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During the last decade, inorganic polyazido compounds have
received much attention.[1–3] Besides being of academic
interest, azides and polyazides are viable candidates for
high-energy-density materials (HEDM). The azido group is
very energetic, and polyazides are highly endothermic com-
pounds, whose energy content increases with an increasing
number of azide ligands. It is, therefore, not surprising that the
synthesis of molecules with a high number of azido groups is
very challenging owing to their explosive nature and shock
sensitivity. Despite such obstacles, a number of pentaazido
and anionic hexaazido compounds were reported.[4] Very
recently, unprecedented neutral hexaazido species [M(N3)6]
(M=Mo, W) have been prepared, and, in the case of
[W(N3)6], also structurally characterized. Treatment of
[M(N3)6] (M=Mo, W) with ionic azides also yielded the
first binary heptaazido compounds.[5] However, due to their
high sensitivity, the crystal structures of these heptaazido
monoanions could not be determined, and they were solely
characterized by low-temperature Raman spectroscopy.

Generally, the stability of a polyazido ion increases with
increasing formal negative charge. Therefore, it was felt that
the syntheses of heptazido dianions, if possible, might provide
a better chance for obtaining structural information. The
structures of heptacoordinated species are of particular
interest, because the ligands can be arranged in three
different ways that differ only very little in energy.[6] They
are derived from either a pentagonal bipyramid (1/5/1
arrangement), a monocapped trigonal prism (1/4/2 arrange-
ment), or a monocapped octahedron (1/3/3 arrangement; see

Figure 1), and they are readily interconvertible with little or
no potential-energy barriers between them.[7]

Whereas pentagonal-bipyramidal 1/5/1 arrangements are
generally observed for the compounds of main-group ele-
ments because their bonding involves orthogonal p orbitals of
the central atom, for the d-orbital transition metals there
appears to be no strong preference for a single structure. For
example, [MoF7]

� and [WF7]
� exhibit monocapped octahe-

dral structures,[6h] while the solid-state structures of [TaF7]
2�

and [NbF7]
2� display monocapped trigonal prisms.[7–9] For the

f-orbital actinides, structural preferences become even less
pronounced owing to the increased nuclear shielding of the
valence electrons. Thus, the [U(N3)7]

3� trianion was found to
crystallize either in the monocapped octahedral 1/3/3 or the
pentagonal-bipyramidal 1/5/1 configuration.[10]

It should be noted, however, that heptacoordinated
structures exhibit fluxionality and are readily deformed
from the idealized 1/3/3, 1/5/1, or 1/4/2 arrangements by the
presence of polyatomic ligands, solid-state and packing
effects, or the influence of counterions. Therefore, the
experimentally observed or the calculated minimum-energy
structures are frequently distorted, and the energy differences
between calculated minimum-energy structures are not
necessarily true measures of the differences between the
corresponding idealized structures. Furthermore, the calcu-
lated energy differences are sensitive to the level of calcu-
lation. In view of these complications, unambiguous exper-
imental data are required to establish the exact structures of
these compounds.

Figure 1. Possible arrangements for heptacoordinated transition
metals: a) monocapped octahedron (1/3/3), b) monocapped trigonal
prism (1/4/2), and c) pentagonal bipyramid (1/5/1).
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Herein, we communicate the synthesis and character-
ization of the first heptaazido dianions, [Nb(N3)7]

2� and
[Ta(N3)7]

2�. In addition, we report the crystal structures of
[P(C6H5)4]2[Nb(N3)7]·CH3CN and [P(C6H5)4]2[Ta(N3)7]·
CH3CN, which represent the first structurally characterized
transition-metal heptaazides.[11]

While the reactions of [Nb(N3)5] and [Ta(N3)5] with one
equivalent of an ionic azide, such as [P(C6H5)4]N3, yielded the
corresponding hexaazido metalates,[4p] it was now found that
the reactions with two equivalents of either [P(C6H5)4]N3 in
CH3CN solution or CsN3 in SO2 solution can produce salts of
the corresponding heptaazido metalate dianions, [Nb(N3)7]

2�

and [Ta(N3)7]
2�, respectively [Eq. (1), M=Nb, Ta; A=

[P(C6H5)4], Cs].

MðN3Þ5 þ 2AN3 ! A2½MðN3Þ7� ð1Þ

The heptaazido niobates and tantalates were isolated as
yellow-orange and pale yellow solids, respectively. The
compounds were characterized by the observed material
balances, vibrational spectroscopy, and, for the [P(C6H5)4]

+

salts, by their crystal structures.[12,13] While the [P(C6H5)4]
+

heptaazido monoanion salts of molybdenum and tungsten,
[P(C6H5)4]

+[M(N3)7]
� (M=Mo, W), are extremely shock-

sensitive solids that explode violently when warmed to room
temperature and decompose in solution,[5] no such behavior
was observed for the dianion salts, [P(C6H5)4]2[Nb(N3)7] and
[P(C6H5)4]2[Ta(N3)7], at room temperature. This observation
is attributed to the presence of twice as many large counter-
ions, which serve as inert spacers and suppress detonation
propagation. For the same reason, the [P(C6H5)4]2[M(N3)7]
(M=Nb, Ta) salts are also much less shock-sensitive than
neat [Nb(N3)5] and [Ta(N3)5]. Because the Cs+ cations are less
effective spacers than [P(C6H5)4]

+, the corresponding
Cs2[M(N3)7] salts are also considerably more sensitive than
the [P(C6H5)4]

+ salts and can explode at room temperature.
Single crystals of [P(C6H5)4]2[Nb(N3)7]·CH3CN and

[P(C6H5)4]2[Ta(N3)7]·CH3CN were grown by recrystallization
from CH3CN by slowly evaporating the solvent at reduced
pressure. The two salts are isostructural and crystallize in the
triclinic space group P1̄. Their crystal structure analyses[12,13]

reveal well-separated [P(C6H5)4]
+ and [M(N3)7]

2� ions and
CH3CN, with no significant cation–anion, anion–anion, or
ion–CH3CN interactions (Figure 2). The closest Nb···N and
N···N contacts between neighboring anions are 7.11 B and
4.02 B, respectively.[4p]

In these [P(C6H5)4]2[M(N3)7]·CH3CN salts, the anions
(Figure 3) have approximate ideal 1/4/2 arrangements[7]

(Table 1). These structures are also similar to one of the two
structures previously predicted for [Mo(N3)7]

� and
[W(N3)7]

� .[5] The average Nb�N distance (2.13(3) B) in
[Nb(N3)7]

2� is considerably larger than those found for
[Nb(N3)5]·CH3CN and [Nb(N3)6]

� (2.00(4) B and 2.03(3) B,
respectively),[4p] as expected from the higher negative charge
in the dianion, which increases the ionic character of the azide
ligands. The average Nb-N-N bond angle in [Nb(N3)7]

2� is
127.58.

The capped trigonal-prismatic structure of the [NbF7]
2�

anion in its dipotassium salt is well-established by both X-ray

and neutron diffraction studies.[8,9] Therefore, it was interest-
ing to compare this structure with the experimental and
calculated structures of the NbN7 skeleton of [Nb(N3)7]

2� and
to evaluate the extent of distortions from an ideal 1/4/2
geometry.

On the basis of an ideal 1/4/2 Gillespie–Nyholm VSEPR-
type[6,7] model of repelling points on a sphere, all the bond
lengths and all the ligand–ligand contacts would be identical,
because all ligands are located on the same sphere (Table 1).
The upper half of the resulting structure would be a square

Figure 2. Packing diagram of [P(C6H5)4]2[Nb(N3)7]·CH3CN.

Figure 3. ORTEP drawing of the [M(N3)7]
�2 (M=Nb, Ta) dianions.

Thermal ellipsoids are shown at the 50% probability level. Selected
bond lengths [F] and angles [8]: Nb-N1 2.121(2), Nb-N4 2.114(2), Nb-
N7 2.091(2), Nb-N10 2.171(2), Nb-N13 2.140(2), Nb-N16 2.140(2),
Nb-N19 2.096(2), N1-N2 1.209(3), N2-N3 1.140(3), N7-N8 1.217(3),
N8-N9 1.138(3); N1-Nb-N4 74.21(9), N1-Nb-N7 84.0(1), N1-Nb-N10
79.50(9), N1-Nb-N13 90.6(1), N1-Nb-N16 126.23(9), N1-Nb-N19
157.3(1), Nb-N1-N2 130.2(2), N1-N2-N3 176.3(3). Ta-N1 2.096(2), Ta-
N4 2.129(2), Ta-N7 2.164(2), Ta-N10 2.130(2), Ta-N13 2.107(2), Ta-
N16 2.116(2), Ta-N19 2.087(2), N1-N2 1.210(3), N2-N3 1.139(3), N7-
N8 1.202(3), N8-N9 1.146(3); N1-Ta-N4 80.9(1), N1-Ta-N7 78.19(8),
N1-Ta-N10 75.13(8), N1-Ta-N13 124.62(8), N1-Ta-N16 156.9(1), N1-Ta-
N19 96.1(1), Ta-N1-N2 125.9(2), N1-N2-N3 177.5(3).
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pyramid with four equilateral triangular faces. The four
ligands, 2, 3, 4, and 5, would be perfectly planar. The lower
half of the structure would be a trigonal prism, made up of
three identical squares, one of them shared with the upper
half, and two equilateral triangles identical to those found in
the upper half. Because of increased repulsion from the two
bottom ligands, 6 and 7, the central four ligands would be
located somewhat above the equator of the sphere, and the 2-
0-5 and 3-0-4 angles in the central square would be widened to
97.48, while the corresponding 2-0-3 and 4-0-5 angles would be
compressed to 82.68, but overall C2v symmetry would be
retained. As previously shown,[7] the conversion of the capped
trigonal prism into the pentagonal bipyramidal 1/5/1 structure
results in loss of planarity of the four central ligands, with two
opposing ligands above and the other two below the original
plane. Therefore, the deviation of the four central ligands
from a plane can serve as a measure for the extent to which
the 1/4/2 structure is being distorted towards a 1/5/1 structure.

As can be seen in Table 1, the four central ligands in the
experimental structures of [NbF7]

2� and the NbN7 skeleton of
[Nb(N3)7]

2� are almost perfectly planar, and the description of
both structures as monocapped trigonal prisms is well-
supported by experiment. The excellent agreement between
the structures of [NbF7]

2� and the NbN7 skeleton of
[Nb(N3)7]

2� shows that the azide ligands have little steric
impact on the structure of the NbN7 skeleton and behave as

pseudohalogens. However, the calculated B3LYP and MP2
geometries of [Nb(N3)7]

2� exhibit a pronounced deviation of
the four central nitrogen atoms from planarity, indicating that
the calculated minimum-energy structures are strongly dis-
torted from the ideal 1/4/2 geometry towards a 1/5/1 arrange-
ment.

The low-temperature Raman spectrum of Cs2[Nb(N3)7] is
shown in Figure 4. The Raman spectrum of Cs2[Ta(N3)7] and
the observed infrared and Raman spectra of [P(C6H5)4]2-
[Nb(N3)7]·CH3CN and [P(C6H5)4]2[Ta(N3)7]·CH3CN are given

as Figures S1–S3 in the Supporting Information. The
observed and calculated frequencies and intensities for
[Nb(N3)7]

2� and [Ta(N3)7]
2� are listed in Tables 2 and 3,

respectively. The observed frequencies and intensities are in
fair agreement with those calculated, particularly if one
considers the difficulties with calculating reliable Raman
intensities and the large discrepancies encountered with the
use of different computational methods. The vibrations from
the azide ligands occur in clusters of seven, one in-phase and
six out-of-phase combinations, with the in-phase one being
readily identified by its higher Raman intensity. The MN7

skeletal modes were treated as arising from ideal 1/4/2
structures of C2v symmetry, in accord with our crystal
structure and the vibrational analysis of Beuter et al. for
heptafluorides.[14] Compared to the neutral pentaazides and
hexaazido anions, the addition of a negatively charged N3

�

anion increases the ionicity of the metal–azide bonds and the
ionic character of the azide ligands in the [M(N3)7]

2� anions.
With increasing ionic character, the M�N bonds are weak-
ened and both the triple and the single N�N bonds of the
covalent azides adopt more double-bond character. This
property decreases the stretching frequencies of the N�N
bonds of the N3 ligands and of the MN7 skeleton and increases
those of the N�N bonds of the N3 ligands, which is clearly
observed in our spectra.

Table 1: Comparison of bond lengths [F] and angles [8] of an ideal
capped trigonal prism,[7] the experimental [NbF7]

2� structure,[8,9] , and
experimental and calculated NbN7 skeletons in [Nb(N3)7]

2�.

Bond or
bond angle

Ideal capped
trigonal prism

[NbF7]
2�

exptl
NbN7

exptl
NbN7

B3LYP
NbN7

MP2

0-1 all identical 1.96(1) 2.171(2) 2.182 2.148
0-2 1.94(1) 2.091(2) 2.134 2.130
0-3 1.95(1) 2.121(2) 2.184 2.153
0-4 1.96(1) 2.140(2) 2.138 2.134
0-5 1.96(1) 2.096(2) 2.174 2.154
0-6 1.98(1) 2.140(2) 2.174 2.147
0-7 1.96(1) 2.114(2) 2.173 2.146

1-0-2 79.4 79.7(1) 79.6(1) 85.28 86.25
1-0-3 79.4 79.2(1) 79.5(1) 73.98 73.45
1-0-4 79.4 78.7(1) 79.0(1) 87.78 87.40
1-0-5 79.4 76.9(1) 78.3(1) 73.82 73.42
2-0-3 82.6 83.1(1) 84.0(1) 84.38 84.34
2-0-5 97.4 97.7(1) 96.3(1) 99.61 96.55
4-0-5 82.6 80.0(1) 80.9(1) 82.89 83.33
3-0-4 97.4 90.2(1) 90.6(1) 89.22 92.14
6-0-7 73.4 73.9(1) 73.6(1) 72.99 73.29

Figure 4. Low-temperature Raman spectrum of solid Cs2[Nb(N3)7]. The
bands belonging to an impurity of [SO2N3]

� are marked by asterisks
(*). The band marked with a diamond (^) is due to the teflon-FEP
sample tube; the one marked with a bullet (*) is due to an
unidentified impurity.
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In conclusion, [Nb(N3)7]
2� and [Ta(N3)7]

2�, the first
examples of heptaazido dianions, have been prepared.
Furthermore, they represent the first structurally character-
ized transition-metal heptaazides and possess monocapped
triangular-prismatic 1/4/2 structures, in accord with those of
the corresponding heptafluoride ions in their potassium salts.
The structures differ from those found for the actinide
heptaazido trianion, [U(N3)7]

3�, which crystallizes either as
a monocapped octahedron or a pentagonal bipyramid.

Experimental Section
Caution! Covalent azides are potentially hazardous and can decom-
pose explosively under various conditions! They should be handled
only on a scale of less than 1 mmol. Because of the general high
energy content and high detonation velocities of most polyazides,
their explosions are particularly violent and can cause, even on a 1-

mmol scale, significant damage. The use of appropriate safety
precautions (safety and face shields, leather gloves, protective
clothing, such as heavy leather welding suits, and ear plugs) is
mandatory. Teflon containers should be used whenever possible to
avoid hazardous shrapnel formation. The manipulation of these
materials is facilitated by handling them in solution whenever
possible to avoid detonation propagation, by the use of large inert
counterions as spacers, and by anion formation, which increases the
partial negative charges on the terminal Ng atoms and thereby
reduces the Nb�Ng triple-bond character. 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 pyrex glass vacuum line. All reaction
vessels were passivated with ClF3 prior to use. Nonvolatile materials
were handled in the dry argon atmosphere of a glove box.

Raman spectra were recorded in the teflon reactors at �80 8C in
the range 3500–80 cm�1 on a Bruker Equinox 55 FT-RA spectropho-
tometer, using a Nd–YAG laser at 1064 nm with power levels less than

Table 2: Comparison of observed and unscaled calculated[a] vibrational frequencies [cm�1] and intensities[b] of Cs2[Nb(N3)7].

Approximate mode
description[c]

Observed
Raman[d]

Calculated (IR) [Ra]
B3LYP

Approximate mode
description[c]

Observed
Raman[d]

Calculated (IR) [Ra]
B3LYP

n1 2146 [10.0] 2182 (328) [1042] n36 284 [0.6] 278 (64) [3.3]
n2 2093 [0.9] 2148 (3032) [63] n37 270 (58) [2.4]
n3 nasN3, 2085 [3.0] 2142 (1516) [117] n38 dMN7, 269 (23) [2.1]
n4 one in-phase, 2140 (1773) [143] n39 three A1 260 (13) [3.9]
n5 six out-of-phase 2137 (2395) [67] n40 two A2 240 [0.5] 242 (8.1) [5.9]
n6 2063 [0.7] 2135 (16) [209] n41 three B1 231 [0.7] 215 (3.4) [5.8]
n7 2016 [0.2] 2121 (20) [108] n42 three B2 210 (2.5) [13]

n43 203 (0.1) [2.3]
n8 1381 [1.2] 1396 (28) [38] n44 184 [2.5] 196 (1.4) [8.0]
n9 1386 (280) [9.8] n45 155 (1.2) [33]
n10 nsN3, 1366 [0.2] 1382 (79) [22] n46 125 [2.5] 137 (5.9) [5.6]
n11 one in-phase, 1380 (193) [5.8]
n12 six out-of-phase 1353 [0.5] 1377 (16) [21] n47 135 (5.1) [2.2]
n13 1375 (291) [4.1] n48 101 [4.0] 95 (1.9) [7.2]
n14 1330 [0.1] 1372 (62) [14] n49 89 (0.6) [11]

n50 85 (1.7) [14]
n15 635 (6.8) [1.1] n51 82 (2.1) [3.1]
n16 631 (14) [1.0] n52 78 (1.6) [3.8]
n17 dN3 in-plane, 629 (11) [0.9] n53 torsional 64 (0.2) [15]
n18 one in-phase, 628 (3.8) [1.0] n54 modes 49 (1.1) [14]
n19 six out-of-phase 625 (3.3) [1.1] n55 46 (0.0) [21]
n20 612 (9.3) [1.5] n56 43 (2.9) [4.0]
n21 602 [1.4] 607 (20) [1.7] n57 32 (0.2) [14]

n58 31 (0.3) [7.3]
n22 599 (7.6) [0.7] n59 23 (0.3) [6.2]
n23 dN3 out-of-plane, 598 (6.6) [1.0] n60 17 (0.6) [2.6]
n24 one in-phase, 591 (6.8) [0.7]
n25 six out-of-phase 588 (1.7) [0.5]
n26 588 (9.3) [0.2]
n27 585 (5.1) [0.2]
n28 581 (5.5) [0.4]

n29 424 [4.3] 382 (9.6) [93]
n30 nMN7, 377 (353) [4.2]
n31 three A1 371 (305) [7.2]
n32 one A2 366 (292) [0.7]
n33 two B1 325 [0.5] 337 (10) [10]
n34 one B2 329 (21) [14]
n35 306 (1.5) [1.9]

[a] Calculated at the B3LYP/SBKJ+ (d) level of theory. [b] Calculated IR intensities are given in parentheses in kmmol�1, and Raman intensities in
square brackets in F4amu�1. [c] The mode assignments for the MN7 skeletons were made assuming an ideal 1/4/2 arrangement of C2v symmetry. [d] In
addition to the bands listed in this table, bands belonging to SO2N3

� were observed in the Raman spectrum at 1077 [0.4] and 265 [0.3] cm�1.
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50 mW. Infrared spectra were recorded in the range 4000–400 cm�1 on
a Midac M Series, FT-IR spectrometer using KBr pellets. The pellets
were prepared inside the glove box using an Econo minipress (Barnes
Engineering Co.) and transferred in a closed container to the
spectrometer before placing them quickly into the sample compart-
ment, which was purged with dry nitrogen.

The starting materials NbF5, TaF5 (both Ozark Mahoning) and
[P(C6H5)4]Cl (Aldrich) were used without further purification.
(CH3)3SiN3 (Aldrich) was purified by fractional condensation prior
to use. Solvents were dried by standard methods and freshly distilled
prior to use. [Nb(N3)5] and [Ta(N3)5] were freshly prepared from
(CH3)3SiN3 and NbF5 or TaF5 prior to use.[4p] [P(C6H5)4]N3 was
obtained from [P(C6H5)4]Cl by anion exchange in aqueous solution.[15]

CsN3 was prepared by a literature method.[16]

Preparation of [P(C6H5)4]2[M(N3)7] salts (M=Nb, Ta): Neat
[P(C6H5)4]N3 (0.40 mmol) was added to a frozen solution of [M(N3)5]
(0.20 mmol) in CH3CN (25 mmol) at �78 8C. The reaction mixture
was warmed to�25 8C and occasionally agitated. After 30 minutes, all
volatiles were removed at �20 8C in a dynamic vacuum, leaving

behind solid [P(C6H5)4]2[M(N3)7] salts. [P(C6H5)4]2[Nb(N3)7]·CH3CN:
orange solid, 0.193 g, expected for 0.20 mmol: 0.221 g.
[P(C6H5)4]2[Ta(N3)7]·CH3CN: pale yellow solid, 0.242 g, expected
for 0.20 mmol: 0.239 g.

Preparation of Cs2[M(N3)7] salts (M=Nb, Ta): Neat CsN3

(0.40 mmol) was added to a solution of [M(N3)5] (0.20 mmol) in
SO2 (30 mmol) at �78 8C. The reaction mixture was warmed to
�45 8C and occasionally agitated. After 30 minutes, a clear yellow
solution had formed. The temperature was raised to �40 8C, and all
volatiles were removed in a dynamic vacuum, leaving behind
0.20 mmol of the solid Cs2[M(N3)7] salts. An excess of CsN3 needs
to be avoided in these reactions, because it can lead to the formation
of some CsSO2N3 as an impurity. The salts are yellow (Cs2[Ta(N3)7])
and orange (Cs2[Nb(N3)7]) solids, which are thermally stable at room
temperature but can explode on provocation.

Computational methods: The molecular structures and harmonic
vibrational frequencies were calculated using previously described
methods and basis sets.[5] To check for the different structural isomers,
idealized 1/3/3, 1/5/1, or 1/4/2 arrangements were used as starting

Table 3: Comparison of observed and unscaled calculated[a] vibrational frequencies [cm�1] and intensities[b] of Cs2[Ta(N3)7] .

Approximate mode
description[c]

Observed Raman[d] Calculated (IR) [Ra]
B3LYP

Approximate mode
description[c]

Observed Raman[d] Calculated (IR) [Ra]
B3LYP

n1 2169 [10.0] 2209 (234) [868] n36 262 (49) [6.1]
n2 2174 (2962) [57] n37 260 (49) [3.5]
n3 nasN3, 2154 (3248) [66] n38 dMN7, 255 (132) [1.7]
n4 one in-phase, 2112 [0.8] 2151 (799) [120] n39 three A1 230 [1.8] 253 (94) [6.9]
n5 six out-of-phase 2151 (2297) [52] n40 two A2 238 (25) [1.7]
n6 2105 [3.2] 2149 (244) [127] n41 three B1 220 (2.5) [4.2]
n7 2083 [0.5] 2138 (139) [113] n42 three B2 212 (2.5) [3.7]

n43 200 (4.2) [1.4]
n8 1408 [0.5] 1432 (17) [95] n44 184 [5.0] 195 (4.0) [16]
n9 1420 (289) [19] n45 163 (0.5) [26]
n10 nsN3, 1389 [2.8] 1394 (25) [53] n46 126 [5.3] 148 (2.9) [1.4]
n11 one in-phase, 1386 (248) [9.5]
n12 six out-of-phase 1386 (277) [7.4] n47 144 (4.4) [2.9]
n13 1376 [0.3] 1385 (37) [21] n48 101 [9.0] 94. (1.6) [5.7]
n14 1363 [1.2] 1384 (85) [20] n49 90 (2.5) [4.8]

n50 88 (2.4) [9.7]
n15 629 (6.0) [1.1] n51 87 (0.4) [16]
n16 626 (13) [0.3] n52 83 (3.4) [5.2]
n17 dN3 in-plane, 630 [0.3] 625 (4.1) [1.0] n53 torsional 77 (0. 8) [13]
n18 one in-phase, 623 (7.6) [0.4] n54 modes 51 (4.6) [1.6]
n19 six out-of-phase 623 (3.5) [1.0] n55 44 (2.5) [15]
n20 609 (11) [0.3] n56 39 (0.3) [22]
n21 603 [2.5] 604 (1.5) [0.2] n57 32 (0.7) [9.9]

n58 21 (1.5) [2.9]
n22 602 (16) [0.4] n59 20 (0.2) [11]
n23 601 (2.4) [0.2] n60 6 (0.1) [1.3]
n24 dN3 out-of-plane, 581 [0.2] 599 (0.6) [0.5]
n25 one in-phase, 597 (7.9) [2.5]
n26 six out-of-phase 591 (13) [0.4]
n27 583 (6.7) [0.3]
n28 579 (5.6) [0.6]
n29 436 [3.9] 388 (0.1) [77]
n30 nMN7, 388 [0.4] 361 (20) [11]
n31 three A1 345 [0.5] 359 (10) [12]
n32 one A2 346 (161) [1.2]
n33 two B1 343 (169) [0.2]
n34 one B2 335 (283) [2.7]
n35 315 (1.8) [1.6]

[a] Calculated at the B3LYP/SBKJ+ (d) level of theory. [b] Calculated IR intensities are given in parentheses in kmmol�1, and Raman intensities in
square brackets in F4amu�1. [c] The mode assignments for the MN7 skeletons were made assuming an ideal 1/4/2 arrangement of C2v symmetry. [d] In
addition to the bands listed in this table, bands belonging to SO2N3

� were observed in the Raman spectrum at 2040 [0.8], 2018 [1.2], 1332 [0.2], 1273
[0.5], 1187 [0.3], 1148 [0.0+ ] , 1077 [3.5], 662 [0.1], 541 [0.3], 426 [1.0], and 266 [3.8] cm�1.
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points. For [Nb(N3)7]
2�, only one minimum-energy structure was

found, independent of the starting point geometry, while for
[Ta(N3)7]

2�, two different minimum-energy structures were found.
However, these minimum-energy structures were not ideal 1/5/1 and
1/4/2 structures but were significantly distorted. Therefore, the energy
differences calculated for the two minimum-energy structures of
[Ta(N3)7]

2� should not be construed as those of ideal 1/5/1 and 1/4/2
geometries. Furthermore, the calculated energy differences were
method-dependent. For example, at the MP2 level, the structure
obtained from a 1/5/1 starting geometry was favored by 2.9 kcalmol�1

over that derived from a 1/4/2 geometry, while at the B3LYP level, the
structure obtained with the 1/4/2 starting geometry was preferred by
1.0 kcalmol�1.
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