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First Structural Characterization of Binary As™ and Sb"' Azides

Ralf Haiges,*!*! Ashwani Vij,*!" Jerry A. Boatz," Stefan Schneider,"” Thorsten Schroer,!
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Abstract: The highly explosive mole-
cules As(N;); and Sb(N;); were ob-

pared to ab initio second-order pertur-
bation theory calculations. Whereas

Sb(N;); possesses a propeller-shaped,
pyramidal structure with perfect C;

tained in pure form by the reactions of
the corresponding fluorides with
(CHj;);SiN; in SO, and purification by
sublimation. The crystal structures and
N NMR, infrared, and Raman spectra
were determined, and the results com-

antimony -

spectroscopy

Introduction

The syntheses of the highly explosive binary triazides of ar-
senic and antimony have recently been reported.!' Howev-
er, the structures of these interesting compounds could not
be determined because they were difficult to crystallize or
obtained only as oils. We have now been able to prepare
M(N;); (M=As, Sb) as very pure solids and obtained their
single crystals by slow and careful sublimation of the solids.

Results and Discussion

Syntheses and properties: The reaction of AsF; or SbF; in
SO, with excess (CH;);SiN; at room temperature results in
complete azide—fluoride exchange yielding a clear solution
of As(N;); or precipitation of Sb(N3);, respectively, accord-
ing to Equation (1) (M= As, Sb).

MF; + 3 (CH, );SiN; 224 M(N;); + 3 (CH,);SiF (1)
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symmetry, the As(N;); molecule is sig-
nificantly distorted from C; symmetry

ardtes due to crystal packing effects.

vibrational

Removal of the volatile compounds, SO,, (CH;),SiF, and
excess (CH;);SiN;, at ambient temperature results in pure
triazides.

As(N3);, which had previously been prepared by the reac-
tion of AsCl; with NaN; and been reported to be a yellowish
liquid,""! was obtained as a white solid. Single crystals of ar-
senic triazide were obtained by slow and careful sublimation
in a dynamic vacuum. The crystalline product melts at 37°C.
The molten As(N;); decomposes at 62°C, resulting in a
milky liquid that explodes at about 160°C.

Crude Sb(N;); was isolated as a white solid with a decom-
position point of 130°C. Despite previous reports of explo-
sive decomposition upon attempted sublimation,”’ we were
able to obtain colorless crystals by sublimation of the crude
product in a static vacuum at 100-110°C. It should be em-
phasized that As(Ns); and Sb(N;); are sensitive to mechani-
cal shock and can explode violently.

Crystal structure of As(N;);: Clear colorless As(Nj;); crystal-
lizes in the monoclinic system (Table 1). The crystal struc-
ture of As(Nj;); is shown in Figure 1, and the atomic coordi-
nates and bond lengths are listed in Tables2 and 3. The
three azido groups are arranged in a pyramidal, propeller-
type fashion, which is in contrast to the [C(N;);]* ion, which
exhibits a trigonal planar arrangement for the central
carbon atom and the three o-nitrogen atoms.” This differ-
ence in the structures of M(N;); (M= As, Sb) and [C(N;),]*
is due to the presence of a sterically active lone valence
electron pair on As and Sb (see Figure 2).

The presence of a sterically active, free valence-electron
pair on As was verified both experimentally and theoretical-
ly. Experimentally, a difference electron-density contouring
of the X-ray diffraction data clearly shows the presence of
the free pair (see Figure 3a). Theoretically, the RHF/6—
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Table 1. Crystal data and structure refinement for As(N;); and Sb(N;);.

As(N3); Sb(N;)s
formula AsN9 NOISb
M, 201.01 247.84
T[K] 213(2) 223(2)
space group P2,/c R3
a[A] 7.3263(7) 7.6998(9)
b [A] 11.716(1)
c[A] 6.9865(7)
a [°] 90 55.79(2)
A I°] 107.219(2)
VA3 572.8(1) 291.26(6)
V4 4 2
Ocaled [gem ] 2.331 2.826
u [mm™] 5.863 4.667
crystal size [mm] 0.34x0.25x0.14 0.12x0.10x0.08
2 [A] 0.71073 0.71073
Rin 0.0272 0.0422
transmission factors 0.4941, 0.2404 0.7065, 0.6043
goodness-of-fit on F 1.098 1.132
R1, wR2 [I>20(1)] 0.0240 0.0641 0.0320, 0.0849

R1, wR2 (all data)

0.0254, 0.0650

0.0328, 0.0856

Table 3. Bond lengths [A], bond angles [°], and torsion angles for

As(N;); and Sb(N3)s.

Figure 1. An ORTEP plot of As(N;); with displacement ellipsoids at the
40% probability level.

Table 2. Atomic coordinates (x10*) and equivalent isotropic displace-
ment parameters [A?x 10°] for As(N;);. U,, is defined as one third of the
trace of the orthogonalized Uj; tensor.

X y z Uy
Asl 2858(1) 4451(1) 6183(1) 21(1)
N1 1116(3) 4819(2) 3655(3) 27(1)
N2 1725(3) 4783(2) 2190(3) 22(1)
N3 2190(3) 4790(2) 799(3) 35(1)
N4 4850(3) 3837(2) 5241(3) 25(1)
N5 4994(2) 2785(2) 5223(3) 23(1)
N6 5226(3) 1840(2) 5180(4) 37(1)
N7 1743(3) 3030(2) 6499(3) 26(1)
N8 250(3) 2776(2) 5209(3) 27(1)
N9 -1129(3) 2495(2) 4091(4) 41(1)

As(N3); Sb(N3);
M-NI1 1.897(2) 2.119(4)
M-N4 1.910(2) 2.119(4)
M-_N7 1.896(2) 2.119(4)"
N1-N2 1.232(3) 1.233(6)
N2-N3 1.121(3) 1.131(6)
N4-N5 1.237(3) 1.233(6)1
N5-N6 1.122(3) 1.131(6)®
N7-N8 1.231(3) 1.233(6)"
N8-N9 1.128(3) 1.131(6)™
N1-M-N4 97.87(9) 90.1(2)
N1-M-N7 96.51(9) 90.1(2)
N7-M-N4 96.22(8) 90.1(2)
N2-N1-M 117.1(2) 115.8(3)
N5-N4-M 117.1(2) 115.8(3)!
N8-N7-M 116.6(2) 115.8(3)"
N3-N2-N1 175.9(2) 178.3(5)
N6-N5-N4 175.8(2) 178.3(5)%
N9-N8-N7 176.3(2) 178.3(5)"!
M-N1-N2-N3 161(4) 148(17)
M-N4-N5-N6 171(4)
M-N7-N8-N9 171(4)
N1-M-N4-N5 102.5(2)
N1-M-N7-N§ 51(2)
N4-M-N1-N2 11.9(2) 9.9(3)
N4-M-N7-N§ 103.8(2)
N7-M-N1-N2 109.1(2) 100.1(3)
N7-M-N4-N5 5.0(2)

[a] Transformation=z, x, y. [b] Transformation=y, z, x.
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Figure 2. An ORTEP plot of As(N;); at the 40 % probability level show-
ing the sterically active free valence-electron pair of arsenic and the
three closest nitrogen contacts that give the arsenic atom a coordination
number of seven.

31G(d) Boys localized orbitals®® of the Cs(anti) local mini-
mum geometry were computed, and a two-dimensional con-
tour plot of the sterically active lone pair on the arsenic
atom is shown in Figure 3b. Similarly, the MP2/6-31G(d)
total electron density was analyzed by using Bader’s Atoms
in Molecules (AIM) method.”” A two-dimensional contour
plot of the laplacian of the total electron density (i.e., /*0)
is shown in Figure 3c. The localized negative region of the
laplacian on the arsenic atom along the direction of the C;
symmetry axis is consistent with the presence of a sterically
active lone pair.

In As(N;)s, the three azido groups point away from the ar-
senic lone pair. The torsion angles (Table 3) clearly show
that the As(N;); structure lacks perfect C; symmetry. The
values for the N7-As1-N4-N5 and N1-As1-N7-N8 angles are
similar with 5.0(2) and 5.1(2)°, respectively, but different
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Figure 3. Experimental and theoretical evidence for the presence of a
sterically active free valence-electron pair in As(N;);: a) Difference elec-
tron density contour from the X-ray diffraction data. b) Contour plot of
the RHF/6-31G(d) Boys localized sterically active lone pair orbital on
As, in a plane containing the C; symmetry axis of the C;(anti) structure;
solid and dashed contours correspond to positive and negative values, re-
spectively; the spacing between contour lines is 0.05 bohr*?. c¢) Contour
plot of the MP2/6-31G(d) laplacian of the total electron density of the
Cs(anti) geometry, in a plane containing the C; symmetry axis; solid and
dashed lines correspond to negative and positive values, respectively.

from the N4-As1-N1-N2 angle of 11.9(2)°, indicating the
presence of nonequivalent azido groups. A mean least-
squares planes analysis of the azido groups relative to the
plane formed by the three a-nitrogen atoms further substan-
tiates the nonequivalence of these groups. The twists of the
azido groups N1-N2-N3, N4-N5-N6, and N7-N8-N9 relative
to the mean plane formed by N1, N4, and N7 are 46.9(2),
43.0(2) and 57.9(3)°, respectively.

Packing diagrams for As(Ns); are shown in Figures 4 and
5. It is well known that arsenic atoms can accommodate at
least six closely packed fluoride ligands, as in AsF,™. It is,
therefore, not surprising that arsenic seeks a coordination
number higher than four in As(N,);. For SbCI(N;),, it has
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Figure 4. Crystal packing of As(N;); along the b axis showing the zig-zag arrangement of alternating As1,N1,
and Asl1,N4, parallelograms. These chains run along the a axis and are linked to adjacent chains by As1-N6

bonds. The N7-N8-N9 azido groups do not participate in the bridging.
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Figure 5. Crystal packing of As(N,);, viewed along the chains and the a
axis, showing the stacking of the arsenic-nitrogen parallelograms around
the inversion centers along the origin and cell edges. The individual
chains are linked to each other through diagonal As1-N6 contacts that
penetrate the ab plane.

previously been shown!® that the antimony atom can
expand its coordination number by the formation of nitro-
gen bridges involving the a-nitrogen atoms of the azido li-
gands. This bridging mode results in four-membered rings
containing two antimony and two N, atoms. These rings are
interconnected through the antimony atoms, thus forming
infinite zigzag chains. The same
bridging principle is observed
for As(N,);, in which two of its
azido groups, N1-N2-N3 and
N4-N5-N6, participate in the
formation of the infinite chain
structure through the formation
of fused As,N1, and As,N4, di-
meric  parallelograms  (see
Figure 4). These chains run
along the a axis with the two
parallelograms twisted at ~74°
with respect to each other. The
bridge bond lengths are 2.970 A
for the rings involving the N4
atoms and 3.069 A for the rings
involving the N1 atoms. The
nonequivalence of the two rings
is caused by N6 forming an ad-
ditional bridge of 3.198 A to an
arsenic atom of a neighboring
chain, perpendicular to the ab
plane, thus interconnecting the

4
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individual chains to form a three dimensional network (see
Figure 5). Like the chlorine ligand in SbCI(N;),, the third
azido ligand, N7-N8-N9, does not participate in the bridging.
This packing arrangement accounts for the nonequivalence
of the three azido ligands in As(N;); and provides the arsen-
ic atoms with a coordination number of seven with three
azido ligands, three nitrogen bridges, and one free valence-
electron pair. The arrangement is that of a distorted mono-
capped octahedron, with the free valence-electron pair occu-
pying the monocap position. The angle, formed by the
bridge bonds, is significantly larger than that between the
azido ligands (Figure 2). The relative ease with which crystal
packing effects can deform the As(Nj); structure from the
ideal C; symmetry is also supported by the theoretical calcu-
lations (see below). It was found that the four stable iso-
mers, which exhibit different orientations of the azido
groups, differ in energy by a mere 3 kcalmol™! or less.

Crystal structure of of Sb(N;);: This molecule (Figure 6 and
Tables 3 and 4) represents a “text-book” example of perfect
C; symmetry. The asymmetric SbN; unit has an azido group

Figure 6. An ORTEP plot of Sb(N;); with displacement ellipsoids at the
40 % probability level.

Table 4. Atomic coordinates (x10*) and equivalent isotropic displace-
ment parameters [A2x 10°] for Sb(N;)s. Uy, is defined as one third of the
trace of the orthogonalized Uj; tensor.

X y z Uy
Sbl 6897(1) 6897(1) 6897(1) 21(1)
N1 8642(6) 6330(6) 3834(7) 22(1)
N2 7558(7) 7362(7) 2605(7) 24(1)
N3 6612(8) 8311(8) 1432(8) 39(1)

covalently bonded to the antimony atom that lies on a
threefold rotational axis. The symmetry operations z,x,y and
y,z,x for a thombohedral setting for space group R3 gener-
ate the remaining two azido groups, thus placing the antimo-
ny atom at the pivot of a propeller-shaped molecule. The
Sb—N distance of 2.119(4) A is shorter than the two Sb—N
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distances of 2.152(8) and 2.1444(7) A found in the crystal
structure of SbCI(N;),.®l The azido groups are almost linear
with N-N-N angles of 178.3(5)°. As found for the As(N;);
structure, the N,—N distance of 1.233(6) A is longer than
the Ng—N, distance of 1.131(6) A. However, in the case of
SbCI(N,),,*! one of the azido groups has an “abnormal” N,—
N; distance of 0.98(01) A, which is shorter than the Ng—N,
distance of 1.28(1) A. This peculiarity has also been ob-
served by us for mixed chloride/azide antimony(v) anions,
[PhyM]*[SbCL(N5)_,]- (x=2-5; M=P or As) and the
Te(N;)s~ ion,®) and by others for the structures of some
azido derivatives of platinum,'®'? vanadium,™ and tanta-
lum.' In our opinion, these unusually short distances are
not real and are due to partial occupancy of some azide
sites by other atoms, such as chlorine.

In Sb(N3); and SbCI(N;),, the angles at the Sb atom are
compressed from an ideal tetrahedral value of 109.5° to
~90°. This angle compression is caused by the increased re-
pulsion from the sterically active free valence-electron pair
on antimony. Because this effect increases with increasing
size of the central atom, it is less pronounced for As(N;);,
which exhibits an N-As-N angle of 97.9°, and for isoelec-
tronic Te(N;);+ in its SbF~ salt. The latter is significantly
distorted from ideal C; symmetry due to crystal packing ef-
fects and fluorine bridging, and exhibits N-Te-N angles rang-
ing from 91.9° to 97.3°.") Furthermore, the Sb-N-N angles
of 115.8(3)° in Sb(N;); are smaller than those of ~120°
found in SbCI(N;),."! In accord with the requirements for C;
symmetry, the torsion angles in Sb(N3); are all identical and,
due to the almost linear azide group (178.3(5)°), the M-N-
N-N torsion angles are poorly determined.

One of the most interesting consequences of the high
symmetry of Sb(Nj); is its crystal packing. Figure 7 shows
aesthetically pleasing views down the z (111) axis. Each of
the molecules has a threefold local symmetry, but the z axis
also constitutes the crystallographic threefold axis. When no
bonds are displayed, the nitrogen packing mimics the “Star
of David”. However, when all bonds are displayed, an inor-
ganic pseudo[18]crown-6 evolves in which six antimony
atoms form a perfect hexagon and encapsulate two Sb(Nj);
molecules located on a pseudo-Ss axis passing through the
center of the hexagonal cell. The two central Sb(N5); mole-
cules are stacked with the lone pairs on antimony pointing
away from each other and the three azido groups on each
antimony being rotated by 60° from each other, forming a
perfectly staggered structure. When viewed from the top,
each individual Sb(Nj); unit resembles the three legged
“Isle of Man” emblem.

When viewed from the side (see Figure 8), the packing
can be described as a sheet structure. Within each sheet,
there are two Sb(N;); layers. The antimony atoms of each
layer point in opposite directions and form triangular
funnel-like holes. The antimony atoms of one layer are lo-
cated deep inside the holes of the other layer and reside
~09 A beyond the plane formed by the antimony atoms of
the other layer. The resulting close contact between the two
layers allows each antimony to form three close contacts of
2.844 A with a-nitrogen atoms from three neighboring
Sb(N;); units, thus creating two-dimensional sheets (see

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 511
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Figure 7. Packing diagrams of Sb(N3); viewed again along the z axis. The left-hand picture, in which the nitro-
gen atoms are highlighted in yellow forms a “Star of David” pattern, while in the right-hand picture, the addi-
tion of the connecting bonds emphasizes the six-fold high symmetry of the structure and gives the appearance

of a crown made up from “Isle of Man” emblem subunits.
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Figure 8. Side view of the Sb(N;); structure showing two sheets intercon-
nected through staggered azido groups.

Figure 9). This gives antimony a total coordination number
of seven (three equivalent azido ligands, three equivalent ni-
trogen bridges, and one sterically active, free valence-elec-
tron pair). Because of the increased repulsion from the free
valence-electron pair of antimony, the angle between the
Sb--N bridges is opened to 118.7°, while the N-Sb-N angle is
compressed to about 90°. The Sb--N bridges result in the
formation of three a-nitrogen-bridged, perfectly planar,
four-membered rings around each antimony atom. A mean
least-square plane analysis shows that they form angles of
76.6° with each other and are arranged in a fashion resem-
bling the “Mitsubishi” emblem (see insert in Figure 9). The
contacts between the sheets consist of staggered azido
groups that are rotated by 60°with respect to each other.
The Sb(N;); and As(Ns); packings have several features in
common. In both structures, the central atoms have coordi-
nation numbers of seven with three azide ligands, three ni-
trogen bridges, and one sterically active free valence-elec-

512 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tron pair. Furthermore, both
molecules associate through the
formation of N,-bridged four-
membered rings. However, in
Sb(N3;),, all three N, atoms par-
ticipate equally in the bridge
formation (see “Mitsubishi”
insert in Figure 9), while in
As(N3); only two N, atoms and
one N, atom are involved
(“half-Mitsubishi”, see
Figure 10). This results in a
ribbon-like structure for
As(N;); and a sheet structure
for Sb(N3);. Also, the bridges in

Sb(N;); are much stronger
. “e
21194

-— -o \.|i \
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Figure 9. Nitrogen bridging within the Sb(N;); sheets. The insert shows
the “Mitsubishi emblem” pattern of the bridging.

N7

Figure 10. Nitrogen bridging within the As(N;); chains, showing a “Half-
Mitsubishi” pattern.

(2.844 A, while the sum of the covalent van der Waals radii
is 3.66 A) than those in As(N;); (2.970, 3.069, and 3.198 A,
while the sum of the covalent van der Waals radii is only
3.40 A).
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“N NMR spectra: As expected for covalently bonded
azides,™ three well-resolved resonances were found for both
compounds in their N NMR spectra in CH,Cl, at 25°C.
The As(N;); molecule shows a very broad signal at 6=
—290 ppm (Av:, =300 Hz) for the N, atoms, a sharp signal
at 0=-145.3 ppm (Avy, =14 Hz) for the Ny atoms, and a
medium-sharp resonance at 6=-175.9 ppm (Av:, =34 Hz)
for the N, atoms. This is in disagreement with the data pre-
viously reported for this compound, d=— 318.0 (N,),
—131.1 (Np), and —165.2 ppm (N,).""') However, the ob-
served N NMR resonances for Sb(N;); of 6=-324.5
(Avi,=139Hz, N,), -1362 (Av,=18Hz, Ng), and
—172.3 ppm (A¥;=23 Hz, N,) are in good agreement with
the data reported previously.”)

Theoretical calculations: Geometry optimizations were per-
formed for As(N;); and Sb(N;); by using second-order per-
turbation theory methods (MP2, also known as
MBPT(2)).'18 All stationary points were verified as local
minima through diagonalization of the matrix of energy
second derivatives with respect to nuclear displacements
(i.e., the hessian matrix).

Four local minima were located for As(N;); (see Figure 11
and Table 5). Zero-point vibrational-energy corrections for
these minima differed by less than 0.1 kcalmol™'. In the

Figure 11. Local minima calculated for As(N;); (1-4) and Sb(N3); (1 and
3) at the MP2 level of theory. The values for the calculated bond lengths,
bond angles, and torsion angles are given in Table 5.

most stable minimum at the MP2 level, (3, C;), two azido li-
gands adopt an approximate anti-orientation relative to the
stereochemically active lone pair on the As atom, with the
remaining azido ligand in a gauche-like orientation. The
second most stable isomer (1, C;) is 0.4 kcalmol ™! higher in
energy than 3 and has all three azido ligands in an anti ori-
entation. The isomer with two gauche azido ligands and one
anti azido ligand (2) has C, symmetry and is 0.7 kcalmol !
higher in energy than 3. Finally, the least stable minimum
(4) has all three azido groups in a gauche orientation (C;
symmetry) and is 3.0 kcalmol ! higher in energy than 3. The
observed crystal structure is best described as a somewhat

Chem. Eur. J. 2004, 10, 508517 www.chemeurj.org

Table 5. Calculated bond lengths [A], bond angles [°], and torsion angles
[°] for the local minima (1-4; see Figure 11) As(N;); (the values for
Sb(N3); for minima 1 and 3 are given in parantheses) at the MP2 level of
theory.

Compound 1: E = 4 0.4 kcalmol ™' (0.0)

M-N1 1.888 (2.069)  N2-N3 1171 (1.196)

N1-N2 1.245 (1.267)

N1-M-N1 99.4 (96.2) N3-N2-N1 175.0 (174.5)

N2-N1-M 1176 (115.1)

N3-N2-NI-M  164.9 (160.6) N2-NI-M-NU. 817 (19.5)
Compound 2: E = +0.7 kcalmol !

M-N1 1.876 M-N4 1.877

N1-N2 1.246 N4-N5 1.246

N2-N3 1.170 N5-N6 1.171

N1-M-N4 99.9 N5-N4-M 117.9

N4-M-N4' 87.1 N3-N2-N1 174.6

N2-N1-M 117.2 N6-N5-N4 172.6

N3-N2-N1-M 180.0 N5-N4-M-N1 89.8

N6-N5-N4-M 180.0
N2-N1-M-N4 44.4

N5-N4-M-N4 170.7

Compound 3: E = 0.0 kcalmol ™" (0.6)

M-N1 1.893 (2065)  N7-N6 1.246 (1.268)
M-N4 1.883 (2063)  N2-N3 1.172 (1.199)
M-N7 1.865 (2.046) N5-N6 1.171 (1.197)
NI1-N2 1243 (1262)  N8-N9 1.169 (1.194)
N4-N5 1.245 (1.267)
N1-M-N4 98.7 (95.3) N8-N7-M 1188 (117.2)
N4-M-N7 101.9 (98.2) N3-N2-N1 173.6 (174.2)
N1-M-N7 92.5 (89.2) N6-N5-N4 1747 (174.7)
N2-N1-M 118.7 (120.5) N9-N8-N7 173.6 (173.2)
N5-N4-M 118.0 (114.5)

Compound 4: E = +3.0 kcalmol ™!
M-N1 1.871 N2-N3 1.171
N1-N2 1.245
N1-M-N1 93.4 N3-N2-N1 172.8
N2-N1-M 118.0

N3-N2-N1-M 178.2 N2-N1-M-N1' 102.3

distorted C; structure with the three azido ligands in an anti
configuration. The calculated small energy differences can
account for the ease with which this compound can distort
from the ideal C; symmetry under the influence of crystal
packing effects.

For Sb(Nj3);, two local minima with C; and C; symmetry
were located, with virtually identical zero-point vibrational-
energy corrections. The C; structure has all azido ligands
oriented anti with respect to the Sb lone pair. In the C; min-
inum, which is 0.6 kcalmol™" less stable than the C; isomer,
two azido ligands are anti and the third azide is gauche (see
Figure 11 and Table 5). Our results are in reasonably good
agreement with previous HF/6-314+G* and BLYP computa-
tions!"”! for As(N;), and Sb(N;), and with the experimentally
observed values (see above). The most significant difference
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is the length of the terminal N—N bonds, which is overesti-
mated in our calculations by about 0.05 A.

Vibrational spectra: The infrared and Raman spectra of
As(N3); and Sb(N;); are shown in Figures 12 and 13, respec-
tively. Tables 6 and 7 summarize the computed and observed

Transmittance

Intensity

A

2000 1500 1000 500

Wavenumbers in cm’

Figure 12. Infrared (upper trace) and Raman (lower trace) spectra of
solid As(N3)s.

Transmittance

Intensity

_‘JLV-—“’#J“——(* * 40

2000 1500 1000 500
Wavenumbers in cm’

Figure 13. Infrared (upper trace) and Raman (lower trace) spectra of
solid Sb(N;);. The band marked by an asterisk is due to the FEP sample
tube. Bands marked by & are believed to be caused by a small amount of
an unknown impurity.
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frequencies. The vibrational spectra of both compounds
demonstrate the presence of covalently bonded azido li-
gands. The presence of more than one azido ligand results in
in-phase and out-of-phase coupling, and the internal azido
modes split into two components. For C; symmetry, the out-
of-phase E modes are doubly degenerate and, in some cases,
can be split due to a lifting of the degeneracy. The observa-
tion of extra bands in the 1350 to 1100 cm™! region is attrib-
uted to Fermi resonance of v, and v, with the appropriate
combination bands or overtones.

For As(N,);, the best fit between observed and computed
frequencies is obtained for the C;(1) isomer, in accord with
the observed crystal structure. The fit between observed and
calculated frequencies is good for both As(N;); and Sb(Nj);.
As might be expected, the nitrogen bridging lowers the skel-
etal AsN; and SbNj; stretching frequencies and increases
those of the deformation modes. This effect is more pro-
nounced for Sb(N;); because of the stronger bridging. The
general agreement between the vibrational spectra of
As(N;); and Sb(Nj); is very good and supports our vibra-
tional analysis. The only ambiguity is the observation of one
weak Raman at 191 and 211 cm™' in As(N;); and Sb(N;)s,
respectively, which could not be accounted for in our assign-
ments and were tentatively assigned to a stretching mode in-
volving the nitrogen bridges.

Conclusion

The exact structures of the highly explosive As(N;); and
Sb(N;); molecules have been determined for the first time.
Both structures can be derived from an ideal C; symmetry
with the azido ligands being bent away from the sterically
active, free valence-electron pair of the central atom. Addi-
tional nitrogen bridging increases the coordination numbers
of arsenic and antimony to seven. The basic motif for the ni-
trogen bridging are four-membered dimeric rings consisting
of two As or Sb atoms and two o-nitrogen atoms from two
azido ligands. For As(Nj);, only two of its three azido li-
gands participate in the association process, resulting in an
infinite zigzag chain structure and destroying the perfect C;
symmetry. For Sb(N;);, however, all three azido ligands take
part equally in the association and produce a highly sym-
metrical sheet structure, representing a case of perfect
rhombohedral C; symmetry.

Experimental Section

Caution! Arsenic and antimony azide compounds are potentially toxic
and can decompose explosively under various conditions! They should be
handled only on a scale of less than 2 mmol with appropriate safety pre-
cautions (safety shields, safety glasses, face shields, leather gloves, protec-
tive clothing, such as leather suits, and ear plugs). Teflon containers should
be used, whenever possible, to avoid hazardous fragmentation. Ignoring
safety precautions can lead to serious injuries.

Materials and apparatus: All reactions were carried out in Teflon-FEP
ampules that were closed by stainless steel valves. Volatile materials were
handled in a stainless steel-Teflon-FEP or Pyrex glass vacuum line. All
reaction vessels and the stainless steel line were passivated with CIF;
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Table 6. Comparison of observed and unscaled calculated MP2 vibrational frequencies [cm ] and intensities

for C5(1) As(N3)s.

Mode

Approx. mode description

Calculated!®

in point group C; IR (IR) [Raman]

A v v,sN3 in phase 2121 (vs) 2255 (506.9) [6.7]
v, vN; in phase 1251 (s,sh)t 1293 (122.8) [22.1]
V3 ON; in phase, in plane 681 (0.7) [16.6]
vy ON; in phase, out of plane 532 (0.2) [0.8]
Vs v, AsN; 480 (m) 507 (27.3) [23.4]
Ve OAsN; in phase [el 325 (35.5) [0.4]
v, 0As-N-N in phase [el 94 (0.2) [1.0]
Vg 7 in-phase (el 57.4 (0.0) [8.6]

E 2 VN3 out of phase 2092 (vs) 2215 (298.3) [6.1]
Vio v,N; out of phase 1231 (s) 1280 (92.8) [6.8]
Vi ON; out of phase, in plane 664 (m) 673 (25.3) [2.4]
Vi, ON; out of phase, out of plane 568 (m) 532 (10.1) [0.7]
Vi3 V,sAsN; 420 (s) 459 (83.5) [4.7]
Vi 0AsN; out of phase (el 243 (8.8) [1.4]
Vis 0As-N-N out of phase (el 113 (0.4) [5.9]
Vi 7 out of phase (el 44 (0.0) [4.4]

[a] Relative IR and Raman intensities given in parentheses and square brackets, respectively. [b] IR intensities
given in kmmol ™' and Raman intensities given in A*amu™". [c] Not observed, IR spectrum recorded only be-

tween 4000 and 400 cm™'. [d] Not observed, Raman spectrum recorded only between 4000 and 80 cm™'.

-1

[e] Splittings caused by deviation from C; symmetry, resulting in lifting of the degeneracy. [f] These modes
show the following Fermi resonance splittings: IR: 1337 cm™ (m) (v; + vy;) (E); 1133 em™ (mw) (vs + vy))
(E); Raman: 1334 cm™' [0.2] (2v; or 2vy;) (A). [g] In addition to the listed bands, a Raman band at 191 cm™
[1] was observed which was not assigned. It might represent a nitrogen-bridge stretching mode.

Table 7. Comparison of observed and unscaled calculated MP2 vibrational frequencies [cm '] and intensities

for Sb(N;)s.
Mode Approx. mode description Calculated!
in point group Cs IR (IR) [Raman]
A 2 v4,Nj; in phase 2121 (s,sh) 2183 (631.9) [8.3]
v, vN; in phase 1243 (vs)1 1243 (114.7) [37.8]
V3 ON; in phase, in plane 653 (0.0) [20.7]
vy ON; in phase, out of plane 585 (0.2) [0.5]
Vs v, SbN; (el 456 (16.0) [39.9]
Ve OSbN; in phase (el 258 (35.6) [0.8]
v, 0Sb-N-N in phase (el 91 (0.2) [1.4]
Vg 7 in-phase fel 78 (0.1) [7.5]
E Vo v,N; out of phase 2085 (vs) 2140 (252.0) [14.5]
Vi vN; out of phase 1243 (vs) 1 1231 (59.1) [5.7]
Vi ON; out of phase, in plane 659 (s) 643 (7.0) [1.9]
Vi ON; out of phase, out of plane 583 (m) 567 (3.3) [0.5]
Vi3 V,sSbN; (el 414 (70.7) [5.4]
Vig OSbN; out of phase fel 199 (9.0) [1.1]
Vis 0Sb-N-N out of phase (el 109 (0.2) [7.0]
Vis 7 out of phase (el 56 (0.1) [4.2]

[a] Relative IR and Raman intensities given in parentheses and brackets, respectively.[b] IR intensities given

in kmmol™' and Raman intensities given in A*amu

. [c] Not observed, IR spectrum was recorded only be-

tween 4000 and 400 cm . [d] These modes show the following Fermi resonance splittings: IR, 1326 cm™" (m),
(vs + vyy) (B); 1162 cm™! (mw), (vs + vy;) (E); Raman: 1331 cm™ [1.2], (2v; or 2vy;) (A). [e] Splitting due to
lifting of the degeneracy. In the low-frequency region, the following additional bands were observed and tenta-
tively assigned: IR: 442 cm™' (mw) ¥SbN;; RA: 211 em™' [0.9], corresponding to the 191 cm™' [1] band in
As(N;);. These Raman bands might represent stretching modes of the nitrogen bridges. [f] Not observed,

Raman spectrum recorded only between 4000 and 80 cm™.
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prior to use. Nonvolatile materials
were handled in the dry argon atmos-
phere of a glove box.

Infrared spectra were recorded in the
range 4000-400cm™' on a Midac FT-
IR model 1720 at a resolution of
1 cm™. Spectra of solids were obtained
by using dry powders pressed between
AgCl windows in an Econo press
(Barnes Engineering Co.). Raman
spectra were recorded in the range
4000-80 cm ™' on a Bruker Equinox 55
FT-RA spectrophotometer using a
Nd:YAG laser at 1064 nm with power
levels of 100 mw or less. Pyrex melting
point tubes that were baked out at
300°C for 48 h at 10 mTorr vacuum or
Teflon-FEP tubes with stainless steel
valves that were passivated with CIF;
were used as sample containers.

“N NMR spectra were recorded at
36.13MHz on a Bruker AMXS500
spectrometer in CH,Cl, in sealed stan-
dard glass tubes. Neat CH;NO (0=
0.00 ppm) was used as external refer-
ence for “N.

The (CH;);SiN; (Aldrich) and AsF;
(Ozark) were purified by fractional
condensation prior to use. The SbF;
(Alfa Aesar) was purified by sublima-
tion. The SO, (Aldrich) was con-
densed into a bulb and dried over
CaH,.

Preparation of As(N;);: On the stain-
less steel vacuum line, AsF;
(0.23 mmol) was condensed at —196°C
into a Teflon-FEP ampule. The
ampule was then attached to a glass
vacuum line and after evacuation, SO,
(3.3 mmol) was condensed in at
—196°C. The mixture was allowed to
warm to ambient temperature. After
all the AsF; had dissolved, the ampule
was cooled back again to —196°C, and
(CHj;),SiN; (0.885 mmol) was added.
The ampule was kept at —40°C for
30 min and then slowly warmed to
room temperature over a period of
4 h, resulting in a colorless solution.
The volatile components were pumped
off, leaving behind a white solid
(0.045g, weight calculated for
0.23 mmol As(N;);=0.046 g). Further
pumping at ambient temperature led
to the sublimation of the crude prod-
uct resulting in the formation of crys-
talline material on the walls of the re-
action vessel. Inspection of the volatile
material trapped at —196°C by gas-
FTIR spectroscopy showed SO, and
(CH;);SiF*2! a5 the only reaction by-
products. The crystalline solid was
identified as As(N;); by vibrational
and NMR spectroscopy and its crystal
structure.

Preparation of Sb(N;);: A sample of
SbF; (0.47 mmol) was loaded in the
dry box into a Teflon-FEP ampule,
followed by the addition of SO,
(5.8 mmol) in vacuo at —196°C. The
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mixture was warmed to room temperature to suspend the SbF; in the
SO,, cooled back again to —196°C, and (CHj;);SiN; (2.16 mmol) was con-
densed in. The ampule was kept at —40°C for 30 min and then slowly
warmed to ambient temperature over a period of 4 h. Volatile compo-
nents were pumped off and collected at —196°C, leaving behind a white
solid residue (0.120 g, weight calculated for 0.47 mmol of Sb(N;);=
0.116 g). The only volatile byproduct, identified by gas-FTIR spectrosco-
py, was (CH,);SiF. The crude Sb(N;); was vacuum sublimed in a sealed
glass tube at 100-110°C. The obtained colorless crystals were character-
ized by vibrational and NMR spectroscopy and their crystal structure.

Crystal structure determinations: The single-crystal X-ray diffraction
data were collected on a Bruker three-circle platform diffractometer,
equipped with a SMART CCD (charge coupled device) detector, with
the y axis fixed at 54.74° and with Moy, radiation (A1=0.71073 A) from a
fine-focus tube. An LT-3 apparatus was employed for the low-tempera-
ture data collection by using controlled liquid nitrogen boil off. A few
well-formed single crystals, prepared by careful sublimation of the amor-
phous solid, were selected in a glove box, by using a CCD camera micro-
scope. The selected crystals were immersed in PFPE (perfluoropolyether)
oil, contained in the cavity of a culture slide. A Cryoloop was used for
picking a crystal and mounting it on a magnetic goniometer head. Cell
constants were determined from ninety 10s frames. A complete hemi-
sphere of data was scanned on omega (0.3°) with a run time of 30s per
frame at a detector resolution of 512x 512 pixels using the SMART soft-
ware.” A total of 1271 frames was collected in three sets and a final set
of 50 frames, identical to the first 50 frames, was also collected to deter-
mine any crystal decay. The frames were then processed on a PC running
on Windows NT software. The SAINT software*! was used to obtain the
hkl file corrected for Lp/decay. The absorption correction was performed
by using the SADABS program.” For As(N;);, the intensity statistics,
that is, £°—1 values, indicated a centrosymmetric space group. Further-
more, the absence of 0k0 (k=odd) and k0! reflections (h+ L=o0dd)
showed the presence of a 2, screw axis and a c-glide plane parallel and
perpendicular to the b axis, respectively. The space group was thus unam-
biguously assigned as P2,/c. For Sb(N3)s, the reciprocal lattice was initial-
ly indexed as a hexagonal cell with cell constants of a=7.2046 (10), c=
19.439(4) A, V=873.8(2) A%, and Z=6. An alternate setting with a small-
er rthombohedral cell was obtained by using the transformation matrix
Chs Vs Vs = Vas Vas =5, =245, '3} with cell constants of a=7.6998(9),
a=55.787(17)°, V=291.26(6) A®, and Z=2. The structures were solved
by the Patterson method by using the SHELX-90 program!®! and refined
by the least-squares method on F?, SHELXL-97,*! incorporated in the
SHELXTL Suite 5.10 for Windows NT.?” All atoms were refined aniso-
tropically. For the anisotropic displacement parameters, the U, is defined
as one third of the trace of the orthogonalized Uj; tensor. For generating
the difference electron density contours the F,—F, was calculated by
using the “EDEN” feature of the SHELXTL program.”” The difference
F(000) value of 2 was used to compute the lone pair contour. Further de-
tails of the crystal investigations can be obtained from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(Fax: (+49)7247-808-666; E-mail: crysdata@fiz-karlsruhe.de) on quoting
the depository numbers CSD-413359 and CSD-413360 for Sb(N;); and
As(N,)s, respectively.

Computational methods: Optimizations of all structures were performed
by using second-order perturbation theory.'”'! . For As(N,),, the Bin-
ning and Curtis double-zeta valence basis set,”®) augmented with a d-po-
larization function®! was used for arsenic and the 6-31G(d) basis set?**!!
for nitrogen. For Sb(N3);, the Stevens, Basch, and Krauss effective core
potentials and the corresponding valence-only basis sets were used.
The SBK valence basis set for nitrogen was augmented with a d-polariza-
tion function® and a diffuse s+p shell,*® whereas only a d-polarization
function® was added to the antimony basis set. Hessians (energy second
derivatives) were calculated for the final equilibrium structures to deter-
mine if they are minima (positive definite hessian) or transition states
(one negative eigenvalue). All calculations were performed with the elec-
tronic structure code GAMESS.!
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