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Covalent azides are challenging inorganic compounds for
inorganic and theoretical chemists. HN; (1), which was
synthesized for the first time by Curtius in 1890, and
halogen azides XN; (X=F (2), Cl (3), Br (4), I (5)), which
were prepared between 1900 (IN;)? and 1942 (FN;),”! also
show a remarkable chemical reactivity.*”! Moreover, they
have been subject to many computational studies because
their simple composition of only four atoms allows the use of
the most advanced theoretical methods to gain a detailed
understanding of the nature of covalent bonding.*
Unfortunately, their structural characterization was ham-
pered by their expressed shock and heat sensitivity and
characterization techniques were almost limited to
NMR, 7211 IR 8221 photoelectron,?* 2! and microwave
spectroscopy?=? and electron diffraction.®*¥ Their solid-
state structures remained unknown except for IN; (5a),"
which adopts a polymeric structure, and HN; (1), the
structure of which was recently reported. Moreover, we
reported on the solid state structure of bromine azide 4%
which crystallizes in a helical arrangement through formation
of intermolecular Br-N, and Ng-N, interactions.

Herein, we report on the single-crystal X-ray structures of
CIN; (3). Moreover, the structure of IN; 5a was re-evaluated
and an additional polymorph 5b was structurally character-
ized. The structures of 3, 5a, and 5b are compared with that of
BrN; (4), and theoretical calculations were performed to
investigate the strength of the intermolecular interactions in
detail.

Compound 3 was prepared by reaction of NaN; with
sodium hypochlorite and boric acid and 5§ by reaction of
AgN,®lith iodine (Scheme 1). The N NMR spectrum of
pure 3 shows three resonances for N, (0 = —274 ppm, Au,, =
145Hz), Ny (0 =-123 ppm, Au,,=28Hz), and N, (6=
—113 ppm, Au,, =36 Hz), which correspond fairly well to
values reported for solutions of 3 in CDCl; (—269.9, Au,, =
240 Hz, N; —119.2, Ay =20 Hz, Ng; —109.3, Ay, =50 Hz,
N,)® and CD,Cl, (-271.2 N,; —123.7 Ng, —114.1 N,).l'" A
solution of 5 in CH,Cl,/CDCl; also shows three resonances for
N, (6 =-359 ppm, Au,, =540 Hz), Ny (6 = —127 ppm, Au,,
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Scheme 1. Synthesis of CIN; (3) and IN; (5).

=12Hz), and N, (6=-165ppm, Au,,=250Hz), which
slightly differ from values reported for a CDCI; solution
(=349.2, Aw;,=450Hz, N,; —122.0, Au;,=20Hz, Ng;
—157.0, Auyp=85Hz, N,).*") Raman spectra of 3 and §
show strong adsorption bands owing to the antisymmetric
(7=2062cm™" 3; 2072cm™' 5) and symmetric N -Ng-N,
stretching modes (#=1134 cm ™' 3; 1220 cm ™! 5) and the N,-
CI/T (#=542cm™ 3; 412 cm™" 5) stretching mode,””! which
agree very well with values previously reported.’”'“*! The
Raman spectrum of 5 in the low-frequency range is somewhat
more complex compared to that of 3 owing to its polymeric
nature.

The crystallization of halogen azides is typically compli-
cated by their expressed sensitivity toward small pressure and
temperature differences. However, use of a miniature zone-
melting procedure with focused infrared laser radiation,*”
which was successfully applied for the growth of a BrNj;
crystal,®®l allowed the growth of a single crystal of 3 on the
diffractometer at a temperature of 150 K. Suitable crystals of
Sab were obtained by slow sublimation.

CIN; (3) crystallizes in the orthorhombic space group
Cmc2, with four molecules (all four atoms are on a mirror
plane)*! in the unit cell and adopts, like the other halogen
azides, a trans-bent structure (Figure 1). The N,—N;—N,
(170.1(5)°) and CI-N,—Nj angles (108.7(4)°) are comparable
to those observed in BrN; (4). The N,—Cl bond (1.748(5) A) is
shorter than the N,—Br bond length in 4 (1.916(9) A), as was
expected owing to the smaller covalent radius of Cl compared
to Br, but slightly longer than the sum of the covalent radii as
reported by Pyykké etal. (1.70 A)* and of compounds
containing a terminal N—CI bond.*”! The N,~N; (1.258(6) A)
and Ng—N, (1.115(7) A) bond lengths differ significantly,

N3 Ci1
N2
N1
Figure 1. Representation of CIN; (3). Ellipsoids are set at 50%
probability.
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clearly proving the covalent bonding character. The angles
and bond lengths are in excellent agreement with values
obtained from microwave spectroscopy studies (N,—Cl
1.745 A, N,~N; 1.252 A, Ny-N, 1.133 A; N,~Ng—N, 171.56°,
CI-N,~N; 108.40°)P" and calculations.”"” Compound 3
adopts a chain-like polymeric structure formed by a two-
fold screw axis owing to the formation of Cl--Cl interactions

(Figure 2). This chain is comparable to the herring-bone

Figure 2. The chain in the packing of 3 formed by the 2, screw axis
(—x, —y+2,z+1/2).

arrangement in the solid-state structures of the elemental
halogens X,. The solid state structure of Cl, shows additional
Cl--Cl interactions at the “opposite end” of the molecule,
which were not observed in the packing of 3. The correspond-
ing NN, distance of 3.121(13) A (N3--N3[—x, —y + 1,z + 1/
2]) is longer than the sum of the van der Waals radii, thus
indicating no attractive interaction. Furthermore, the centro-
symmetric nature of the Cl, molecule leads to crystallization
in the corresponding centrosymmetric space group Cmica,
whereas 3 crystallizes in Cmc2,. The arrangement of the
chains is governed by closest packing since no contacts
suggesting further directed interaction can be found.

The two polymorphs of IN; Sab crystallize in the
orthorhombic space group Pbam with iodine and the nitrogen
atoms on special positions (mirror planes). The azide unit is
disordered over two positions in both polymorphs.“” 5a,b
both form one-dimensional polymeric structures in the solid
state (Figure 3). The N, of both positions of the azide groups
share the same site in both polymorphs as a structural
consequence of the disorder. Even though the constitution of
the chains in 5a and Sb are nearly identical, their relative
arrangement in the packing is different. The differ-
ence becomes most obvious when choosing a pro-
jection parallel to the c axis (Figure 4). In this

? 7
! !
{

Figure 3. A chain polymer as observed in both polymorphs of 5. The
azide molecule is evenly disordered over two positions (one is
depicted with pale colors). The polymer is formed by translation
parallel to the ¢ axis.

N
/

Figure 4. Arrangement of the polymer chains in 5. One stack of chains
is highlighted. View parallel to ¢ along the polymer chains. The N, of
each component of the disorder share the same site. Left: Packing of
5a. Right: Packing of 5b.

densities are almost equal, the difference in energy is
expected to be rather low.

The structural parameters for molecules of halogenazides
3-5 are compared in Table 1.

The most obvious difference between the structures of the
halogen azides is the change of the intermolecular interac-
tions. Compound 3 has CI---Cl interactions as was observed in
elemental chlorine, whereas 4 and Sa,b prefer the formation
of intermolecular XN interactions. This is rather unexpected
as halogen--halogen interactions typically become stronger
with increasing atomic number of the halogen. Moreover, the
intermolecular interactions as observed in BrNj; (4) and both
IN; polymorphs Sab are different despite their topological

Table 1: Selected structural parameters of covalent azides XN; 3-5.

projection, stacks of the chain polymer parallel to CIN; (3)  BrN; (4) IN; (5a)" IN; (5b)%
(120) in 5a and (100) in 5b are found. E'Ven though N,-X 1.747(5)  1.916(9) 2.266(5), 2.276(4) 2.264(4), 2.276(4)
these arrangements are fundamentally dlfferent, the Nu-Nﬁ 1 258(6) 1.265(9) 1 .220(] 3), 1.242(12) 1.211(11), 1.244(11)
polymorphs can be transformed to the other by  NgN, 1.116(6)  1.123(12)  1.093(9), 1.069(9) 1.169(10), 1.059(9)
rotating the chains of every second stack about the =~ NNg-N, 170.1(7)  172.2(11)  178.9(10), 177.2(9) 175.8(9), 177.6(10)
¢ axis by approx. 90° followed by minor adjustment ~ X-N-Ng ~ 108.7(4)  108.6(7) 118.0(2), 114.8(2) 117.9(2), 114.8(2)

for closest packing. As the intermolecular interac-
tions are identical in both polymorphs and their

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Bond lengths [A] and angles [°] in 5a and 5b of the azide group are of low
significance owing to the disorder.
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identity. The one-dimensional polymer in 5a and Sb adopt flat
chain-like arrangements with almost equidistant I-N bonds
(Figure 4), whereas 4 adopts a helical structure (Figure 5), in
which the intramolecular Br—N bond (1.916(9) A) is signifi-

Figure 5. The helical structure of the one-dimensional polymer in 4
generated by a 4, screw axis (y—1/2, —x+1, z+1/4).

cantly shorter than the intermolecular bond (2.885(8) A). It
cannot definitely be established whether these structural
differences between 4 and 5 result from the existence (4)
respectively non-existence (5ab) of Ng-+N, interactions or
from the larger atomic radius of iodine compared to bromine,
which leads to different conditions for the closest packing.
As the crystal of CIN; 3 is composed of molecular units, we
determined the gas-phase structure and harmonic frequencies
with explicitly correlated coupled-cluster theory at the
CCSD(T)-F12a level for comparison.*! Core-valence elec-
tron correlation of the chlorine atom and relativistic effects at
the Douglas—Kroll-Hess level of theory were also estimated
employing CCSD(T).>*! We have previously used the very
same method to determine the structures and harmonic
frequencies of BrNj;, Br,, and N, and found excellent agree-
ment with the experimental values.*®! We now obtained a Cl—
Cl bond distance of 1.981 A and a harmonic frequency of
563.7 cm™! for the Cl, molecule, which compare well with the
corresponding experimental spectroscopic values of 1.987 A
and 559.7 cm™!, respectively.*”! Neglecting core-valence elec-
tron correlation and relativistic effects leads to a slightly
elongated bond (by 0.015 A) and a red-shift of the harmonic
frequency by 5cm'. Table 2 summarizes the results of our

Table 2: Comparison of selected structural parameters of 3.

Calculations
scHl Mw! MP28 - B3LYPH8  CCSD(T)-F1214
Ng-X 1.747(5)  1.745(5) 1.766  1.794 1.736
N.Ng 1.258(6) 1.252(10) 1.256  1.244 1.254
Ng-N, 1.116(6)  1.133(10) 1147 131 1.133
NNg-N, 170.1(7) 171.56(30) 171.6  172.0 172.4
X-N,-Ng  108.7(4) 108.40(30) 109.0  109.7 108.7

[a] Single-crystal X-ray analysis. [b] Microwave spectroscopy.?" [c] This
work.
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calculations of 3 and previous results by Palmer et al. (MP2
TZVP 82, B3LYP TZVP 83) as well as various experimen-
tal structure parameters.

The CCSD(T)-F12 structural parameters agree very well
(within 0.01 A and better than 1°) and usually slightly better
than the previous quantum chemical data with the microwave
data and crystal-structure data.*®! The largest discrepancies
were found between calculated and crystal structure data for
the Ng—N, distance (less than 0.02 A) and the N,—Ng—N,
angle (about 2°). When relativistic and core—valence corre-
lation effects are neglected, the structural parameters hardly
change, with the exception of an elongation of the N—Cl bond
by 0.009 A.

The harmonic vibration frequencies for *CI"“N; were
calculated to be 214, 533, 565, 736, 1178, and 2137 cm™,
respectively. These values are 13-75cm™' larger than the
Raman frequencies as determined here (see above), which
certainly has to be attributed to anharmonic effects. The
decomposition of CIN; into Cl, and N, was calculated to occur
with a release of energy by —791.8 kJmol ' at 0 K, that is,
nearly twice as much as the corresponding value of
—403.5 kITmol ™! for BrN,.P®! The harmonic zero-point vibra-
tional energy contributes —18.4 kI mol™" to the former energy,
while the combined effect of relativity and core—valence
electron correlation is only —1.0 kJmol ..

The energy of interaction of a CIN; molecule (white
molecule in Figure 6) with its nearest neighbors as found in
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Figure 6. Intermolecular interactions between neighboring CIN; mole-
cules in the solid state.

the crystal structure of 3 has been calculated with the same
CCSD(T)-F12 method as used to determine the structure of
an isolated CIN; molecule. The weakest interaction
(—=3.0kJmol™) is found for the in-plane N,N, contact
(neighbor A), while our best estimate for the Cl---Cl contact is
—52kJmol™" (neighbor B), in good agreement with the
interaction energy for a T-shaped dimer of the chlorine
molecule.® The interaction with an in-plane parallel dis-
placed dimer (neighbor C) is slightly stronger (—5.7 kI mol™),
but the strongest interaction occurs between molecules of the
neighboring planes (neighbor D), which was calculated to be
—12.2kJmol™". These values are hardly influenced when
relativistic and core—valence correlation effects are neglected,
with exception of that of the Cl---Cl contact, the magnitude of
which is diminished by 0.2 kJmol ™.

Figure 7 shows the results of an analysis of these
interactions in terms of the energy contributions as obtained
by symmetry-adapted perturbation theory combined with
density functional theory (DFT-SAPT).F>*! The interaction
energy E;, is obtained as the sum of the electrostatic, E,,
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Figure 7. Electrostatic (E,), exchange (E..), induction (E;.4), and
dispersion (Ey,) DFT-SAPT contributions to the total interaction
energy (E;,) for the interaction with different neighbor molecules.

induction, Ei,q, and dispersion, Eg, contributions, along with
corresponding exchange corrections, which take the overall
repulsive effect of electron exchange between the overlapping
monomers into account. While the first-order exchange term,
E.,., as the most important exchange term is explicitly shown
in Figure 7, the exchange-dispersion correction is contained in
Es, and the exchange-induction correction in E;,y. It should
be noted that the total DFT-SAPT interaction energies of
—3.0, —5.5, —6.0, and —12.1 kJmol™! for the interaction with
neighbors A, B, C, and D, respectively, agree within
0.3 kImol™! with the coupled-cluster results. In all cases, the
dispersion energy is the largest of the attractive energy
contributions, and it becomes particularly large for the
interaction with neighbor D. The second largest contribution
in all cases is the repulsive first-order exchange contribution,
while the electrostatic and induction contributions modulate
the interaction energy, but do not play a dominant role. This is
in agreement with the outcome of a natural population
analysis for the CIN; molecule, yielding fairly low charges
of +0.12 and +0.03 e for the terminating Cl and N, atoms,
while the charges for the N, (—0.34 ¢) and N (+0.19 e) atoms
are somewhat larger. All in all, the interactions between the
CIN; molecules in the crystal resemble rather typical van der
Waals interactions, and in particular the interactions between
molecules in neighboring planes stabilize the crystal.
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