
rection was included. Several different weighting
schemes were applied.

All least-squares calculations were made by using
the full matrix. One scale factor was used as a least-
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squares parameter, and in all cases where anisotropic
temperature factors were used, a secondary extinction
correction, g, was also included as a least-squares
parameter. The observational equation was of the
form

|Fel
A =T T gLy
where
k = scale factor
g = secondary extinction parameter
Lp= Lorentz polarization factor.

Anisotropic thermal parameters were of the form
exp {— (h2B11+k2Bsz + 12Bgs + hkB1iz + hiBis+ klBss) } .

The function Zw(|F,|—|F¢])2 was minimized. The
R index (X||Fo| —|F¢||/2|Fo|) was calculated ignoring
unobserved reflections. The estimated standard devia-
tions were calculated from

0 = (a,jj (W))%

m—n

where m is the number of observed reflections,
n is the number of parameters, and a%/ is the jj element
of the inverse matrix. Convergence acceleration
methods were not used. The programs used in the
calculations were written for the IBM 7094 computer
by A. C. Larson, D. T. Cromer, R. B. Roof, or H. H.
Cady of the Los Alamos Scientific Laboratory.
A detailed description of these programs is to be
published as a series of Los Alamos Scientific Labora-
tory reports. All Fourier maps were plotted using the
General Dynamics Corporation S-C 4020 microfilm
recorder.

Determination and refinement of the structure

The space group is not uniquely determined by
systematic extinctions and could be either P1 or P1.
Statistical tests (Howells, 1950; Ramachandran, 1959)
indicated that the proper space group was PI.
Because a satisfactory solution to the structure was
found in P1I, it is assumed to be the correct space
group.

Optical and cleavage properties of the crystal
indicated that the molecules are arranged in planar
sheets parallel to the a-b plane. The strength of the
002 reflection, together with the absence of the
001, 003, 005, and 007 reflections, indicated that these
planes are at z ~ } and .
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A three-dimensional sharpened Patterson function
was computed which confirmed the choice for the
planes of the molecules. The through-center vectors
determined approximate z and y coordinates of all
the non-hydrogen atoms.

The coordinates of the atoms in the molecule at
2~} were used as starting parameters in a least-
squares refinement. Form factors were used in fune-
tional form with parameters given by Forsyth &
Wells (1959). All observed reflections were given
unit weight, and isotropic temperature factors were
applied. The problem quickly converged and showed
that the trial structure was correct. After four cycles,
the value of R was 0-17. All atoms were then allowed
to become anisotropic, and an extinction correction
was introduced as a variable and was adjusted in all
following calculations. After three more cycles, B was
reduced to 0-073. At this point, the 59 reflections for
which ||Fo|—|F¢|| < 2:0e were remeasured. With the
corrected data, R dropped to 0-065. A difference
Fourier synthesis was then calculated to locate
hydrogen atoms. Peaks of about 0-4 e.A-2 in height
were observed in reasonable locations. Peaks also
could be seen on the observed Fourier syntheses in
these positions.

Hydrogen atoms with isotropic thermal parameters
were placed in these positions and their parameters
included as variables for seven more cycles of least-
squares refinement, and R dropped to 0-053. The
positional parameters of the hydrogen atoms con-
verged, but the thermal parameter of one of these
atoms tended to become negative by one-fifth of its
standard deviation. Three-dimensional observed and
difference Fourier syntheses were calculated including
contributions from all atoms. Only the sections in
the vicinity of the molecule showed significant
residual peaks of electron density in the difference
Fourier synthesis. The sections through one molecule
at z~} are shown in Figs.1 and 2. It is apparent
that the peaks of the difference Fourier synthesis
are systematically located between the atoms. The
standard deviation of the electron density (o,) in the
structure is estimated to be 0-07 e.A-3 by Cruick-
shank’s (1949) formula. Although this is a somewhat low
estimate because of the number of unobserved reflec-
tions, there are nine peaks in this section greater
than 3¢. This number of strong peaks and their
systematic locations with respect to benzene ring and
hydrogen bonds indicated that further refinement
might be rewarding.

The possibility that the weighting scheme for the
data caused these peaks in the difference Fourier

Table 1. Atomic scattering factors

Atom Type A4 B C D E

Carbon i 1-675 1-074 3-760 16-94 0-5465
Carbon fL 1-570 0-4682 4-297 21-21 0-1166
Oxygen fu 1-023 0-3545 6-425 11-47 0-1166
Oxygen 7L 1-419 1-233 5-609 10-54 0-9719
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Fig. 1. The electron density in the section z=$}. Contours are at intervals of 2 e.A-3; the zero contour is dotted.
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Fig. 2. The section z=} of a three-dimensional difference map. All atoms were included in the F(calc.)’s, the heavy atoms having
anisotropic temperature factors but spherical form factors. Contours are at intervals of 0-067 e. A~3. The zero contour is dotted ;

negative contours are light, continuous lines.

synthesis was considered. Changing the weighting
scheme in the least-squares calculations, however,
had only a slight effect on either the difference
Fourier synthesis or the results of the least-squares
calculations. One of the two additional weighting
schemes used in the least-squares calculations was to
weight the data as 1/f (f=(1/n)2fn/Z. for all atoms
except hydrogen), which should give the same result
as a Fourier analysis (Lipson & Cochran, 1957).
The other scheme was to weight the data by the
method of Evans (1961), which weights according to
counting statistics.

At this point in the refinement, non-spherical atomic
scattering factors were introduced into the least-
squares calculation as a first approximation to
bonding. The method of McWeeny (1951) was used.
His values of f”” and f’ for carbon and oxygen atoms
were transformed into the functional form of Forsyth
& Wells (1959) by least-squares. This equation has
the form fis5) = 4 exp (—Bs?) + C exp (—Ds?) + E,
where s=sin /4. The values found for the constants
in the equation are given in Table 1.

To simplify the coding problem, the TATB molecule
was assumed to be planar, parallel to the a-b plane,
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Fig. 8. The section 2=} of a three-dimensional difference map, identical with that shown in Fig. 2 except that the F(cale.)’s
are based on non-spherical form factors for the carbon and oxygen atoms (see text).
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Fig. 4. Bond distances and hydrogen bonding in TATB.

and to have bond angles of 120°. It follows, then,
that the unique direction for the carbon atoms would
be perpendicular to the plane of the molecule, while
the unique direction of the oxygen atoms would be
in the plane of the molecule and perpendicular to the
nitrogen—oxygen bonds. The data again were given
unit weight for observed reflections in the least-

squares calculations. The problem quickly converged,
giving an R index of 0-056. This slight increase in
the R index was disappointing. On the other hand,
the difference Fourier in the vicinity of the molecule
showed some improvement. The section through the
molecule which may be compared with Figs. 1 and 2
is shown in Fig. 3.
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Table 4. Observed and calculated magnitudes of the structure factors for TATB
The column headings are I, |10kF,/{1 —gLp(kF,)?}| and 10F;. A minus sign preceding F, should be read as ‘less than’
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Table 4 (cont.)
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Table 5. Planes in TATB

1x10%

Benzene ring

Spherical —1-38

Non-spherical —1-37
Nitro group I (C(1), N(1), O(1), O(2))

Spherical —512

Non-spherical —5-01
Nitro group ITI (C(3), N(3), O(3), O(4))

Spherical 3-30

Non-spherical 3-20
Nitro group III ((C(5), N(5), O(5), O(6))

Spherical —3:60

Non-spherical —3-58
Hydrogen Bond Group I (N(2), 0(2), O(6%))

Spherical —4-20
Hydrogen Bond Group II (N(2), O(3), O(5"))

Spherical 0-47
Hydrogen Bond Group III (N(4), O(4), O(2"))

Spherical 2:01
Hydrogen Bond Group IV (N(4), O(5), O(1")

Spherical 7-88
Hydrogen Bond Group V (N(6), O(6), O(4'))

Spherical —3:58
Hydrogen Bond Group VI {N(6), O(1), O(3")

Spherical —3:46

No good basis could be established for choosing
which of the different weighting schemes or atomic
scattering factors gave the ‘best’ structure. However,
because of the rarity of structure determinations in
which non-spherical atomic scattering factors have
been used, the results of this refinement and the
corresponding refinement with spherical atomic scat-
tering factors, both using unit weights, will be given.
Results of calculations in which normal spherical
atomic scattering factors were used will be identified
as ‘spherical’, while results in which McWeeny’s
non-spherical atomic scattering factors were used
will be identified as ‘non-spherical’.

The final least-squares parameters for both refine-
ments are given in Tables 2 and 3. In Table 4 are
listed the final values, from the spherical refinement,
of the calculated structure factors and the observed
structure factors corrected for scale and extinction
for which R=0-053. The corresponding tables for the
non-spherical refinement and the different weighting
schemes are available from the authors on request.

As a measure of the degree of completeness of the
refinements, the average and maximum parameter
shifts as fractions of the estimated standard deviations
are 0-001 and 0-028, and 0-006 and 0-015 for the
spherical and non-spherical refinements, respectively.
The B parameter of H(1) is excluded in the spherical
case because it was set equal to zero and not permitted
to converge to a negative value. The fractional shift
of this B parameter is 0-19.

CRYSTAL STRUCTURE OF 1,3,5-TRIAMINO-2,4,6-TRINITROBENZENE

IX4mY +nZ+d=0

Angle with

benzene

m x 102 n d ring (°)
0-08 0-9999 —1-5365 —_
0-15 0-9999 —1-5369 —
—5-25 0-9973 —1-3738 3-75
—5-26 0-9974 —1-3780 3-67
—3-24 0-9989 —1-6411 3-33
—3-14 0-9990 —1-6387 3-24
1-46 0-9992 —1-4886 1-60
1-36 0-9993 —1-4868 1-40
—5-48 0-9976 —1-4281 3:57
—1-74 0-9998 —1-5489 1-48
—1-31 0-9997 —1-6072 2:10
6-60 0-9947 —1-6408 6-50
0-29 0-9994 —1-4450 1-28
8-83 0-9955 —1-7012 5-17

Detailed description of the structure

Least-squares planes through the benzene ring, each
of the nitro groups, and each of the six bifurcated
hydrogen bonded groups were computed in an
isometric-orthogonal system defined by the equations

Table 6. Distance from benzene plane

Atom Spherical Non-spherical
c(1) 0-02 A 002 A
C(2) —0-02 —0-02
Cc(3) —0:00 —0-00
C(4) 0-03 0-03
C(5) —0-03 —0-03
C(6) 0-00 0-00
N(1) 0-09 0-08
N(2) —0-09 —0-09
N(3) 0-00 —0-01
N(4) 0-09 0-09
N(5) —0-08 —0-07
N(6) —0-01 —0-01
o(l) 0-15 0-15
0(2) 0-04 0-04
0(3) —0-07 —0-07
0(4) 0-05 0-05
0(5) —0-09 —0-08
0(6) —0-06 —0-06
H(1) —0-13 —011
H(2) 0-01 0-05
H(3) 0-05 0-06
H(4) 0-08 0-07
H(5) —0-03 —0-05
H(6) —0-15 —0-18
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Table 7. Distance from hydrogen bond planes Table 9. Angles in TATB
(Spherical refinement) Angle Spherical Non-spherical
Atom Plane Distance C(6)-C(1)-C(2) 122.2 122:240-4
H(1) N(2), 0(2), 0(6") —0-06 A C(6)-C(1)-N(1) 118-8 118:6+0-4
H(2) N(2), 0(3), O(5") 40-10 C(2)-C(1)-N(1) 119-0 119-24+0-5
H(3) N(4), O(4), O(2') —0-04 C(1)-C(2)-C(3) 118-0 118-0+0-5
H(4) N(4), 0(5), O(1") +0-01 C(1)-C(2)-N(2) 121-5 121-3+0-5
H(5) N(6), O(6), O(4") —0-01 C(3)~-C(2)-N(2) 120-4 120-7+0-5
H(6) N(6), O(1), O(3") —0-17 C(2)-C(3)-C(4) 121.7 121-7+0-4
C(2)-C(3)-N(3) 119-4 119-1+0-4
C(4)-C(3)-N(3) 118-9 119-1+0-4
C(3)-C(4)-C(5) 1180 1181+ 0-4
S X . C(3)-C(4)-N(4) 121-6 121-4+0-5
Table 8. Interatomic distances in TATB C(5)-0(4)-N(4) 120-4 120-5.3 0-5
Length (A) C(4)-C(5)-C(6) 122-2 122:2+0-4
C(4)-C(5)-N(5) 118-4 1186+ 0-4
Distance Spherical Non-spherical C(6)-C(5)-N(5) 119-4 119-14+0-4
) ) } C(5)-C(6)-C(1) 117-6 117-5+0-4
corcm e
C(3)-C(4) 1-437 1-436 % 0-007 C(1)-C(6)-N(6) 121-6 121-1+0-5
C(4)-C(5) 1-447 1-446 % 0-007 C()-N(1)-0(1) 121-0 121-3+0-4
C(5)-C(6) 1-433 1-435 % 0-007 C(L)-N(1)-0(2) 1208 120-7:+0-4
C(6)-C(1) 1-446 1450 + 0-007 0(1)-N(1)-0(2) 118:1 1179+ 0-4
- C(3)-N(3)-0(3) 120-6 120-7+4+0-4
C(1)-N(1) 1-42] 1-417 + 0-007 C(3)-N(3)-0(4) 121-5 121-54+0-4
C(2)-N(2) 1-312 1-310 + 0-007 0(3)-N(3)-0(4) 117-9 117-8 % 0-4
C(3)-N(3) 1-419 1-417 + 0-007 C(5)-N(5)-0(5) 121-6 1214+ 0-4
C(4)-N(4) 1-322 1:320 4+ 0-007 C(5)-N(5)-0(6) 120-5 120-9 +0-4
C(5)-N(5) 1-425 1-422 + 0-006 0(5)-N(5)-0(6) 117-7 117-6 +0-4
C(6)-N(6) 1-314 1-311 +0-007 C(2)-N(2)-H(1) 116 117 +4
N(1)-0(1) 1-233 1-236 + 0-006 C(2)-N(2-H(2) 118 120 x4
N(1)-0(2) 1-243 1-243 % 0-006 H(1)-N(2)-H(2) 124 121 16
N(3)-0(3) 1-246 1-246 + 0-006 C(4)-N(4)-H(3) 122 123 +6
N(3)-0(4) 1-241 1-239 % 0-006 IC{(‘;))‘ 1}‘@‘%((‘*43) 2 T
N(5)-0(5) 1.238 1-243 + 0-006 C((S):N(S))—_H(z‘)) e e 7
N(5)-0(6) 1-254 1-253 + 0-006 C(6)-N(6)-H(6) 119 116 55
N(2)-H(1) 0-86 0:86 +0-07 H(5)-N(6)-H(6) 123 123 +7
N(2)-H(2) 0-89 0:-85 +0-07
N(4)-H(3) 0-80 0-76 +0-07 Non-bonded angles
N(4)-H(4) 1-:05 1-06 +0-09 H(1)-N(2)-0(2) 29 30 +4
N(6)-H(5) 0-89 0-87 £0-08 H(1)-N(2)-0(6") 41 40 +4
N(6)-H(6) 1-06 0-96 +0-09 H(2)-N(2)-0(3) 32 34 +4
H(1)-0(2) 1-79 1-80 +0-07 H(2)-N(2)-0(5") 42 41 +4
H(1)-0(6") 2.4] 2-40 +0-06 H(3)-N(4)-0(4) 35 36 +6
H(2)-0(3) 179 1-84 +0-07 H(3)-N(4)-0(2") 34 33 +6
H(2)-0(5") 2-36 237 +0-06 H(4)-N(4)-0(5) 33 33 +4
H(3)-0(4) 1-91 1:95 +0-07 H(4)-N(4)-0(1") 40 41 +4
H(3)-0(2) 2.37 2-39 +0-07 H(5)-N(6)-0(6) 30 31 +5
H(4)-0(5) 170 1-69 +0-08 H(5)-N(6)-0(4") 40 38 &5
H(4)-0(1") 2.94 2-24 +0-08 H(6)-N(6)-0(1) 33 33 +5
H(5)-0(6) 1-79 1-81 +0-08 H(6)-N(6)-0(3") 42 45 +5
H(5)-0(4) 237 2:37 +0-08
H(6)-0(1) 1-70 177 +0-09
H(6)-0(3") 2.24 2-35 +0-09 X (A) = az+ (b cos y)y+ (c cos B)z
Y (A) = (bsiny)y—(csin B cos o*)z
Intramolecular hydrogen bonds Z (A) = (csin B sin a*)z
N(2)-0(2) 2-497 2-492 + 0-007 ) )
N(2)-0(3) 2-482 2-484 +0-008 as given by Chao & McCullough (1962). The equations
N(4)-0(4) 2:508 2:506 + 0-007 for these planes are given in Table 5. The angles
ggg:ggg; g:‘;gg giggfggg; between the plane of the bf‘anzenc.a ring and each of
N(6)-0(1) 2-486 2.492 + 0-007 the other groups are also given 1n Table 5. Atoms
- labeled with primes are atoms of adjacent molecules
Intermolecular hydrogen bonds (see Fig. 4). The distances of the atoms from the plane
N(2)-0(5") 2-950 2-960 + 0-006 of the benzene ring are given in Table 6, and the
N(2)-0(6") 2995 2995 +0-007 distances of the hydrogen atoms from the planes of
ggi;:gg; g:ggg ggggfgggs the three adjacent hydrogen bonded atoms are given
N(6)-0(3") 9.997 9.934 + 0-006 in Table 7. The sign of the distance indicates the
N(6)-0(4") 2-991 2-993 + 0-006 position of the atom above or below the plane. The

AC18—32
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Table 10. Magnitudes and direction angles, relative to the crystallographic axes,
of the principal axes of the vibration ellipsoids
Spherical Non-spherical
Atom Axisi B; (A2) a () b (°) e(®)  e*(°) B; (A2 a(®) b(°) c(®) ()
C(1) 1 1-14+0-2 29423 92425 92412 79 0-7+0-2 26+ 65 95469 94 4+ 28 83
2 1-44+0-2 116+ 26 7+13 115+ 8 96 0-8+0-2 114 +68 7+54 114+8 94
3 3:0+03 102+6 83+8 2647 12 3:3+0-3 98+5 8545 2445 8
C(2) 1 124+ 0-2 12+ 15 112+ 16 86+ 11 81 0-7+0-2 346 120+ 18 89+7 87
2 1:6+0-2 101417 27+19 93 + 22 71 1-2+0-2 90+18 32+18 103+ 7 80
3 2:14+0-3 96+ 12 105 + 20 4+15 22 2:64+0-3 93+6 97417 13+7 11
C(3) 1 1-8+0-2 16+ 16 135+ 16 82+ 15 86 1-0+0-2 7T+22 113+22 92+ 9 87
2 1-14+0-1 75+16 45416 10647 84 0-7+0-2 97+ 23 23+ 23 109+5 87
3 2:54+0-3 96+ 14 91+12 18+9 8 3:1+0-3 93+6 9245 1944 4
C(4) 1 1-3+0-2 37+ 258 83+263 110+52 95 0-9+0-2 26 + 80 145+ 82 87432 96
2 1-3+0-2 126 + 261 9+215 100491 84 0-8+0-1 65482 55+ 82 113+ 6 91
3 2:94+0-3 8247 96+ 6 23+ 6 8 3-44+0-3 84+5 94+4 23+4 6
C(5) 1 1-4+0-2 36 +31 84+ 31 105+ 14 90 0-6+0-2 94207 1114208 95485 90
2 1-1+0-2 126 + 31 9+25 113+8 96 0-6+0-2 994208 21+207 114418 92
3 37403 9345 84+5 2745 6 4-2+04 91+4 88+4 2443 2
C(6) 1 1:24+0-2 18+25 102425 97411 88 0-8+0:2 11+40 110442 93+ 16 87
2 1-5+0:2 108425 124+ 24 106 +11 85 1-0+0-2 100+42 20442 112+ 6 90
3 2:54+0-3 91+9 94+11 18+10 5 3:0+0-3 93+5 89+6 22+6 3
N(1) 1 1-:6+0-2 23 +31 143+ 31 82+13 89 1:34+0-2 45+ 54 165+ 54 75+19 89
2 1:3+0-1 67+ 31 53+ 31 113+ 6 92 1-2+0-1 45454 75+ 54 109+ 17 92
3 4-3+0-3 90+4 88+4 25+3 2 3:9+0-3 89+4 89+4 25+ 4 2
N(2) 1 1-440-2 38+19 82419 109+5 94 1-5+0-2 22410 98+ 11 105+4 96
2 1:0+0-2 128 +19 8418 103+6 87 0-8+0-2 111 +10 9410 108+4 88
3 5:3+0-3 85+3 93+2 2443 5 4-9+0-3 83+3 93+ 2 24 +3 6
N(3) 1 1:94+0-2 4349 162+ 9 71+5 84 1-6+0-2 46+12 165+12 70+5 85
2 10401 47+9 73+9  105+4 88 10+01  45+12 75+12 105+6 88
3 46+03  96+3 86+ 4 26+4 6 42503 95+4 8544 25+4 6
N(4) 1 1-24+0-2 6+14 114414 94+5 90 1:0+0-2 5+9 115+ 9 92+4 85
2 1-8+0-2 96+ 14 24413 107 +4 85 1-8+0-2 954+ 10 26+ 9 108+ 4 86
3 4.9+03 90+3 9543 18+3 5 46+0-4 9143 934 4 18+4 5
N(5) 1 1-84+0-2 24421 96+ 21 101+10 90 1-54+0-2 38+31 82431 107+12 92
2 1-4+0-2 114 +21 8+15 115+ 6 96 1-240-2 1284+ 30 9428 110+ 9 94
3 3:5+0-3 93+5 84+5 28+5 6 3-240-3 91+5 86+5 2745 4
N(6) 1 2-24+0-2 18+7 137+ 7 90+ 5 95 1-240-2 2248 141+ 8 89+6 95
2 0-94+0-1 73+7 47417 113+2 91 0-84+0-1 68+8 52+8 112+ 3 90
3 4-740-3 85+5 93+4 23+2 5 4-6+04 85+5 94+4 2243 5
0(1) 1 1-3+0-2 27410 93+10 99+4 87 1-240-2 29+8 91+8 99+3 86
2 2:04+0-2 117410 3+10 109+ 2 89 2:34+0-2 11948 247 108+ 2 89
3 10-1+0-4 92+1 90+1 21+1 3 9-54+0-4 93+2 91+2 20+ 2 4
0(2) 1 1-2+0-2 16 +7 136 +7 85+3 89 1-3+0-2 18+8 138+8 84+4 89
2 2:34+0-1 5+7 46+7 111+2 89 2:5+0-1 72+ 8 48+ 8 11343 91
3 6-8+0-3 92+2 90+ 2 22+2 2 564+0-3 91+2 894+ 3 2443 1
0(3) 1 2:2+40-2 11+12 131+12 86+4 89 2:64+0-2 448 13448 90+3 90
2 1-640-2 79+ 12 41 +12 110+ 2 88 1-6+0-2 86+ 8 34+8 111+1 88
3 10-94+0-4 92+1 91+1 21+1 3 10:34+0-4 90+2 91+2 21+1 2
0O(4) 1 1-0+0-1 3246 88+6 105+2 91 1-:04-0-1 33+5 87+5 107+2 93
2 2:3+0-2 122+6 2+6 107+3 89 26+02 12345 444 110+3 93
3 7-64+0-3 8842 9142 23+2 2 6:940-3 8942 8743 2742 4
0(5) 1 1-34+0-2 35+7 15447 77+3 88 1-:3+0-2 37+7 156+7 7443 85
2 2:6+0-1 5647 6447 10642 87 2:8+0-1 5447 66+7 108 +3 88
3 8:2+0-4 94+ 2 90+ 2 2142 4 7-54+0-4 95+ 2 8642 2442 5
0O(6) 1 1-94+0-2 17+9 103+9 95+4 87 2:34+0-2 10+5 113+ 7 88+4 83
2 1-24+0-2 107+ 9 13+9 11242 91 1-34+0-2 97+ 17 23+7 115+ 2 3
3 6-5+0-3 9442 8842 23+2 4 56403 98+3 85+3 2542 8
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entire molecule is very nearly planar and lies almost
exactly in the a-b plane, making an angle of 0-8°
with this plane.

Interatomic distances before correction for thermal
motions are given for the spherical and non-spherical
refinements in Table 8. The standard deviations are
listed for the non-spherical case. These deviations
were calculated using the entire variance-covariance
matrix from the least-squares analysis, excluding
unit cell parameter errors.

The intermolecular hydrogen bond distances as
given in Table 8 are to molecules in the same layer.
The closest inter-layer amino nitrogen—oxygen distance
is 3-36 A. A similarly arranged list of bond angles is
given in Table 9, and a diagram of the TATB molecule
showing the uncorrected bond lengths is presented in
Fig. 4.

The anisotropic thermal parameters were trans-
formed to obtain the axes of the ellipsoids of thermal
motion and the directions of these axes with respect
to the crystallographic axes and c¢*. These results are
given in Table 10. As would be expected, the major
axes of vibration for all atoms are nearly parallel
to c*. Another expected result is the observed increase
in the amplitude of the thermal vibration of the carbon
atoms perpendicular to the plane of the molecule on
changing from spherical to non-spherical atomic
scattering factors.

Translational and librational tensors were calculated
(Cruickshank, 1956a) from the thermal parameters
of the carbon and nitrogen atoms of the spherical
refinement, using a code supplied by Trueblood (1962).
The center of mass was taken as the unweighted
average of the atomic positions. The oxygen atoms
were omitted because examination of the ellipsoids
of thermal vibration indicated a large torsional
vibration of the nitro groups about the C-N bonds.
The results of the calculation are given in Table 11.

Table 11. Translational and librational tensors for the
carbon and nitrogen atom skeleton
Axes are the orthogonal set used in plane calculations

0-0169 —0-0009 —0-0005
T= 0-0158 —0-0003) Az
0-0271
0-0013 0-0011 0-0014
o= 0-0013 0-0014] A2
0-0022
12-2 —05 —04
W= 12-9 —0-1 (°)2
21
16 0-9 1-2
Op= 1-6 1-2 ()2
0-9

Corrections to the C-C and C-N distances were
calculated by the method of Cruickshank (195656,1961).
Corrections to the N-O distances were made assuming
that the oxygen atoms vibrate in phase with the
nitrogen atoms (Busing & Levy, 1964). This is a
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minimum correction for the N-O distance. The
average uncorrected and corrected bond distances are
given in Table 12. An estimate of the torsional vibra-
tion of the nitro group about the C-N bond was
made from the residual oxygen amplitudes perpen-
dicular to the plane of the benzene ring and indicated
an average amplitude of about 12°.

Table 12. Average bond distances

(Spherical refinement)

Bond Uncorrected Corrected
C-C 1441 A 11444 A
C-N (nitro) 1-422 1-426
C-N (amino) 1-316 1-319
N-O 1-243 1-266

Discussion of the structure

This compound contains a large number of unusual
features. Some of these are the extremely long C-C
bond in the benzene ring, the very short C-N (amino)
bond, and the six bifurcated hydrogen bonds.

Bond order calculations were made (Pauling, 1960)
using the corrected bond lengths from Table 12.
These calculations indicate bond orders of 1-23 for
the C-C, 1-02 for the C-N (nitro), 146 for the
C-N (amino), and 1-52 for the N-O bonds. Summation
over the entire molecule gives the anticipated total
of six double bonds.

One can draw a large number of resonance forms
for this molecule, some of which are given in Fig. 5.

(=) =)
O #).-0 NG ) 0\(.;-)/,0\*‘l
N H N H N™ -
| | (+) (=)
Nh ANy N4

(@ () ()
Fig. 5. Resonance forms of TATB.

The bond order calculations indicate that the
normal resonance form [Fig. 5(a)] is relatively un-
important. Forms similar to Fig. 5(b) and (c¢) or with
additional double bonds to other amino groups must
contribute significantly to the structure. Resonance
forms such as Fig. 5(c) and those in which the hydrogen
bond has effectively withdrawn an electron from an
adjacent molecule can be justified by an examination
of the difference Fourier syntheses shown in Figs. 2
and 3, in which there are two regions of electron
density, equal to or greater than o,, at about 1 A
from each oxygen in reasonable locations. Evidence
of a strong intermolecular interaction (hydrogen bond)
in TATB is indicated by the lack of an observable
melting point and low solubility in all solvents except
concentrated sulfuric acid.
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Another point which requires discussion is the
systematic arrangement of peaks and valleys of
residual electron density in the difference Fourier
syntheses (Figs. 2 and 3). There are peaks of residual
electron density approximately midway between the
bonded carbon and nitrogen atoms, and valleys
between the non-bonded carbon and nitrogen atoms
of a molecule. These regions of residual electron
density, both positive and negative, extend about
1 A above and -below the plane of the molecule.
Integration of the residual electron density peaks,
of the spherical refinement (Fig.2), between the
arbitrarily selected pairs of atoms C(3) and C(4),
and C(5) and C(6) indicates that both of these regions
contain approximately 0-1 electron in 1-3 A3,
Application of the methods suggested by McWeeny
(1951, 1952, 1953, 1954) for X-ray scattering by bonded
atoms would probably eliminate many of the
systematic peaks and valleys of the difference Fourier
synthesis. Application of these methods would account
for some of the scattering power in the bonds and
would reduce the apparent thermal motion in the
plane of the molecule. This reduction in the apparent
thermal motion would tend to remove electrons from
the non-bonded regions and eliminate the valleys of
the difference Fourier.

The authors wish to thank D.T. Cromer, R. B.
Roof, and Prof. K. N. Trueblood for their interest
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and discussions concerning this structure. Thanks are
also due Mrs Lois Duncan for help in gathering the
intensity data.
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The Crystal Structure of the Tetragonal Bronze Ba,Ti,Nb;O,,

By N. C. STEPHENSON
School of Inorganic Chemistry, University of New South Wales, Sydney, Australia

(Recetved 14 April 1964)

The structure of the tetragonal bronze BagTi,NbgO;, has been determined by single-crystal X-ray
analysis. The light-atom positions were determined from three-dimensional Fourier difference
synthesis sections and the positional coordinates of all atoms were refined by cycles of differential
syntheses. The Ti and Nb atoms are statistically distributed throughout the structure and are
each surrounded by an octahedron of oxygen atoms. The metal-oxygen octahedra are joined together
by corners in a framework containing four- and five-side tunnels which run through the structure,.
The barium ions fully occupy all available sites in these tunnels.

The space is P4bm. The metal atoms are displaced from the centres of gravity of the surrounding
octahedra of oxygen atom. These displacements occur in the same direction resulting in a polar

[001] axis, characteristic of a line ferroelectric.

Introduction

The tetragonal tungsten bronze structure was de-
duced by Magnéli (1949) for the phase K, WOs;
(0-48 <z <0-54). In this study, the positions of the
tungsten and potassium atoms were found by single-

crystal techniques, but the oxygen atoms were placed
in positions which afforded a reasonable stereochemical
environment and were not confirmed by direct
methods.

This structure arises not only in metal oxide
‘bronzes’ but in materials of high dielectric constant.



