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Abstract: Matrix isolation infrared
(IR) studies have been carried out on
the vaporisation of the alkali-metal
azides MN; (M = Na, K, Rb and Cs).
The results show that under high
vacuum conditions, molecular KN;,
RbN; and CsNj; are present as stable
high-temperature vapour species, to-
gether with variable amounts of nitro-

calculations, and for CsNj in particular,
by the detection of the isotopomers
Cs("'N"N"N) and Cs(*N"N“N). The
IR spectra are assigned to a “side-on”
(C,,) structure by comparison with the
spectral features predicted both by vi-
brational analysis and calculation. The
most intense IR features for KNj,
RbN; and CsN; isolated in nitrogen

matrices lie at 2005, 2004.4 and
20022 cm™!, respectively, and corre-
spond to the N; asymmetric stretch.
The N; bending mode in CsNj is identi-
fied at 629 cm™'. An additional feature
routinely observed in these experi-
ments occurred at approximately
2323 cm ™! and is assigned to molecular
N,, perturbed by the close proximity of

gen gas and the corresponding metal
atoms. The characterisation of these
molecular azides is supported by ab
initio molecular orbital calculations
and density functional theory (DFT)

Introduction

There is considerable current interest in the preparation and
characterisation of polynuclear nitrogen compounds, not
least because of the potential role which they may play in
energy storage. These studies range from electronic-struc-
ture calculations on pure nitrogen cluster species,'™ to the
characterisation of a range of polynuclear cations,” or novel
azide complexes.*” The starting point for many of the ex-
perimental studies is a simple binary azide, and examples of
these occur as well-established metal salts, such as MN;
(M = alkali metal, Ag), and M'(N3), (M’ = Ba, Pb) or as
essentially discrete molecular species such as HN; or CIN;.
The chemistry of such covalent azides has been extensively
reviewed by Klapotke et al.[1!
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an alkali-metal atom. The position of
this band appeared to show very little
cation dependence, but its intensity
correlated with the extent of sample
thermal decomposition.

azides -

We have been interested for many years in the formation
and characterisation of the molecular salts produced by the
vaporisation of the parent solids using matrix isolation infra-
red (IR) spectroscopy as the principal investigative tool.l”
In this context it is interesting to explore whether molecular
alkali-metal azides can exist as stable chemical species, and
whether they could be employed as synthetic reagents to
produce higher nitrogen clusters.

The thermal decomposition of alkali-metal azides is a
well-established route to the formation of the pure metal [
but CsN; nevertheless has sufficient thermal stability to be
stable at least up to its melting point of approximately
580 K. The experiments described here were designed to ex-
plore the possibility that molecular alkali-metal azides might
exist in the vapour phase, and subsequently to establish the
shape of any such new species by IR matrix-isolation experi-
ments supported by electronic-structure calculations. In the
longer term, it may be envisaged that these novel molecular
species might provide a new route to polynuclear nitrogen
compounds. This combination of matrix-isolation experi-
ments and electronic-structure calculations has recently
been used by us to characterise a number of organic azide
species and to study their decomposition mechanisms on py-
rolysis.™¥
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Experimental Section

Samples of the crystalline solids NaN; (99.99%) and CsN; (99.99%)
were obtained from Aldrich and were used as received. LiN; was made
from a metathesis reaction of Li,SO, and NaN; in aqueous ethanol ac-
cording to the literature,™ and the crude LiN; was purified by two re-
crystallisations from hot absolute ethanol to remove small amounts of
the sodium impurity. KN; was made from n-butyl nitrite and hydrazine in
alcoholic KOH solution by the method of Miller and Audrieth.'"! The
crude product was purified by dissolution in the minimum volume of
cold water and reprecipitated with ethanol. RbN; was made by the same
method," using RbOH.

The general features of our matrix isolation and IR analysis equipment
have been described elsewhere.l'”! The studies described here involve the
vaporisation under vacuum of the solid azides from silica sample holders
heated externally by a small resistance furnace. In general, azides have
the potential to detonate on heating, and safety precautions to mitigate
this were routinely put in place. However, no explosions were encoun-
tered during the course of these studies.

In a typical experiment, the solid azide sample (ca. 300 mg) was heated
stepwise to a maximum temperature of approximately 800 K, and the
vapour-phase products co-condensed with a large excess (>x1000) of
matrix gas (Ar or N,, purities >99.999 %) onto a CsI window cooled to
approximately 10-12 K. Deposition times at any particular temperature
were typically 30 min, and IR spectra were recorded after each deposi-
tion.

Isotopic data (’N) were obtained from samples in natural abundance
and isotopic effects modelled both by a traditional vibrational analysis
(GF matrix method) and by the electronic-structure calculations descri-
bed below.

Computational methods: All electronic-structure calculations were car-
ried out at the density functional theory (DFT) and second-order
Moller—Plesset perturbation theory (MP2) levels. In the DFT approach,
the three-parameter hybrid functional B3LYP!"! mixing Becke’s ex-
change with the nonlocal correlation functional provided by Lee, Parr
and Yang, was used. The basis sets selected were as follows: For nitrogen
atoms, an augmented correlation-consistent basis set (aug-cc-pvtz!"’l) was
used in all calculations; this is a triple-zeta-valence basis set which com-
prises polarisation and diffuse functions. For sodium atoms, the corre-
sponding basis set cc-pvtz,* without diffuse functions, was employed
whereas for the heavier atoms, potassium, rubidium and caesium, a rela-
tivistic effective core potential (RECP) proved to be the best choice. The
RECP was the Stuttgart relativistic small core ECP (RSC 1997 ECP2!):
it is a small-core quality ECP described by s-, p-, d-, - and g-type func-
tions; it takes into account the 10, 28 and 46 core electrons for potassium,
rubidium and caesium, respectively. A valence basis set with the (7s6p)/
[5s4p] contraction schemel® was used for the remaining 9 outer-shell
electrons of K, Rb and Cs. The molecular structures of all the alkaline-
metal azides were optimised by checking the Hessian matrix; the vibra-
tional frequencies and the zero-point energy were estimated by using the
harmonic approximation. All calculations were performed by using the
Gaussian 03 package.”!

At the optimized B3LYP geometries, single-point energy calculations
were also performed by using the complete active space (CAS) SCF
method® to generate molecular orbitals and reference functions for sub-
sequent multiconfigurational second-order perturbation calculations of
the dynamic correlation energy (CASPT2).%! The quantum chemical cal-
culations were performed using the software MOLCAS6.2.%¢!

The active space choice is crucial for the method. Calculations with sev-
eral active spaces were performed, including a linear combination of the
nitrogen 2p orbitals and the caesium orbitals of appropriate symmetry.
The largest calculation comprised 10 active electrons in 11 active orbitals.
The Stuttgart effective core potentials were used for the Cs atom.””) The
accompanying basis set for the 9 valence electrons was contracted to
Ssdp. For the N atom, a basis set of atomic natural orbital (ANO) type,
available in the MOLCASG6.2 library, was used. A primitive set of
10s6p3d was contracted to 3s2pld.
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Results and Discussion

Vaporisation of solid CsN;: Figure 1a shows part of a typical
nitrogen matrix IR spectrum obtained after the heating of
anhydrous CsNj; at 440 K. At this temperature, there is no
evidence of any sublimation, and the only feature present in
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Figure 1. Nitrogen matrix IR spectra obtained at various stages in the va-
porisation of caesium azide: a) after heating at approximately 440 K;
b) after heating at approximately 670 K; c) after heating at approximately
750 K.

this spectrum is the intense bending mode of (nonrotating)
matrix-isolated H,O at approximately 1597 cm~'. This band
is believed to arise from the desorption of small amounts of
water from the silica walls of the deposition system. The
other two fundamentals of H,O were also present in the ex-
tended (4000—400 cm ™) spectrum.

At a temperature of approximately 670 K, a khaki-bronze
film of metallic caesium could be observed on the off-axis
walls of the deposition system, and a small pressure rise of
approximately 2x 10 mbar was also typically observed at
this stage. Figure 1b shows a typical spectrum obtained at
this temperature. In addition to the H,O band at 1597 cm™,
a further new band is present at 2323 cm™', and numerous
experiments confirmed that this band was always associated
with the appearance of the metallic deposit. At this stage it
would appear that the CsN; is at least partially decomposing
into Cs+N..

On further increasing the temperature to approximately
750 K, the molten CsN; was observed to “boil”, and simulta-
neously to produce a white sublimate on the cooler parts of
the vaporisation tube. The IR spectrum obtained at this
stage in the experiment shows the 1597 cm™ H,O band, a
weaker 2323 cm™' band, and a prominent new band at
2002.2 cm™!. A typical spectrum is shown in Figure 1c.

Further heating of the molten CsNj resulted ultimately in
the vaporisation of the whole sample, without apparent de-
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composition into metallic caesium, and subsequent IR analy-
sis of the white sublimate (after removal under an inert at-
mosphere at room temperature) showed it to be crystalline
CsN;. The spectra obtained from such prolonged depositions
also revealed a number of additional sharp bands, notably,
very weak features at 629 and 970 cm™', together with a
broader band at approximately 2017 cm™', and a doublet at
2149/2139 cm™'. Three of these features can be identified in
Figure 2, which shows a survey spectrum obtained after ex-
tensive deposition at approximately 760 K.
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Figure 2. Nitrogen matrix IR spectrum (3000-500 cm™') obtained from
prolonged vaporisation of CsN; at approximately 760 K.

A number of experiments were also carried out using
argon as the matrix material. These also gave sharp bands,
but the spectra were of varying complexity. In the early
stages of sublimation, the bands at approximately 2323 and
2002.2 cm™' were both observed, but continued deposition
led first to the appearance of weaker, broad features in the
range 1990-2000 cm™!, but ultimately to a sharper, intense
feature at 1987.6 cm™.

This behaviour is consistent with the partial decomposi-
tion of solid CsNj; into Cs+N,, which produces a mixed
argon/nitrogen environment for any species vaporising at
this stage. At higher temperatures, however, vaporisation
appears to take place congruently, and the spectrum then re-
flects a pure(r) argon matrix environment for which a shift
of approximately 14.6 cm™' in the position of the most in-
tense band is apparent, relative to nitrogen. Because of this
complication, the majority of experiments were carried out
using nitrogen as the matrix host. The initial conclusion
from these experiments, therefore, is that CsN; may be sub-
limed at least partially without decomposition under high
vacuum conditions, and that Figure 2 contains spectral fea-
tures due to molecular CsN;.
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The IR spectra of the solid alkali-metal azides are well
documented, and typically show an intense antisymmetric
stretch in the region 2000-2100 cm™', and a very much
weaker bend at approximately 620-650 cm . The symmetric
stretch is generally not observed (it would be infrared inac-
tive in the free anion), but has been reported at approxi-
mately 1340-1350 cm™ from Raman studies. By analogy
with the many alkali-metal salt molecules for which vibra-
tional data are now available, the IR spectrum of molecular
CsN; would be expected to be broadly very similar to that
of the free N;~ ion. Figure 2 shows a typical nitrogen-matrix
spectrum obtained from CsN; over a wider spectral range.
The band at 20022cm™' and a very weak feature at
629 cm™" are both provisionally assigned to molecular CsN,
by comparison with the data from the solid phase. Despite a
detailed search, no features were observed in the spectral
region expected for the symmetric stretch (1250-1400 cm™).

The weak features at 970 cm™" and 2149/2139 cm™ are as-
signed to the most intense fundamentals of NH; and HNj,
respectively. These species are tentatively believed to arise
from reaction between molecular CsN; and H,O during co-
condensation.

If the assignment of the intense 2002.2 cm ™! band to CsNj
is correct, one might anticipate a small but significant shift
in its position when caesium is replaced by a different alkali
metal, as a result of interaction between the N; group and
the coordinated cation.

Vaporisation of NaN;, KN; and RbN;: Several analogous
experiments were carried out in which these alkali-metal
azides were vaporised. The products were isolated in nitro-
gen matrices, and the spectral region 2400-1900 cm™' was
examined closely for any features that might correspond to
the intense 2002.2cm™' band in the caesium system. In
many cases, some decomposition was observed to take place
at approximately 570 K, prior to melting, as indicated by the
formation of reflecting films of sublimed metal, and a fea-
ture at approximately 2323 cm™' was typically observed at
this stage. On further heating, no new bands near 2000 cm ™
were ever observed from NaN;, but KN; and RbN; subse-
quently melted, and at a temperature of approximately
750 K gave new features at 2005.0 and 2004.4 cm ™!, respec-
tively. Figure 3 compares the positions (and widths) of these
bands with the principal CsNj; feature, and it is evident that
these small shifts support the predicted cation dependency
for a molecular MN; species. However, unlike the caesium
system, it proved impossible to build up sufficient intensity
in these K and Rb features to observe the corresponding
bending or N features, because their growth was always ac-
companied by extensive sample decomposition.

5N isotopic features: Figure 2 shows that although the in-
tense CsN; absorption at 2002.2 cm™! has extraneous weaker
features at higher frequency, there are few, if any such fea-
tures in the region 2000-1900 cm ™', where the weak bands
arising from N isotopomers in natural abundance are ex-
pected to occur. The observation of these fundamentals can
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Figure 3. Nitrogen matrix IR spectra obtained from KN, RbN; and CsN;

1

in the spectral region 2030-1980 cm™.

provide evidence for the shape of molecular CsNj3, in addi-
tion to confirming its identification. Several experiments
were carried out in which this spectral region was studied in
detail.

The argon-matrix data for CsN; was in general complicat-
ed by the effects of the mixed Ar/N, matrix, but fortunately,
the corresponding spectral region to low frequency of the
“pure argon matrix” band at 1987.6 cm™' was similarly free
of extraneous features. Satisfactory argon-matrix spectra
could therefore also be obtained for the °N isotopic species.

Figure 4a shows the spectral region 2010-1950 cm™' ob-
tained for CsNj in a nitrogen matrix. The very intense band
centred near 2000 cm ™' is the 2002.2 cm™' fundamental of
the most isotopically abundant species, Cs"*N; , but in addi-
tion, two weak features can be identified at 1991.8 and
1958.7 cm ™, shifted by 10.4 and 43.5 cm ™!, respectively, from
the main band. In an argon matrix, the main isotopomer
band lies at 1987.6 cm™!, and corresponding weak features
were noted at 1977.5 and 1944.5 cm™'. The natural abun-
dance of N is approximately 0.36%, and these weak fea-
tures are provisionally assigned to the isotopic variants
Cs("N"N"N) and Cs(*N"N"N).

Normal coordinate analysis (NCA) modelling of isotopic
features: The most convenient starting point for NCA mod-
elling of the assigned isotopic features is the establishment
of suitable force fields for the free (linear) azide ion that re-
produce the intense feature assigned to the antisymmetric
stretch at approximately 2000 cm ™. For this simple system,
there are only two potential constants to be considered: the
principal N—N stretch, denoted Fy, and the interaction con-
stant Fgg. In the simple-harmonic approximation, both these
can be evaluated precisely if the positions of both the sym-
metric (7,) and antisymmetric (7;) stretching frequencies are
known. The positions of these modes in a truly isolated
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Figure 4. Observed and calculated N isotopic effects for matrix-isolated
CsN;: a) PN isotopic features observed in a nitrogen matrix; b) °N iso-
topic features calculated for side-on (C,,) bonding using the parameters
of calculation I (Table 1); c¢) and d) calculated N isotopic features using
the parameters of calculations III and IV, respectively, for end-on bond-
ing; e) °N isotopic features observed in an argon matrix.

azide ion are unknown, but in solid KN; they have been re-
ported at 1344 and 2041 cm™, respectively, from a combina-
tion of IR and Raman studies.’?>*’

Assuming for the moment that in matrix-isolated CsN;
the anion is effectively “free”, a value for 7; can be taken as
the observed nitrogen-matrix feature at 2002.2 cm . How-
ever, as 7, is not known, a range of values must be tried that
lead to a range of solutions for Fi and Fgg, all of which re-
produce the observed value for 7;. For each pair of values,
Fr and Fyyg, it is then straightforward to calculate the ex-
pected positions of all isotopic “N/'*N combinations for the
isolated azide ion. This procedure must produce identical
values of v; for all pairs of F and Fyy for a particular “sym-
metrical” isotopomer, such as 15-15-15, 14-15-14 and 15-14-
15, because the isotope shifts relative to the parent 14-14-14
species are determined solely by the Product Rule. For the
less-symmetrical species, 14-14-15 and 14-15-15, the posi-
tions of #; will in principle depend on the particular values
of Fy and Fgg, because for these molecules there is coupling
between 7, and #;. In practice, however, this coupling is very
small. Even when the notional position of #, is varied from
1200 to 1400 cm™', it turns out that the positions of all the
isotopic frequencies associated with #; are constant to within
02cm™t

This result removes any concern that there may be about
the true position of #;, and the effect that this may have on
the subsequent interpretation of isotope patterns in the 7;
region. The next stage is to model the isotopic shifts expect-
ed for the side-on and end-on structures of CsN;.

For the side-on (C,,) structure, we assume initially that
the Nj; unit is still essentially linear, and that although 7; can
in principle couple with the low frequency cation motion, it
is essentially decoupled. However, the distinguishing feature
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of this structure is that there is no linkage isomerisation as-
sociated with cation coordination, and there is only one dis-
tinct isotopomer containing the 14-14-15 group. Further-
more, this isotopomer occurs at twice the abundance of the
more symmetrical 14-15-14 variant. The isotopic features ex-
pected for side-on bonding are therefore almost indepen-
dent of uncertainties in the force field, and for a wide range
of parameters Fp and Fyy this modelling predicts positions
of 1957.2 and 1991.3 cm ™ for the two most abundant iso-
topomers 14-15-14 and 14-14-15, respectively, relative to the
parent 14-14-14 band at 2002.2 cm~'. The model also pre-
dicts an intensity ratio of 2:1 for the 1991.3 and 1957.2 cm™!
bands from their relative abundances. Isotope shift calcula-
tions were also carried out for C,, structures in which the N-
N-N bond angle was varied over the range 170-180°. These
showed that this slight departure from linearity produced es-
sentially no change in the predicted positions of the N iso-
topomers.

For the end-on structure, the effect on the vibrations of
the N; unit can be visualised as being represented by two
distinct principal force constants, denoted Fy and Fg.. This
distinction reflects the fact that Cs coordinates to one end
of the Nj ion, which results in the existence of two distinct
isomers for unsymmetrical substitution: Cs-14-14-15 and Cs-
15-14-14. The effect of this on the IR spectrum will in princi-
ple be to split the “14-14-15” isotope feature, with the mag-
nitude of the splitting being determined by the difference
between Fy and Fy.. This effect can also be modelled, and
the isotopic band position can be calculated for sets of
values for Fy, Fr- and Fgpg, all of which generate the parent
14-14-14 band at 2002.2 cm™'. The main point of interest
here is to discover to what extent Fy and Fi- must differ for
the effect to be detected as a distinct splitting of the “14-14-
15” isotopic feature. Experimentally, this band (at
1991.8 cm™ in a nitrogen matrix) is essentially the same
width (see Figure 4a) as the unsplittable 14-15-14 feature at
1958.7 cm™'. It is considered very unlikely that this result
would be compatible with the end-on model. Calculations
show that it would require the difference between Fg and
Fy- to be less than approximately 1% for the splitting not to
be at least partially resolved.

Table 1 summarises the results of this modelling for the
observed CsNj; isotopic data in a nitrogen matrix. The agree-
ment between observed and calculated band positions fully
confirms their assignment as N; (#;) modes. Figure 4b—-d
shows pictorially how typical calculations for side-on and
end-on coordination compare with the experimentally ob-
served nitrogen matrix N spectra. The most significant fea-
ture is the approximate 2:1 intensity ratio for the bands at
1991.8 and 1958.7cm™!, as predicted for the side-on C,,
structure (Figure 4b, calculation I). The small differences be-
tween observed and calculated band positions are attributed
to the neglect of anharmonicity. Figure 4c and d reproduce
the band positions generated by calculations III and IV, and
show, in contrast, the doublet splittings predicted with two
different force fields for the linear model.
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Table 1. Observed and calculated (NCA) vibration frequencies [cm™]
for isotopic CsN; species in nitrogen matrices.!!

Observed" Calculated (I) Calculated (II) Assignment!®!
2002.2 2002.2 2002.2 14-14-14
1991.8 1991.25 1991.3 14-14-15
1958.7 1957.2 1957.2 14-15-14
Calculated (IIT) Calculated (IV) Assignment!!
2002.2 2002.2 Cs-14-14-14
1992.1 1993.3 Cs-14-14-15
1990.4 1989.1 Cs-15-14-14
1957.2 1957.2 Cs-14-15-14

[a] Force constant parameters used in the calculations are as follows: for
I: Fy = 11.444, Fgg = 0.427 mdyne A™! (gives parent 7, = 1200 cm™');
for II: Fp = 12474, Fpg = 1.458 mdyne A~' (gives parent 7 =
1300 cm"); for IIl: Fr = 11.182, Fr. = 11.711, Frg = 0.434 mdyneA’l;
for IV: Fp = 10.800 Fy. = 12.130, Fgr = 0.470 mdyne A~". [b] Frequen-
cy accuracy 0.5 cm™'. [c] Antisymmetric stretch: C,, structure; side-on co-
ordination by Cs. [d] Antisymmetric stretch: linear structure; end-on co-
ordination.

The fifth spectrum displayed here (Figure 4e) shows the
analogous N features observed in an argon matrix, where
again, there is no evidence for a linkage isomer splitting,
and the 2:1 intensity ratio is evident.

Search for N; symmetric stretch: As indicated above, no
spectroscopic features were observed that could be attribut-
ed to the (technically IR-active) symmetric stretch. For this
reason, the NCA was based upon an essentially linear N-N-
N unit. However, the electronic-structure calculations (see
below) indicate a small departure from linearity of approxi-
mately 6° for the C,, CsN; molecule, and it is of some inter-
est to explore whether one might expect to observe the sym-
metric N; stretch for this degree of nonlinearity. Using the
bond dipole model, within the Wilson GF approach, it
may be shown that if I; and I, denote the intensities of the
antisymmetric and symmetric stretches, respectively, then
Equation (1) is valid for a C,,-symmetric triatomic XY, mol-
ecule:

I; _ tan’0(Mx + 2Mysin’0) 1)
I, = (Mx+2Mycos?0)

in which the YXY bond angle is 20, and My and My are the
atomic masses of X and Y, respectively. This approach has
been shown to have value in the estimation of bond angles
in other matrix-isolated species.’l Setting My = My = 14,
and 0 = 87° gives a ratio of approximately 1090:1 for the
intensity ratio I;/I;. The failure to definitely locate the sym-
metric stretch in this work is therefore not entirely unex-
pected.

Electronic-structure calculations on molecular alkali-metal
azides: Two minimum-energy structures were located for
molecular alkali-metal azides at the B3LYP and MP2 levels:
the end-on linear structure (I) and the side-on (C,,) struc-
ture (II), as shown below.

Chem. Eur. J. 2006, 12, 35803586
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R1 R2 R3
M-—-N—N—N

The results of these calculations as regards molecular
structure were clear-cut for LiN;, NaN;, RbN; and CsNj.
The lowest-energy configurations for both RbN; and CsNj;
were predicted to be side-on by both methods, whereas LiN;
and NaN; were predicted to have a linear geometry by both
methods. In the case of KNj, the B3LYP calculations pre-
dicted a linear geometry, but the MP2 method indicated
side-on bonding. For LiN;, NaN;, KN;, RbN; and CsNj, the
relative energies (C,,—linear) at the B3LYP level are +0.44,
+0.20, +0.01, —0.02 and —0.01 eV, respectively, and +0.25,
+0.05, —0.10, —0.12 and —0.11 eV, respectively, at the MP2
level. These calculations also indicated that the angles N-N-
N for the C,, geometries were all in the range 169-175°, and
that for CsNj in particular, this angle (internal to the ring) is
predicted to be approximately 174°. The structural data is
summarised in Table 2.

Subsequent calculations of the expected vibrational fre-
quencies generally produced values for the N; antisymmetric

FULL PAPER

stretch in CsN; that were somewhat higher than the experi-
mental result (2002.2cm™'), with the closest prediction
(2086 cm™') coming from the B3LYP calculation for the C,,
structure. The difference between these observed and calcu-
lated frequencies arises because of the neglect of anharmo-
nicity in the calculation and only partial allowance for elec-
tron correlation. This calculation also satisfactorily repro-
duced the "N isotopic shifts, with a 7; [(14-14-15)-(14-15-
14)] separation of 35 cm™' (B3LYP) compared with the ex-
perimental separation of 33 cm™'. As indicated above, the
degeneracy of the bending mode in the Nj; ion is lifted for
side-on bonding, and this B3LYP calculation gave values of
663 and 687 cm™' for the positions of the two components.
The experimental data in this spectral region revealed only
one (very weak) feature at 629 cm™!, but the existence of a
second distinct component could not be ruled out. Both
types of calculation predict that the relative intensity of the
symmetric N-N-N stretch for the C,, structure is effectively
zero compared with the antisymmetric stretch: a conclusion
that confirms the previous estimate using the bond dipole
model. Table 2 summarises the results obtained from the
calculations on the linear and C,, structures for CsNj at
both the B3LYP and MP2 levels.

The CASSCF/CASPT2 calculations indicate that both
structures have singlet closed-shell ground states, and that

Table 2. Calculated energies!® and molecular parameters!! for linear and C,, structures of CsN;.

End-on (linear) coordination

B3LYP MP2
14-14-14 15-14-14 14-15-14 14-14-15 14-14-14 15-14-14 14-15-14 14-14-15
geometry
R1 2.682 2.627
R2 1.193 1.210
R3 1.155 1.187
energy —184.44656 —184.44666 —184.44674 —184.44666 —183.87354 —183.87364 —183.8737 —183.87363
IR frequencies and intensities
Cs—N stretch 192 (75) 190 (74) 190 (73) 190 (73) 201 (76) 199 (75) 199 (75) 199 (75)
Cs-N-N bend"! 55(7) 53(7) 55(7) 54 (8) 89 (7) 87 (6) 89 (7) 88 (7)
N-N-N bend™! 660 (6) 656 (6) 645 (6) 656 (6) 624 (3) 620 (2) 610 (3) 621 (2)
N-N-N stretch (s) 1387 (94) 1360 (94) 1387 (98) 1368 (85) 1249 (28) 1227 (27) 1249 (28) 1229 (27)
N-N-N stretch (as) 2148 (1313) 2141 (1279) 2100 (1267) 2131 (1306) 2155 (681) 2143 (659) 2106 (664) 2142 (675)
Side-on (C,,) coordination
B3LYP MP2

14-14-14 15-14-14 14-15-14 14-14-14 15-14-14 14-15-14
geometry
R1 3.053 2.977
R2 1.178 1.206
R3 2.876 2.786
angle N-Cs-N 453 47.7
angle N-N-N 174.5 173.8
energy —184.447076 —184.447179 —184.447256 —183.877586 —183.877682 —183.877764
IR frequencies and intensities
Cs—N stretch (s) 178 (54) 177 (53) 177 (53) 191 (55) 189 (54) 190 (54)
Cs—N stretch (as) 114 (1) 112(1) 114(1) 140(2) 138(2) 140(2)
out of plane bend 663 (3) 660 (3) 649 (3) 606 (0) 603 (0) 593 (0)
in-plane bend 687 (1) 684 (1) 671 (2) 624 (0) 621 (0) 609 (0)
N-N-N stretch (s) 1360 (0) 1336 (0) 1359 (0) 1190 (0) 1170 (0) 1190 (0)
N-N-N stretch (as) 2086 (952) 2075 (938) 2040 (918) 2146 (301) 2135 (296) 2099 (293)

[a] Bond lengths (R) in A. Angles in degrees. Energies in atomic units, IR frequencies in cm™', IR intensities (in parentheses) in kmmol~". [b] Doubly de-
generate.

Chem. Eur. J. 2006, 12, 35803586 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 3585


www.chemeurj.org

CHEMISTRY—

J. S. Ogden et al.

A EUROPEAN JOURNAL

the “side-on” structure lies about 6 kcalmol™' lower in
energy than the linear structure. This result therefore con-
firms the DFT results.

Conclusion

This work has conclusively demonstrated the existence of
the stable molecular alkali azides KN;, RbN; and CsNj; pro-
duced as vapour species by heating the respective crystalline
solids under vacuum conditions. When isolated in nitrogen
matrices, these molecules are characterised by distinctive IR
absorptions in the range 2000-2010 cm™', and for the caesi-
um salt, the additional observations of "N isotopic features
very strongly support a C,, structure involving side-on
cation coordination to the azide group. These experimental
conclusions are also supported by electronic-structure calcu-
lations using both B3LYP and MP2 methods.
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