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EXECUTIVE SUMMARY

1. Discovery of the N5* Cation and its Compatibility Studies with Energetic Anions

The experimental work at the Air Force Research Laboratory, Edwards AFB CA, was

begun in the Fall of 1998. The following system was chosen for our first reaction:
HF

N,F'AsFs  + HN; T» Ns'AsFy  + HF (1)

Using both known starting materials, the reaction succeeded on the first attempt, and a
white solid was obtained that was marginally stable at room temperature.  The observed
vibrational spectrum was in accord with the frequencies and intensities predicted for N5’ AsFy,
and was further confirmed by "N substitution experiments, which showed the correct isotopic
shifts, and by low-temperature “N/"N NMR spectroscopy. The full scientific paper on NsAsFg
was published in the July 1999 issue of Angewandte Chemie [Al].

The next major goals of synthesizing a more stable N5 salt, N5 SbFs, and the
development of a scalable process for its safe production were subsequently achieved.
Complementing this success were the process improvements for the starting materials, reducing
the cost and time required for the synthesis of N,F'SbF¢ by about 80 %. The V-shaped
geometry of the N; " cation was confirmed by the crystal structure of NsSb,F;; [B]. During these
studies, crystal structures of numerous N-F containing cations; i.e., ONF," [C], H;NF', N,oF",
N>F;", and NF,4", were determined.

The ready availability of stable NsSbF¢ enabled study of its reaction chemistry and
development of methods for converting it into other N salts. Combination of the N5  cation
with anions, such as ClO4, NO;s, N3’, was not successful due to lack of sufficient lattice
energies. Two highly energetic salts, N5’ [B(N3)4] and N5 [P(N3)s], containing >90 weight %
nitrogen, were prepared, but are highly shock sensitive and thermally unstable. Since the

discovery of the Ns" cation in 1998, a total of 12 N5 salts have been isolated and characterized.
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Of these 12 salts, NsB(CF3)4, N5sSbyF;;, NsSbFe, and NsSnFs are stable above room temperature,
(Ns)2SnFg, NsAsFg, NsPFg, NsBF4, and NsSO3;F are marginally stable at ambient temperature,
while NsP(N3)s, NsB(N3)s, and NsHF,'nHF are stable only at low temperatures [D]. The
existence of FNs as a possible starting material for polynitrogen compounds was also
investigated [E].

During our attempts to explore solvent compatibility with the azide ion, the new azido

species, (SO)2N3", SO,N3™ and SO3N3°, were isolated and structurally characterized [F,G].

2. The Pentazolate Anion, cyclo - N5

N—=N

NN

7

N

Although the existence and stability of substituted pentazole ring compounds was
demonstrated successfully more than 40 years ago by Huisgen and Ugi, and substituted
pentazoles have been well characterized, attempts to prepare either the parent HNs molecule or
its anion, Ns', had been unsuccessful. In our pursuit of the N5 anion, the following strategy was
employed: (i) the use of Ugi-Huisgen-type, substituted phenylpentazoles as starting materials;
(i1) the transfer of maximum negative charge to the pentazole ring by the use of highly electron
donating substituents on the phenyl ring in para-position to the pentazolyl substituent to increase
the aromaticity and stability of the pentazole ring, while at the same time weakening the
connecting C-N bond; (iii) the selective cleavage of the C-N bond while keeping the N-N bonds
of the pentazole ring intact; and (iv) the use of an analytical method that is ideally suited for the
generation and detection of anions. In the electrospray ionization mass spectrometry (ESI-MS)
cleavage experiments, the desired negative ion peaks were mass-selected and subjected to

product ion mass analysis following collision induced dissociation (CID) at variable collision
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voltages using N or Ar as the collision gases. An unambiguous proof for the formation of cyclo-
N5~ anions was obtained using normal and "N substituted starting materials. [H]. The bulk-
synthesis of stable Ns salts is an important objective of this program which has not been
accomplished so far. The possible existence of Ns;" N5~ and Ns' N3 was studied
computationally. It was found that both compounds are unstable by large margins with respect
to decomposition to N3 radicals and N,. This conclusion was experimentally confirmed for N5

N3 [1].

3. Synthesis and Characterization of the FN(O)N;" Cation

The e- and z- isomers of FN(O)N;"
red = oxygen, dark blue = fluorine.

Since the reaction of a nitrogen fluoride cation with HNj3 is an excellent synthetic tool for
the formation of N-N bonds, this approach was applied to other systems, such as ONF,", N,F3",
and NF,". The reaction of ONF," with HN; was successful and allowed us to isolate and
characterize the novel FN(O)N;" cation. Depending on the orientation of the oxygen/fluorine
atoms with respect to the azide group, the structure can exist as either the z- or e-isomer, which

was confirmed by vibrational and NMR spectroscopy and theoretical calculations.



4. Polyazides

The azide group is highly energetic and adds ~ 70 kcal/mol
endothermicity to a compound. Consequently, polyazides offer a
unique opportunity to prepare nitrogen rich, highly energetic
materials. Of particular interest to this program were polyazido

anions, which might be useful as energetic counter-ions to

polynitrogen cations, such as Ns'. A large number of binary

metal azides were characterized using vibrational and NMR spectroscopy, and x-ray crystall-
ography [J]. Furthermore, an important issue about N-N bond distance anomalies in the case of
mixed metal azide/chlorides was addressed. Since most of the metathetical reactions require

anhydrous metal azide salts, a novel method was demonstrated to prepare cesium azide [K].

5. Azidamines

Azidamines represent an attractive class of HEDM materials, and only two azidamines
were reported in the literature, about four decades ago. After carefully reexamining these reports,
we were unable to duplicate the previous claims. The only covalent azide isolated from one of
these systems was CH,(N3),, formed from the reaction of the solvent with NaN;. Furthermore,
condensation reactions involving (CHj3),NCI, one of the starting materials, gave rise to two novel
compounds that were isolated and identified by their crystal structures. They are dimethylamino-
methyltetrazole and an interesting 1-methylated 1,3,5-triazintum dication. Therefore, the
previous claims of the existence of azidamines should be discredited.

As spin-off chemistry from the reaction of (CHj)y(t-butyl)SiNCl, with N(CH3)4 F™ in
CHF;5 solution at low temperature, a solid product was isolated which, on warm-up to room
temperature, yielded (CH3);N" NCI,,, N, and NCls. Additional work is required to positively
identify the expected intermediate (CH3)4N+ NCl,". The novel NCI, anion would provide an
ideal precursor for exploring the possible synthesis of the N(N3),- anion.

Another interesting new compound was obtained when [(CHj3)3Si],NCI was reacted with
HF and Lewis acids, such as BF3, AsFs, or SbFs. In all cases, stable salts containing the novel
NH;CI" cation were obtained. These salts develop, on exposure to moisture, NH,Cl, a powerful
disinfectant and biocide. The salts could serve as ideal safe solid storage media for NH,Cl and

might be used as gas generators for disabling chemical warfare agents, such as Anthrax.
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BACKGROUND

In the course of the High Energy Density Matter (HEDM) Program, which was initiated
in 1986 by the Air Force [Ref. 1], the potential of polynitrogen compounds for HEDM was
recognized by numerous theoretical studies [Ref. 2]. However, no systematic efforts were
undertaken to synthesize any of the potential candidates predicted by the theoreticians. This
changed in 1998, when Dr. Oestmark from the Swedish Defense Research Agency proposed to
the Defense Advanced Research Projects Agency (DARPA) an experimental study to prepare
tetrahedral N4. In response to this proposal and upon urging from the Air Force Research
Laboratory (AFRL), DARPA issued a broad solicitation for experimental efforts and funded
eight programs in the polynitrogen area. One of these programs was the effort at the Air Force
Research Laboratory at Edwards Air Force Base. This effort was led by Karl Christe, who is also
a Research Professor at the Loker Research Institute of the University of Southern California
(USC) in Los Angeles, and was expanded one year later to include a program at USC. Because
of the overlap and close cooperation between these two programs, the results are summarized in
a single report. The following scientists were associated with this program and are shown in
Figures 1 and 2:

Responsible Scientist (PI): Karl O. Christe

Senior Investigators at AFRL: William W. Wilson, Ashwani Vij, Vandana Vij, Jerry

Boatz (Computational Chemistry), Jeff Mills (Computaional Chemistry), Jeff Sheehy

(Computational Chemistry)

Air Force Program Managers: Pat Carrick, Jessica Harper, Jeff Sheehy, Robert Corley,
Ashwani Vij

Senior Investigators at USC: Ross Wagner, Thorsten Schroer, Stefan Schneider,

Michael Gerken, Ralf Haiges




Fig. 1. Members of the AFRL Group
From left to right: Ashwani Vij, Vandana Vij, Karl Christe, William Wilson, Robert Corley,
Jerry Boatz, and Angelo Alfano (A. Alfano worked with Karl Christe on a DARPA-sponsored

program for singlet delta oxygen generation).

Fig.2. Members of the USC Group

From left to right: Ralf Haiges, Thorsten Schroer, Ross Wagner, Stefan Schneider, Karl Christe,
and Michael Gerken.



Collaborators: David Dixon (PNNL), David Feller (PNNL), Mark Gordon (ISU, Ames),
Heather Netzloff (ISU, Ames), Ryan Olson (ISU Ames), Fook Tham (UC Riverside),
James Pavlovich (UC Santa Barbara), Robert Bau (USC), Irena Tsyba (USC), Eduard
Bernhardt (University Duisburg, Germany), Don Jenkins (University of Warwick, UK).
The Program was guided by Drs. Art Morrish and Don Woodbury from DARPA.

I. Discovery of the N5 Cation

The experimental work at the Air Force Research Laboratory, Edwards AFB CA, was
begun in the Fall of 1998. Because N-N single and double bonds exhibit bond energies that are
significantly smaller than one-third and two-thirds, respectively, of that of the N-N triple bond in
dinitrogen, all polynitrogen compounds are highly endothermic with respect to decomposition to
Ny. Therefore, very few reactions are known for the formation of N-N bonds, and multi-step
syntheses are practically impossible. For these reasons, this research team’s first target was a
catenated rather than a cyclic or polycyclic compound. Furthermore, researchers realized that the
fragments to be coupled had to already contain most of the desired energy; the coupling reaction
had to be exothermic to proceed readily at low-temperatures; and a suitable solvent had to be
used to provide a heat sink for the energy released in the coupling reaction. The synthesis of a
polynitrogen cation also had to incorporate the use of one cation in the starting materials because
the first ionization potentials of nitrogen compounds are around 300 kcal/mol. Final prerequisites
were that the starting materials had to be readily accessible and that the desired product had to be
resonance stabilized and could not contain any weak N-N single bonds. After some deliberation,

the following system was chosen for the first reaction:

HF

N,F'AsFs  + HN; T» Ns'AsFy  + HF (1)

Both starting materials were known compounds, and there was still some N,F"AsFs on
hand from previous work [Ref. 3]. With considerable luck and experimental skill (Fig. 3), the
reaction succeeded on the first attempt, and a white solid was obtained that was marginally stable
at room temperature and, most encouragingly, reacted explosively with water or organic
materials. It was characterized by low-temperature Raman spectroscopy. The observed spectrum
was in qualitative accord with expectations for a V-shaped Ns' cation, and ab initio calculations

of the frequencies and intensities proved beyond doubt that we had indeed prepared Ns AsFs.

3



This was further confirmed by '*N substitution experiments which showed the correct *N-"*N
isotopic shifts. Final proof for the presence of N5 was obtained at Christmas 1998, with the help
of Alan Kershaw at USC, by low-temperature nitrogen NMR spectroscopy which showed the

Fig. 3. Bill Wilson Shown Carrying Out a Typical Ns'AsF¢ Preparation

predicted chemical shifts. A theoretical calculation for N5* had been published by Pyykkoe and
Runeberg in 1991 as part of a systematic study of the isoelectronic dicyanamide series, but little
emphasis was given to N5’ as a possible new species [Ref. 4] and, therefore, it had escaped
attention.

The successful synthesis of N5 AsFs was reported in January 1999 at the 14" ACS
Winter Fluorine Conference in St. Petersburg, FL, and was an instant hit. It was only the second
stable polynitrogen ever made, the first one being the azide anion, N3, discovered by Curtius in
1890. Furthermore, a mishap during low-temperature Raman characterization, in which a few
milligrams of material destroyed the recording apparatus (Fig. 4), caught the public’s eye. Within
one week, the discovery was highlighted in Chemical & Engineering News [Ref. 5]; and from
there it spread like wildfire around the world. It was covered in the New York Times, the
London Times, the New Scientist, the Hindu, Chemistry in Britain, the CPIA Bulletin, Nature,
Aviation Week, Popular Mechanics, Chemistry & Industry, the Rheinische Post, etc, etc. It was
also selected by Chemical & Engineering News as one of Chemistry’s five top achievements in

1999 [Ref. 6].



Fig. 4. Raman Apparatus Before (Upper Picture) and After (Lower Picture) the Mishap

The full scientific paper on NsAsFg was published in the July 1999 issue of Angewandte
Chemie [Ref. 7] and highlighted on the cover of this prestigious journal (see Fig. 5). This
discovery was also covered by a US Patent in 2001 [Ref. §].

ANGEWANDTE
CHEMIES===

INTERNATIZNAL EDITION 1999138

(WILEY-VCH

Fig. 5. Cover page of Angewandte Chemie with article on NsAsFg
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This success with NsAsF¢ prompted DARPA to increase the support of the work. The
research team was able to hire two new colleagues, Dr. Ashwani Vij and his wife Vandana Vij,
at AFRL and to set up a second laboratory at the University of Southern California in Los
Angeles. With DARPA support, two old laboratories were completely rebuilt, which the late
Prof. Anton Burg had generously made available for this program, and equipped for polynitrogen
and HEDM work (Fig. 6). Dr. Ross Wagner, a retired former colleague from Rocketdyne, and
four young German scientists, Drs. Thorsten Schroer, Stefan Schneider, Michael Gerken, and

Ralf Haiges, who had come to USC as post-docs, joined the program.

Fig. 6. One Of The Six Walk-In Fume Hoods of the New USC Laboratory
Each fume hood is equipped with a custom-built stainless-steel/Teflon™
and glass vacuum line.

I1. Synthesis and Scale-up Production of N5+SbF6', a Stable N5* Salt
The next major goals of the program were the synthesis of a more stable Ns' salt and the
development of a scalable process for its safe production. These goals were accomplished at
AFRL/Edwards by the synthesis of N5 SbF¢ according to Eq. 2.
. ) HF . ]
-78 to
Because SbFs is a stronger Lewis acid than AsFs [Ref. 9], NsSbFg is considerably more stable

than NsAsFg. It is stable up to about 60 °C and, surprisingly, is insensitive to mechanical shock
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(as demonstrated by negative drop weight tests at 300 kg-cm). It was thoroughly characterized
[Ref. 10], and the crystal structure of NsSb,F;; was determined (see Fig. 7). The experimental
structure was in excellent agreement with earlier structure predictions, which were based on the

good match between calculated and observed spectroscopic properties [Ref. 7].

Fig. 7. Crystal Structure of Ns'Sh,Fiq
Shown as a Space-Filling Model

The synthesis of NsSbFs was successfully scaled up to the 5 gram level. During this sale-
up, the handling of large amounts of shock-sensitive pure HNs, generated from NaN3 and stearic
acid, had led to numerous explosions with significant damage to equipment (see Fig. 8). This
problem was overcome by the generation of HN3 from NaNj and a large excess of anhydrous HF
and co-distillation of the HN3 and HF, thus avoiding the handling of pure HNj;. This approach
provided a very safe and scalable synthesis for NsSbFs.

Fig. 8. Typical Damage Caused by an HN; Explosion
One trap of the glass line is missing, and parts of it have
penetrated the safety glass of the door.
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The preparation of the N,F SbF¢ precursor was a time-consuming, multi-step synthesis and

involved the following individual reactions:

* Reduction of N,F, to N,F,

Graphite + AsF; —>» C,, AsF; (3)
2C12"AsFs + NoFs —>2C12'AsFs  + trans-NoF2 (4)

* trans-cis isomerizatio of N,F,:
5
trans-NoF2 + AsFs TR NoF"AsFe )
_ 6
NeF"AsFs” + NaF — 0> NaAsFs + cisNoF2 ©

* Formation of N,F"SbF;:

HF (7)

cisNoF2 + SbFs —> NLoF'SbFs
* If N,F, is not available,
H,NCONH, — F,NCONH, —> NHF, —> Nf, 8

These steps were significantly improved by replacing expensive highly oriented pyrolytic
graphite (HOPG) with cheap mineral graphite flakes, and by replacing stoichiometric amounts of
expensive AsFs in the tricky trans-cis isomerization of N,F, with catalytic amounts of re-usable
solid AlF;. The latter improvement also eliminated the previously required displacement step
between N,F'AsFs and NaF. Using these improvements, the cost and time required for the

synthesis of N,F'SbF¢ were reduced by about 80 %.

II1. N5* Chemistry and Metathetical Syntheses of Other Ns* Salts

The availability of sufficient amounts of stable NsSbF¢ enabled the research team to
study its reaction chemistry and to develop methods for converting it into other Ns' salts. For
example, its potential use as a reagent for introducing Ns groups into aromatic rings by
electrophilic substitution reactions was investigated at USC but was unsuccessful because of the
high electron affinity and oxidizing power of Ns'. Its electron affinity was experimentally
determined [Ref. 10] using bracketing methods and substrates with known first ionization
potentials. In this manner, researchers were able to show that Ns' is capable of oxidizing NO,

NO,, and Br, to NO", NO,", and Br,", respectively, but not Cl,, O,, or Xe.



Table 1. First Ionization Potential of Substrate (eV)

Ionization Potential

Ns'SbFg~ + NO —> NO'SbFg + 25N, 9.26
Ns'SbFg” + NG, — NO,'SbFs + 2.5N, 9.75
N5'SbFg~ + B, — Br,'SbFg + 2.5N, 10.52
Ns'SbFg” + Ch —%—> CL'SbFg + 25N, 11.48

12.07

Ns'SbFg + O, —X> O,'SbFs + 25N,
Ns'SbFs + 2 Xe =% Xe,'SbFg + 25N, 12.13

Therefore, the electron affinity of N5" must fall between 10.52 and 11.48 eV. This result is in
excellent agreement with theoretical calculations [Ref. 11], which gave a value of 10.55 eV
(243.3 kcal/mol) for the adiabatic electron affinity of Ns.

For the conversion of NsSbF, into other Ns' salts, metathetical approaches were chosen
that were similar to those used in the past to prepare many novel NF4" salts [Ref. 12]. In this
approach, the ions in two salts were exchanged. It required a compatible solvent in which both
starting materials are soluble, and one of the products is soluble while the other one is insoluble,

as shown schematically in Equation (9).
Ns'SbF¢ + A'B-———> Ns'B~ + ASbFg| 9)

Because CsSbFg has a low solubility in anhydrous HF, and NaSbFg has a low solubility in SO,
solution, these two solvents were studied extensively. It was found that HF works well in cases
where the B™ anion is derived from an acid stronger than HF, and HF does not displace B™ from
its salt. In this manner, the novel (N5),SnFs> salt was successfully prepared (Eq. 10) and
characterized at AFRL/Edwards [Ref. 13].

2 NsSbFg + Cs:SnFs  — & B (Ns5),SnFg + 2CsSbF | (10)

-78 °C

This salt was a white solid that was marginally stable at room temperature and was somewhat

friction sensitive. The successful isolation of this compound was particularly noteworthy,



because it demonstrated that salts with touching polynitrogen ions can be isolated. This
achievement allows hope for the eventual synthesis of an ionic solid consisting exclusively of
polynitrogen ions. Normally, large inert counterions, which can serve as spacers, are required to
separate highly energetic ions and, thus, suppress propagation and spontaneous explosive
decomposition. Another interesting aspect of this compound was its thermal decomposition.
Under carefully controlled conditions, this compound was successfully stepwise decomposed
and N5 'SnFs was isolated (Eq. 11).
25-30°C
(N5)2SnFg > NsSnFs + “FNs” (11)

The NsSnFs salt was a white solid and had a thermal stability comparable to that of NsSbFg (50 —
60 °C). The structure of the SnFs anion in this compound is interesting and was shown by ''’Sn

NMR spectroscopy to be a mixture of tetrameric and dimeric polyanions (see Fig. 9).

4-
[SnyF5]

N
[Sn,F ]

Simulated

Bazo | meBD -k

Wm
T

-835.84 ppm WW -895.36 ppm
Experimental

Figure 9. Observed (Black Trace) and Simulated Sn NMR Spectra of
Snszz' (Red Trace) and Sn4F204' (Blue Trace) in a 2 : 1 Mole Ratio

Attempts were made to detect the expected “FNs” by-product by dynamic FT-IR spectroscopy;
however, only its expected decomposition products, FN3, N,F,, and NF3, were observed. These
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results prompted the research team to carry out, in collaboration with Mark Gordon’s group, a
theoretical study on the stability and lifetime of FNs [Ref. 14]. This study identified at least six
vibrationally stable isomers of FNs but, in accord with experimental results, the predicted
lifetimes of these species were in the nanosecond range.

Yet another Ns' salt, Ns'B(CF3),, was prepared by the metathetical route [Ref. 13]. For
the synthesis of this compound, the use of anhydrous HF did not result in a good separation of
the products, because their solubilities in HF were too similar. Therefore, SO, was used as a
solvent (Eq. 12), and good product separation was achieved.

N;sSbFs + KB(CF3)4 %b N;sB(CF;3); + KSbFg | (12)
The resulting NsB(CF3)4 salt was a white stable solid which also decomposed between 50 and 66
°C. It appears that the thermal stabilities of most of the N5 salts are similar and are governed by
the stability of the Ns' cation itself.

In the course of working with the azide ion in SO, solution, an interesting observation
was made. When colorless azide ions are dissolved in colorless liquid SO,, bright yellow
solutions are formed. To clarify this startling observation, the SO,/azide system at USC was
thoroughly characterized. It was found [Ref. 15, 16] that SO, forms well-defined 2:1 and 1:1
adducts with the N3 anion. In addition, crystals of the SO3;N3; anion were obtained, and its

crystal structure was determined (see Fig. 10).

Fig. 10. Crystal Structures of the SO;N3, (SO,):N3’, and SO3N3” Anions

The thermal instability of these SO,/N3™ adducts and their facile decomposition to CsN;

and SO, was exploited at USC for the development of an improved synthesis of pure anhydrous
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CsN3 [Ref. 17]. Furthermore, the requirement for anhydrous cesium salts in metathetical
reactions prompted researchers to develop at USC a general method for the syntheses of
anhydrous cesium salts. It was based on the fact that NH," salts are usually non-hygroscopic and
are readily available, whereas the corresponding cesium salts are highly hygroscopic and
difficult to come by. Using a clever metathesis, in which the undesired by-product is thermally
unstable and decomposes to volatile compounds, affords anhydrous cesium salts free of any

impurities [Ref. 18]. The process can be exemplified by the generic Equations 13 and 14.

NH,X + CsOCH; ——— » (sX + [NH; CH;07] (13)

( X= Cl, CH3C02, N(NOz)Q, C104 )

20C

[NH;,CH;0] @ —— » NH; + CH;0H (14)
HF

NsSbFg + CsN(CF3);  —— P N;sN(CF3), + CsSbFg | (15)
-78 C

In the course of an attempt to prepare N5 N(CF3),” according to Eq. 15, an unexpected result was
obtained. After removal of all volatile products at -64 °C, a clear colorless liquid was isolated. Its
low-temperature Raman spectrum (Fig. 11) exhibited, in addition to some weak bands due to the
Teflon™ container and a trace of SbF¢ from the starting material, only bands due to Ns'. This

situation was reminiscent of a situation encountered many years ago with NF, HF, nHF [Ref.

Fig. 11. Raman spectrum of N5 HF, nHF
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12c] and, indeed, the counter-ion in the present case was also polybifluoride. It was formed
because a large excess of HF can displace N(CF3), from its salts with formation of HN(CF3),

(Eq. 16).

HF

N5SbF¢ + CsN(CF3), + (nt+1) HF » NsHF,-nHF + CsSbF¢| + HN(CF3), (16)

-78

On warm-up to room temperature, the N5 HF, -nHF salt decomposes; however, like NF, HF,
-nHF, it is an extremely useful reagent for the synthesis of other salts derived from Lewis acids
stronger than HF. This principle was demonstrated for the syntheses of N5 BF4, N5 PFg, and
N5 SO;F (Eq. 17). All these new Ns' salts were white, marginally stable solids that were
characterized by vibrational and NMR spectroscopy.

NsHF,nHF + BF; » Ns'BFy, + (n+1)HF (17)

-78

IV. Ns' Salts with Energetic Counter-Ions

Whereas the N5 cation is a highly energetic ion with a calculated endothermicity of
351.6 kcal/mol [Ref. 11], all of the above-described counter-ions were non-energetic. Although
the use of a doubly charged anion in (Ns),SnFs had allowed doubling of the N;5" and energy
content, an energetic anion would be required for a true HEDM. For this reason researchers
investigated the possibilities of combining the Ns* cation with energetic anions, such C10,", NO5’
, N3', and P(N3)s" by metathetical reactions in solvents, such as HF, SO,, CHF;, or CH;CN

(typical desired reactions are shown in Eq. 18-20).

-64 to 20°C

SO,
N5SbF6 + CSNO3 —_— N5NO3 + CSSbFGl
(18)

-78°C

SO,
NsSbFg + CsNj ?C» NsN3 + CSSbFSl (20)

HF
NsSbFs + CsClO4 —>  N.CIO, + CsSbFg l (19)

The CsNOj reaction did not proceed as desired, because CsNOs is less soluble in SO, than

CsSbF¢. Furthermore, there was not sufficient lattice energy available to stabilize the salt. Born-

13



Haber cycle calculations showed that stabilization would require 154 kcal/mol, while the
estimate for the lattice energy of Ns"NOs~ was only 129 kcal/mol. In the case of the perchlorate
salt, the reaction proceeded but NO'ClO4 and N, were formed, and again the available lattice
energy would have been insufficient (by 13 kcal/mol) to stabilize the salt. In the case of the azide
ion, many reactions were carried out under different conditions, but only explosive
decompositions were observed upon melting of the solvent containing the frozen reactants. The
lattice energy deficit in this case was estimated to be 53 kcal/mol. A more thorough theoretical
analysis, carried out in collaboration with Dave Dixon, Dave Feller, Don Jenkins, and Mark
Gordon, showed that, after inclusion of entropy corrections, N5 N3~ was unstable by 76 kcal/mol
with respect to spontaneous decomposition to N3 and N, and that any experimental efforts in this
direction would be doomed [Ref. 11]. Highly energetic N5  salts have been successfully
synthesized. N5 [P(N3)s] was prepared (Eq. 21) and identified by low-temperature Raman
spectroscopy (Fig. 12).
Ns5'SbFg + Na'[P(N3)s] LP Ns'[P(N3)s] + NaSbFs) (21)
64 C

It was, however, extremely shock sensitive and exploded with the slightest provocation with
great violence (see Fig. 13). In addition to its high energy content, this salt is remarkable for its
high nitrogen content of 91 weight %. N5 [B(N3),] was also prepared in a similar fashion, but
again the salt was extremely shock sensitive and exploded on warm-up towards room
temperature. Attempts to carry out this reaction with Cs[B(N3)s] in HF solution were

unsuccessful because HF reacts with Cs[B(N3)4] to give CsBF..
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Fig. 12. Low-Temperature Raman Spectrum of N5 [P(N3)¢]

Fig. 13. Typical Damage Caused by the Explosions of About 0.5 mmol of N5 P(N3)s
In the left picture, the explosion destroyed the heavy ceramic plate of a stirring
plate. The right picture shows the close-up of an exploded Teflon™ reaction tube.

Researchers also attempted to prepare the tetrazolate salt, Ns"CHNy, from both the Cs"
salt in HF solution and the Na" salt in SO, solution. In HF solution, the tetrazolate anion was
displaced with evolution of the free tetrazole, while in SO, solution the solubilities were

unfavorable for a metathesis. The syntheses of Ns  salts with anions derived from halogen
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fluorides were also attempted using NF, HF, nHF and halogen fluorides, such as CIF;, as
displacing agents, but the corresponding N5 salts could not be isolated.

Since the discovery of the N5 cation in 1998 a total of 12 Ns' salts have been isolated
and characterized. All this work was carried out either at AFRL/Edwards or USC. Of these 12
salts, NsB(CF3)s4, N5sSbyF;1, NsSbF, and NsSnFs are stable above room temperature; (Ns),SnFg,
NsAsFg, NsPFg, NsBFs, and NsSO;F are marginally stable at ambient temperature; while
NsP(N3)s, NsB(N3)4, and NsHF,-nHF are stable only at low temperatures.

V. Synthesis and Characterization of the FN(O)N;" Cation

Because the reaction of a nitrogen fluoride cation with HN; had turned out to be such an
excellent synthetic tool for the formation of N-N bonds, this approach was applied at
AFRL/Edwards to other systems, such as ONF,", NoF5', and NF,". Whereas the NF," cation
acted only as a fluorinating agent, fluorinating HN; to FNj, followed by subsequent

decomposition reactions of FNj (Eq. 22-25), the N,F;" and ONF," cations underwent F-Nj

exchange.
NF,SbFs + HN; —HE78C L NE, + HF + FN; + SbFs (22)
2FN; ———> 2N, +trans-N,F, (23)
HN; + HF + SbFs ————  H,N;SbF (24)
3 trans-NoF —— > 2 N, + 2 NF; (25)

While in the case of N,F;", the desired F,NNN;™ intermediate could not be isolated, and only the
expected secondary reaction products were observed (Eq. 26-30), the reaction of ONF," with
HN; allowed researchers to isolate and characterize the novel FN(O)N;" cation (Eq. 31). This

compound is a white solid that is stable up to -20 °C.

FNNF'SbFs + HN; ————» [F,NNN; SbF¢] + HF (26)
[FoNNN; SbF] ___ , [F.NNN'SbFs] + N, (27)
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[F2NNN'SbFq ] —— [F-N'SbFs] + N, (28)

[F,N'SbFg] ————> NF; + SbFs (29)

HN; + HF + SbFs ———» H,N; SbFy’ (30)
HF/-78 C

ONF,'SbFs + HN; ———» FN(O)N;'SbFs + HF (31)

Depending on the orientation of the FN(O)- group, it can exist as either the z- or e-isomer
(Fig.14). The compound was characterized by vibrational spectroscopy and, based on a compari-
son to the calculated spectra, was shown to contain both isomers in about the same ratio.
Attempts to replace the second fluorine atom by another N3 group were unsuccessful because,

below its decomposition point, FN(O)N3+ did not react with HN;.

A

Fig. 14. The e- and z- Isomers of FN(O)N;"
Red = oxygen; dark blue = fluorine.

VI. Crystal Structures and Theoretical Calculations

A crystal structure determination constitutes definitive proof of the existence of a novel
compound and provides exact information about its structure. Consequently, whenever possible,
attempts were made to obtain crystal structures for both the novel compounds and crucial
intermediates or starting materials. Because, in the beginning, the research team did not have its
own diffractometer, a collaboration was formed with Dr. Fook Tham of UC Riverside. Since the
transport and handling of highly energetic, sensitive, and unstable materials can present serious
problems, the research team acquired its own diffractometer and now possesses excellent in-

house capabilities at AFRL/Edwards. At USC, there are also excellent X-ray diffraction
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facilities, with a new Department diffractometer at the team’s disposition and technical support
from Prof. Bob Bau. Many important crystal structures were determined in the course of this
program, including those of N5 Sb,F;;” [Ref. 10], ONF, AsF¢ [Ref. 19], HsNF', NoF', NoF3",
and NF4" salts, numerous polyazides, triphenylmethylsulfinylamine [Ref. 20], (SO,),N5" [Ref.
16], and SO,N3°, SO3N3™ [Ref. 15].

Other crucial elements of the research are theoretical calculations. This program has,
from the very beginning, heavily relied on the synergism between theory and synthesis. Because
many possible target compounds are vibrationally unstable and, therefore, cannot exist, it is very
important to carry out stability calculations before investing time and effort into experimental
work. Furthermore, the availability of predicted vibrational and NMR spectra and isotopic shifts
greatly facilitates the identification of new compounds. This approach has served very well
during this program and has greatly contributed to its success. We were fortunate to have an
outstanding computational chemistry capability at AFRL/Edwards. There were also
collaborations with outsiders in the computational area. Main contributors included Drs. David
Dixon, David Feller, Don Jenkins, and Mark Gordon. Efforts in computational chemistry have
produced numerous spin-offs, which have made significant contributions to the general field of
chemistry. A few typical examples are the development of the first quantitative scale for Lewis
acidity [Ref. 9], a quantitative measure for the nakedness of fluoride ion sources [Ref. 21, 22],

and structure rules for a model of attracting points on a sphere.

VII. Azidamines

Azidamines represent an attractive class of HEDM materials [Ref. 23]. However, only
one azidamine has been reported in the literature [Ref. 24]. Because this report was 40 years old
and the results were questionable, this work was repeated at USC. In the previous work, it was
claimed that the reaction of (CH3),NCI with NaN3 in CH,Cl, solution affords (CH3),NNj3, but the
compound was not well characterized. Researchers at USC carefully repeated this work and
obtained surprising results. The only covalent azide isolated from this system was CH,(N3),,
formed from the reaction of the solvent with NaNj;. Furthermore, condensation reactions
involving (CH3),NCI gave rise to two novel compounds that were isolated and identified by their
crystal structures. They are dimethylaminomethyltetrazole and an interesting 1-methylated 1,3,5-
triazinium dication. Therefore, the previous claim for the existence of an azidamine should be

discredited.
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A number of systems that might lead to azidamines was also studied. For example, the
reaction of Select Fluor (1-chloromethyl-4-fluoro-1,4-diazoniabicyclo-[2.2.2]octane bis (tetra-
fluoro-borate)) with trimethylsilylazide was studied in CH3CN solution. At -40 °C, no reaction
occurred; while at higher temperatures N, evolution and the formation of brown tacky products
were observed. Reactions of silylchloramines, such as (CHj),(t-but)SiNCl,, (CsHs)3;SiNCl,, or
[(CH3);Si],NCl, with trimethylsilylazide or NaNs; were also unsuccessful. However, some
interesting spin-off chemistry was obtained. For example, in the reaction of (CHj),(t-
butyl)SiNCl, with N(CH3)4+F' in CHF;3 solution at low temperature, a solid product was isolated
which, on warm-up to room temperature, evolved NCls. The low-temperature Raman spectrum
of the solid before the decomposition showed the presence of the tetramethyl ammonium cation
and a new nitrogen chloride species. The species exhibited more bands than predicted for the
hoped-for novel NCl," anion and resembled more NCl3, but with major frequency and intensity
deviations. Additional work will be required to positively identify this novel species. The NCI,’
anion would provide an ideal precursor for exploring the possible synthesis of the N(Nj3),- anion.
Another interesting new compound was obtained when [(CHj3)3Si],NCI was reacted with HF and
Lewis acids, such as BF3, AsFs, or SbFs. In all cases, stable salts containing the novel NH;Cl1"
cation were obtained. These salts developed, on exposure to moisture, NH,Cl, a powerful
disinfectant and biocide. The salts could serve as ideal safe solid storage media for NH,Cl and

might be used as gas generators for disabling chemical warfare agents, such as Anthrax.

VIII. The Pentazolate Anion, cyclo - N5

One of the drawbacks of the N3 anion is its low first ionization potential of 61.2 kcal/mol
(2.66 eV), thus making it very vulnerable to electron loss when combined with a powerful
oxidizer, such as Ns' (electron affinity of 243.3 kcal/mol) [Ref. 11]. It was, therefore, of interest
to pursue the synthesis of alternate polynitrogen anions that might possess higher ionization
potentials. A promising candidate, cyclo - N5, (Fig. 15), had been identified by numerous
theoretical calculations, some of them dating back to the last century [Ref. 2b,c, 25-33]. This
anion is isoelectronic with the cyclopentadienide anion, CsHs™ and possesses a highly aromatic
ring system. Its barrier towards decomposition to N3~ + N, is predicted to be 28 kcal/mol (see

Fig. 16).
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Fig. 15. The Calculated Structure of
the Pentazolate Anion.
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Fig. 16. Energy Profile For The Decomposition of
N5 to N3” + N; Along The Reaction Coordinate
Showing a predicted barrier of 28 kcal/mol and an exothermicity of 11 kcal/mol.

Although the existence and stability of substituted pentazole ring compounds had been
demonstrated successfully more than 40 years ago by Huisgen and Ugi [Ref. 34-37] and
substituted pentazoles had been well characterized [Ref. 38-44], attempts to prepare either the
parent HNs molecule or its anion, N5~ [Ref. 37, 45], had been unsuccessful. In our pursuit of the
N5~ anion, the following strategy was employed: (i) the use of Ugi-Huisgen-type, substituted
phenylpentazoles as starting materials; (ii) the transfer of maximum negative charge to the
pentazole ring by the use of highly electron donating substituents on the phenyl ring in para-
position to the pentazolyl substituent to increase the aromaticity and stability of the pentazole

ring, while at the same time weakening the connecting C-N bond; (iii) the selective cleavage of
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the C-N bond while keeping the N-N bonds of the pentazole ring intact; and (iv) the use of an
analytical method that is ideally suited for the generation and detection of anions. Similar
approaches had been described in the literature, but attempts to cleave the C-N bond by
ozonolysis were unsuccessful [Ref. 37, 45]. The reasons, outlined above, prompted researchers
to choose the well-known para-oxophenyl-pentazolate anion [Ref. 35, 45] and para-
dimethylaminopentazole [Ref. 35, 36, 38, 39] as starting materials and negative-ion electrospray
ionization mass spectrometry (ESI-MS) [Ref. 46-49] as the analytical tool.

The arylpentazoles and the corresponding diazonium salt precursors were prepared and
characterized at AFRL using literature methods [Ref. 35, 36, 38, 39, 45, 50] and multinuclear
NMR spectroscopy [Ref. 38-43]. The ESI-MS cleavage experiments were carried out by Dr.
James Pavlovich at UC Santa Barbara. For these experiments, the pentazoles were dissolved in
strongly polar solvents, such as CH3CN or a mixture of CH3;OH and CH,Cl,. The desired
negative ion peaks were mass-selected and subjected to product ion mass analysis following
collision induced dissociation (CID) at variable collision voltages using N, or Ar as the collision
gases.

The best results were obtained with pyridinium para-pentazolylphenolate in CH3;CN
solution, and unambiguous proof for the formation of cyclo-Ns anions was obtained using

normal and °N substituted starting materials (see Fig. 17).
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Fig. 17. ESI-MS Fragmentation Observed for the Mass-Selected BN Singly
Labeled 4-Pentazolylphenolate Anion At Low And High Collision Voltages.

These results were published in Angewandte Chemie as a “hot paper” [Ref. 51] and
received considerable public attention [Ref. 52]. They also stimulated the publication of
numerous theoretical papers predicting all kinds of adducts analogous to the well-known
ferrocene-type compounds. The research team’s report of a successful cleavage of an
arylpentazole to N5~ stimulated reports by other groups that had independently pursued the same
problem. One year after this team’s report, the Swedish group of Oestmark and coworkers
published a paper on the detection of cyclo-Ns by laser desorption ionization (LDI) time-of-
flight (TOF) mass spectroscopy of solid p-dimethylaminophenylpentazole [Ref. 53], in which
they quoted a previous report from their group at a meeting [Ref. 54] dealing with an ESI-MS
and LDI-TOF study of the same system. However, the results presented in that report were
inconclusive.

The cleavage of arylpentazoles to give the cyclo-Ns™ anion has also been observed by N
NMR spectroscopy at AFRL/Edwards and by Prof. Butler’s group in Ireland [Ref. 55]. Although
the observation of Ns° by NMR implies the presence of higher concentrations of Ns™ than in the
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mass spectroscopic experiments, all attempts to isolate Ns salts in bulk have so far been
unsuccessful. Extensive efforts in this direction are being made in our and other laboratories. For
example, at USC considerable amounts of time were spent on attempts to prepare aliphatic [Ref.
56] or silyl-substituted diazonium salts for eventual conversion to the corresponding pentazoles.
However, all these attempts were unsuccessful. We have also explored at great length the
possible bulk-synthesis of N5~ from arylpentazoles and alkali metals in liquid ammonia at low
temperatures. One of the major obstacles is the preference of N5~ for forming with the counter-
ion 6-complexes, which results in a strong polarization of the bonds in N5, accompanied by loss
of aromaticity and increased ease of N, elimination. This was established through model
calculations, and efforts are under way at USC to eliminate the competing c-complexation.
Clearly, the bulk-synthesis of stable N5 salts is an important objective of this program which still
needs to be accomplished.

An important question which needed a conclusive answer was whether N5, if available in
bulk, would offer an opportunity to prepare a stable N5'Ns salt. While we were actively pursuing
the actual syntheses of Ns' and Ny, Bartlett and coworkers [Ref. 33] and Gagliardi and
coworkers [Ref. 31 ] published theoretical papers on this subject, implying that N5 N5~ might
exist as a stable compound. Their conclusions are in stark contrast to the results from our own
studies which were carried out in collaboration with David Dixon, David Feller, and Mark
Gordon [Ref. 11]. We showed that the use of vertical instead of adiabatic ionization potentials
and electron affinities can cause very large errors in stability predictions when the formed
radicals are not vibrationally stable. As a result, we predicted that N5'Ns™ is expected to be
unstable by about 88 kcal/mol with respect to decomposition to N3 radicals and N, and that this
decomposition does not involve a significant activation energy barrier [Ref. 11]. In spite of
predicted instability of N5'Ns, the bulk-syntheses of Ns salts remain a very desirable goal
because of the many potential uses one could foresee for this interesting new class of

compounds.

IX. Polyazides

The azide group is highly energetic and adds ~ 70 kcal/mol endothermicity to a
compound. Consequently, polyazides offer a unique opportunity to prepare nitrogen rich, highly
energetic materials [Ref. 57]. Of particular interest to this program were polyazido anions which
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might be useful as energetic counter-ions to polynitrogen cations, such as Ns'. Most of the
research in this area was carried out at USC. Many of the compounds are extremely shock-
sensitive and often are also thermally unstable. Their handling requires outstanding preparative
skills and courage. Because of the high energy content and high detonation velocities of these
azides, these explosions are particularly violent and can cause, even on a one mmol scale,
significant damage (see Figs. 8, 13, and 18). The wearing of heavy leather welding suits, leather
gloves, safety glasses, face shields, and ear plugs is mandatory when working with these

compounds (see Fig. 19).

Fig. 18. Before And After Pictures
of'a 10 mm o.d. Teflon™-FEP tube (left picture)
and a 45 mm o.d. heavy wall Pyrex™ waste trap (right picture),
destroyed by about 0.5 mmol of typical polyazides.
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Fig. 19. Mandatory Safety Gear for Work with Polynitrogens
or Polyazides, (modeled By Ashwani Vij)

The following families of polyazides were studied by this research team.

Phosphorus, arsenic, and antimony compounds: The P(N3)s anion had been known since 1967
[Ref. 58], and was prepared as its Na' salt. It was successfully converted into N5 P(N3)s by
metathesis in SO, solution. The properties of this compound have already been discussed above
and do not need to be reiterated. Attempts to characterize P(N3)s in the solid state were
abandoned because of handling problems. Whereas the crystal structure of As(N3)¢ had been
known [Ref. 59], the structures of Sb(N3)s, Sb(N3);, and As(N3); were unknown. Crystal
structures for all three compounds were obtained. The very interesting structures of Sb(N3); and
As(N3); were described in a paper [Ref. 60] and garnered the cover page of Chemistry — A
European Journal (see Fig. 20).

Fig. 20. Cover Page from Chemistry —A European Journal
Highlighting our polyazide work, and three packing diagrams
of Sb(N3); and As(N3); taken from this paper.
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The structure of Sb(N3)s also turned out to exhibit very interesting features, because
during recrystallization from CH,Cl, some of the azido groups were replaced by chlorine; and
the structures of a series of mixed azides / chlorides were obtained. Furthermore, partial
occupancy of azide positions by chloride gives the appearance of azide groups with unusual N-N
bond distances. This effect has previously been observed by others, but was misinterpreted in
terms of either unusal azido ligands or so-called trams-effects. It will be the subject of a
forthcoming paper.

Tellurium and selenium compounds: Three new binary tellurium polyazides, Te(N3)s, Te(N3)s,
and Te(N3)s~ were prepared and characterized (see Fig. 21). The work was published in
Angewandte Chemie [Ref. 61] and highlighted in Chemical and Engineering News [Ref. 62].
Attempts to prepare Te(+VI) compounds were unsuccessful and resulted in reduction of Te(+VI)
to Te(+IV) by azide. Attempts to combine N5~ with Te(N3)s> were unsuccessful because of

solubility and sensitivity problems.

Fig. 21. Crystal Structure of the Te(N3)s> Anion
showing the distortion from perfect octahedral symmetry
by the presence of a sterically active free valence electron pair on Te.

Attempts to prepare so-far unknown neutral binary Se(+VI) azides resulted in the
formation of polyazides; however, the compounds were too sensitive and could not be
characterized.

Boron compounds: B(N3)4 salts had been known since 1954 [Ref. 63]. The sodium salt was
prepared from NaBH, and HNj in ether. Its conversion to the N5 salt has already been described

above and is not reiterated here.
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Titanium compounds. Binary titanium azides are unknown. Recently, they received much
attention through a theoretical paper by Gagliardi and Pyykkoe [Ref. 64]. These authors
predicted that Ti(Ns)s should exhibit perfect Ty symmetry with unprecedented linear Ti-N-N
bond angles (see Fig. 22). This structure was confirmed by theoretical calculations and they also
predicted that both Ti(Ns)s and Ti(N3)62' should possess conventional, strongly bent Ti-N-N

bond angles. "

Fig. 22. Predicted Tetrahedral Structure of Ti(N3)s with Linear Ti-N-N Bonds

All three compounds were synthesized and characterized by vibrational and NMR
spectroscopy. Attempts to obtain a crystal structure for [P(CgHs)s]o[Ti(N3)s] were also
successful, confirming the predicted bent nature of the Ti-N-N bond angles (see Fig.23).

N3

N2

N3’

Fig. 23. Crystal Structure of Ti(N3)62'
Showing the Bent Ti-N-N Bond Angles

Attempts to obtain single crystals of Ti(N3)s by either sublimation or recrystallization

failed, but the vibrational spectra prove beyond doubt that solid Ti(N3)4 is polymeric, having a
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coordination number higher than 4 and bent Ti-N-N bond angles. Our theoretical analysis of the
bonding in free gaseous Ti(N3)4 resulted in a plausible explanation for the linearity of its Ti-N-N
groups. It is due to a tridentate donation of electron density from the three free valence electron
pairs on each nitrogen atom into the empty d-orbitals of Ti. This assumption also explains why
for coordination numbers higher than 4 the spatial arrangements of the free nitrogen pairs and the
d-orbitals are no longer suitable for tridentate bonding, resulting in bent Ti-N-N bond angles. A
structure determination of free gaseous Ti(N3)s will be required to confirm the theoretical
predictions. This, however, could be a difficult task, because studies showed that Ti(N3)4 could

not be sublimed in vacuo without decomposition.

X. Possible Synthesis of the N;" Cation
The N3 cation holds substantial promise as a novel polynitrogen that might exhibit good
kinetic stability. Furthermore, a potential route exists for its synthesis. It should be possible to
transfer a fluoride ion from the known [Ref. 65] FN; molecule to a strong Lewis acid, such as
SbFs (Eq. 32).
FN; + SbFs — > N3 SbF¢ (32)

This approach had previously been investigated unsuccessfully by Willner’s group in
Germany, using infrared matrix isolation techniques [Ref. 66]. When weaker Lewis acids, such
as BF; or AsFs, were used, only nitrogen-bridged donor-acceptor adducts were formed. When
FN; and the stronger Lewis acid SbFs were co-condensed on a cold window, explosions were
always observed on warm-up. Clearly, the used reaction conditions were unsuitable. Using a
suitable solvent, it should be possible to better control this reaction and to avoid the explosions.

The preparation and handling of FN3 is extremely tricky. Pure FN3 is one of the most
shock-sensitive materials and violently explodes when exposed to the slightest mechanical shock
or rapid temperature changes. Furthermore, its thermal half-life time at room temperature is on
the order of 30 minutes. Its reported synthesis involves the reaction of HN; with gaseous F, at
room temperature using steel surfaces as a catalyst. The yields of FN5 under these conditions are
only about 50 %, and product purification is very difficult. To avoid all of these problems, a
better synthesis and safer handling techniques are being developed for FN3; at AFRL/Edwards.

Our approach involves the use of a suitable solvent for the preparation and safe handling of FNj.
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Although, at first look, anhydrous HF appeared an ideal solvent, it turned out that HF protonates
HN; (Eq. 33), and that the resulting H,N3" cation is no longer fluorinated by F,.

HN; + nHF ——— >  H,N; 'HF,(n-2)HF (33)

Therefore, the use of Freons was checked as possible solvents. It was found that HN; is very
soluble in CFCl; and that HN3 can be fluorinated in this solvent to FN3 in quantitative yield and
high purity. Unfortunately, it was found that CFCIl; rapidly reacts with SbFs, undergoing
fluorine/chlorine exchange forming SbCl," salts. Now (CF3),CFH appears to be a good solvent
for HN3, can be used for the fluorination of HN3 to FN3, and is compatible with SbFs. The

crucial experiment (i.e., the combination of FN3 and SbFs solutions in (CF3),CFH) is imminent.

XI. Conclusions and Recommendations

This research team’s effort on Polynitrogen Chemistry is an impressive showpiece for a
highly successful DARPA Program. Through DARPA’s sponsorship, major breakthroughs in a
technically very difficult area were achieved, research in this field was stimulated on a
worldwide scale, and much public and scientific acclaim (2000 Prix Moissan, 2003 ACS Award
in Inorganic Chemistry, coverage in major news media, etc) was received. Because DARPA is
not a long-term, basic research funding agency, it is hoped that these efforts and DARPA’s
investment were not in vain and that other agencies will enthusiastically step in to take over the

sponsorship of this winning program.
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Polynitrogen compounds are of significant interest as high
energy density materials (HEDM) for propulsion or explosive
applications.'* In spite of numerous theoretical studies
predicting that certain all-nitrogen compounds might be
stable, only a few unsuccessful experimental studies aimed
at their actual synthesis have been undertaken.[ Presently,
only two homoleptic polynitrogen species are known that can
be prepared on a macroscopic scale: dinitrogen, N,, which was
independently isolated in pure form from air in 1772 by
Rutherford, Scheele, and Cavendish, and the azide anion, N5,
discovered in 1890 by Curtius.’! Other species such as N,
N;*, and N, have been observed only as free gaseous or
matrix-isolated ions or radicals."®! In view of the extensive
theoretical studies indicating that molecules such as N,, N,
N(N;),~, N(N3);, and N(N;),* are vibrationally stable,[* the
lack of a single successful synthesis of a new species on a
macroscopic scale is surprising and may be a testament to the
great experimental difficulties resulting from their high
endothermicities, which give rise to instability and unpredict-
able explosiveness.

The high energy content of polynitrogen candidates stems
from the N—N single and double bonds they possess. The
average bond energies of 160 and 418 kJmol~!, respectively,
are much less than one-third or two-thirds the N, triple bond
energy of 954 kI mol~. Therefore, any transformation of a
polynitrogen compound to N, molecules is accompanied by a
very large energy release, and any new metastable polyni-
trogen compound will be isolable and manageable only if it
possesses a sufficiently large energy barrier to decomposition.

In view of the dearth of potential synthetic pathways for the
construction of homoleptic polynitrogen rings or polycycles,
and because many chain- or branch-type polynitrogen com-
pounds are calculated to be lower in energy than their cyclic
or polycyclic isomers,P! our efforts are focused on the
synthesis of catenated polynitrogen species, which may be
more readily accessible. The weakest link in a chain always
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Morrish for continuing encouragement and support.
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determines the overall strength, so it is imperative to search
for target compounds devoid of any isolated N—N single
bonds that cannot gain partial multiple bond character
through resonance with neighboring bonds.

The building principle and unique resonance stabilization
of the well-known and exceptionally stable azide anion (1,
Scheme 1), in which each N—N bond has full double bond

’|E—NEN| 4—»’ :N: N :N:]<—>’|NEN—E|I

Scheme 1. Resonance structures of N5~ (1).
character, might be further extended by the addition of
nitrogen atoms containing only four valence electrons, that is,

N+ ions. This leads first to neutral N, (2) and then to the Ns*
cation (3, Scheme 2).

G ™

- N < *N* -
N=—N =—N — N—=N=—=N=—/N —>»
-
1 2

Scheme 2. Addition of N* to N5~ (1) to form N, (2) and N5* (3) as well as the electronic charge

distrubutions in 1-3.

Although 2 and 3 contain, like azide, only cumulated linear
N=N bonds, the electronic charge distributions shown in
Scheme 1 are only favorable for N;-, whereas the neighboring
positive charges render structures 2 and 3 energetically
unfavorable. However, the problem of neighboring equal-
sign charges can be remedied for Ns* with the resonance
structures shown in Scheme 3, which result in a bent structure
of C,, symmetry with a bond order of 1.5 for the central N—N
bonds. For linear N,, analogous structures cannot be written,
and therefore Ns™ was chosen as the prime target of our
synthesis program.

+ +

M N ®

N N )

N N | I'N N
~ ~ -

Scheme 3. Resonance structures of N5* (3).

Only one previous report on Ny was found in the literature,
a theoretical study of a series of ABCBA-type compounds by
Pyykko6 and Runeberg.[') Based on MP2/6-31G* calculations,
they predicted a planar C,,-symmetric structure with a B-C-B
angle of 110.7°. The possible synthesis of N5 was considered
in 1992 by G. Rasul in his Ph.D. proposal at the University of
Southern California, but it was not pursued.!!l Theoretical
calculations were used to predict whether the candidate is
vibrationally stable, and IR, Raman, and NMR spectra were
calculated to aid in the identification and characterization.
For Ns*, these calculations predict the stable C,, structure
depicted in Figure 1. We report now the synthesis and
characterization of Ns™AsF,~, which constitutes only the third
known compound containing a homoleptic polynitrogen
moiety that is preparable on a macroscopic scale.
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Figure 1. Optimized structures of Ns* calculated at the B3LYP (values
given in parentheses) and CCSD(T)/6-311 + G(2d) levels of theory.

In designing a synthesis, it is useful to find energetic starting
materials that already possess the energy-enhancing weak-
ened bonds, the required formal charges, and suitable ligands
that allow for an exothermic and facile coupling reaction. If
the target molecule is a cation such as N5, the presence of a
formal positive charge in one of the starting materials is very
important in view of the high first ioniza-
tion potential of N, (1503 kJ mol~!). Equa-
tion (1) shows that the N,F* cation and
<1t  HNj are ideal starting materials for the
- synthesis of Ns* because they already
possess the desired types of bonds, N,F*
provides the formal positive charge, and, in
view of the weak N—F and strong H-F
bond, the HF elimination reaction is ex-
pected to be exothermic.

+
IF—N=NI| +HN=N=N > N N LHE (1)
N NI

A final important point is the need for a reaction medium
that offers good solubility at low temperatures, can act as a
heat sink for the exothermic reaction, and can stabilize a
product that is potentially very shock sensitive. For Ns*,
anhydrous HF was chosen because of its high dipole moment,
low melting point (—80°C), and high volatility.

Application of these principles led to a surprisingly
straighforward synthesis of N5 according to Equation (2). A

N,F*AsFs~ + HN, % N;*AsF;~ +HF ®)
HN; + HF 4 AsF; 25 H,N,*AsF,~ (3)
4Ns*AsFg~ +2H,0 — 4HF +4 AsFs+ 10N, + O, 4)

small excess of HN; was used to ensure complete conversion
of the N,F*AsF,~. The only detectable by-product was less
than 20 mol% of protonated HN,,['l formed according to
Equation (3). The AsF; required for the protonation of HN;
to proceed could have formed by decomposition of some
N5+ AsF;, or less likely by hydrolysis of N5 AsF¢~ with traces
of water in the system [Eq. (4)].

For the synthesis of "N-labeled Ns*, ’N-labeled HN; was
prepared from stearic acid and ®N-labeled Na*N;~ [Eq. (5)].

* —
2Na* :NU=N[3=NV:I +2RCOOH —>
®
* *
H—N;—N;—N,+ H—N;/—N—N, * 2Na'RCO
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The reaction of labeled HN; with N,F*AsF;~ produced a
roughly equimolar mixture of Ns* with "N in either the 1- or
3-position [Egs. (6), (7)].

—, .
N3
. Z X _
N,F*AsF, + H—N—N—N —» N2 N2 AsFg  (6)
e Z X
N1 Ni}
_\ ~
B — +
N3
N,F*AsFg + H—N N Nv/ %N AsFs  (7)
5 sFg + H—N—N—N —» 2 2 skg
= X,
Ni N1|
_\ ~

The N5t AsF,~ salt is a white solid that is sparingly soluble in
anhydrous HF. It is marginally stable at 22°C and can be
stored for weeks at — 78 °C without noticeable decomposition.
It can be handled both in HF solution or as a solid and, in our
experience, has not exploded during careful normal handling
or when squashed with a stainless steel spatula at —196°C. It
has survived numerous exposures to a focused 488-nm Ar-ion
laser beam (1.5 watt) at —130°C, although a 5-mg sample did
explode on one occasion with sufficient force to destroy our
low-temperature Raman device. It is a powerful oxidizer,
capable of igniting organic substances such as foam rubber
even at low temperatures. The reaction of NsTAsF~ with
water is violently explosive and should be avoided. This is not
surprising in view of the facts that O," is a powerful oxidizer
and the first ionization potential of N, (1503 kJmol™") is
significantly higher than that of O, (1206 kJmol!); the
electron affinity of Ny* is the subject of a further computational
study. The high energy density of N5™ was also confirmed by a
calculation using the G2 method™! that gave formation
enthalpies of AH? =1478 and AH#® =1469 kI mol~! for free
gaseous Ny*.

Solid ""N-labeled Ns*AsFg~ in a quartz tube (3 mm outer
diameter) was warmed in a stepwise manner from —78 to
+22°C under a vacuum of 1077 Torr while monitoring the
volatile products with a mass spectrometer; the principal
decomposition product detected was N,. After pumping at
22°C for 20 min, however, most of the solid remained and was
identified by low-temperature Raman spectroscopy as
NsTAsF4~, thus demonstrating that the compound has rea-
sonable stability at room temperature. In samples prepared
from an excess of HNj and containing some H,N;*AsF;~[?] as
a by-product, HN; and its fragments, HF, and AsFs were also
observed in the mass spectra.

The N and "N NMR spectra of Ns* labeled in either the 1-
or 3-position and the N NMR spectrum of unlabeled Ng*
were recorded at —63°C in anhydrous HF solution that was
acidified with about 2 mol % of AsF; to slow down a potential
exchange between the cation and the solvent.'¥ The spectra
of the ®N-labeled mixture are shown in Figure 2, and the
observed and calculated chemical shifts are compared in
Table 1.

The signals due to N1 and N3 were observable in the "N
spectra at 0 =—237.3 and —100.4, respectively, in excellent
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Figure 2. Sections of “N and ’N NMR spectra for an equimolar mixture of
singly °N-labeled [PN¥N“N“NYN]* and [“N“NPN“NYN]*AsF,~ record-
ed at —63°C in anhydrous HF solution that was acidified with 2 mol %
AsFs. The resonance marked by an asterisk is due to H,N;* (see text for
details).

Table 1. Observed and calculated "N and N NMR data for Ny*.

Slal
observed!®! calculated!!
N 14N N1 N2 N3
[15N1—14N2—14N3-14N2'—14N1/]Jr —237.3
—16534  —235 —166 —95

[“N1-MN2-N3-4N2"-“N1']*  —100.4

[a] Chemical shifts are given relative to that of neat CH;NO, as external
standard. [b] The spectra were recorded 'H-coupled at —63°C in anhy-
drous HF solution which was acidified with AsFs. [c] Calculated at the
CCSD(T)/QZP level of theory. An empirical correction of —20 ppm was
applied to all calculated values, based on a comparison between the
calculated and observed shifts of a number of closely related molecules and
ions. [d] The other two resonances are badly broadened owing to exchange
and were not detected in the N spectrum.

agreement with the calculated values of 0 = —235 and —95.
The signal-to-noise ratio of the "N spectrum was low due to
the poor solubility of Ns*AsF¢~ in HF at —63°C, and a long
delay time (60 s) was needed because of the slow relaxation
rates. The area ratio of the two signals was about 1:1,
indicating that the synthesis of HN; from end-labeled N;~ and
stearic acid had resulted in about equimolar quantities of N,-
and N,-labeled HN;. In addition to the two Ns* signals, two
weaker signals at 6 =—312.0 (t, 'J("H,"”’N)=100.7 Hz) and
—111.4 (s) were observed in the 'H-coupled "N NMR
spectrum that are attributable to N, and N,,, respectively, of
[H,N, NN, | =12 This was verified by recording the spectrum
of a known sample of H,N;"AsF,~ in HF solution.

In the N spectrum of labeled and unlabeled NstAsF,~ a
single resonance at 0 = —165.3 was observed and assigned to
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N2 of Ns* based on the calculated value of 6 =—166. The
signals due to N1 and N3 could not be observed in the “N
spectra under these conditions due to excessive quadrupole
broadening. The N; signal of [H,N,N,N,]* was also observ-
able in the N spectra of the labeled and unlabeled cations as
a sharp resonance at 6 = —162.5, while signals for N, and N,
were strongly quadrupole broadened. It is fortunate that N2
of Nt gives rise to a sharp N signal and that the single *N
substitution provided us with an equal mixture of N labels on
N1 and N3, thus allowing the unambiguous observation of all
three signals of Ns™. Their excellent agreement with the
calculated values provides positive proof for the presence of a
C,,-symmetric Ns* cation.

Additional unambiguous proof for the presence of C,,-Ns™
was provided by the vibrational spectra of Ny*AsF¢~ and the
4N - N isotopic shifts observed for the mixture of *N1- and
’N3-labeled Ns*AsF,~. The low-temperature Raman spectra
of unlabeled and a mixture of labeled Ns"AsF,~ are shown in
Figures 3 and 4, respectively, and the observed frequencies are
summarized in Tables 2 and 3. The vibrational assignments for
octahedral AsF,~ in Table 2 are well established!™> and do not
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Figure 3. Low-temperature Raman spectrum of unlabeled solid Ns*AsF;~.

require any further discussion;
those for N5 are based on our
calculations. As can be seen,
the four N-N stretching
modes were observed with
the predicted frequencies and
intensities.

The spectra of '"N1- and
I5N3-labeled Ns* allowed ac-
curate measurements of the
isotopic  shifts for modes
va(Ay), 14(By), and v(A)).
Again, the agreement between
experiment and theory is very
good and confirms the validity
of the predicted structure giv-
en in Figure 1. Since the ob- ’/)

2271

2259

869

w,
w
o

1

%&211 2190

served frequencies of N5 are
intermediate between those
predicted at the CCSD(T)
and the B3LYP levels of cal-
culation, the actual geometry
of Ns* is probably also
intermediate  between the
CCSD(T) and B3LYP values
of Figure 1. Therefore, the fol-
lowing geometry is interpolated for [N1-N2-N3-N2-N1]*:
r(NI-N2) =111 A, r(N2-N3)=1315A, X (NI1-N2-N3)=
166.6°, and X (N2-N3-N2)=110.3°.

The results from a normal coordinate analysis of Ns™ are
summarized in Table 4. They show that the A,, B;, and B,
vibrations and v;(A,) are all highly characteristic, but that
v,(A,) is a mixture of stretches and bends.

The internal force constants of greatest interest are the
stretching force constants f, and fz of the terminal and the
central N—N bonds, respectively. Interpolation of the data in
Table 4 and adjustments for the observed frequencies give
values of 20.08 and 6.59 mdyn A~! for the terminal and the
central N—N stretching force constants, respectively. The

PP ‘7 fem™

Figure 4. Low-temperature
Raman spectrum of an equi-
molar  mixture of  solid
[15N14N14N14NI4N]+ASF6* and
[]4N'4N'5N‘4N'4N]+ASF(,’.

Table 2. Low-temperature Raman and IR bands of solid '*N;*AsF,~ and their assignments based on the calculated harmonic frequencies of free gaseous N5*.

Obsd frequencies [cm ']

Assignment (point group)

Calcd frequencies [cm ']

Raman® R4 UNGH(Cy) AsF,(0,) B3LYP CCSD(T)
2271 [44] 2270 (m) vi(Ay) 2336 (22) 2229 (13) [215]t
2211 [8] 2210 (s) v+(B) 2282 (147) 2175 (105) [42]
1088 (s) v(B) 1167 (141) 1032 (138) [2]
871 [7] 872 (w) va(Ay) 850 (4) 818 (0.5) [3]
704 (vs) vy(Fy)
686 [100] 680 (sh) i(Ay)
672 [17], 669 [18] v3(A,) or part of v;(Ay,) or vy(F,,) 678 (1) 644 (2) [1]
579 [16] 575 (w) v,(E,)
v5(As) 502 (0) 475 (0) [1]
420 (sh) ve(By) 424 (7) 405 (6) [0]
vo(B) 436 (0.6) 399 (1) [0.5]
394 (vs) va(Fru)
372 [32] 360 (sh), 380 (sh) vy(Fyy)
209 [44] ) 193 (0.5) 181 (0.3) [6]
127 [55] lattice vibration

[a] Relative IR and Raman intensities given in parentheses and brackets, respectively. [b] Frequencies calculated using a 6—311 + G(2d) basis set. IR
intensities given in parentheses [kmmol~1], and Raman intensities given in brackets [A*amu~']. [c] T= —130°C. [d] T= —196°C. [e] The Raman intensities

were calculated at the RHF level.
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Table 3. Comparison of the calculated (B3LYP) and observed "N isotopic shifts for N*.

N;* isotopomer

Calcd frequencies (shifts) [cm™!]

va(Ay) vo(By) vs(B1) Vs(Ay) v3(Ay) va(Ay) vs(By) v4(By) vi(Ay)
BNT-4N2-1N3-UN2-4N1  193.1(0) 424.1(0) 436.3(0) 502.4(0) 678.1(0) 850.0(0) 1116.9(0) 2281.7(0) 2336.3(0)
NT-1N2-N3-“N2-“N1  191.8(1.3)  422.0(2.1)  436.0(.2) 502.4(0) 677.5(.7) 833.3(16.7) 1138.0(28.9) 2281.2(.5) 2336.3(.1)
NT-4N2-UN3-UN2-UNT - 190.8(2.2) 4223 (1.8) 434.7(1.5)  500.7(1.7)  674.4(3.7)  847.4(2.6) 1163.4(3.5) 2259.8(21.9) 2324.5(11.9)
Ns* isotopomer Obsd frequencies (shifts) [cm1]1
(A1), IR v(A)), RA 1(B,), IR »(B,),RA »(A), IR v(A), RA
4N1-1N2-1“N3-14N2-1“N1  872(0) 871(0) 2210(0) 2211(0) 2271(0) 2271(0)
4N1-1N2-°N3-14N2-4N1  858(14) 855(16) 2209.8 2211(1) 2270.8 2271(0)
ISN1-1N2-“N3-1“N2-1“N1  870(2) 869(2) 2189.0(21)  2190(21) 2259.0(12)  2259(12)
[a] RA =Raman.
Table 4. Results from the normal coordinate analysis(? of Ns*.
Approx. mode in point group C,, Frequency [cm™!] Symmetry force constants!® CCSD(T) (B3LYP) Potential energy
distribution®! [%]
obsd calcd Fy, F,, Fs; Fu. CCSD(T)
CCSD(T) (B3LYP)
A, v, in-phase terminal stretches 2270 2229 (2336) F,, 19.573(21.314) 93(1) +6(2)
v,  sym. central stretch 872 818 (850) F,  0.702(0.843)  5.546(6.952) 62(2) +23(3) +
13(4) +2(1)
v;  central bending 644 (678) F3; —0.085(—0.137) 1.377(1.535)  1.540(1.427) 39(3)+33(2) +
23(4)+5(1)
v, in-phase terminal bends 209 181 (193) F, 0.167(0.171)  0.204(0.312)  0.120(0.108)  0.373(0.425)  64(4)+37(3) — (2)
A, vs torsion 475 (502) Fss  0.0266(0.0281) 100(5)
B, v, torsion 405 (424) Fe  0.0236(0.0246) 100(6)
F77 Fxx F%‘
B, v; out-of-phase term stretch 2210 2175 (2282) F;;  19.491(21.272) 96(7) +4(8)
vy asym. central stretch 1088 1032 (1167) Fg  1.197(1.359)  4.780(5.927) 95(8) +4(7)
vy out-of-phase terminal bends 399 (436) Fy  0.200(0.195)  0.085(0.159)  0.358(0.423) 99(9) +1(8)

[a] The following symmetry coordinates were used for [N1-N2-N3-N2'-N1']*: S;=v(1-2)+v(1'=2'); S, =v(2—-3)+v(2'—3); S$;=0(2—-3-2'); S4=
0(1-2-3)+6(1'=2=3); Ss=1(1-2-3-2)+1(2-3-2'—1); Sg=1(1-2-3-2)—1(2=3-2'—1); S;=v(1-2)—w(I'=2)); Sy=v(2—3)—n(2' —3);
Sg=0(1-2-3)—09(1'—2"-3). [b] The two most important internal force constants, estimated from the calculated symmetry force constants and the
observed frequencies are f(; _, =20.08 mdyn A-t and f,_3=6.59 mdyn A-1. Streching constants in mdyn A -!, deformation constants in mdyn A ~'rad 2, and

stretch-bend interaction constants in mdynrad .

former value is significantly lower than the 22.4 mdyn A-!
found for the N=N bond in N,,[] whereas the latter value is
between those found for typical N—N single (fynx=
3.6mdynA-!) and double bonds (fy_x=10.2 mdynA-1).115
The strengthening of the N—N central bonds at the expense
of the terminal bonds, as suggested by the resonance
structures, explains the relative stability of Ns* toward N,
elimination. Reliable calculations of the energy barrier for N,
elimination from Ns* will be the subject of a separate study.

Experimental Section

Caution! N;*AsF,~ is a highly energetic, strongly oxidizing material that
can detonate violently. It should be handled only on a very small scale while
using appropriate safety precautions (face shields, leather gloves, and
protective clothing).

2008 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999
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The N,F*AsFs~ was prepared from cis-N,F, and AsFs as previously
described.!'®< The HN; was generated by heating NaN; with a threefold
excess of stearic acid to about 80 °C under a dynamic vacuum and collecting
the evolved HN; in a trap cooled with liquid N,. The HN; was purified by
fractional condensation through a series of traps at —64, —95,and —196°C,
with the material retained at —95°C being used. Singly '"N-labeled NaN;
(Cambridge Isotope Laboratories, 9% "N label) was used for the
preparation of a roughly 50:50 mixture of HN; that was singly °N-labeled
in either the a or y position. The HF (Matheson Co.) was dried by storage
over BiF;.l"]

The HN; was generated and handled on a Pyrex glass vacuum line
equipped with grease-free Kontes glass-Teflon valves. The HF was handled
on a previously described!'® stainless steel-Teflon FEP vacuum line. The
Ns*AsFg~ samples were handled at —196°C in the dry N, atmosphere of a
glove box.

Low-temperature Raman spectra were recorded on a Cary Model 83GT
spectrometer using the 488-nm line of an Ar-ion laser for excitation, a
previously described cooling device,l'”! and quartz tubes (3 mm outer
diameter) as sample containers. For measurements of the N -"N isotopic
shifts, the signal was scale expanded on an external strip chart recorder. The
low-temperature IR spectra were recorded on a Mattson Galaxy FTIR
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spectrometer using a demountable low-temperature cell equipped with CsI
windows. The “N and "N NMR spectra were recorded at 36.13 and
50.69 MHz, respectively, on a Bruker AMX 500 spectrometer using
saturated solutions of Ns*AsF,~ in HF/AsFs at —63°C and heat-sealed
5-mm Teflon-FEP liners (Wilmad Glass Co.) as sample containers, delay
times of 60-120 s for the recording of the "N spectra, and neat CH;NO,
and aqueous "N-labeled urea referenced as 6 = —305.0 relative to CH;NO,
as external standards. The spectra were recorded both 'H-coupled and 'H-
decoupled to determine if there was a nuclear Overhauser effect.

Preparation of Ns*AsF,~: In a typical experiment, N,F*AsF,~ (1.97 mmol)
was loaded in the drybox into a Teflon-FEP ampule (1.9 cm outer
diameter) that was closed by a stainless steel valve. On the metal vacuum
line, anhydrous HF (=3 mL) was added at —196°C, and the mixture was
warmed to room temperature to dissolve the N,F*AsF,~. The ampule was
connected to the glass line, and HNj; (2.39 mmol) was added at —196°C.
The ampule was reconnected to the metal line and allowed to warm to
—78°C, where it was kept for three days with occasional gentle agitation.
The ampule was then cooled to —196°C to check for the presence of
volatile products. Nitrogen (0.76 mmol) was identified by mass spectrom-
etry. All material volatile at —64 °C was pumped off for 8 h, leaving behind
a white solid residue that was identified by low-temperature vibrational
and N and "N NMR spectroscopy as a mixture of Ns*AsF,~ (=80 mol %)
and H,N;"AsF¢~ (=220 mol %).

Preparation of *N-labeled NstAsF,: The procedure was identical to that
used for the synthesis of unlabeled Ns*AsFy~, except for the use of a
mixture of HNj; that was "N-labeled in either the N, or N, position.

Computational Methods. Hartree —Fock (HF), density functional theory
(DFT), and single- and double-excitation coupled cluster calculations®”]
that include a noniterative treatment of connected triple excitations
(denoted CCSD(T))P" were carried out employing several atomic basis
sets. The DFT calculations employed the B3LYP functional.”l Geometries,
IR and Raman spectra, and nuclear magnetic resonance shieldings were
calculated for N5+ as well as (for calibration purposes) N,F*, H,N;*, and the
standard CH;NO,, the geometries and NMR parameters of which are
experimentally known.!'> 14 19 The vibrational spectra reported in this work
were computed using the 6-311 + G(2d) atomic basis set.”) The NMR
shieldings were computed at the CCSD(T)/6-311+ G(2d) geometries
employing the gauge-including atomic orbital (GIAO) solution to the
gauge-invariance problem? and density matrices obtained from second-
order many-body perturbation theory [MBPT(2)], CCSD, or CCSD(T)
calculations.”>?"] The results reported in this work used quadruple-zeta
plus polarization (QZP) atomic basis sets derived from the QZ sets of
Schifer et al.,” supplemented with a d function with exponent 1.0. As
discussed by Gauss and Stanton,>?"] the accurate calculation of nitrogen
NMR shieldings frequently requires an extensive electron correlation
treatment such as that provided by the CCSD(T) method. Hartree — Fock
and even MBPT(2) shielding calculations for species such as N5 with many
free valence electron pairs yield extremely poor results. The GAMESS,”
Gaussian,’! and ACES 1IP! program systems were used for these
calculations on IBM RS/6000 work stations.
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Abstract: The new N* salt, Ns*SbRs~, was prepared from §*SbR~ and HN; in anhydrous HF solution.

The white solid is surprisingly stable, decomposing only afZpand is relatively insensitive to impact. Its
vibrational spectrum exhibits all nine fundamentals with frequencies that are in excellent agreement with the
theoretical calculations for a five-atomic V-shaped ioi€Cgf symmetry. The N"SkyF;;~ salt was also prepared,

and its crystal structure was determined. The geometry previously predicted for free gasefsamitheoretical
calculations was confirmed within experimental error. TheFpfy anions exhibit an unusual geometry with

eclipsed SbEgroups due to interionic bridging with

thesN cations. The N™ cation is a powerful one-

electron oxidizer. It readily oxidizes NO, NQand Bg but fails to oxidize GJ, Xe, or Q.

Introduction

The recent discovery of ;{AsFs~ as a marginally stable

Infrared spectra were recorded on a Mattson Galaxy FT-IR spectrometer
using dry powders pressed between AgCl windows in an Econo press
(Barnes Engineering Co.). Raman spectra were recorded on a Bruker

compound that can be prepared on a macroscopic scale is quit&quinox 55 FT-RA spectrometer using a NdAG laser at 1064 nm

remarkablé. The Ns* cation represented only the third readily
accessible homonuclear polynitrogen species besigdaadN~

and as such has received much public accfaince NAsFs

is only marginally stable and had given rise to some explosions,
it was of great interest to search for more stablg Nalts in
order to allow a more thorough characterization of this fascinat-
ing cation and to provide a suitable starting material for the

and Pyrex melting point capillaries as sample containers. The thermal
stabilities were determined using a DuPont model 910 DSC, crimp-
sealed aluminum pans as sample containers, and heating raté€/of 3
min. The data were recorded and analyzed with a DuPont model 2000
thermal analyst. Impact sensitivities were measured on an Olin
Mathieson drop weight tester standardized with RDX (hexahydro-1,3,5-
trinitro-1,3,5-triazine, 30 kgm, 50%).

The NbF*SbRs~ and NFfShF;~ starting materials were prepared

pursuit of nitrogen allotropes. In this paper, the synthesis and oy ¢isN,F, and SbE in anhydrous HF solution as previously

characterization of surprisingly stable fluoroantimonate salts of
Ns™ and the crystal structure ofsNSkyF;;~ are reported.

Experimental Section

Caution! HNs, azides, and polynitrogen compounds are highly
endothermic and can decompose explelsi. They should be handled
only on a small scale with appropriate safety precautions (face shields,
leather glaes, and protectie clothing). Condensation of neat kit
—196 °C into Teflon ampules containing oxidizers has repeatedly
resulted in explosions upon condensation or melting of the. HN

Materials and Apparatus. All reactions were carried out in 0.75-
in.-o.d. Teflon-FEP or -PFA ampules that contained Teflon-coated

described” The HF (Matheson Co.) was dried by storage oversBiF
(Ozark Mahoning¥. The NO and NG@ (Matheson Co) were purified
by fractional condensation prior to their use. Thea@d Xe (Matheson
Co) were used as received. The preparation of Ri&é previously been
described.

Preparation of Ns*SbF;~. A Teflon ampule, equipped with a
stainless steel valve and containing a Teflon-coated magnetic stirring
bar, was passivated with GIFIt was attached to the metal vacuum
line and treated several times with anhydrous HF until no color was
observed upon freezing the HF atl96 °C. It was then loaded with
N2F*SbR~ (4.97 mmol) in the glovebox and attached to the metal
vacuum line. The ampule was evacuated and cooled-186 °C.
Anhydrous HF {2 mL) was then condensed into the ampule, and the

magnetic stirring bars and were closed by stainless steel or Teflon contents were allowed to warm to ambient temperature with occasional

valves. Volatile materials were handled on a stainless steel/Teflon-

FEP vacuum liné.Nonvolatile solids were handled in the dry nitrogen
atmosphere of a glovebox. HMas generated and handled on a Pyrex

stirring. After all the NF*SbR~ had dissolved, the ampule was recooled
to —196°C, and some additional neat HF was condensed onto the upper
walls of the tube, where the HNvas going to be frozen out. The cold

glass vacuum line equipped with grease-free Kontes glass/Teflon valves.ampule was then connected to the glass line, and (N0 mmol)

T Air Force Research Laboratory.

* University of Southern California.

§ University of California, Riverside.
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was added slowly at196 °C. The reaction mixture was allowed to
warm slowly behind a safety shield to room temperature and kept at
this temperature for about 45 min. The volatile materials were removed
by pumping for several hours at 2C, leaving behind a white powder
(1.502 g, weight calculated for 4.97 mmol of$bk = 1.520 g) that
was identified by its vibrational spectra ag3%Fs.

This reaction was also carried out by first condensing; ldiN-196
°C into a passivated and preweighed Teflon ampule containing a known
amount of HF. The resulting mixture was homogenized at ambient
temperature. The ampule was taken into the glovebox, where a
stoichiometric amount of Nr*SbR~ was added at-196°C. The cold
ampule was attached to the metal vacuum line and evacuated.
Subsequent slow warming of the reaction mixture to room temperature
for about 30 min, followed by removal of all volatile material, resulted
in the isolation of N*SbF™ in >99% yield.

The safest method of generating kahd reacting it with M-"Sbks~
involved the use of two Teflon-FEP U-tubes that were interconnected
through a porous Teflon filter (Pall Corp) and attached to the metal
vacuum line. The first tube contained a weighed amount of JNaid
the second one a stoichiometric amount oFNSbR~. Amounts of
anhydrous HF, sufficient to dissolve both solids, were condensed at
—196°C into both U-tubes, and the solids were dissolved in the HF at
room temperature. The second U-tube, containing thE"SbR~
solution, was cooled te-196 °C, and the HN, generated in the first
U-tube, together with the excess of HF were co-condensed in a dynamic
vacuum into the second U-tube. The resulting mixture was allowed to
warm slowly to room temperature. Removal of the HF in a dynamic
vacuum resulted in the isolation of very purgSbR~ in >99% yield.

This procedure has been carried out repeatedly on a 5-g scale without extinction coefficient

incident.

Preparation of Ns"Shy,F1;~. Freshly distilled SbE(1.449 mmol)
was added in the glovebox to a passivated Teflon-FEP ampule, and
HF (1.9 mL liquid) was added on the metal vacuum line-496 °C.

The mixture was homogenized at room temperature and taken bac
into the glovebox. The ampule was cooled inside the glovebexlie6

°C and opened, andsNSbFs~ (1.444 mmol) was added. The resulting
mixture was allowed to warm to room temperature, and all volatile
material was pumped off. The white solid residue (758 mg, weight
calculated for 1.444 mmol of NSkhFi;~ = 755 mg) was shown by
vibrational spectroscopy to consist of$hF;;.

Reactions of N*SbFs~ with NO, NO,, O, or Xe. In a typical
experiment, a 0.5-in. Teflon-FEP ampule, that was closed by a Teflon
valve, was loaded in the drybox withsNSbR~ (0.53 mmol). On the
vacuum line, NO (4.2 mmol) was added-a196 °C, and the contents
of the ampule were allowed to warm slowly with intermittent cooling
to room temperature. After the ampule was kept 2oh at room
temperature, it was cooled back-td 96 °C, and the volatile gas (1.34
mmol of N;) was measured and pumped off. The unreacted NO was
measured (3.6 mmol) and pumped off at room temperature, leaving
behind 0.53 mmol of NOSbR~ that was identified by vibrational
spectroscopy.

In a similar manner, N'SbR~ was found to react quantitatively
with NO;, and Be, but no reaction was observed with eithep,Cle,
or O..

Crystal Structure Determination of Ns*ShyFi1-. About 1 mL of
anhydrous S@was condensed onto 0.200 g of3bF at —196 °C in
a 0.5-in.-o0.d. sapphire tube (Tyco Corp.) closed by a stainless steel
valve. The contents of the tube were warmed-{t8 °C, causing all
of the NsSbF; to dissolve and form a pale yellowish solution. Anhydrous
SO.CIF (~1.5 mL) was then slowly condensed onto this solution under
vacuum. The solvents were then slowly removed under a static vacuum

k

J. Am. Chem. Soc., Vol. 123, No. 26, 20BB09

Table 1. Crystal Data and Structure Refinement foy"ShyF;,~

identification code NS~
empirical formula miNsSh,
formula weight 522.55
temperature 213(2) K
wavelength 0.71073 A
crystal system monoclinic
space group C2/c

a=10.913(8) Ao = 90°
b=12.654(8) Af = 104.715(18)

unit cell dimensions

c=16.675(11) Ay = 90°
volume 2227(3) A
8
density (calculated) 3.117 Mgfn
absorption coefficient 4,995 mrh
F(000) 1888
crystal size 0.26< 0.10x 0.05 mn¥
6 range for data collection 2.5125.35
index ranges —-12<h=<13
—-15<k=<15
—20=1=17
reflections collected 9125
independent reflections 202R(jnt) = 0.0629]
absorption correction SADABS

0.7883 and 0.3567
full-matrix least-squaresmn
2022/0/164
1.122
R1=0.0678, viR2=0.1913
R1=0.0785, viR2 = 0.2019
0.00026(18)
4.329 an@.102 e A3

max. and min. transmission
refinement method
data/restraints/parameters
goodness-of-fit o2

final R indices [ > 20(1)]
Rindices (all data)

largest diff. peak and hole

was controlled by the SMART software package. The unit cell
parameters were determined-a60 °C from three runs of data with

30 frames per run, using a scan speed of 30 s per frame. A complete
hemisphere of data was collected, using 1271 frames at 30 s/frame,
including 50 frames that were collected at the beginning and end of
the data collection to monitor crystal decay. Data were integrated using
the SAINT software package, and the raw data were corrected for
absorption using the SADABSprogram. The absence bf+ k =

odd andhOl reflections (= odd) showed the presence ofecentered
lattice and ac-glide plane parallel and perpendicular to thexis,
respectively, indicatindg_c or C2/c as the likely space groups. The
intensity statisticsE? — 1 values, indicated a centrosymmetric space
group, thereby excludinGc as a possible space group. The space group
was thus unambiguously assignedG&c. The structure was solved

by the Patterson method using the SHELXS2%fogram and refined

by the least-squares method &4 using SHELXL-97*2 The initial
Patterson map revealed the position of the two Sb atoms linked by a
fluorine atom. The remaining atoms were located from subsequent
difference electron density maps and finally refined anisotropically by
the least-squares method BAusing the SHELXTL 5.3 software for
Windows NT. The crystal did not show any significant decomposition
during the data collection. The experimental and refinement parameters
are listed in Table 1.

Results and Discussion

Synthesis and Properties of N"SbFs~. The synthesis of
Ns"SbR~ was carried out in the same manner as previously
reported for NsTAsFs~ by reacting NFTSbR~ with HN3 in

at —64 °C over a period of-16 h, leaving behind platelike colorless
crystals. These crystals were extremely reactive to perfluoropolyether
oil and showed an instantaneous evolution of nitrogen gas. The majority
of the crystals were very soft and difficult to handle, but a few crystals
appeared to exhibit a different habit and better mechanical strength.

(9) SMART V 4.045, Software for the CCD Detector System, Bruker
AXS, Madison, WI, 1999.

(10) SAINT V 4.035, Software for the CCD Detector System, Bruker
AXS, Madison, WI, 1999.

(11) SADABS, Program for absorption correction for area detectors,
Version 2.01, Bruker AXS, Madison, WI, 2000.

One of these crystals was immersed in halocarbon grease and mounted_ (12) Sheldrick, G. M. SHELXS-97, Program for the Solution of Crystal

on the goniometer head using a precentered Nylon Cryoloop equippe
with a magnetic base. The structure of the salt was determined using
a Bruker diffractometer equipped with a CCD detector and a low-
temperature, LT3, device. The three-circle platform with a figexkis

dStructure, University of Giingen, Germany, 1997.

(13) Sheldrick, G. M. SHELXL-97, Program for the Refinement of
rystal Structure, University of Gtingen, Germany, 1997.

(14) SHELXTL 5.1 for Windows NT, Program library for Structure
Solution and Molecular Graphics, Bruker AXS, Madison, WI, 1997.
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anhydrous HF solution at 78 °C, followed by removal of the
volatile products at room temperature. The yield ef SR~

— HF —
N,F"SbFR,~ + HNj = N5"SbR;™ + HF

—78to 25°

)

is essentially quantitative, and the product purity is high. It is

essential that the reaction system is completely anhydrous, a

water hydrolyzes the i salt, generating free SkFwhich in
combination with HF protonates HNunder formation of
H2N3+Sb|'_5_.15

The Ns"SbR~ salt is a colorless hygroscopic solid that is

stable at ambient temperature and, based on the DSC data, starts

to decompose at 7TC. It is surprisingly insensitive to impact.
Even at the maximum setting of our apparatus (20€ckg,
only partial thermal decomposition due to adiabatic heating of

Vij et al.

and experimentally unknown lattice energy values fgBbs
and NQSbF; were estimated using the meti®df Jenkins and
Passmore based on Bartlett’s volume-based relatioAshtp.
should be kept in mind, however, that the structure gf)Ns
unknown and that the final reaction product is 2.5 mol ef N
The conversion of Blto N, is also strongly exothermic, as is

apparent from the calculateteat of formation of gaseoussN

(351.1 kcal/mol) and the above-derived minimum electron
affinity value of Ns* (211 kcal/mol).

£ -211 keal/mol
—» N

> -140 keal/mol

Ns* — 25N
A

-351.1 keal/mol

The above results show thagNis a weaker oxidizer than
either Ptk that can oxidize @to O, 18 or O,* that can oxidize

the sample was observed, but no explosions. The saltis solublexe to Xe* under similar condition&2° Despite the first

in and compatible with HF, S©®and CHE.

The oxidizing properties of N'SbR~ were examined in the
solid state and in HF solution by treating it with 2 atm of either
oxygen or xenon gas betweetY8 °C and ambient temperature.
No oxidations to @" and Xe™, respectively, were observed
under these conditions. Furthermore, soligi 8bR~ did not
oxidize liquid or gaseous chlorine, but is capable of oxidizing
NO (2), NG, (3), and Bg.

excess NO
_—

NO + N5+SbF67 —196 to 25°C

NO"SbR,~ + 25N, (2)

and

excess NQ

NO, + N5 "SbF,~ NO,"SbR,™ + 2.5N, (3)

~196 t0 25°C
Since NO, NQ, Bry, Cl,, O,, and Xe have first ionization

potentials of 9.26, 9.75, 10.52, 11.48, 12.07, and 12.13 eV,

respectively, these experiments indicate that tgedition can

ionization potential (IP) of MN(15.51 eV) being 3.44 eV higher
than that of Q (12.07 eV), the electron affinity of & is
substantially lower than that of © because in B the positive
charge is spread over a larger number of atoms, thereby
decreasing its oxidizing power. Nevertheless, the fact that N
can quantitatively oxidize either NO, NQor Br, renders it a
very strong one-electron oxidizer. Although it is not quite as
powerful as Ptgor O," salts, it offers the great advantage of
not acting as a fluorinating or oxygenating agent, which can be
a very important consideration when dealing with substrates that
are easily fluorinated or oxygenated.

Ongoing studies in our laboratory show that the potential
hazards of handling neat HNin the synthesis of B can be
avoided by either replacing H\with the insensitive (Ch)s-

SiN3 or generating the desired Hftom a weighed amount of
NaN; and excess HF in a separate ampule and transferring all
volatiles into the reaction vessel containing an HF solution of
NoF*SbR~. The reactions with (CkJ3SiN3 are carried out in
either HF or S@solution and produce §\ in high yield. When

oxidize substrates having a first ionization potential of 10.52 HF is used as the solvent, the first reaction step most certainly
eV or less, but cannot oxidize substrates with a first ionization jnyolves the formation of (CHsSiF and HN; i.e., HNs is

potential of 11.48 eV or more. When solid starting materials or generated in situ in the reactor.
reaction products are involved in these redox reactions, the first * gynthesis and Properties of NtSb,F1;~. To preclude a
ionization potential of the substrate does not equal the electronpotential side reaction of $Bi;~ with HE and HN to give

affinity of the oxidizing agent, as any lattice energy changes spr- and HNs*SbR~, a sample of N*SbR~ was reacted
must also be taken into account. For the calculation of the with an equimolar amount of SkRn HF solution at room

electron affinity, the appropriate BofrHaber cycle must be  temperature. The resultingsNSh,F1;~ salt is a colorless solid
used, as shown in kilocalories per mole for reaction (3).
NsSbF; ™ + SR, 5o N " ShyFy, (4)

AH <0
N02(g) —_—p NOfstg-(s) +

lo A

Ns*SbFe (5 + Nsgg,)

Us
NsSbFs

+119

that is stable at room temperature and undergoes, according to
its DSC data, thermal decomposition atfD i.e., its thermal

Ns' + SbFgy +  NOxy stability is comparable to that offiSbRs~, but, in contrast to
El[}ffl lo 1.Iclil+225 U Ns"SbR™, it undergoes a reversible endotherm (melting) at
e " NS <133 ’ about 3C°C. Consequently, the replacement of §bby StyF1;~

Ns@ + SbFsgy +  NO'g did not result in increased thermal stability and does not appear

to offer any significant advantages for studying the reaction
chemistry of N* salts.

Crystal Structure of Ns*ShyF15~. The structure of B ShyF;1~
is shown in Figures 1 and 2, and the important bond lengths

l_ﬁI

For the redox reaction to proceed, the enthalpy change, or more

precisely the free energy change if entropy changes are included, (16) Jenkins, H. D. B.; Roobottom, H. K.; Passmore, J.; Glassénpkg.

of the reaction must be negative. Assumikig, to be zero, the Chelr?-llagﬁ 38k' ?+6?59; Rosenthal. G. L+ Muller. G.: B 5. Barl

electron affinity of Ni* g is calculated to have a minimum value ~, (17) Mallouk. T. E; Rosenthal, G. L.; Muller, G.; Busasco, R.; Bartlett,
g S N. Inorg. Chem.1984 23, 3167.

of 211 kcal/mol or 9.16 eV, a value significantly lower than

(18) Bartlett, N.; Lohmann, D. HProc. R. Chem. Soc. (Londoh®62
the first ionization potential of N©(9.75 eV). The required 277;J. Chem. Socl962, 5253.

(19) Stein, L.; Norris, J. R.; Downs, A. J.; Minihan, A. R.Chem. Soc.,
Chem. Commuril978 502.
(20) Stein, L.; Henderson, W. W. Am. ChemSoc 198Q 102, 2856.

(15) Christe, K. O.; Wilson, W. W.; Dixon, D. A.; Khan, S. |.; Bau, R,;
Metzenthin, T.; Lu, RJ. Am. ChemSoc 1993 115 1836.
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Figure 1. ORTEP diagram of M ShF:;, showing the thermal
ellipsoids at the 30% probability level and the close-rangeM\tontacts
within the crystal lattice.

Figure 2. Space-filling representation ofsNSkyF1;~, showing the close
packing of the N* cation within the SkF;~ cavity.

and angles are summarized in Table 2. The observed V-shaped

geometry of the M cation is in excellent agreement with the
theoretical predictiorisfor the free gaseous s cation at the
B3LYP level of theory, with the calculated terminal and central
N—N bond distances of 1.11 and 1.30 A being close to the
observed values of 1.105(19) and 1.299(19) A, respectively.
Furthermore, the terminal NN distance of 1.105(19) A in &

is only slightly longer than that of 1.089(9) A found forRt

in NoFSkyF1;~ 21 and compares well with the NN bond
distances of 1.0976(2) A in & and 1.0927 A found in
HN,",2324indicating that the terminal bonds approximate triple
bonds. The central NN bond length of 1.299(19) A in & is
somewhat longer than typical-\N double bonds (1.171.25

A) but is significantly shorter than typical NN single bonds
(1.43-1.75 A) %5 Additionally, the agreement between calculated
[112.3 and 166.9 and observed [111.2(11) and 167.2(15)
respectively] bond angles is very good.

(21) Vij, A; Vij, V.; Tham, F.; Christe, K. O. Unpublished results.

(22) Huber, K. P.; Herzberg, GConstants of Diatomic Moleculg¥an
Nostrand Reinhold: New York, 1979.

(23) Owrutsky, J. C.; Gudeman, C. S.; Martner, C. C.; Tack, L. M,;
Rosenbaum, N. H.; Saykally, R. J. Phys. Chem1986 84, 605.

(24) Botschwina, PChem. Phys. Lettl984 107, 535.

(25) Greenwood, N. N.; Earnshaw, £hemistry of the Element&nd
ed.; Butterworth, Heinemann: Oxford, 1998.
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Table 2. Bond Lengths and Angles forNShyF;;~
Bond Lengths (A)

Sh(1)-F(5) 1.839(8) Sb(2YF(9) 1.849(10)
Sh(1)-F(4) 1.845(8) Sh(2}F(8) 1.866(8)
Sb(1)-F(2) 1.851(9) Sb(2)F(11) 1.866(8)
Sb(1)-F(3) 1.854(9) Sh(2}F(6) 2.007(7)
Sh(1)-F(1) 1.856(10) N(1¥N(2) 1.102(19)
Sb(1)-F(6) 2.031(7) N(2>-N(3) 1.303(19)
Sh(2)-F(10) 1.844(7) N(3)}N(4) 1.295(19)
Sb(2)-F(7) 1.849(9) N(4}-N(5) 1.107(19)
Bond Angles (deg)
F(5)-Sbh(1)-F(2) 94.8(4)  F(7>Sb(2)-F(9) 170.7(5)
F(4)-Sb(1)>-F(2) 169.9(4) F(10ySb(2)-F(8) 171.3(4)
F(5)-Sb(1)-F(3) 95.4(5) F(7>Sh(2)-F(8) 87.9(4)
F(4)-Sb(1)>-F(3) 89.7(4) F(9)-Sb(2)-F(8) 88.8(5)
F(2)-Sb(1)-F(3) 89.3(5) F(10ySb(2)-F(11)  94.8(4)
F(5)—Sb(1)-F(1) 93.6(5) F(7ySb(2-F(11) 96.7(5)
F(4)-Sb(1)-F(1) 91.0(5) F(9-Sb(2)-F(11) 92.2(5)
F(2)-Sb(1)-F(1) 88.4(5) F(8)Sh(2F(11) 93.9(4)
F(3)-Sb(1)-F(1)  170.8(4) F(10)}Sb(2)-F(6) 85.0(3)
F(5)-Sb(1)-F(6)  179.9(5) F(7)Sb(2)-F(6) 85.9(4)
F(4)—Sb(1)-F(6) 84.7(4) F(9)-Sb(2)-F(6) 85.3(5)
F(2)—Sh(1)-F(6) 85.1(4) F(8)Sb(2)-F(6) 86.3(4)
F(3)—Sb(1)-F(6) 84.5(4) F(11)Sh(2)-F(6) 177.5(4)
F(1)-Sh(1)-F(6) 86.4(4) Sb(2YF(6)-Sh(1)  155.0(4)
F(10)-Sb(2)-F(7) 91.2(5) N(1>XN(2)—N(3) 168.1(15)
F(10-Sb(2)-F(9)  90.8(5) N(4}>N(3)—-N(2) 111.2(11)

The observed geometry supports the previously given ratio-
nalé* that the exceptional stability of §\ is largely due to
resonance stabilization, resulting in relatively high bond orders
for all the bonds. The bonding ingNl can be described by the
following six resonance structures:

@
/N\ _I — _|® - —|®
7 A o N 24 No
W . N N2 . N \N/ \\N/
m
@ o) ®
2N ] AN ]
/g\\ @y N ®1“/®\\1"\%a
® = X &
\N&N/ \N§N/ il \N/ W 7
v v VI

Although structure$/ —VI possess one or two terminal nitrogen
atoms with only six valence electrons, it must be kept in mind
that conventional Lewis structures are oversimplifications and
often do not adequately describe the actual bonding. Inclusion
of structuredV —VI is required to account for the charge distri-
butions calculated at the NBO(B3LYP/aug-cc-pVDZ) le%fl,
—](B
(-0.11)
PN
N N(0.22)
N/ N(0.33)

as well as the relative shielding of the N NMR signals (the
shielding increases from the terminal nitrogen tofhaitrogen
to the central nitrogef)and the terminal NN—N bond angles
of about 167.

A least-squares plane analysis foy™Nshows that the cation
is essentially planar. The N2 atom exhibits a maximum deviation
of 0.11 A from the average mean plane that shows a root-mean-

(26) Fau, S.; Bartlett, R. J. Phys. Chem. 2001 105, 4096.
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Table 3. Observed Infrared and Raman Spectra ef$bk~, Ns"ShF1;~ and Ns"Asks~ and Their Assignments
observed frequency (crt) and relative intensity

Ns"SbRs~ Ns"ShpF11~ NstAsFs~ assignments (point group)
IR Raman IR Raman IR Raman sN(Cz,) MFs~ (On) ShFi1~
3357 vw @/1 + v+ Vg)(Bz) = 3358
3334 vw 6/1 + Vg)(Bz) =3323
3079 w 3069 w 12 + v7)(B2) = 3077
2681 vw 2671 vw 11+ v9)(By) = 2682
2270 m 2268 (9.4) 2260 m 2261(9.0) 2270m 2271 (4.4) wvi)(A1)
2205s 2205 (2.0) 2203s 2202 (1.9) 2210s 2211(0.8) v7)(R)
1921 vw 1919 vw 13 + 3vg)(By) = 1914
1891 vw 1883 vw {s + 2vg)(B,) = 1883
1240 vw ggg \V/VV} comb. bands comb. bands
1092 ms 1089 s 1088 s v{+ v9)(By) = 1086
1064 s 1064 s vg(B2)
902 vvw 892 vww {s + ve)(B2) = 903
871w 872 (0.6) 867 w 866 (0.6) 872w 871(0.7)  wy(Aq)
835 vw 837 (&r) 824 vw 824 (&r) (2vg)(A1) = 828
692 (5.5)
725-650 vs,br 654 (10) vSbF
598 (1.4)
672 (1) 664 1) 680sh  669/672 (1.8) v3(A1)
655 vs 704 vs v3(F1u)
652 (10) 686 (10) v1(A1g
596 mw
537 mw} vSbF
582 w 571 (0.8) 575w 579 (1.6) va(Eg)
497 s vSb—F—Sh
478 (0t) 470 (0t) vs(Az)
447 w 449 w ?
425 ms 417 ms 420 sh vg(B1)
412mw 416 (&) 409 sh 417 (@) vo(B2)
295 (2.1
283 sh
272 sh 0Sb-F
231 (2.0
284 vs 394 vs va(F1u)
282 (2.8) 372 (3.4) vs(Fag)
204 (5.0) 200 (3.6) 209 (4.4) va(Az)
107 (5) é?‘?;g} 125 (5.5) lattice vibrations

2|n Fermi resonance withg(By). ® In Fermi resonance withy(A1).

square deviation of 0.0058 A. ThesNmean plane is almost 100
perpendicular (78°) to the plane containing the Fisb1-F6—
Sb2-F11 atoms. The latter is also almost perfectly planar and
shows a root-mean-square deviation of 0.014 A.

The geometry of the $B;;~ anion also deserves special 85
comment. This anion is known to possess little rigidity and can  so
exist in either an eclipsed or a staggered conformation and
exhibit a wide range of SbF—Sb bridge angles, depending
upon the counterion present in the crystal latéit&he eclipsed
conformation is rare but has previously also been observed for™ ©
BrFs"SkyF117.21 In the latter compound, the eclipsed structure o
results from a packing effect in which one equatorial fluorine 55
ligand of each antimony atom of &R 1~ bridges to a different
BrF4" cation. Since the two B cations and the $B;;~ anion
are coplanar, the bridging equatorial fluorine ligands around

%Transmittance

the antimonies become also coplanar, resulting in the eclipsed 3000 2000 1500 1000 500
configuration. The eclipsed conformation of the,Sh~ anion _ Wavenumber (o1}
found for Ns*ShF1,~ is also due to fluorine bridgirf§ but Figure 3. Infrared spectrum of solid NSbR™, recorded as an AgBr

pellet at room temperature. The band at 493 tnmarked by an

(27) Willner, H.; Bodenbinder, M.; Broechler, R.; Hwang, G.; Rettig, ~asterisk, is due to a small amount of:Bj™.
S. J.; Trotter, J.; von Ahsen, B.; Westphal, U.; Jonas, V.; Thiel, W.; Aubke,
F.J. Am. Chem. So@001, 123 588.

(28) Ns*ShyF11~ shows numerous N-F contacts shorter than the sum  results from N* acting as a spacer between the two equatorial
of the van der Waals radii of 3.0 A. The shortes_t Eontactsl, 2.723(115) and SbF, units of ShF1;~ (Figure 2). In accord with the resonance
2.768(14) A, arise from N2-F8 and N2:-F1(* (a= Y, + x, Yo — vy, 1> o
+ 2), while the N4--F2 and N4-F4 (b = x, 1 — y, ¥, — 2) distances, structures and the calculated charge distributions ¢f (See

2.887(15) and 2.813 A, respectively, are slightly longer. above), the positively charged nitrogen atoms interact with the
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Table 4. Comparison of Observed and Unscaled Calculated CCSD(T)/6-3{ad) Vibrational Frequencies (crt) and Intensities (km mot

and A amu) for Ns*

abs int rel int
approx mode description in point gro@, calcd freq IR Raman obsd freq IR Raman

A v1 in-phase terminal stretches 2229 13 215 228P71 m 10.0

v, Sym central stretch 818 0.5 5 86872 w 0.6

vz central bending 644 2 1 664672 obscd q

v4 in-phase terminal bends 181 0.3 6 209 —b 4
Az vs out-of-phase, out-of-plane bend 475 0 1 44078 - 0+
B, vg in-phase, out-of-plane bend 405 6 0 4125 ms 0
B v7 out-of-phase term stretches 2175 105 42 229311 s 1.9

vg asym central stretch 1032 138 2 165864 s not obsd

vg out-of-phase term bends 399 1 0.5 47 mw O+

aQObscured in infrared and interference in Raman by anion b&lstside of the frequency range of our spectrometer.
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»

2500
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Figure 4. Raman spectrum of solid fiSbR~ recorded at room
temperature.

negatively charged fluorine ligands (Figure 1). Thus, the
pB-nitrogens, N2 and N4, bridge to the two eclipsed fluorine
atoms, F2 and F8, but since thesNplane is not perfectly
perpendicular to thek—Sb—F—Sb—F4 plane, the N2F8 and
N4—F2 distances are somewhat shorter than the-lN2 and
N4—F8 distances® In contrast to BrE"ShpyF11~, which has an
almost linear SbF—Sb bridge angle of 173 that of 155.0(4)
in NstSkyF;1;~ is much closer to those usually found for
SbZFll_-27

Vibrational Spectra of Ns*. The infrared and Raman spectra
of solid NstSbR~ are shown in Figures 3 and 4, respectively.
The experimentally observed frequencies af 8bk~, N5*-
ShFi;1, and N"AsFs™, together with their assignments, are
listed in Table 3. A comparison of the observed and calculated
frequencies and intensities ofNis given in Table 4. As can
be seen, the previously missingemaining four fundamental
vibrations and numerous combination bands gf Nave been

predictions for point grouf®,,. The splittings observed fors-
(B2) and v»(A;) can be attributed to Fermi resonance. The
presence of SiF1;~ impurities in the Sbg salt can be readily
detected by Raman bands at 692, 598, and 231'camd
infrared bands at 708 and 497 chthat are characteristic for
ShyFi11~ and do not overlap with the SpFbands.

Conclusion

The synthesis and thorough characterization gf3 R~ and
Ns*ShyF1:~ demonstrate that thesN cation can form excep-
tionally stable salts with fluoroantimonate anions and that these
salts are surprisingly insensitive to impact. The Mation is a
powerful one-electron oxidizer that can oxidize NO, Nl@nd
Br, and does not give rise to undesirable fluorination or
oxygenation side reactions. The ready availability of a stable
polynitrogen cation in addition to the long-known azide anion
opens a venue to neutral polynitrogen compounds and may
provide the basis for the first synthesis of stable nitrogen
allotropes.
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Research, and the National Science Foundation for financial
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Because of their similar space requirements and electronic Plot of O-X and X-F distances versus %F occupancy
configurations, oxygen and fluorine ligands in oxofluorides are LE b . R
frequently disordered, particularly when the central atom lies on B3 3Rox+Rxd) o == T
an intramolecular rotation axis. Depending on the specific ﬁ g — ’V T
occupancy factors, the apparent® and X—F bond lengths and ag | _ - T

bond angles that are obtained from single-crystal X-ray diffraction
studies can significantly deviate from the “true” bond lengths and
angles. If the degree of disorder is relatively small, these disorder-
induced deviations may go unnoticed. If, however, the degree of
disorder is significant, the deviations from predicted and, in
particular, from the theoretically calculated geometries become
so large that they can no longer be ignored. A typical example
of such an extreme case of F/O disorder is theFSGnion for
which the observed-SO and S-F bond lengths vary from salt

to salt, and all of them deviate from the theoretical predictions.

When encountering and realizing the presence of a significant
O/F disorder, crystallographers generally refrain from solving
“flawed” data sets. This approach, however, is too conservative.
As will be demonstrated in this communication folNOTAsF~, 18
there are many cases where meaningful structures can be derived Plot of N-O and N-F distances versus %F occupancy
from disordered data sets.

— Ryr

Our general approach to solving certain disordered structures /{ﬁ:
is outlined for a lineaiC, triatomic species FXO and a planar P TZo00N™
C,, tetraatomic speciesKO. Let us first consider the most simple
case, the linear FXO species, whose geometry is fully determined 1
by the two bond lengthBo-x andRy_¢. If there is zero disorder, -
i.e., F occupancies of 100% and 0% for the F and O positions, "o 10 20 wm 40 s e 7 8 g 1o
respectivelyRo-x andRy_g have their “true” values (Figure 1a). % F Occupancy
If there is complete disorder, i.e., 50% occupancy factors, the Figure 1. (a) Fluorine occupancy factors (FOF) vs-®& and X—F bond
observed bond lengths become identical and equalH¢Ro-x lengths for a lineaC., FXO species. (b) FOF vs-©X and X—F bond
+ Rx-f). Hence, we have an approximately linear relationship lengths for a plana€,, F2XO species. (c) FOF vsFX—0 and F-X—F
between apparent bond lengths and occupancy factors. AlthoughPond angles for a planat,, F2XO species. (d) FOF vs the-ND and
the assumption of a linear relationship might not be strictly valid N—F bond lengths in fNO*. The data points are “apparent™#0 and

b d fluorine differ b lect imulati N—F bond lengths and the averaged bond length. The “trueONand
ecause oxygen and riuorine ditier by one electron, a simulation g pond lengths of ;NO™ are intersections with the 0% and 100% F

using \(veighting factors of 8 and 9, respectively, resulted in occupancy lines. (e) FOF vs the-R—0 and F-N—F bond angles in
corrections of less than 0.5 pm for the extrapolated bond lengths. F,NO*. The intersections of the line with the fluorine occupancy lines
The midpoint of the plot in Figure 1a can always be obtained for of 50% and 100% gives the truefN—0 and F-N—F bond angles.
any occupancy factor by dividing the sumRfandR; by 2. To
obtain the slope of the line, we must know at least one extra
bond length and its occupancy factor to be able to extrapolate
for 0% and 100% occupancy factors and to obtain the “true” bond
d!stances fo.rRl and Re. Th|s ane‘1‘IyS|s:’ ShOWS. that for any The same principal can be applied to the tetraat@picpecies
disordered triatomi€,,, species the “true” bond distanc@sand S "

. ) . F>XO. Here, however, we must determine, in addition to the two
R, can be derived from a disordered data set if the occupancy

. ond lengthsR; andR,, also one bond angle. Furthermore, the

factors are not 50% and if the actual occupancy can be calculateab .

' . average bond length for equal occupancies is not at the 50/50
from the experimental data. Since for the actual occupancy factors osition but at thé/ E occunancy position because we have two
the fit between the observed and calculated intensity data must? 3 pancy p

; - - fluorine atoms and only one oxygen atom. The equilibrium bond
be a maximum, these factors can be obtained by refinindRthe length becomes/)(2R_r + Ro_x), as shown in Figure 1b, which

- - becomes the swivel point through which all possible lines must
iﬁﬂ}l\\;gllgi Ac')rf ';%fﬁgﬁsgémomia Los Angeles pass. Again, if the observed apparent bond distances are not
(1) Lork, Ey Mews. R.: Viets, D.: Watson, F?_ G.; Borrmann, T.; Vij, A identical for all three bonds, one can obtain the corresponding

Boatz, J. A.; Christe, K. Olnorg. Chem. in press. occupancy factors by refining the observed diffraction data for a

10.1021/ic0007613 CCC: $20.00 © 2001 American Chemical Society
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value as a function of the occupancy factors. The only constraints
required for such a refinement are that the sums of the partial
O/F occupancies for each position must equal 1.0 and that the
total O and the total F occupancies each must also equal 1.0.
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Figure 2. A 30% ORTEP plot of ENO™AsFs~ showing the fluorine
bridging between fNO™ cations and the trans fluorine ligands of AsF
resulting in an infinite chain structure.

minimum R value using the following constraints. The total F

occupancies must be 2.0, the total O occupancy must be 1.0, and

the total O/F occupancy at each position must be 1.0. The “true
values ofRo_x andRx—r are again obtained by extrapolation of
the resulting line to F occupancy factors of 0% and 100%,
respectively.

The “true” bond angle ifC,, F,XO is obtained in an analogous
manner by plotting the FX—F and F-X—0 bond angles versus

the F occupancy factors (Figure 1c). For equal occupancies (F

occupancy of/s), all three bond angles must be equal and be
12C¢°. Again, a plot of the observed bond angles against the
occupancy factors, obtained as described above by refinement o
the observed data for a minimuRwvalue, and extrapolation for
100% F and 50% F occupancies yield the “true*X—F and
F—X—0 bond angles, respectively. The-K—0O and FX—F
bond angles are connected by the relationdiip—X—0 =
(¥2)(360 — OF—X—F).

The merits of our approach are examined foN&*AsFs~
(Figure 2). Although the existence ofNfO" salts had been known
since 1966 and the cation had been characterized by vibratidnal
and NMR#-6 spectroscopy and theoretical calculatiéfithe
exact geometry of ;]NO* was still unknown. We have now
prepared a sample of,RO"AsFs;~ according to the literature
method and grown single crystals from an anhydrous HF solution
by slow cooling. The X-ray diffraction data were collecteohd
refined by standard methodsAlthough the resultingR factor
of 3.17% (wR2= 7.33%) and reasonable thermal parameters
indicated a well-determined structure, the apparenEN124.6(4)
and 125.1(4) pm) and NO (118.5(4) pm) bond lengths and

(2) Fox, W. B.; MacKenzie, J. S.; Vanderkooi, N.; Sukornik, B.; Wamser,
C. A.; Holmes, J. R.; Eibeck, R. E.; Stewart, B. B.Am. Chem. Soc.
1966 88, 2604.

(3) Christe, K. O.; Maya, WInorg. Chem.1969 8, 1253.

(4) Wamser, C. A.; Fox, W. B.; Sukornik, B.; Holmes, J. R.; Stewart, B.
B.; Juurick, R.; Vanderkooi, N.; Gould, Dnorg. Chem1969 8, 1249.

(5) Christe, K. O.; Hon, J. F.; Pilipovich, Dnorg. Chem.1973 12, 84.

(6) Mason, J.; Christe, K. Anorg. Chem.1983 22, 1849.

(7) Cacace, F.; Pepi,.B. Phys. Cheml994 98 8009.

(8) Gillespie, R. J.; Robinson, E. A.; Heard, G.lhorg. Chem.1998 37,
6884.
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Table 1. Comparison of the “Apparent” and “True” Experimental
Results and the Calculated Geometries gfiG*

experimental

calculated
“apparent”  “true” B3LYP/6-31H-G(2d)

Rn—r (pm) 124.5(4) 128.4 131.2
124.6(4)

Rn-o (pm) 119.0(4) 1114 112.9

OF—N-—F (deg) 115.9(3) 107.9 108.4

OF—N-O (deg) 122.0(3) 126.0 125.4
122.1(3)

aData from ref 8.

F—N—F (115.5(3)) and O-N—F (122.1(3j and 122.4(3)) bond
angles deviated strongly from the theoretical predictiSrand
suggested oxygen/fluorine disorder. This was confirmed by
refining the structure with variable occupancy factors as outlined
above. A minimumR value of 3.03% (WR2= 6.68%) was
obtained for fluorine occupancy factors of 78% and 77% for the
two F/O positions and of 45% for the one O/F position. A plot
of the apparent NF and N-O bond lengths as a function of the
calculated occupancy factors, together with the equilibrium point
(Y3)(2Rx—r + Ro-x), is shown in Figure 1d and results in a straight
line. Extrapolation of this line to 0% and 100% fluorine occupancy
results in the following “true” bond lengthsRyo = 111.4 pm
andRyr = 128.4 pm. Application of the outlined method to the
bond angles (Figure 1e) results in the following “true” angles
OF—N—F = 107.9 and0O—N—F = 126°. The “true” values,
determined in this manner, agree well with those predicted by
the density functional B3LYP meth&dTable 1), particularly if

it is kept in mind that the B3LYP method tends to slightly
overestimate the bond lengths. While it is easy to estimate the
uncertainty in the apparent bond distances and angles, an estimate
of the error caused by the occupancy factor analysis is more
complex and depends on the shallowness of the minimum of the
R versus occupancy factor plot and possible slight nonlinearity
of the bond distganeceoccupancy factor curves.

In summary, the above analysis demonstrates that the geometry
of F,NO™, extracted from an oxygen/fluorine disordered structure,
is in very good agreement with the theoretical predictions
1partic:ularly if the inherent differences between solid state and
free gaseous species are kept in mind. It also suggests that the
proposed approach might be applicable to other disordered
structures. It also points out the merits of comparing experimental
oxofluoride crystal structures with theoretical calculations. In this
manner, the possible presence of O/F disorder may be detected.
If the presence of O/F disorder is suspected, it can be substantiated
by refinement of the structure with variable occupancy factors
and checking for a decrease in tRevalue.
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(9) X-ray data: EINO™AsF;~, AsF8NO, fw= 256.93, monoclinicP2;/n, a

= 751.3(2) pmb = 808.3(2) pmc = 1031.4(2) pmp = 107.46(3,

V = 0.5975(2) nr&, Z = 4, dcaica = 2.856 Mg/n¥, temperature= 193 K,

1367 independent reflection&®{ = 0.0372), R1= 0.0303, wR2=
0.0668,S = 1.028.

The occupancies of F and O were refined using free variables. The
oxygen/fluorine occupancies at the three positions refined to 55/45%,
23/77%, 22/78%, respectively. The structure was solved using direct
methods and refined by least-squares method using SHELXTL 5.10
software suite (Bruker AXS, Madison, WI).

(10



APPENDIX D

“Polynitrogen Chemistry: Preparation and Characterization
of (Ns)zSIlFﬁ, NssnFs, and N5B(CF3)4”
Chemistry — A European Journal, 9, 2840 (2003)

D-1



This Page Intentionally Left Blank



FULL PAPER

Polynitrogen Chemistry: Preparation and Characterization of (N;),SnFj,

N;SnFs, and N;B(CF;),

William W. Wilson,*[?! Ashwani Vij,!! Vandana Vij,!*!
Eduard Bernhardt,'*! and Karl O. Christe*!® !

Abstract: Metathetical processes were
used to convert NsSbF, into Ns[B(CF;),]
and (Ns),SnFg. The latter salt is espe-
cially noteworthy because it contains
two N5 ions per anion, thus demon-
strating that salts with touching polyni-
trogen cations can be prepared. This
constitutes an important milestone to-

wards our ultimate goal of synthesizing a
stable, ionic nitrogen allotrope. The
stepwise decomposition of (Ns),SnF;

Keywords: anions - nitrogen
NMR spectroscopy -« polynitrogen
- vibrational spectroscopy

yielded NsSnFs. Multinuclear NMR
spectra show that in HF the SnFs~ ion
exists as a mixture of Sn,F,*~ and
Sn,F,*~ ions. Attempts to isolate FNj
from the thermolysis of (Ns),SnF, were
unsuccessful, yielding only the expected
decomposition products, FN;, N,, trans-
N,F,, NF;, and N,.

Introduction

During the past two decades, polynitrogen chemistry has
received increasing attention.'"') While at the beginning,
most of the efforts were devoted to theoretical studies, the
recent syntheses of stable salts of the pentanitrogen(+1)
cation (Ns*)[2I have given a strong impetus to experimental
studies in this field. So far, the only method for generating Ns*
compounds has been their direct synthesis from N,FAsF, or
N,FSbF and HNj; in HF, according to Equation (1).

N,FMF, + HN, & N;MF, + HF

(M= As, Sb) )

A major goal of this study was to increase the nitrogen

content of the N5 salts by combining Ns* with multiply
charged anions. This presents a significant challenge, because

[a

—
=

[c]
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it results in structures with touching polynitrogen ions that
will increase both the endothermicity and sensitivity of these
compounds.

The general usefulness of the metathetical method is
severely restricted by the small number of N,F' salts
available. Except for reports on unstable N,FBF,'7] and
N,FPF['8 salts, no other N,F* compounds have been de-
scribed in the literature. Therefore, it was desirable to develop
a more general method for the syntheses of Ns* salts, such as
the exchange of SbFy~ in NsSbF, for other anions. This
situation resembles that previously encountered for the
syntheses of NF,* salts."”- 2% Since SbF is among the strongest
known Lewis acids,?! displacement reactions are rarely
feasible, and metathetical approaches are required [Eq. (2)].
Ns*SbFs~+M*Y~ — Ns*Y~+M*SbF,~ | 2)

For a successful metathetical reaction, each ion must be
compatible with the solvent, and both starting materials and
one of the products must be highly soluble, while the second
reaction product must exhibit low solubility.

Results and Discussion

The choices of counterions capable of forming stable N5+ salts
are limited. For room temperature stability, the strengths of
the conjugate Lewis acids should exceed that of AsFs, because
N;ASsF; is only marginally stable at room temperature.[!l The
stability of the Nyt salt might be further enhanced by the use
of a weakly coordinating, bulky anion.

DOI: 10.1002/chem.200304973  Chem. Eur. J. 2003, 9, 2840 -2844
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Several solvents were explored for conducting the reaction
given in Equation (2). Anhydrous HF was found to be an
excellent choice for the SnFg>~ salt, as shown in Equation (3).

2N;SbF + Cs,SnF; 771-2((N5)25nF6 +2CsSbF, | 3)

The resulting (Ns),SnF, salt was obtained in high yield with
a purity of about 94 wt %. The impurities were about 5 wt %
of unreacted N5*SbF¢~ and 1 wt % of CsSbF,. The (Ns),SnFy
salt is a white, friction sensitive (caution!) solid, which is
marginally stable at room temperature and decomposes at
slightly higher temperature or on storage to NsSnFs with the
loss of an “FNy” equivalent, as shown in Equation (4).

(N5),SnF; — NSnF;+ “FN,” @)

Because “FN;s” is unstable with a predicted life time of
nanoseconds,? only its primary decomposition products, FN;
and N,, and secondary decomposition products, trans-N,F,,
NF; and N,, were observed by checking for noncondensible
gas at —196°C and FT-IR spectroscopy. The relevant decom-
position reactions are shown in Equations (5) - (7).

“FN5” — N, +FN, 5)
2FN; — trans-N,F, + 2N, (6)
3FN; — NF;+ 4N, %)

The N;SnF; salt, formed by the controlled thermal decom-
position of (N;),SnFg, is a white solid that starts to decompose
at about 50-60°C. The fact that the thermal stabilities of
N,SbF,, N5[B(CF;),] (see below), and NsSnF; are all com-
parable suggests that the thermal stability of the Ns™ cation is
the limiting factor. The thermal decomposition of NsSnF5 was
studied by its material balance and vibrational spectroscopy
and proceeds smoothly according to Equation (8), yielding
SnF, as the solid nonvolatile residue.

N,SnF; — SnF, + “FN;” ®)

The (N;),SnF, and N;sSnF; salts were characterized by
vibrational (Tables 1 and 2, and Figure 1) and multinuclear
NMR (Table 3 and Figure 2) spectroscopy. The Raman and
infrared spectra are in accord with the expectations for Ns*
and the fluorostannate anions.22%24 One remarkable fea-
ture in the vibrational spectra of (Ns),SnFj is the fact that the
frequencies of all SnFs>~ modes and of the Ns* stretching
modes are shifted to significantly higher frequencies relative
to (NF,),SnF?*l and the 1:1 salts of N5*.[t 2 In the absence of a
crystal structure, we cannot provide a convincing explanation
for this unexpected effect. It should also be noted that in
mixtures of (N;),SnFy and N;SnFs, generated by partial
decomposition of the former, only one set of bands with
intermediate frequencies was observed and not two sets with
the frequencies of the 2:1 and 1:1 salts. While the bands for
SnF¢?~ are sharp and narrow, as expected for a monomeric
octahedral anion, the bands due to SnFs~ are broad and
poorly defined. This is in accord with the results from the
multinuclear NMR study which show SnFs~ to be present as
both a dimer and a cyclic tetramer.

Chem. Eur. J. 2003, 9, 28402844 www.chemeurj.org
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Table 1. Raman and infrared spectral® of solid (Ns),SnFy and their
assignments.

Obsd frequencies [cm™]
and relative intensities

Assignments (point group)

Raman Infrared N5+ (Cy,) SnF¢- (0,)
2287 (10.0) 2288 m vi(A;)
2274 (1.9)
2227 (1.9) 2228 s v47(B,)
2210 (0+)
2170 (0.2)
1112 (0+) 1112 s vg(B,)
1083 m (vs + vo)(B,) =1089
881 (1.3) 881w vo(A;)
822 (0.1) 2v9(A;) =834
672 (2.6) v3(A;)
611 vs v3(F1y)
600 (6.1) 602 vw vi(Ay)
508 (0.4) v(Ey)
475 (0.2) vs(A;)
417 ms vs(B1)
417 (0.5) vo(B,)
266 (1.2) vs(Fap)
203 (3.0) vy(Ay)
195 (4.4)
159 (1.0)
126 (9.9) lattice vibration
119 (4.0) lattice vibration
80 (4.0) lattice vibration

[a] The following bands due to the SbFs~ impurity were also observed.
Raman: 654 (1.0), v;; 572 (0+), v,; 282 (0.3), vs.

Table 2. Raman and infrared spectral® of solid NsSnFs and their assign-
ments.

Obsd frequencies [cm™]
and relative intensities

Assignments (point group)

Raman Infrared N5t (Csy) SnF5~-
2269 (10.0) 2270 m vi(A))
2209 (2.0) 212's v,(B,)
1230 w combination band
1090 (0+) 1094 ms v4(B,)
1069 m (vs + vo)(B,) =1090
898 w combination Band
875 (1.0) 878 vw 1(A))
670 (1.8) v3(A))
670 vs stretching modes
624 (3.8) 610 s stretching modes
590 sh stretching modes
475 (0.5) vbr 540 sh stretching modes
519 m stretching modes
421 m v6(By)
420 (0.3) vo(B,)
260 sh, br deformation modes
202 (4.3) v4(A))
120 (4) lattice vibration

[a] The following bands due to the SbF,~ impurity were also observed.
Raman: 652 (1.0), v;; 575 (0+), v,; 280 (0.3), vs.

The NMR spectra of NsSnFs in HF were recorded at
—78°C. The N spectrum showed a strong resonance at =
—164.7 ppm and a very broad line at about 6 =—99.9 ppm,
characteristic for the N, and the terminal N, atoms, respec-
tively, of the Ns* ion.['l In addition to the signal due to HF
(doublet at 6 =—189.8 ppm with J('H,"YF) =518.9 Hz), the
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Figure 1. Raman spectrum of solid (Ns),SnF.
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Figure 2. Observed (black trace) and simulated !Sn NMR spectra of
Sn,F,? (red trace) and Sn,F,*~ (blue trace) in a 2:1 mole ratio.

Table 3. Multinuclear NMR spectral®! of N;SnFs recorded at —78°C in HF.

YF spectrum showed two very similar sets of signals (Table 3)
that varied somewhat in relative intensity from sample to
sample and with temperature. The more intense set, with
about twice the intensity of the weaker one, is assigned to the
dimeric anion, Sn,F,;?>~. The less intense set has the same area
ratios and almost identical shifts and coupling constants and,
therefore, must belong to a species with an almost identical
molecular structure. The only species that meets these
requirements is the cyclic tetramer, SnyF,;*~. Although the
F NMR spectrum of Sn,F,>~ in SO, has been reported
previously,?> 2 its chemical shifts and coupling constants
significantly deviate from those recorded in HF. This devia-
tion is probably due to solvent effects, as shown by recording
the spectra of Cs,SnF, in HF at — 78 and 23°C (values at this
temperature given in parentheses). They showed singlets at
0=—160.5 (-164.5) ppm with |\J("’F,'"Sn) |=1416 (1437) Hz
and | J(¥F,"Sn) |=1355 (1376) Hz, deviating from the values,
0=—139 ppm and |'J(“FE"Sn)|=1604 Hz,! reported for
SnF¢?~ in SO,, by about the same amount as found for the
Sn,F, >~ signals.’! The!'’Sn spectrum was also recorded and
consisted of a complex multiplet (Figure 2). The observed
spectrum was successfully simulated assuming first-order
triplets of triplets of triplets for both Sn,F,*~ and Sn,F,;*",
by using the coupling constants similar to those derived from
the tin satellite peaks in the '°F spectra. The "°Sn chemical
shifts of Sn,F,;>~ and Sn,F,,* are also almost identical
(difference of only 0.4 ppm), thus confirming the close
structural relationship of these two anions.

The synthesis of a stable (Ns),SnF salt is highly significant
because it represents the first example of an N5 salt that
contains two polynitrogen cations per anion. It demonstrates
that salts with touching polynitrogen cations can exist, and
that the goal of an ionic nitrogen allotrope might be
achievable.

A particularly attractive counterion, [B(CF;),]~, was re-
cently reported by Willner et al.’”l The Lewis acidity of its
conjugate parent molecule B(CF;);CF, (pF~ value of 11.77)2!
exceeds that of SbFs (pF~ value of 11.30),?! and its negative
charge is distributed over 12 fluorine atoms, thus rendering it
a weakly coordinating anion. For the [B(CF;),]™ salts, HF was
a poor solvent choice because the solubility differences
between M[B(CF;),] and MSbF, (M =alkali metal) were
found to be too small for an effective metathesis. Although
the M[B(CF;),] salts are soluble in water, diethyl ether,

Ton Atom o (Multiplicity) (Area ratio) Coupling constant [Hz]
Ns* Ng —164.7 (s)
N, —99.9br (s)
Sn,F %~ F,, —173.0 (t) (2) 2J(YF ., F,) =37.1; | J(YF,,,""Sn) |=1671; | U(VF,,,""Sn) |=1744
F.\ —165.28 () (2) 2J(YF,, F,) = 36.8; | J(VF,,,'"Sn) | = 1406; | 'J("F,,"""Sn) | = 1468
F, —147.0 (s) (1) [ WJ("Fy,,'17"19Sn) | = 1196
Snl! — 865.6 (ttt) | J("F,q,""Sn) | =1740; | J("F,,""Sn) | = 1440; | J("F,,,'"*Sn) |= 1200
Sn F,yt- F, —1742 (1) (2) 2J(¥F e, F,y) =36.3; | J(YF,,""Sn) |=1622; | J(*F,,,"Sn) | = 1697
F,, —~165.33 (1) (2) (9, °F,y) = 36; | U("F,,,1719Sn) | = 1440
Fy, —145.0 (s) (1) | J("Fy,,'7Sn) |=1178; | 'J(*°Fy,,'"Sn) | = 1230
Snle —865.2 (ttt) | J("¥Fq.""Sn) | =1760; | J("F,,""Sn) | = 1468

| J(F,,,1"Sn) |= 1230

[a] Coupling constants derived from simulated spectra.
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tetrahydrofuran, acetonitrile, and acetone;?”! the incompati-
bility of NsSbF, with these solvents precluded their use.
Therefore, the metathesis was carried out in SO,, as shown in
Equation (9).

NsSbF, + K[B(CF;)y] = Ni[B(CFy),] + KSbF | ©)

The precipitate was filtered off and identified by vibrational
spectroscopy as KSbF¢. The filtrate was taken to dryness, and
the residue was characterized by mass balance, and multi-
nuclear NMR and vibrational spectroscopy as 83 wt%
N,[B(CF;),] (Table 4), 14 wt% of KSbF,;, and 3wt% of

Table 4. Raman and infrared spectral® of solid Ns[B(CF;),] and their
assignments.

Obsd frequencies [cm™!]
and relative intensities

Assignments (point group)

Raman Infrared N5+ (C,,) B(CF;3),~ (T)
3307 w 0, + v5)(B,) =3316
3057 w 0, + 1,)(B,) = 3060
2662 w (1 + v0)(B,) = 2663
2375 w (Vo + v10)(F) =2376
2257 (100) 2256 m (A
2200 (2.7) 2197ms  vs(By)
1290 (sh) 1292 sh v(F) UB
1276 (1.6) v,(A)
1270 (sh) 1273 vs vo(F) 1B
1103 (0.6)(br) 1115 vs, br v10(F)
1086 (sh) v5(E)
1060 sh v4(B,)
929 s vi,(F) B
902 vs vio(F) 'B
863 (0.6) (A
728 (6.2) ,(A)
696 s vi3(F)
672 (sh) v3(A)
525 (1.8) 521 ms v14(F)
525 (1.8) 521 ms v15(F)
489 m v5(Ay)
443 w
419 m vs(B1)
407 sh vo(B)
319 (2.1) v7(E)
295 (3.3) v16(F)
279 (2.7) vi(A)
209 (3.4) vy(Ay)
110 (0.5)(sh) v4(E)

[a] The following bands due to the SbF,~ impurity were also observed.
Raman: 659 (7.0), v,; 574 (0.7), v,; 295 (3.3) and 279 (2.7), vs; IR: 664 s,
br, v;.

N;sSbF,. The impurities are due to the fact that KSbF; still has
an appreciable solubility in SO, even at —64°C, and that a
very small excess of NsSbF was used in the reaction. Since the
solubility of CsSbF¢ in SO, is lower than that of KSbF, the
purity of Ns[B(CF;),] could be further improved by using
Cs[B(CF;),] in place of K[B(CF;),] in the above-described
metathesis reaction. However, attempts to purify the crude
product by recrystallization or to grow single crystals of
N,[B(CF;),] from HF have so far been unsuccessful. They
resulted in a reverse metathesis in which the KSbF impurity
reacted with the N;s[B(CF;),] producing K[B(CF;),] and
N;SbFy.

Chem. Eur. J. 2003, 9, 28402844 www.chemeurj.org
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Multinuclear NMR spectra were recorded for N5[B(CF;),]
in SO, at room temperature. In the "N spectrum, the N; atom
of Ns™ was observed at 6 = —163.9 ppm, in accord with the
value of —165.3 ppm reported previously for NsAsFg in HF at
—63°C.l1 In the "B NMR spectrum, a 13 line resonance was
observed at = —18.0 ppm with 2J("'B,"°F) = 25.7 Hz, in close
agreement with the values previously reported for K[B(CFs3),]
(6=—18.9 ppm, 2J(!'B,¥F) =25.9 Hz) in CD;CN.”” In the
13C NMR spectrum, a quartet of quartets at 6 =133.75 ppm
with YJ(**C,F)=301.8 Hz and 'J(}B,*C)=72.1 Hz are in
very good agreement with the previously reported values for
K[B(CF;),] (6=1329ppm, YJ(*C,F)=3043Hz and
IJ('B,*C)=73.4 Hz).’’l There was no evidence for any
decomposition products, nor any other unidentified species
in the solution of N5[B(CF;),] in SO,.

The infrared and Raman spectra of solid Ns[B(CF;),] were
recorded and are summarized in Table 4. The observed
frequencies and intensities are in good agreement with those
previously reported for N5t in NsSbF?! and N;AsF,1 and for
[B(CF;),]” in its alkali metal salts””l and establish that
N;[B(CF3),] is the main product of the metathetical reaction
of N;SbF, with K[B(CF3),].

The thermal stability of Ns[B(CF;),] was studied by DSC. In
all runs, a moderately sized exothermic effect was always
observed with an onset at 50°C and with a maximum at
~66°C. Additional exotherms were observed at ~93°C and
~225°C, but only the first exotherm is due to the decom-
position of the N5[B(CF;),] salt. When the sample was heated
to only 75°C and then cooled back to room temperature
before being reheated to 75°C, the first exotherm was no
longer observed, and the residue left in the Al pan no longer
exhibited bands for N5* in the IR spectrum, but still showed
bands for [B(CF;),]~. The thermal stability of Ns[B(CF;),] is
surprisingly high and approaches that of the NsSbFy salt
(70°C). Tt appears that the thermal stability of the Ns* ion
itself might be the limiting factor, and that the thermal
decomposition of these salts is triggered by the decay of the
N;* ion. The thermal stability of the [B(CF;),]” ion is high;
even after being heated to 250 °C, the infrared bands due to
the [B(CF;),]™ ion persisted.

In summary, NsSbFy was successfully converted by meta-
thesis into Ns[B(CF;),] and (N;),SnF,. The latter salt is
especially noteworthy because it contains two Ns* ions per
anion, thus demonstrating that salts with touching polynitro-
gen cations can be prepared. This constitutes an important
milestone towards our ultimate goal of synthesizing a stable,
ionic nitrogen allotrope. Although the (Nj),SnF, salt is
friction sensitive, its stepwise decomposition can be achieved,
yielding NsSnFs. Multinuclear NMR spectra show that in HF
the SnF5~ ion exists as a mixture of Sn,F,;>~ and Sn,F,,* ions.

Experimental Section

Caution! N;SbF is a highly energetic oxidizer. Contact with potential fuels
must be avoided. This material should be handled on a small scale, while
using appropriate safety precautions such as face shields, leather gloves, and
protective clothing. The (Ns),SnF, salt is friction sensitive and must be
handled with special caution.
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N;SbF¢ was prepared from N,FSbF, and HN; in HF, as previously
described.”! K[B(CFs;),] was prepared from K[B(CN),] and CIF; according
to the literature method.?”! Cs,SnF was generated by reaction of a 2:1
mixture of CsF and SnF, in 48 % aqueous HF with a slight excess of 30 %
aqueous H,0, at 0°C. SO, (anhydrous, >99.9%) was supplied by Air
Products and was used as received. HF was from Matheson and was dried
by storage over BiFs before use. Infrared spectra were recorded on a
Mattson Galaxy 5030 FTIR spectrometer by using neat powders that were
sandwiched between two AgCl windows in a Barnes Engineering Co. mini-
press. Raman spectra were recorded on a Bruker Equinox 55 FT-RA
spectrometer with a Nd-YAG laser at 1064 nm and neat powders in flamed
out Pyrex glass capillaries sealed with Halocarbon wax. Multinuclear NMR
spectra were recorded on a Bruker Avance 400 FT-NMR spectrometer in
SO, or HF and 3 mm i.d. Teflon-FEP tubes (Wilmad Glass), heat-sealed
and placed in 5 mm o.d. glass NMR tubes (Wilmad Glass). The thermal
stabilities were determined on a DuPont Model 910 differential scanning
calorimeter by using 0.5-1.8 mg samples in dry hermetically sealed
aluminum pans and a heating rate of 10°Cmin~". The data were analyzed
with a DuPont Model 2000 Thermal Analyst.

The metathetical synthesis of Ns[B(CF;),] was carried out by using a
stainless-steel/Teflon vacuum line®! and a double Teflon/FEP U-tube
apparatus that consisted of a reaction U-tube, a porous Teflon filter
assembly, and a receiver U-tube.®l The double U-tube was equipped with
two stainless-steel valves, and two Teflon-coated magnetic stirring bars, one
in each of the two U-tubes. NsSbFy (1.053 mmol) was treated with
K[B(CF;),] (1.013 mmol) in anhydrous SO, (1.8mL) in the reaction
U-Tube at — 64 °C. The reaction mixture was stirred at that temperature for
1h to ensure complete reaction before cooling of the filter assembly to
—78°C with powdered dry ice. The mixture was filtered under 1.5 atm N,
pressure to remove the precipitated KSbF, from the solution containing the
N;[B(CF;),]. The SO, was removed in vacuo at —64°C leaving behind a
white solid in the receiver U-tube. Based upon the observed mass balance
and FT-IR and FT-Raman spectroscopy, the filter cake consisted of
0.2185 g KSbFg (0.2783 g expected for 1.013 mmol) with only traces of
N,[B(CF;),] from the mother liquor. The filtrate residue consisted of
0.4335 g of 83.37 wt% N;[B(CF;),], 2.81 wt% N;sSbF;, and 13.82 wt %
KSbFs (0.3615 g expected for 1.013 mmol N;s[B(CF;),], plus 0.0122 g
expected for 0.0399 mmol of excess N;SbFy, and 0.0598 g expected for
0.2179 mmol KSbF).

The synthesis of (N;),SnF, was carried out metathetically by using the same
type of double U-Tube as described above. NsSbF (0.9430 g, 3.084 mmol)
and Cs,SnF, (0.7513 g, 1.507 mmol) were added to the reaction U-tube
inside the drybox. HF was condensed into the reaction U-tube at —196°C
on the vacuum line. The reaction mixture was warmed to —78°C and
stirred for about 10 min to reduce the possibility of localized heating of the
reactants as they were initially solvated. Afterwards, the reaction mixture
was allowed to slowly warm to room temperature with constant agitation
over ~ 10 min; this was followed by constant stirring for another 30 min to
ensure that the metathesis reaction has gone to completion. The reaction
U-tube was then cooled to — 196 °C and checked for noncondensibles; none
were found, indicating that there was no decomposition of any Ns* salt. The
reaction mixture was warmed to room temperature and stirred again for
15 min before the mixture was cooled to —78°C for 15 min in preparation
for the low-temperature filtration procedure. At that point the filter
assembly was cooled briefly to —78°C with powdered dry ice, and the
mixture was filtered under 1.5 atm N, pressure to remove the precipitated
CsSbF; from the (Ns),SnF¢/HF filtrate, which was collected in the receiver
U-tube at —78°C. The gaseous N, was evacuated from the double U-tube,
and the receiver U-tube was warmed to —64 °C. The HF was removed in
vacuo at — 64 °C over several hours until only some clear colorless droplets
were seen in the receiver U-tube. The —64°C bath was removed, and
pumping on the reaction products was continued as they gradually warmed
to room temperature. Finally, the white solid (Ns),SnF, product appeared in
the receiver U-tube after about 5 minutes; pumping was continued for one
additional hour at room temperature to ensure the complete removal of the
HF solvent. Based upon mass measurements, and FT-IR and FT-Raman
spectroscopy, the filter cake consisted of 1.2267 g of 90.1 wt % CsSbFy, and
9.9 wt% (Ns),SnF; (1.1047 g expected for 2.997 mmol CsSbF, and 0.1220 g
expected for 0.327 mmol (N;),SnFs ). Using the same methods of
investigation, the reaction products were found to consist of 0.4676 g of
94.0 wt% (N;),SnFg, 4.6 wt% N;sSbF,, and 1.4 wt% CsSbF (0.4398 g

2844 —— © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

expected for 1.180 mmol (N;),SnFg, plus 0.0213 g expected for 0.0697 mmol
of excess NsSbF, and 0.0065 g expected for 0.0176 mmol CsSbFy).
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The possible existence of EMas studied by ab initio electronic structure theory. Calculations were carried
out at the MP2/6-312G(d) and CCSD(T)/aug-cc-pVDZ levels of theory for thetNsF~ ion pair and its
decomposition to FNand Ask. Six different vibrationally stable isomers of EMere identified. Intrinsic
reaction coordinate (IRC) and dynamic reaction path (DRP) calculations were used to study the isomerization
of FNs and its decomposition to FNand N.. A Rice—RamspergerKasset-Marcus (RRKM) analysis was
performed, indicating upper limits to the lifetimes of thegidbmers in the nanosecond range. These theoretical
predictions were confirmed by an experimental study of the thermolysesAgRland [N5].Snk and the
displacement of FNfrom NsSbk with CsF, using FT-IR spectroscopy. In accord with the theoretical
predictions, the primary reaction product £bbuld not be observed, but its decomposition products, FN
F>N,, and Nk were identified.

Introduction SN )
(»I\)I/(I-\I)\ I\(IU T
Polynitrogen compounds are of great interest as high-energy Yy N
density materials (HEDMJ.® Although theoretical studies have \N/ N N,
predicted numerous kinetically stable polynitrogen compodnds,
almost all attempts to synthesize them have failed due to their / \

very high endothermicities, low energy barriers toward decom- o ) o +)
position, and a lack of suitable synthetic methods. The high- /‘Tﬂ)\ o T " /‘N) —|
energy content of polynitrogen compounds arises from an «_~N N\ N N
unusual property of nitrogen that sets it apart from most other ~ N N,
chemical elements. Its single and double bond energies arerigure 1. Ns* resonance structures.
considerably less than one-third and two-thirds, respectively,
of its triple bond energy. Therefore, the decomposition of
polynitrogen species to Ns accompanied by a large release
of energy! N

Recently, the N cation has been synthesized and character- X'MFg + CskF—~ FX + CsMFy (2)
ized!? It represents only the second known homonuclear
polynitrogen species after 3N.° which is stable and can be  cannot be generated in this manner. Typical examples are the
prepared on a macroscopic scale. Its bent structur€pf NF,",8 CIFs",° and Brig™ 1° salts where the corresponding FX
symmetry (Figure 1) was established by a crystal structure parent compounds cannot exist because the maximum coordina-
determination of §"ShyF;;~ and vibrational and NMR spec-  tjon number of the central atom would be exceeted@ihe
troscopy, and is in accord with ab initio and density functional yeyerse case, where an amphoteric FX molecule exists but the
theory (DFT) calculation?” The bent structure avoids the corresponding X cation does not, is also known but rare. A
unfavorable neighboring positive charges that would result from typical example is F& which does not form a stablesNsalt
a linear structuré. with strong Lewis acid$2

MOSt saljs consisting of an"Xcation and a complex fluoro The availability of several marginally stablesNsalts, such
anion, MK, are prepared by the transfer o_f an &lon from as NstAsFs~,t NstSbR-,2 and [N *2[SnR]2- 13 that can be
the parent FX molecule to the strong Lewis acidMEq 1). readily subjected to thermolysis or displacement reactions,

offered an ideal opportunity to probe the possible existence of
FX+ MF; = X+MF6_ (1) the unknown FN molecule. While carrying out the theoretical
study, we have also investigated the potential energy surfaces
Usually, this reaction is reversible and the FX molecule can be of the NstAsFs~ ion pair and its Fiy decomposition product to
regenerated by either thermolysis ofMFg~ or a displacement  better understand the likely structure and stability of this new
reaction between XMFs~ and a stronger Lewis base, such as polynitrogen species.

10.1021/jp0301570 CCC: $25.00 © 2003 American Chemical Society
Published on Web 08/02/2003

CsF (eq 2). Only a few XMF¢~ salts are known for which FX
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Experimental Section

Caution! Reactions of N salts can beiolent and can result
in explosions;? particularly when highly shock sensii FN;'214
is formed as a decomposition product. Therefore, these materials
should be handled only on a small scale with appropriate safety
precautions (face shield, leather gles, and protectie clothing).

Materials and Apparatus. All reactions were carried out in
a demountable Teflon-PFA condensing sideafra 6 cmpath
length, Teflon-FEP infrared cell equipped with AgCl windows.
Nonvolatile solids were loaded in the dry nitrogen atmosphere
of a glovebox into the sidearm of the IR cell. The cell was then
evacuated and placed into the FT-IR spectrometer. The decom-
position or displacement reactions were initiated by gentle
warming, and the volatile decomposition products were continu-
ously monitored by infrared spectroscopy using a Mattson
Galaxy FT-IR spectrometer. Volatile materials were handled
on a stainless steel/Teflon-FEP vacuum fihe.

The NstAsFs~,! NstSbR~,2 and [Ns] 72[SnFs]2~ 13 starting 0.550
materials were prepared by literature methods. The CsF (KBI) Figure 2. Optimized ion pair, [N]*[AsF]~: (a) bond distances (A)
was fused in a platinum crucible, transferred while hot into the and angles; (b) Mulliken charges.
drybox, and finely powdered.

viTS is theith frequency of the transition statg,is the applied
Computational Methods energy, andE5*™ is the barrier energy. Note that the lifetime
. L ) T =1k
Initial optimizations of all structures were performed using Finally, to further study the decomposition and stability of

second-order perturbation theory (MP23nd the 6-3+G(d) several FN isomers, the dynamic reaction path (DRP) method
basis set? Hessians (energy second derivatives) were calculated,, o5 used to add photons (kinetic energy (KE)) to one or more
for the final equilibrium structures to determine if they are FNs vibrational normal mode® The DRP method, a classical
minima (positive definite Hessian) or transition states (one trajectory approach, is based on a quantum chemical potential
negative eigenvalue). At the final MP2/6-8G(d) geometries,  gnergy surface (PES) that need not be known ahead of time.
improved relative energies were obtained using singles and ik the IRC, energy is strictly conserved along the dynamic
QOubIes coupled cluster theory with triples |_ncluded perturba- oaction path. Thus, larger step sizes can be used. In this way
tively (CCSD(T)}* and the aug-cc-pVDZ basis séThe MP2 5 cjassical trajectory is developed “on-the-fly” without prior
calculations were performed using the e}ectromc structure COdeknowIedge of the PES. GAMESS can use normal modes as the
GAMESS?® ang the CCSD(T) calculations were carried out iyjitia| dynamic reaction coordinates. An initial KE and velocity
using ACES II: direction is supplied to one or more modes (in units of quadita).
Intrinsic reaction coordinate (IRC) pathwéywere employed  The strategy is to provide energy to those modes that appear to
in the study of the Filspecies to connect isomer minima, |ead to desired reaction products. Because there is often
transition states, and decompOSition prOdUCtS. The IRC is theSignificant mode-mode mixing, the app“ed energy is usua”y
minimum energy path (MEP) in mass weighted Cartesian in excess of the reaction/decomposition barrier. This is a direct
coordinates. IRC calculations were performed with GAMESS  dynamics method in that the ab initio (in the present case, MP2)
using the second-order method developed by Gonzalez andgradients/forces are calculated at each step and are then used
Schlege®® with a step size of 0.1 (am¥j bohr. to solve Newton's equations of motion and propagate the
A simple Rice-RamspergerKasset-Marcus (RRKM) analy- system. Step sizes ranged from 0.1 to 0.2 fs, depending on how
sis was performed on the isomers included in the potential well energy conservation criteria were satisfied.
energy surfaces obtained with the IRC calculations. The RRKM
theory of reaction dynamics can be used to give an upper limit Results and Discussion
to the lifetime of the minim&? It assumes a microcanonical
equilibrium and a locally separable reaction coordinate. The
microscopic rate constant is proportional to the sum of states
of theith reaction channeW/(E — Eq)) divided by the reaction
density of statespf):

Ns*AsFe~ lon Pair. The starting points for the calculations
were the Asg~ and Ns* ions separated by a distance-e10.0
A, in C, symmetry, followed by a complete geometry optimiza-
tion. The resulting ion pair is shown in Figure 2a. At the MP2/
6-31+G(d) level of theory, the ion pair is 98.8 kcal/mol lower
i i in energy than the separated ions (Table 1).
kO Wy (E - Eo)/PN(E) 3 MP2 Mulliken charges on the N and Ask~ units within
the ion pair show that the charge separatior=825; thus,

e there is relatively little charge transfer between the ions. In
D Vi {E — pharrier\ 3N-7 comparison with the separated ions (Figures 2b and 3b), the
k= = 0 (4) Ns* unit in the ion pair has a less negative charge on the central
3N-7 \ N by approximately 0.3, whereas the terminal N atoms are about
rl e 0.2 less positive than in the isolated™ion. In the case of
= AsFs™ in the ion pair, all As-F bonds except for the bond

opposite to the B unit have been elongated by about 0.085 A
wherek is the rate constant; is theith frequency of the minima,  (Table 2). This effect can be explained by the partial removal
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TABLE 1: Energies (hartrees), Zero Point Energy (ZPE)
Corrections, and Relative Energies (kcal/mol) for lon Pair,
Separated lons, and Separated Neutrals (reference ion

pair)

molecule  E(MP2/6-31H-G(d)) ZPE (kcal/mol) relative energy

Ns*AsFs~ —3102.913474 23.3 0

Ns* —272.602102 12.4

AsFs~ —2830.15549 9.9

Ns* + Asks~ —3102.757592 22.3 98.8

FNs (bifurcated) —372.481754 14.0

AsFs —2730.358788 8.6

FNs + AsFs —3102.840542 22.6 46.5

2 Includes ZPE correction.

TABLE 2: Bond Distances and Angles for lon Complex and
Separated lons (Refer to Figures 2a and 3a)

distances (A) angles (deg)
lon Complex

N1-N2 1.144 N2-N3—N4 113.56
N2—N3 1.305 F16-As6—F8 86.88
N3—N4 1.312

N4—N5 1.144

As6—F7 1.722

As6—F8 1.843

As6—F9 1.843

As6—F10 1.843

As6—F11 1.843

As6—F12 1.843

N1-F8 2.720

N2—F8 2.258

N3—F8 2.737

N4—F8 2.338

N5—F8 2.879

Ns*

N1-N2 1.143 N2-N3—N4 110.17
N2—N3 1.313 NEN2—-N3 167.15
N3—N4 1.313

N4—N5 1.143

AsFs~
As—F 1.758 FAs—F 90.0

of an electron from bonding orbitals. It is interesting to note
that the bond distances insNdo not exhibit a similar effect
and are essentially unchanged.

In isolated N™, the central N has a large negative charge
(Figure 3b). This charge is reduced by a factor of 2 in the ion
pair. All other N atoms are positive, with the terminal N atoms
being most positive. This type of charge distribution can be
rationalized by the valence bond structdre¥ given in Figure

Netzloff et al.

Figure 3. Separated lons, § and Ask: (a) bond distances (A) and
angles; (b) Mulliken charges.

indicating that it takes at least this much energy to transfer F
from Asks~ to Ns* to makebif-FNs and Asks (Figure 4). Thus,
the ion pair is reasonably stable to dissociation to gaseous AsF
andbif-FNs. Because an ion pair is only a poor approximation
to a crystalline solid, the 25.5 kcal/mol difference between the
lattice energy of MFAsFs~ (124 & 4 kcal/mol$! and the ion
pair energy (98.8 kcal/mol) must be added to the above
minimum decomposition energy barrier of 46.5 kcal/mol when
the thermal stability of solid BAsFs is considered. The resulting
minimum decomposition energy barrier of 72.0 kcal/mol for
crystalline NAsFs is in accord with the experimental observa-
tion that this salt is marginally stable at room temperaturbe
experimentally observed irreversible decomposition ghdFs

at higher temperaturéss due to the subsequent rapid, highly
exothermic, and irreversible decompositions ofsFaid FN;

1. It must be kept in mind, however, that the magnitude of the (see below).

charges varies strongly with the calculation method, although

In addition to the [AsE]~[Ns]™ structure discussed above, a

their signs and relative order remain the same. Thus, at the NBOgeometry search revealed a second, lower energy isomer. This

(B3LYP/aug-cc-pVDZ) level of theory, the charges on N1, N2,
and N3 are significantly smaller and amounti0.33,+0.22,
and—0.11, respectively®

As can be seen from Figure 2a, the closesti\distances in
the ion pair are N2F8 = 2.26 A and N4F8= 2.34 A. They
are much longer than a typical-NF bond 1.3 A)2° but
significantly shorter than the sum of their van der Waals radii
(3.0 Ap° and the shortest I+ F contacts observed in the crystal
structure of N*SkyF11~ (2.72 and 2.78 A¥.

C,, structure is obtained from the structure shown in Figure 2a
by rotating the [AsE]~ anion so that the AsF;, and kg atoms

are coplanar with [§]*. TheC; rotation axis then passes through
atoms N and As. The second symmetry plane containg N
Asg, and k—F, with Fg and R pointing toward the [N
cation and kp and F2 pointed away from it. Some of the
distinguishing features of thi€,, geometry are the AsF
distances (AsF7g=1.75 A; As—Fg11=1.81 A; As—Fyg 1=
1.72 A); the N—Fg (Ns—F7) distance is 2.80 A. Thed~Ny,

Because there is still a large charge separation between the=o—Na, F11—N,, and F1—N, distances are each 2.47 A. The

components of the ion pair, it is of interest to consider how
much energy would be required to transfer flom Asks~ to
Ns™ to make gaseous Askand FN. At the MP2/6-31-G(d)
level of theory, the ion pair is 46.5 kcal/mol lower in energy
than the separated AsFand bifurcated(bifyFNs molecules,

geometry of the [N* cation is virtually identical to that in
Figure 2a. This second bifurcated isomerit0 kcal/mol lower

in energy than the structure shown in Figure 2a, most likely
because of the electrostatic interactions between four F atoms
with N. However, the higher energy structure is more likely to
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b AsF, + N,*

1.313 Separated lons
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1.144

110.2

1.75

Relative energy, keal/mol

98.8 keal/mol
As F.;

Separated Neutrals

+ I\..

46.5 keal/mol

.

[N I [AsF ]

lon Pair

Figure 4. Relative energy diagram (kcal/mol): ion pair, separated ions, and separated neutrals (refei@npair). Energies: MP2/6-31G(d).
FNs = bifurcated FN isomer.

TABLE 3: Energies (hartrees), ZPE Corrections (kcal/mol), and Energies Relative to the cis (2) Isomer (kcal/mol) for FN

Isomers, Transition States, and Decomposition Products, F\+ N,

molecule E(MP2/G) ZPE E(CCSD(T)y AE(MP2/GY AE(CCSD(T)Y AE(MP2/aug)®
bifurcated (1) —372.48175 14.0 —372.62048 1.1 10.5 -1.4
cis (2) —372.47998 14.0 —372.63717 0 0 0
trans (3) —372.47509 14.0 —372.63252 3.1 2.9 3.3
harp (4) —372.47275 135 —372.62892 4.0 47 3.7
wag (5) —372.47104 13.7 —372.62794 5.3 5.5 4.8
cyclic (6) —372.48349 15.7 —372.64098 -0.5 -0.7 —4.2
TS2p —372.44101 11.3 —372.61175 21.8 13.2 21.6
TS1% —372.45042 13.1 —372.6048 17.6 19.4 16.7
TS42 —372.46467 13.8 —372.62343 9.4 8.4 9.2
TS4p —372.45809 11.8 —372.62459 11.5 5.7 10.6
FNs —263.29092 8.3 —263.40485
N> —109.26193 3.1 —109.3007
FNs + N —372.55285 11.4 —372.70555 —483 —455 ~46.0

2 Basis set= 6-314+G(d). ® Basis set= aug-cc-pVDZ.¢ Basis set= aug-cc-pVDZ.4 Includes ZPE correctiorf. TS notation: TS2p= cis(2)—
FNz; + Na. TS14= bifurcated(1)— harp(4). TS42= harp(4)— cis(2). TS4p= harp(4)— FN3 + Na.

TABLE 4: Distances, Angles, and Dihedral Angles for FN
Isomers-MP2/6-3H-G(d) (Refer to Figure 5)

TABLE 5: Distances, Angles, and Dihedral Angles for FN
Transition States-MP2/6-314G(d) (Refer to Figure 6)

distances (A)

distances (A)

isomer NEN2 N2—-N3 N3—-N4 N4-N5 F—N1 F—N2 F—N3 F—N4 molecule NE-N2 N2—N3 N3-N4 N4—-N5 F—N1 F—N2 F—N3 F—N4
bifurcated 1.166 1.339 1.308 1.147 1.837 2.459 2179 TS14 1144 1315 1356 116 2.022 2.351 2.716 2.049
cis 1.239 1.396 1.279 1.152 1.452 TS2p 1.248 127 1675 1.138 1.489
trans 1251 1.404 1275 1152 1.416 TS42 1.230 1.448 1.264 1.155 1.495
harp 1.233 1.362 1.293 1.157 1.495 TS4p 1.242 1264 1563 1.142 1.509
wag 1.253 1.393 1.285 1.156 1.412
cyclic 1.318 1.337 1.351 1.337 1.345 angles (deg)
angles (deg) molecule  F-N1-N2 N1-N2—-N3 N2-N3—-N4 N3-N4-N5
: _ N N N TS14 91.62 150.36 107.04 145.03
isomer  F-N1-N2 N1-N2-N3 N2-N3-N4 N3-N4-N5 TS2p 107 44 125.92 106.07 150.15
bifurcated 137.78 109.38 160.37 TS42 113.49 118.76 109.55 171.99
cis 112.16 117.42 107.54 169.77 TS4p 108.68 138.9 113.77 152.47
trans 107.39 107.33 170.27 104.98
harp 129.23 119.27 162.54 112.42 dihedral angles (deg)
wag 106.25 112.88 114.85 169.22 — — oo —
cyclic 121.29 101.59 109.70 109.70 molecule  F-N1-N2—-N3  N1-N2-N3—-N4 N2-N3—-N4-N5
TS14 0 0 180
dihedral angles (deg) TS2p 0 180 180
: N T No_Na_ N NA— TS42 7.33 —92.57 —172.06
isomer  F-N1-N2—-N3 N1-N2-N3—-N4 N2-N3-N4-N5 TS4p 0 5 180
bifurcated 180 180 180
cis 0 180 180
gaﬂs 188 1800 1%800 and six stable isomers were found. Their relevant energies and
arp . . . . ..
wag 180 0 180 geometries are listed in Tables 3 anq 4, respectively. thlmlzed
cyclic 180 0 0 structures were obtained for each isomer and Hessians con-

yield the neutral species AsH FNs. In either case, the ion

firmed that these structures are minima on the potential energy
surface. The relevant geometrical features are summarized in

complex is clearly much lower in energy than the separated Figure 5 and Table 4. The \F and N-N bond lengths are

neutrals.

FNs Isomers.Because the Fion can attach itself in different
ways to the three different nitrogen atoms af Nit is necessary

to explore the different possible isomers off@d their relative

similar for all isomers except for the bifurcated isomer (1) and
the cyclic structure (6). All isomers are planar molecules. Both
MP2 and CCSD(T) calculations predict the cis and cyclic
isomers to be among the lowest energy species. Indeed, except

energies and stabilities. An exhaustive study was performed, for the bifurcated isomer, the two levels of theory predict similar
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bifurcated (1) cis (2) 3 (trans)

1.232

harp (4) wag (5) cyelic (6)

Figure 5. FNs isomers (MP2/6-31G(d) geometries). Bond distances in &ngstroms.

1.248
1.138

1.270
1.489

1.675

TS14 1S2p

1542 TS4p
Figure 6. FNs transition states (MP2/6-31G(d) geometries). Bond distances in angstroms.

relative energies (Table 3). Note that the MP2 results are not each other. Furthermoreyclic-FNs has been predicted to have
very basis set dependent. The, ¢tians wag, and harp isomers  a low barrier to decomposition of 6.7 kcal/mol at the CCSD(T)
are all within a few kcal/mol of each other and can be easily level of theory3?

interconverted by simple rotations around the-N\&+ and N4- Because Mis so stable, the dissociation of Etd FN3; and

N5 bonds. The more accurate and reliable CCSD(T) method N3 is 45.5 kcal/mol exothermic at the CCSD(T) level of theory
places the bifurcated isomer-31 kcal/mol above the other (Table 3) and is irreversible. Therefore, it is important to explore
isomers. Because the twoNF distances in this “bifurcated”  the possible decomposition pathways for the preferred FN
isomer differ by 0.342 A, this isomer might reasonably be isomers and to determine their energy barriers toward decom-
described as an MNoonded isomer with a weak secondary position.

interaction to the other Natom, whereas the other four To explore both the isomerization and decomposition path-
noncyclic isomers are all Nbonded. The cyclic isomer (6) is  ways, IRC studies were performed at the MP2 level of theory
less likely to form in the experiments because it would probably to connect minima with the corresponding transition states (TS).
involve a fluoride attacking N from the backside at its central ~ Transition states are illustrated in Figure 6, ands ENdepicted

N, atom. Such an approach is not likely because both reactingin Figure 7; detailed geometries are given in Table 5. The first
atoms apparently carry partial negative charges that should repelRC was started from the “bifurcated” isomer, which most
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Figure 9. FNs vibrational modes selected for DRP analysis: (a) cis,
mode 10; (b) harp, mode 12. The molecular structures were distorted
along the negative of the vibrational displacements; these displacements
are shown in the picture.

TABLE 6: Activation Energies (kcal/mol) for Isomerization
and Decomposition Reactions

barriers AE(MP2/Gypd4  AE(CCSD(T)P¢  AE(MP2/augy
TS14 18.8 8.9 18.1

1.341 TS42 54 3.7 55
. . TS2p 21.8 13.2 21.6
TS4p 7.5 1.0 6.9

aBasis set= 6-31+G(d). P Basis set= aug-cc-pVDZ.c Basis set=
aug-cc-pVDZ.4 Includes ZPE correction.

FN
Figure 7. Optimized FN, N, and FN (MP2/6-31G(d) geometries). The two PESs are qualitatively similar at the MP2/6+&3-

Bond distances in angstroms. (d) and CCSD(T)/aug-cc-pVDZ levels of theory. The MP2
e activation energies are larger than those from CCSD(T), and
" all transition states and minima, excluding the initial bifurcated
TS 14 (19.4) I\ - species, are higher in energy than the reference cis isomer.
CCSD(T) predicts that all minima and TSs are higher in energy

than the reference cis isomer (Table 3).

The results of aqualitatize RRKM analysis (using the
vibrational frequencies in Table 7) for the two isomerization
reactions, and two decomposition reactions are shown in Tables
8 and 9. Several values were chosenEpthe applied energy,

TS24 g4 s 7

Relative energy, keal/mol
=
t

% in eq 4 for each minimum. Because the CCSD(T) and MP2
\‘\ activation energies are different (Table 6), a given valu€& of
frm— PEAUmL 1) o corresponds to different excess energies above the barrier. So,
————— PE Surface (2) F_?{,;—}N:S oo in Tables 8 and 9, a given amount of energy above a barrier
(=43,

corresponds to different values & Because the CCSD(T)

) o o - ) energies were obtained as single energy calculations at the MP2
Figure 8. Rel.jatl_ve |somer|zat|on/d_ecomposmon PEstﬂhJeN_mers geometries, the frequencies used in both sets of RRKM

(reference= cis isomer). Energies: CCSD(T)/aug-cc-pVDZwith ZPE. 0. ations are those obtained from MP2. Thus, the CCSD(T)

results are only qualitative, but these frequencies are not
expected to be very different. Because the CCSD(T) barriers

harp isomer, because this simply requires F to move to a &€ much lower in energy than those based on MP2, the

neighboring nitrogen atom of thesNhoiety via TS14. Starting corresponding lifetimes will be smaller. Of course, the shorter

from harp, two PESs have been identified (Figure 8) that the the predicted lifetime, the more likely it is that the isomerization
harp isomer can take to reach decomposition products: a©r dissociation will occur. Atthe CCSD(T) level of theory, the
“direct” decomposition route (through TS4p) or an isomerization Predicted lifetimes for the two isomerization reactions, bifurcated

via the cis isomer (through TS42). The cis isomer decomposes(1) — harp (4) and harp (4)~ cis (2), are on the order of a few
directly to FNs + N, (through TS2p). As shown in Figure 8 nanoseconds even in the case where an energy that is only 5
and Table 6, the bottleneck for both reaction paths is the initial kcal/mol above the barrier is added. When this excess energy
barrier towards isomerization from bifurcated to harp (through 'ses to 40 kcal/mol, these lifetimes decrease t®Ips. The

TS 14), predicted to be 8.9 kcal/mol. The subsequent activation lifetimes for the decomposition reactions, from harp and cis to
energies are much smaller, so once the harp isomer is reached;Ns and N, are even shorter.

the decomposition to FN+ N, should proceed even more DRP Calculations. To further study the decomposition and
easily. stability of theharp-andcis-FNs isomers, the dynamic reaction

*Enecrgies: CCSD(TVaug-cc-pVIDZ with ZPE

closely resembles the original ion pair. Structurally, the isomer
that most naturally connects with the bifurcated isomer is the
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1.21

I' = 0.0fs I'=612Is
1.1 1.22
. 2.55
T = 70.8fs T=117.41s T=134.21s

Netzloff et al.

Figure 10. Stages along the trajectory for adding an initial KE of 34.9 kcal/mol to mode 10, cis isomer. Distances in angstroms (initial bond

lengths shown af = 0.0 fs; if bond lengths have changed bp.40 A, new values are reported in next pane).

1.24
1.45 T 132 1.07 1.63 120
2.23 1.28 2.12 1.82 . 2.00
T = 0.0fs I'=14.21s I =28.21s
1.30
o 1,1| L 1.20
2.31 2.31 2.64 2.51 H
I = 42.61s I =52.41s
.24. 65? =Y 1.22 .1.20
2.87 3.30 2.92
I = 64.60s I = 64.90s

Figure 11. Stages along the trajectory for adding an initial KE of 51.3 kcal/mol to mode 10, cis isomer.

TABLE 7: Vibrational Frequencies and Corresponding IR Intensities for FNs Isomers and Transition States in the
Isomerization/Decomposition PES Surfaces (MP2/6-31G(d))

molecule

frequencies, cth[IR intensities, deby&amu A2)]

bifurcated (1)
cis (2)

trans (3)
harp (4)

wag (5)
cyclic (6)
TS14

TS4p

TS42
TS2p

path (DRP) metho®26was used to provide kinetic energy to
one or more vibrational normal modes.

130 (0.032), 232 (0.415), 316 (0.479), 418 (0.048), 460 (0.084), 541 (1.693), 565 (0.308), 669 (0.984), 1007 (2.234),
1212 (2.616), 1965 (5.003), 2269 (2.992)

113 (0), 178 (0.044), 300 (0.190), 485 (0.064), 554 (0.001), 638 (0.122), 691 (3.290), 822 (2.306), 999 (1.784), 1196
(3.807), 1532 (1.153), 2321 (9.337)

122 (0.001), 164 (0.044), 340 (0.075), 399 (0.226), 460 (0.047), 521 (0.185), 716 (0.321), 947 (4.070), 1050 (0.308),
1220 (4.531), 1481 (0.069), 2356 (8.660)

49 (0.016), 221 (0.006), 315 (0.533), 452 (0.091), 518 (1.043), 546 (0.001), 721 (1.974), 860 (0.785), 916 (0.790),
1139 (2.967), 1546 (2.382), 2175 (6.153)

146 (0.005), 148 (0.010), 361 (0.023), 395 (0.396), 472 (0.092), 517 (0.012), 766 (2.388), 988 (0.448), 1024 (2.399),
1123 (4.000), 1443 (0.102), 2252 (5.988)

272 (0.052), 435 (0.045), 614 (0.002), 701 (0.143), 727 (0), 1022 (0.018), 1034 (0.198), 1090 (0.088), 1132 (0.024),
1211 (0.175), 1378 (0.134), 1387 (1.832)

4931, 115, 307, 391, 423, 456, 516, 701, 898, 1120, 1901, 2311

8231, 115, 159, 328, 335, 442, 591, 699, 807, 1206, 1550, 1993

109 i, 204, 310, 446, 500, 611, 724, 806, 864, 1230, 1538, 2409

7281, 86, 125, 242, 265, 444, 581, 706, 823, 1111, 1505, 2046

fs into such a trajectory run). Figures 10 and 11 show various
structures along the trajectories with the addition of 35 and 51

For the cis isomer, mode 10 (Figure 9a) is a good candidate kcal/mol of KE, respectively. Further illustration of this

for breaking the N3-N4 bond because;o is the symmetric
N3—N4—N5 stretching mode. At the MP2/6-315(d) level,
the barrier for the decompositiojs+Ns — FN3 + Ny, is
approximately 22 kcal/mol. With the addition of approximately
35 kcal/mol to this mode, the NSN4 bond undergoes only

phenomenon is shown in Figure 12 where the coordinate
changes in terms of the normal modes of the equilibrium
structure for bothE = 35 andE = 51 kcal/mol are plotted.
With the addition of 35 kcal/mol, the KE is quickly redistributed
to other modes. This dissipates the applied energy, so bond

oscillations, and at least 51 kcal/mol of KE must be applied to oscillations due to the activation of other modes result. Eor

this mode to break the N3\4 bond (the bond breaks after 5.6

= 51 kcal/mol, the energy remains localized in mode 10; the
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Initial KE = 34.9 kcal/mol Initial KE = 51.3 kcal/mol

Normal coordinate,bohr amu'?

1 ' =4 ]
U Mode 10
20 a0 Time’ fs 100 120 140 i 10 0 a0 Time’ fs &0 0 a0
Normal L3 s 110
modes — G —T11
— 1.7 L12

Figure 12. Normal coordinate change for cis isomer: addition of KE to mode 10.
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Figure 13. Normal coordinate change for harp isomer: addition of KE to mode 12.

modes become well separated and do not undergo wild the cis isomer, this can be seen in the graphs of normal mode
oscillations. There is enough energy available to “push” the N coordinate change versus time. Figure 13 shows that the energy
fragment away so it is not recaptured during oscillations. applied tovi, dissipates to other modes even more rapidly than
As noted earlier, the harp isomer can decompose in a directin the case of the cis isomer. Of course, these DRP calculations
or stepwise manner. The MP2/6-BG(d) barrier to direct are only suggestive about possible dynamic processes. One
decomposition is 7.5 kcal/mol, whereas the barrier for the would need to explore many more trajectories to obtain
isomerization, harp— cis, is 5.4 kcal/mol. In the analysis of quantitatively meaningful kinetics data.
this structurey12 (Figure 9b) appears to be a good candidate  The MP2 and CCSD(T) RRKM analyses for the addition of
for N3—N4 bond breaking becausg; is the N4-N5 stretching energy, corresponding to this DRP for both the cis and harp
mode. After the addition of 44 kcal/mol, the NBI4 bond isomers, are given in Table 9. The examples discussed above
breaks, but it then re-forms and oscillates. As in the case for are in boldface in Table 9. Consider the decomposition of the
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TABLE 8: RRKM Analysis for Isomerization and TABLE 9: RRKM Analysis for Isomerization and
Decomposition Reactions as a Function of Excess Energy Decomposition Reactions as a Function of Vibrational
excess energy E[CCSD(T)P® E[MP2/GF¢ CCSD(T) MP2/G Quanta
(kcal/mol) (kcal/mol) (kcal/mol) lifetime lifetime applied energy E C_CS_D(T)j MP2/Gt
Bifurcated-TS14-Harp (quanta) (kcal/mol) lifetime lifetime
5 13.9 23.8 55ns  18s Harp—TS42-Cis
10 18.9 28.8 783ps 7.6ns Mode 12 (Harp)
20 28.9 38.8 4.0 ps 100.9 ps 1 6.21 18.2 ns 2.5ms
30 38.9 48.8 12ps 14.6 ps 2 12.42 36.2 ps 353.0 ps
40 48.9 58.8 0.6 ps 4.8 ps 3 18.63 8.2 ps 29.3 ps
_Ci 4 24.84 4.2 ps 10.1 ps
Harp-TS42- -Cis 5 31.05 2.9 ps 5.6 ps
5 8.7 104 0.3ns 2.1ns
10 13.7 15.4 231ps 78.7ps 6 37.26 2.2ps 3.9ps
20 23.7 25.4 46ps  9.5ps 7 43.47 1.9ps 3.0ps
30 33.7 35.4 25ps  4.3ps g ‘S‘rg-gg ig Bg 21 Bi
40 43.7 45.4 1.9 ps 2.8ps 10 621 14 s 79 hs
Harp—TS4p- -FN + N, 11 68.31 1.3 ps 1.7 ps
5 6.0 12.5 0.3 ps 0.9ns 12 74.52 1.2 ps 1.6 ps
10 11.0 17.5 0.1ps 18.3 ps 13 80.73 1.2 ps 1.5ps
20 21.0 275 67.0fs 1.3ps 14 86.94 1.1ps 1.4 ps
30 31.0 375 56.0fs 451.4fs 15 93.15 1.1ps 1.3 ps
40 41.9 475 51.2fs 256.8fs Harp-TSAp-FNs + N
Cis—TS2p—FNs; + N2 Mode 12 (Harp)
5 18.2 26.8 7.2ns 480.2 ns 1 6.21 0.3 ps
10 23.2 31.8 50.1ps 1.5ns 2 12.42 99.5 fs 1.0ns
20 33.2 41.8 1.3 ps 15.3 ps 3 18.63 72.0fs 11.2 ps
30 43.2 51.8 0.3 ps 1.9ps 4 24.84 61.5 fs 2.0 ps
40 53.2 61.8 0.1ps 0.6 ps 5 31.05 56.0 fs 811.5fs
aBasis set= 6-31+G(d).  Basis set= aug-cc-pVDZ.¢ Includes ZPE 6 37.26 52.6fs 459.4 fs
correction. 7 43.47 50.4 fs 311.4fs
8 49.68 48.7 fs 234.6 fs
9 55.89 47.5fs 189.2 fs
cis isomer, using1o. At least seven (four) vibrational quanta 10 62.1 46.5fs 159.8 fs
are required to surmount the barrier in this mode for MP2 ﬁ ‘752-2% Z‘g-? ;2 igg-g ;2
(CCSD(T)), corresponding to lifetimes of 0.2 and 855 ms, 13 8073 406 fe 11331
respectively. For afft value of 35 kcal/mol, corresponding to 14 86.94 44.2 fs 104.6 fs
10 vibrational quanta, the lifetimes are 216 and 0.9 ps, 15 93.15 43.8fs 97.6fs
respectively. The trajectory with = 35 kcal/mol was only run Cis—TS2p—FN; + N
for ~0.15 ps, and only bond oscillations were observed.Eor Mode 10 (Cis)
= 52 kcal/mol (15 quanta), the predicted lifetimes are 116 fs % g-gg
and 1.7 ps for CCSD(T) and MP2, respectively. The= 52 3 10 47
kcal/mol trajectory shows complete bond dissociation aftér 4 13.96 855.1 ms
fs (0.006 ps). For the harp isomer, the additiorEcf 44 kcal/ 5 17.45 30.0ns
mol to mode 12 (7 quanta) shows no dissociation afe®0 fs 6 20.94 0.3ns
L L - 7 24.43 25.4 ps 0.2ms
(0.6 ps). Upper limit lifetimes for this isomer, depending on 8 27.92 5.5 ps 77.1ns
whether one is considering the isomerization or decomposition 9 31.41 1.9 ps 2.0ns
channel, are-3 and 0.3 ps, respectively, at the MP2 level and 10 34.9 891.3fs 2158 ps
. . 11 38.39 491.2 fs 46.2 ps
1.9 ps and 50.4 fs, respectively, at the CCSD(T) level. It is 12 4188 306.0 fs 14.8 ps
important to reiterate here the following point: the reason that 13 45.37 208.2 fs 6.1 ps
the amount of energy required to cause dissociation in the DRP 14 48.86 151.3fs 3.0 ps
trajectories exceeds the calculated barrier heights is that the 15 5235 115.5fs 1.7ps

energy provided to a specific vibrational mode does not localize 2 Basis set= 6-31+G(d). ® Basis set= aug-cc-pVDZ.
in the bond that breaks in the reaction.

Experimental Results. The vacuum thermolyses ofsNASFs~ [FNs] = FN; + N, (8)
(eq 5) and [N]T2[SnRs]?~ (eq 6), and the displacement reaction

between CsF andNSbR~ (eq 7) were studied experimentally FN; = [FN] + N, ©)
by fast, in situ FT-IR spectroscopy of the gaseous reaction 2[FN] — F,N, (10)
products.
3F,N, — 2NF; + 2N, (11)
Ng "AsF,” — [FNg] + AsF, (5) _ _
Because reactions-8l1 are all strongly exothermic, the
(N)",SnR> — [FN.] + N."SnR~ (6) thermodynamically most stable products, Nid N, were
obtained as the major final products. However, the formation
Ns ' SbF,~ + CsF— [FNg] 4+ CsSbF ) of smaller amounts of Fiand FN>** was also observed, thus

confirming the above sequence of reactions.

In excellent agreement with the above theoretical lifetime
predictions for FN, this molecule could not be observed
directly; however, its expected decomposition products (eq In contrast to FNthat can be isolated at room temperature
8—11) were observed. but does not form stable Nl salts with strong Lewis acid,

Conclusions
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Ns*™ salts are stable but their ENbarent molecule has very
limited Kkinetic stability. Because of the general difficulty of
correctly modeling infinite crystal lattice$, the ion pair
NsTAsFs~ and its dissociation products were studied. It is shown
that at the MP2/6-31G(d) level the ion pair and crystalline
NstAsFs~ are more stable than the free £ahd Ask molecules

by 46.5 and 72.0 kcal/mol, respectively. These values represent

minimum dissociation energy barriers; the latter value is in
accord with the observed marginal stability of crystalline
NsTAsFs~ at room temperature. The Eholecule can exist as
at least six different, vibrationally stable isomers (one cy@ic,

one bifurcated, and four chainlike structures) that differ in energy

by only 6.4, 9.0, and 11.2 kcal/mol at the MP2/6+33(d), MP2/
aug-cc-pVDZ, and CCSD(T)/aug-cc-pVDZ levels, respectively.
Decomposition studies of FNeveal two distinct pathways to
FNs + N.. The energy change from the initial bifurcated =N
isomer to FN + N3 is predicted to be-56.0 kcal/mol at the
CCSD(T) level of theory.
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SO, solutions of azide anions are bright yellow, and their Raman spectra indicate the presence of covalently bound
azide. Removal of the solvent at =64 °C from CsNz or N(CH3)4N3 solutions produces yellow (SO,),N;~ salts.
Above —64 °C, these salts lose 1 mol of SO,, resulting in white SO,N;~ salts that are marginally stable at room
temperature and thermally decompose to the corresponding azides and SO,. These anions were characterized by
vibrational and N NMR spectroscopy and theoretical calculations. Slow loss of the solvent by diffusion through
the walls of a sealed Teflon tube containing a sample of CsSO,N; in SO, resulted in white and yellowish single
crystals that were identified by X-ray diffraction as CsSO,N3*CsSOsN; with a = 9.542(2) A, b = 6.2189(14) A, ¢
= 10.342(2) A, and B = 114.958(4)° in the monoclinic space group P2:/m, Z = 2, and Cs;S;0s+Cs;S;07+S0,
respectively. Pure CsSO3sN; was also prepared and characterized by vibrational spectroscopy. The S—N bond in
SO;N;™ is much weaker than that in SOsN; ™, resulting in decreased thermal stability, an increase in the S—N bond
distance by 0.23 A, and an increased tendency to undergo rotational disorder. This marked difference is due to
SOj3 being a much stronger Lewis acid (pF~ value of 7.83) than SO, (pF~ value of 3.99), thus forming a stronger
S—-N bond with the Lewis base N3~. The geometry of the free gaseous SO,N3;~ anion was calculated at the RHF,
MP2, B3LYP, and CCSD(T) levels. The results show that only the correlated methods correctly reproduce the
experimentally observed orientation of the SO, group.

Introduction bridged adduct between Sh&nd SQ.2 As an acceptor, SO
likes to expand its coordination number around sulfur from
three to four. Typical examples for compounds in which, SO
acts as an acceptor are the X0 anions, where X stands
for a halide or pseudo-halide ién.

Sulfur dioxide is a very interesting molecule. It not only
serves as a very useful inorganic solvent but also exhibits a
rich reaction chemistry. In addition to being a ligand with
at least 9 different bonding modeést is also amphoteric

and can act either as an electron donor (Lewis base) or X -
acceptor (Lewis acid) molecule. As a donor, it can coordinate _ I |
through its free valence electron pairs on either sulfur or o//s\o + X —> o%/s\o )

oxygen. A typical example for the latter case is the oxygen-

*To whom correspondence should be addressed. E-mail: karl.christe@ During reactions, aimed at the metathetical synthesis of
edwards.af.mil. Ns™N3~, the yellow color of the solutions of colorlesgN

T This paper is dedicated to Professor Dieter Naumann on the occasion; . - S
of his 60th birthday. in colorless S@ raised our curiosity. This is in marked

* Air Force Research Laboratory.

§ University of Southern California. (2) Bacon, J.; Dean, P. A. W.; Gillespie, R.Qan. J. Chem1969 47,
"'UC Riverside. 1655.
(1) Greenwood, N. N.; Earnshaw, B&hemistry of the Element&nd ed.; (3) Kornath, A.; Blecher, O.; Ludwig, RI. Am. Chem. S0d.999 121,
Butterworth-Heinemann: Oxford, 1998; pp 72146. 4019 and references therein.
10.1021/ic020183 CCC: $22.00 © 2002 American Chemical Society Inorganic Chemistry, Vol. 41, No. 16, 2002 4275
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contrast to solutions of N in other polar solvents, such as
water, that are colorless. Therefore, the®~ system was
studied in more detail. The results from this study were

Christe et al.

(Aldrich, 95%) was condensed from a storage vesset2h °C
into the reaction vessel at196 °C.

Preparation of MTSO,N3~ [M = Cs or N(CHg),]. In a typical

presented at the 13th European Symposium on Fluorineexperimenta 5 mmPyrex glass NMR tube, closed by a concentric,

Chemistry? and a full account of this work is given in this
paper. Our original repdttprovided the first evidence for
the existence of the azidosulfite anion and was recently
confirmed by an independent crystal structure determination
of [N(CHz3)4 T[SO:N3] .5 Despite many known sulfar
nitrogen compounds, including sulfuryl diazidé and
azidosulfateg;*? no other reports on azidosulfites were found
in the literature.

The SQN3;~ anion has previously been prepared by (a)
the direct reaction between $@nd NaN;2 (b) the reaction
of H.NNHSO;H and KNG;” (c) the reaction of [Na]-
[SO:CI] and Ns~;**2 and (d) the reaction of BNz~ with
KOH/NaOH1° Despite this diversity of available synthetic
routes, the SEN;~ anion had been characterized only by
elemental analyses and infrared spectroscopy.

Experimental Section

grease-free Teflon valve (Wilmad Glass Co.), was loaded withsCsN
(1.335 mmol) in the glovebox. The tube was attached to the Pyrex
vacuum line and evacuated; then, anhydrous @65 mL) was
condensed into the tube at196 °C. The mixture was warmed to
room temperature, and the Cstlissolved giving a yellow solution.

In the presence of traces of moisture, a small amount of a white
precipitate formed that was identified by its infrared and Raman
spectra as G§,0s.17 The tube and its contents were cooled-t®2

°C, and the S@solvent was pumped off in a dynamic vacuum,
leaving behind a white solid (322.0 mg, weight calculated for 1.335
mmol of CsSGN; = 319.1 mg).

Preparation of MT(SQ,),N3~ [M = Cs or N(CHz)4]. In a
manner similar to that used for the preparation of C&&OCsN;
(1.346 mmol) was loaded into a Pyrex NMR tube equipped with a
glass-Teflon valve, and anhydrous S(0.769 mL) was added in
vacuo to the tube at 196 °C. After warming to room temperature
to dissolve all the Cshl the tube was cooled te64 °C, and the
SO, was removed slowly in a dynamic vacuum for 4 h. The
nonvolatile residue consisted of a yellow solid (406 mg, weight

Caution! Azides are highly endothermic and often can decomposecajculated for 1.346 mmol of Cs(S$JoN; = 407.9 mg).

explostely. They should be handled on a small scale with
appropriate safety precautions.

Materials and Apparatus. Reactions were carried out in either
flamed-out Pyrex glass tubes or Teflon-FEP or -PFA ampules that

Preparation of CsSQ)Ns. Inside a drybox, a glass vessel,
equipped with a Kontes glass-Teflon valve and a Teflon-coated
stirring bar, was loaded with Cs3Cl (2.383 mmol). On a glass
vacuum line, (CH)3SiN3 (8.940 mmol) was distilled onto the solid

contained Teflon coated magnetic stirring bars and were closed by 5t —196°C and allowed to warm to room temperature. After stirring

stainless steel or Teflon valves. Volatile materials were handled
either on a stainless steel/Teflon-FEP vacuunmifinea Pyrex glass

vacuum line equipped with grease-free Kontes glass-Teflon valves.

Nonvolatile solids were handled in the dry nitrogen atmosphere of
a glovebox. Infrared spectra were recorded on either a Mattson
Galaxy 5030 or Midac M Series FT-IR spectrometer using dry

the suspension for 2 days, volatiles were removed at room
temperature yielding a white solid. Raman spectroscopic charac-
terization of the solid revealed the presence of C£3Cand
CsSQNs. Four additional cycles of adding fresh (€bSiNs,
followed by removal of all volatiles at room temperature while
monitoring the progress of the reaction by Raman spectroscopy,

powders pressed between AgCl windows in an Econo press (Barneseggyited in a quantitative yield of pure Cs$Q.

Engineering Co.). Raman spectra were recorded on either a Bruker

Equinox 55 FT-RA spectrometer using a Nd:YAG laser at 1064
nm and Pyrex melting point capillaries, glass NMR tubes, or 9 mm
Teflon-FEP tubes as sample containers or a Cary Model 83
spectrometer using the 488 nm exciting line of an Ar ion laser.
NMR spectra were recorded on a Bruker Avance 400 FT-NMR
spectrometer.

The N(CH)4"N3~,1* CsNs,® and CsS@CI' starting materials
were prepared by literature methods. The,S@ir Products,
anhydrous grade, 99.9%) was dried over gaHimethylsilyl azide

(4) Vij, A.; Wilson, W.; Sheehy, J.; Boatz, J.; Gerken, M.; Schneider, S.;
Schroer, T.; Haiges, R.; Wagner, R.; Tham, F.; Christe, K. Presented
at the 13th European Symposium on Fluorine Chemistry, Bordeaux,
France, July 1520, 2001; Paper B7.

(5) Kornath, A.; Blecher, O.; Ludwig, RZ. Anorg. Allg. Chem2002
628 183.

(6) Curtius, T.; Schmidt, FBer. Dtsch. Chem. Ge4922 55, 1571.

(7) Traube, W.; Vockerodt, ABer. Dtsch. Chem. Ged914 47, 943.

(8) Beck, G.J. Prakt. Chem. (Leipzig)94Q 156, 227.

(9) Elsner, H.; Ratz, H. German Patent 886,298, 1953.

(10) Lehmann, H. A.; Holznagel, WZ. Anorg. Allg. Chem1958 293
314.

(11) Ruff, J. K.Inorg. Chem.1965 4, 567.

(12) Shozda, R. J.; Vernon, J. A. Org. Chem1967, 32, 2876.

(13) Christe, K. O.; Wilson, W. W.; Schack, C. J.; Wilson, R.IDorg.
Synth.1986 24, 39.

(14) Christe, K. O.; Wilson, W. W.; Bau, R.; Bunte, S. \l.Am. Chem.
Soc.1992 114, 3411.

(15) Gerken, M.; Schneider, S.; Schroer, T.; Christe, KZOAnorg. Allg.
Chem.,in press.

(16) Ciruna, J. A.; Robinson, E. ACan. J. Chem1968 46, 1715.
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Crystal Structure Determination of CsSO,N3-CsSQN3. About

0.5 mL of SQ was condensed onto anhydrous G$iNa 4 mm
FEP NMR tube that was then evacuated—t96 °C and heat-
sealed. The yellowish solution was allowed to stand for several
weeks during which time SQiiffused slowly through the walls of
the tube, and a mixture of diffraction-quality, prismatic, clear,
colorless (compoundl, CsSGQN3-CsSQN3), and pale yellow
(compoun®, C$S,05-CsS,0,-SO,) crystals was formed. The FEP
tube was then cut open under a stream of colg gas at
approximately—80 °C, and the crystalline contents were dropped
into the lip of a low temperature crystal-mounting apparatus. A
Nylon Cryoloop, attached to a magnetic base, was used to trap a
crystal having the dimensions 0.%00.27 x 0.52 mn#, using PFPE
(perfluoropolyether) oil, and to mount it on the magnetic goniom-
eter. The single-crystal diffraction data were collected on a Bruker
3-circle platform diffractometer, equipped with a SMARTCD
(charge coupled device) detector with tp@xis fixed at 54.74,

and using Mo K radiation ¢ = 0.71073 A) from a fine-focus
tube. This diffractometer was equipped with an LT-3 apparatus for
low temperature data collection using controlled liquid nitrogen
boil off. Cell constants were determined from 90 30-s frames at

(17) Siebert, H.Anwendungen der Schwingungsspectroskopie in der
Anorganischen Chemie, Anorganische und Allgemeine Chemie in
Einzeldarstellungen, Vil Springer-Verlag: Berlin, 1966; p 102.
Herlinger, A. W.; Long, T. V.Inorg. Chem 1969 8, 2661.

(18) SMART V 4.045, Software for the CCD Detector SystBruker
AXS: Madison, WI, 1999.



SON;~, (SO,)-N3~, and SQNs~ Anions

Table 1. N NMR Spectra of Aqueous and $@olutions of MN;, (M
= Na, Cs, or N(CH)4) and of MSQN3 (M = Cs or N(CH),) in
CHsNO,, CHsCN, or CHF; Solution

Table 3. Atomic Coordinates %10% and Equivalent Isotropic
Displacement Parameters{A 10%) for CsSQN3:CsSQN3

. —— X y z Ueqp
chem shift, ppm (line width, Hz) Cs(D) 6199(1) 2500 3672(0) 38(1)
central terminal area Cs(2) 10539(1) 2500 1983(1) 39(1)
compound (solvent) nitrogen nitrogen ratio S(1) 6914(2) 2500 7536(2) 42(1)
NaNs (H20, 20°C) —1335(18) —282.2 (60) 12 (5)(2) 9094(3)  —2500 3854(2) 40(1)
A ; - ) 8336(7) 2500 8827(6) 59(2)
NaNs® (SO, 20°C) 135.8 weak  not obsd
) _ 0(2) 6625(5) 562(8) 6701(5) 49(1)
CsN (SO, 20°C) ~133.9(15) -—20L7(76) 12 B
S0 225°%) T1343(le 0010w 12 o@) 8278(16) 3010(20) 4683(12) 47(5)
257 : : : 0(4) 8677(11)  —276(12) 3266(9) 45(2)
(SO, —65°C) ~134.7(51) —198.9(235) 12
. : OGP  10543(17)  —3070(30) 3910(30) 45(7)
CSSON3 (CHNO,, —22°C)  —132.5(16) —209.9 (155)  1:2 N
- : - - : @ 5404(10) 1975(19) 8035(10) 49(4)
N(CHa)aNg® (H,0, 22°C) 133.4(18) -281.0(58) 12 N
- (H20, 22°C - B : 2 5694(7) 2500 9245(6) 31(1)
N(CHa)aNa® (SO», —65°C) 1350(35) —199.8(200)  1:2
N(CH ) Soner oy 2083 (140) i N(3) 5843(12) 3101(19)  10317(11) 51(4)
(CHS&\‘]‘ - 403"0) : : N(4) 7990(17) —4208(17) 2097(14) 55(3)
' - N(5) 7791(13)  —3134(14) 1059(12) 40(2)
(Nc(ﬁ%)“_s%’c}'é)b 136.4 weak  not obsd N(6) 7645(14)  —2130(30) 100(13)  52(5)
N(CHs)4(SC)2N3' NSO, —133.1 —203.7 (192) f aU(eq) is defined as one-third of the trace of the orthogonalidgd

(CHACN, —40°C)ce

aClear colorless solution with faint yellow solilLow solubility. ¢ Pale
yellow solution with yellow solid9 The sharp resonances due to N@L#
were observed at139.3 (HO) and—336.9 ppm (S@). ¢ Resonances due
to CHsCN and N(CH)," were observed at137.7 (~300 Hz) and—338
ppm, respectively!Not determined because of overlap with solvent
resonance.

N4B
S28

NSB

Figure 1. Crystal structure of CsSBl3*CsSQNsa.

Table 2. Crystal Data for CsS&éN3-CsSQN3 (1)

chemical formula CNeOsS,
fw 494.00
T,°C —100 (2)
space group P2;/m (No.11)
a, 9.542(2)

b, A 6.2189(14)
c,A 10.342(2)
B, deg 114.958(4)
V, A3 556.4(2)

z 2

Pealce 9 cnr3 2.949

w, mmt 6.939

A A 0.71073

R12WR2 [I > 20(1)] 0.0398, 0.1068
R12wR2 (all data) 0.0416, 0.1085

aR1 = (3(Fo — Fo)lFo). PWR2 = [T (W(Fo — Fo))WFe2)] Y2
—100°C (1) or at—70°C (2). A complete hemisphere of data was

collected, using 1271 frames at 30 s/frame at a detector resolution
of 512 x 512 pixels, including 50 frames that were collected at

tensor.? O(5) is the minor component of the rotationally disorderedi&O
anion (see Results and Discussion section) and is not shown in Figure 1.

the beginning and end of the data collection to monitor crystal
decay. The frames were then processed on a PC running on
Windows NT software by using the SAINT softwéf¢o give the

hkl file corrected for Lp/decay. The absorption correction was
performed using the SADABS program. The structures were
solved by the direct method, using the SHELX-97 progfamamnd
refined by the least-squares method i SHELXL-97 22 incor-
porated in SHELXTL Suite 5.10 for Windows Nf.All atoms
were refined anisotropically. For the anisotropic displacement
parameters, thé(eq) is defined as one-third of the trace of the
orthogonalizedJ; tensor.

Theoretical Calculations. Theoretical calculations were carried
out on IBM RS/6000 work stations using the GAME&%aussian
9825 and ACES I program systems and the restricted Hartree
Fock (RHF)?” the density functional B3LYPS and the correlated

(19) SAINT V 4.035, Software for the CCD Detector Syst&muker
AXS: Madison, WI, 1999.
(20) SADABS, Program for absorption correction for area detectors
version 2.01; Bruker AXS: Madison, WI, 2000.
(21) Sheldrick, G. M.SHELXS-97, Program for the Solution of Crystal
Structure University of Gdtingen: Gitingen, Germany, 1997.
(22) Sheldrick, G. MSHELXL-97, Program for the Refinement of Crystal
Structure University of Gdtingen: Gitingen, Germany, 1997.
(23) SHELXTL 5.10 for Windows NT, Program library for Structure
Solution and Molecular Graphi¢8ruker AXS: Madison, WI, 1997.
(24) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su,
S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J. A.Comput. Chem.
1993 14, 1347-1363.
(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.6; Gaussian, Inc.:
Pittsburgh, PA, 1998.
Stanton, J. F.; Gauss, J.; Watts, J. D.; Nooijen, M.; Oliphant, N.; Perera,
S. A,; Szalay, P. G.; Lauderdale, W. J.; Gwaltney, S. R.; Beck, S;
Balkova, A.; Bernholdt, D. E.; Baeck, K. K.; Rozyczko, P.; Sekino,
H.; Hober, C.; Bartlett, R. JACES Il Quantum Theory Project
University of Florida: Gainesville, FL. Integral packages included are
VMOL (Almlof, J.; Taylor, P. R.), BPROPS (Taylor, P. R.), and
ABACUS (Helgaker, T.; Jensen, H. J. A.; Jorgensen, P.; Olsen, J.;
Taylor, P. R.).

(26)
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Table 4. Most Important Bond Lengths [A] and Angles [deg] of the 8~ Anion in Its Cs™ Salt Compared to Those in [N(G}{]*SONs~ and the

Calculated Values

calcd obsd
RHF B3LYP MP2 CCSD(T) C5SON3~ [N(CHa3)4] "SQ:N5~ P
Bond Distances (A)
S—N 1.907 2.226 2.356 2.198 1.981(12) 2.005(2)
S-0¢ 1.464 1.492 1.492 1.494 1.410(20) 1.453(2)
S—0od 1.462 1.490 1.491 1.493 1.495(8) 1.457(2)
Na—Njg 1.205 1.207 1.223 1.222 1.209(16) 1.214(2)
Ns—N, 1.113 1.169 1.205 1.182 1.130(16) 1.144(2)
Bond Angles (deg)
O—S—Nd 101.46 99.21 99.94 99.01 100.1(5) 96.82(8)
O—S—N¢ 102.09 102.42 102.24 101.46 102.7(11) 100.87(9)
S— Na—Np 112.0 110.29 106.81 108.67 110.0(8) 110.22(14)
No—Ns—N, 178.9 179.16 179.32 179.37 178.2(15) 178.6(2)
0-S-0 112.6 114.58 115.58 114.90 111.8(9) 112.72(10)

a A 6-31+G(d) basis set was used for all calculatiohB®ata from ref 2. Oxygen atom that is approximately perpendicular to the plane of g% N
fragment.d Oxygen atom that is approximately in plane with th&SNragment€ Average value from disordered positioh3.aken from the major component

of the disordered oxygen position.

MP22° and single- and double-excitation coupled cluster metfdds,
including a noniterative treatment of connected triple excitatfns.

Results and Discussion

SO.,/N3~ System.In common solvents, such as water, the
N3~ anion dissolves without color and retains its centrosym-
metric, linearD.n Structure, as shown by its spectroscopic
properties. For example, an aqueous Blabdlution exhibits
in the Raman spectrum only the symmetrigNtretching
mode at 1340 cmt and in the!N NMR spectrum two
resonances at282.2 and—133.5 ppm, respectively, with
an area ratio of 2:1. By contrast, a solution of GaNliquid
SO is intense yellow and exhibits a strong Raman band at
2016 cm?, and its N resonance for the two terminal
nitrogen atoms is deshielded by 80 ppm relative to that of
the free ion (Table 1). Thé’N NMR spectrum of a 1:1
mixture of CsN and SQ in CH3zNO, solution exhibits also
two resonances at= —209.9 and-132.5 ppm, respectively,
with an area ratio of 2:1. These chemical shifts are similar
to those of—201.7 and—133.9 ppm observed for the 0
solution. The observation of a single resonance for the
terminal nitrogen atoms, even for solutions of the 1:1 and
1:2 adducts in CBCN at low temperatures, and the weak

These observations are strong indications that f8éns
adducts with the azide anion. The combining ratios ef N
with SO, were studied both experimentally and by theoretical
calculations. It was found that at64 °C SQ, forms with
CstNs~ yellow 2:1 adducts that at about30 °C lose 1 mol
of SO, and yield white 1:1 adducts. The 1:1 adducts are
marginally stable at room temperature and, when heated to
about 60°C, decompose to puresNand SQ. The corre-
sponding N(CH)," salts are thermally somewhat less stable.
The underlying chemistry can be used for the conversion of
insoluble halides, such as fluoride, into azide. For example,
CsF is insoluble in most organic solvents and reacts only
incompletely with reagents such as trimethylsilyl azide. It
reacts, however, with SOforming soluble SGF-. The
fluoride in SQF~ can then readily be exchanged for azide
using trimethylsilyl azide, resulting in the formation of
SON3~. The latter is then thermally decomposed to give
pure azide and SG3° During the pyrolysis of SeN3~, no
evidence was obtained for any Blimination before the loss
of all the SQ which might have offered a potential synthesis
for NSO,~ salts®?73* In the presence of small amounts of
moisture, colorless cesium salts of0%*~ and SO-*~ can
be formed as insoluble byprodudéts.

temperature dependence of the chemical shifts indicate that

the SQ groups in azidosulfites undergo rapid exchange on
the NMR time scale.

(27) Levine, I. N.Quantum ChemistrBrd ed.; Allyn and Bacon: Boston,
1983, p 373.

(28) The B3LYP functional uses a three-parameter exchange functional of
Becke (B3) [Becke, A. DJ. Chem. Phys1993 98, 5648. Stephens,
P. J.; Devlin, C. F.; Chabalowski, C. F.; Frisch, MJJPhys. Chem.
1994 98, 11623.] and the Lee, Yang, and Parr (LYP) correlation
gradient-corrected functional [Lee, C.; Yang, W.; Parr, R.R@ys.
Rev. B 1988 37, 785.].

(29) (a) Pople, J. A; Binkley, J. S.; Seeger,|iR. Quantum Chenil976
10, 1. (b) Bartlett, R. J.; Silver, D. Mint. Quantum Cheml975 9,
183. (c) Dupuis, M.; Chin, S.; Marquez, A. Relatiistic and Electron
Correlation Effects in Moleculed/alli, G., Ed.; Plenum: New York,
1994. (d) Frisch, M. J.; Head-Gordon, M.; Pople, J.Ghem. Phys.
Lett. 199Q 166, 275. (e) Bartlett, R. J.; Stanton, J. F. J. Applications
of post-Hartree-Fock methods: A Tutorial. IiReviews of Compu-
tational Chemistry Lipkowitz, K. B., Boyd, D. B., Eds.; VCH
Publishers: New York, 1994, Vol. V.

(30) Purvis, G. D., Ill; Bartlett, R. 3. Chem. Phys1982 76, 1910.

(31) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordorGCiem.
Phys. Lett.1989 157, 479.

4278 1Inorganic Chemistry, Vol. 41, No. 16, 2002

)
®3)

H,0 + SO, — H,SO,
SO, + H,S0, + 2CsN, — Cs,S,0, + 2HN,

As SO has very little vapor pressure below64 °C, the
isolation of well-defined adducts containing more than two
SO, molecules per B could not be studied experimentally.
In agreement with the experimental observations, the
theoretical calculations show that $€an form stable 1:1

and 2:1 adducts with N. In the 1:1 adduct, the SO

(32) Roesky, H. W.; Schmieder, W.; Isenberg, W.; Boehler, D.; Sheldrick,
G. M. Angew. Chem.nt. Ed. Engl.1982 21, 153. Roesky, H. W.;
Panday, K. P.; Krebs, B.; Dartmann, M.Chem. Sog¢Dalton Trans.
1984 2271.

(33) Chivers, T.; Schmidt, K. J.; McIntyre, D. D.; Vogel, H. Gan. J.
Chem.1989 67, 1788.

(34) Morgon, N. H.; Linnert, H. V.; Riveros, J. M.. Phys. Chem1995
99, 11667.

(35) Seel, F.; Mueller, EChem. Ber1955 88, 1747.



SON;~, (SO,)-N3~, and SQNs~ Anions

molecule is attached to one of the terminal nitrogens of the
azide anion. This is in accord with the negative charges in
N3~ residing mainly on the terminal nitrogen atoms, thus
making them the better donors. The—S bond of the

© ® o
[N=N=N'] ~

resulting adducts is relatively long, varies strongly with the
computational level, and ranges for the 1:1 adduct from 1.91
A at the RHF level to 2.36 A at the MP2 level.

For the 2:1 adducts, the two $@roups could reside on
either the same or both terminal nitrogen atoms. The energy
differences between the 1,1-addudi{ S = 2.47 A at MP2)
and the 1,3-adductrl{—S = 2.56 A) are predicted to be CeSPm/6-3146(D
small, that is, less than 1 kcal/mol at the MP2 and less than
4 kcal/mol at the B3LYP level of theory in favor of the 1,1-
adduct. .40 FR

On the basis of our calculations, the addition of a third
SO, molecule to the 1,1 adduct lengthens the two original
1,1 N=S bonds to 2.52 A, but the third-\S bond to the
other terminal nitrogen is much weaker at 2.87 A. Similarly,
the addition of a fourth SQmolecule affects the three
original N—S bonds relatively little; the two geminal-\s
bonds at 2.54 A become slightly longer, and the third N
bond at 2.80 A becomes slightly shorter. However, the fourth
N—S bond at 3.19 A becomes much longer. These calcula-
tions at the MP2 level confirm that in the presence of excess 1.
SO, the N=S bonds become very weak, thus accounting for 03
the observed facile NS bond breakage on an NMR time
scale. A more detailed discussion of the calculated structures

Z 03-82-N4 = 99.0
Z 04-82-N4 = 101.5
Z S2-N4-N5 = 108.7
Z N4-N5-N6 = 179.4
Z 03-82-04 = 114.9

£ 03-82-N4 = 102.1

will be given in a following section. 7 04-52-N4 = 101.5
The SGQN;~ anion can be described as either a denor 2 SN - 11200
acceptor adduct between the Lewis acid, 8@d the Lewis Z 03-52-04 = 112.6 N6

base N~ or, by analogy with many known S®~ (X = ‘ _
halogen or pseudohalogen) anions, as an azidosulfite anionfiQ"e 2, ORTER R o0 o e sipeizena S8 sucure o
Whereas either description is acceptable, the description Ofjeyels of theory.
the higher (S@,Ns~ adducts as azidopolysulfites is inap-
propriate because there is no significant interaction betweentherefore, is attributed to an $@roup. The oxygen atoms
the SQ ligands. For the analogous (9@Ns;~ adducts, on S2 exhibit rotational disorder and have refined occupan-
azidopolysulfate structures have previously been suggésted; cies for O3 and O5 of 64% and 36%, respectively. A
however, it appears likely that these $S@nalogues also  comparison of the geometry found in this study for,8g
contain discrete SQunits and not polysulfate anions. in its cesium salt (see Figure 2) with that in the ordered
The white crystals (compourtd, obtained from a sample  N(CHs)4" salf and the theoretical predictions at the correlated
of CsSQN;3; in SO, solution that was kept in a Teflon NMR  level (see Figure 2 and Table 4) shows good agreement and
tube at room temperature for several weeks, had thedemonstrates that the counterion does not strongly influence
composition CsSEN3-CsSQNs. These crystals were stable the structure of SEN;™.
only at low temperature or under an atmosphere of &0 The SQN3~ anion is also slightly disordered. The N1 and
room temperature. The asymmetric unit in the crystal lattice N3 atoms are disordered across the crystallographic sym-
of 1 shows two cesium, two sulfur, and five oxygen atoms metry plane through S1, O1, and N2. Figure 3 depicts one
besides six nitrogen atoms forming two azide groups (Figure of the two disordered components. Furthermore, the rotation
1 and Tables 24). The cesium and sulfur atoms, and O1 of the SQ group with respect to the\yroup deviates from
and N2, lie on special positions. The large thermal ellipsoids the predictions at the MP2 and B3LYP levels of theory (see
observed for the N1, N3, N4, N5, and N6 atoms indicate a Table 5 and Figure 3). In the free gaseous anion, the O1,
disorder across the crystallographic mirror plane. These S1, N1, N2, and N3 atoms are all predicted to be coplanar,
atoms were then moved off the mirror plane and refined with O1 being trans to the azide group, while in the
which resulted in two disordered azide conformations on the experimental solid-state structure it is cis. Because the
sulfur groups. In S@N;~, the sulfur atom S2 is connected calculated energy difference between the cis and trans
to three oxygen positions with a total occupancy of 2 and, rotamers is very small because of the weakNsbond and
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MP2/6-31+G(d)
Z 01-8-N1 99.
£ 02-8-N1 102.
£ S-N1-N2 114.
Z N1-N2-N3 = 174.
1.47 £ 01-8-02 116.

v v v u W

Figure 3. ORTEP plot (30%) of the experimental &~ structure and
the structure calculated at the MP2/6+3%&(d) level of theory.

Figure 4. Packing diagram of CsS3:CsSQN3z showing the cesium
sulfur network.

its low frequency (33 cm') torsion mode, the orientation
of the SQ group is easily affected by the strong oxygen
cesium interactions in the lattice (see later).

A comparison of the experimental structures of,8¢&
and SQN3~ shows a remarkable difference of 0.23 A for
the S-N distances, that is, 1.981(12) A for 9@~ and
1.754(10) A for SGN3~. The observed difference agrees well
with that of 0.32 A predicted at the B3LYP level and can
be rationalized by the large difference in the Lewis acidities
of SO, and SQ. On the basis of the Christe/Dixon pF
scale’® SO, and SQ have pF values of 3.99 and 7.83,
respectively. If one views the S8~ and SQN3~ anions

Christe et al.

Table 5. Most Important Bond Lengths [A] and Angles [deg] of the
SOsN3~ Anion in Its Cs™ Salt Compared to the Calculated Values

calcd
B3LYP/6-31-G(d) MP2/6-31#G(d) obsd

Bond Distances (A)
S—N 1.876 1.871 1.754(10)
s-O 1.473 1.472 1.440(5)
S-0; 1.479 1.478 1.447(6)
Na—Npg 1.223 1.233 1.207(11)
Ns—N, 1.151 1.175 1.120(11)

Bond Angles (deg)
O'—S—N 99.59 99.31 92.7(4)
0,—S—N 102.94 102.47 107.2(4)
S—Ng—Ng 114.21 114.52 110.0(8)
No—Ns—N, 175.39 174.48 173.5(10)
0'—-S-0, 116.18 116.45 114.9(2)
S—N—N-—-N 180.00 180.00 180.0
O'-S—N—-N 180.00 180.00 180.0

as Lewis acid/Lewis base adducts (see a previous section),
it is not surprising that the stronger Lewis acid sSf0rms

the more stable adduct with the azide anion. Because of its
longer S-N bond, the SEN3;~ anion should undergo SO
group rotation even more easily thang8ly . Therefore, one
can expect the orientations of the S§doups in the SEN3~
anions to vary significantly from one salt to another. The
Ns—N, distances at-1.13 A are significantly shorter than
the N,—Nj distances at-1.21 A and are characteristic for
covalent azides with significant triple and double bond
character, respectively. With increasing-IS bond length
and a weakening of the SON;~ interaction, the N—Ng

and N;—N, bonds become, as expected, more similar, and
their values approach those of the freg Mnion.

The CsSGN3;CsSQNj; structure exhibits many short
contacts indicative of strong interionic interactions. Thus,
all the Cs--O distances fall within the range 3.047(6)
(Cs2--01)-3.40(2) (Cs2-05) A and are considerably
shorter than the sum of their van der Waals radii of about
4.5 A3 The Cs-+N contacts of 3.219(13) and 3.305(11) A,
involving the SQN3~ and the SEN3~ groups, respectively,
are also significantly shorter than the sum of their van der
Waals radii of about 4.54 A. The $1Cs2 contact of 3.848-

(2) A is also considerably shorter than the average distance
of ~4.43 A for the remaining Gs'S contacts.

The short Cs-O contacts mentioned here result in a three-
dimensional network of four-memberedOs rings involv-
ing alternating SEN3; and SQN3 units (Figure 1). A mean
least-squares plane analysis of these two four-membered
rings shows that they are twisted by 93wuith respect to
each other. The cesiunsulfur network (Figure 4) forms the
basic crystal lattice that is built up of face- and edge-sharing
cuboids stacked in a stair-like fashion.

The yellow impurity @) was identified as a double salt of
CsS,05 and CsS,0; with a molecule of S@present as a
solvate. The crystal structures of the separate anions have
previously been reported;** and the structure of this ternary
compound will be discussed in a forthcoming paper.

Vibrational Spectra and Theoretical Calculations.The
vibrational spectra of CsSf3, N(CH3)sSO:N3, CS(SQ)2Ns3,

(36) Christe, K. O.; Dixon, D. A.; McLemore, D.; Wilson, W. W.; Sheehy,
J. A,; Boatz, J. AJ. Fluorine Chem200Q 101, 151.
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(37) Bondi, A.J. Phys. Cheml1964 68, 441.
(38) Lindqvist, I.Acta Crystallogr.1957, 10, 406.



SON;~, (SO)-Ns~, and SQNs~ Anions

Table 6. Vibrational Spectra of Solid [N(CkJ4][SO2N3] and Cs[SGN3] and Assignment of the SM;~ Anion Bands Based on the Unscaled
Frequencies and Intensities Calculated at the RHF, MP2, B3LYP, and CCSD(T) Levels of @heory

vibrational frequencies, cn

exptl

calcd for free SGN3~ Cs" assignments

N(CHz)4™
Raman, IR, Raman, Raman,

RHF MP2 B3LYP CCSD(T) —65°C 22°C 22°C —100°C SON3~ N(CHs)4™

3039(45)
3035(40)sh
2995(11)sh
2981(13)sh
2958(36)
ggiggég v(CH) modes
2883(4)
2859(4)
2824(2)sh
2817(5)
2797(3)
2019(19) 2036vs 2036(20) 2042(16) (1383128+ 269)

2375(1456)[146] 2143(889)[107] 2106(1182)[120] 2043  2014(27) 2013(25) 2018(3QINs)

1488(2) va(A1), 0(CHs)
1469(13) v6(E), 5adCHs)
1463(15)

1417(2) V16(F2), (SS(CH3)
1404(2)

1332(2)  1329m  1330(5) 1333(5) (2663)

1294(2) V17(F2), CHs rock

1411(434)[10]  1239(3)[34]  1350(42)[17] 1291  1272(7)  1272m  1274(13) 1274(24N3)

1289(431)[7.3]  1244(249)[56] 1198(297)[25] 1202 1197(5)  1196s  1190(9) 1188(9){SO,)

1188(7) v7(E), CHs rock
1179(2)
1143(2) 1145(1)

1164(207)[20]  1087(199)[203] 1065(266)[65] 1056  1083(47) 1073s 1077(100) 1078(&1$0,)

1076(20)sh

952(12) Vlg(Fz), VaicN4)

758(9) v3(A2), v(CNy)
793(10)[10] 586(1)[4] 646(6)[1] 508 6650 662mw 660(3)  663(2) O(Ns)in SNsplane
700(18)[0.1] 550(1)[1] 608(6)[0.3] 549 5(N3) out of SN; plane
607(116)[1.4]  497(33)[4] 504(27)[4] 505  544(4) 547m  540(7)  543(5)0sciss(SO)

460(5) v19(F2), 5(CN,)
499(263)[6.4]  329(133)[10]  369(122)[8] 368 405(12)  414ms  420(15)  428(1LYBON

377(2) V12(F1), ‘L’(CH3)
352(13)[2.9] 181(11)[12]  220(1)[6] 223 295(10) 309(30)  317(45)(SOy)
310(189)[29] 167(38)[17] 181(50)[20] 177 224(100) 258(84)  269(1003N)
150(4.0)[11] 69(4)[11] 106(9)[14] 96  154(28) 169(20)  175(24Ysciss(SNN)

125sh

100(24) 96(100) 103(56) lattice vibrations

86(17)sh 86sh

78(31) 78(27)
17(0.9)[8.4] 30(1)[10] 22(1)[7] 25 7(0,5—N3)

aBands arising from the FEP sample tube were observed at 735(2)innthe spectrum of the N(CHi,™ salt.

N(CH3)4(S0,)2N3, and CsSEN3 are summarized in Tables  following order: SGN3~, (SG,)2N3s~, N3~ in SO, solution,
6—8 and Figures 57. The assignments were made by and SQNj; .

comparison with the calculated spectra and are supported SO,N;~. The structure of the S@I;~ anion is well

by normal coordinate analyses. The correctness of theestablished by the crystal structures of its NgGHS and
given mode descriptions was established by the calculatedCst (Figure 2) salts and the results from the theoretical
potential energy distributions. All the listed calculations calculations (Figure 2 and Table 4). It must be emphasized
were carried out with a 6-331G(d) basis set. The calcula-  that only the calculations at a correlated level duplicate the
tions at the B3LYP level were also done with 6-31G(2d) experimentally observed orientation of the Sgoup. At

and aug-cc-pvtz basis sets and showed that the choice othe RHF level, the SOgroup points in the same direction
the basis set had little influence on the results. For the as the azido group. However, the energy difference between
ease of presentation, the spectra are discussed in thehe two calculated structures is only about 1 kcal/mol because
of the rotational barrier along the-N\s bond in SGN3~ (v

gigg Svaggio,Y SACcrt]a CrIyS(t:Z"cigréW% ﬁ7, 5187- ¢ Clo84 40, 1780 = 22 cmt at the B3LYP level) being even lower than that
ang, Y.; Chen, |.-CActa Crystallogr, Sect. , . : — _ 1
(41) Hvoslef, J.; Tracy, M. L.; Nash, C. Rcta Crystallogr, Sect. C1986 in SO:N3 (V = 33 cm ) The agreement betwe.en the
42, 353. observed and the calculated spectra (see Table 6) is satisfac-
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Table 7. Vibrational Spectra of [N(CH4][(SO2)2N3] and [Cs][(SQ)2N3] and Assignments for (SQN3s~ Based on the Frequencies and Intensities
Calculated at the MP2 and B3LYP Levels of Thedry

vibrational frequencies, cni

exptl
calcd for free calcd for free N(CHg)4* Cst
O,SNNNSQ~ (O2S),NNN~ Raman, Raman, assignments
MP2 B3LYP B3LYP MP2 —80°C? —100°C (OS)N3~ N(CHg)4"
3052(8)sh
3043(12)
3037(8)sh
2992(13})
2976(5) v(CHz) modes
2960(6)
2930(10)
2903(1)
2826(4)
2096(10)[93] 2076(35)[11] 2125(21)[137] 2102(12)[206] 2028(1) 2028(27) vadN3)
1981(13) 2019(17)
1492(1) v2(A1), 0s(CHz)
fpie } v6(E), 0afCHy)
iggggg } v16(F2), 0s(CHs)
1333(13)
1241(0)[46] 1379(0)[22] 1339(2)[11] 1252(4)[58] 1316(2) 1308(3.6) vs(N3)
1299(5) v17(F2), CHz rock
1236(1)[67] 1243(11)[29] 1235(5)[24] 1242(5)[38] 127315)
1228(8)[13] 1241(0)[17] 1224(5)[24] 1217(0.1)[32] 1250(1) 1246(2) VadSO)
1223(3)
1177(1) v7(E), CHg rock
1140(100) 1120(10
1052(1)[457] 1094(4)[307] 1088(2)[176] 1080(4)[287] 1136(98) 1113( SO,
1052(5)[143] 1077(7)[112] 1078(6)[51] 1067(2)[219] 1128(30) 1099(41) v(SQ)
1082(1) 1096sh
1074(1)
956(4) v18(F2), VadCNg)
756(6) v3(A2), vs(CNa)
563(0)[2] 640(0)[4] 638(0)[2] 563(0.1)[0.6] 644(2)
546(0)[1] 620(0)[1] 606(0)[2] 502(0.3)[1.4] 617(1.6)
546(0.4)
488(1)[0] 501(1)[11] 504(1)[2] 491(0.1)[5] 536(4) 535(5) Oscis{SOy)
487(0)[5] 498(0)[0] 503(0)[5] 487(1)[5]
458(2) v19(F2), 6(CNa)
384(1) v1(F1), 7(CHa)
370(1) 352(2)
276(2)[8] 306(0)[15] 323(2)[6] 312(2)[5] 292(1) 310(5)
261(1)[5] 281(5)[1] 308(4)[4] 276(3)[15] 231(7) 254(4)
201(0)[10] 209(0)[16] 247(1)[3] 221(1)[9] 206(5)
201(0)[15] 172(0)[3] 181(0)[8] 162(0.4)[2] 172(7) 183(4)
140(0)[5] 131(0)[10] 146(1)[4] 139(0.4)[7] 161(14)
135(1)[0] 130(2)[1] 112(0)[15] 109(0.1)[7] 128(10) 139(12)
109(0)[1] 71(0)[4] 78(0)[4] 79(0.03)[9] 117(5)
97(0)[2] 52(0)[3] 73(0)[6] 68(0.08)[6] 105(9) 105(11)
71(0)[5] 20(0)[10] 34(0)[2] 45(0.01)[3] 89(5)
47(0)[1] 19(0)[1] 30(0)[3] 26(0.05)[2] 78(5)
69(4)
34(0)[0] 1(0)[1] 22(0)[0] 23(0.03)[2] 54(4)

aBands arising from the FEP sample tube were observed at 734(3)fomthe N(CH)4(O.S)N3 sample? Raman spectra of Cs{S)N; recorded at
—130°C on the Cary instead of the Bruker Equinox showed significant changes in the relative intensities of some of the bands.

tory if one keeps in mind that the skeletal modes involving previous study of the S~ anion?? demonstrate the
the very long N-S bonds are strongly correlation dependent. difficulties associated with the accurate calculation of highly
Thus, the uncorrelated RHF method underestimates the bondonic, long bonds. In view of the significant discrepancies
length of the SN bond resulting in high-frequency values between the observed and calculated frequencies, the cal-
for the modes involving the NS bond. On the other hand, culated force fields have not been included in this paper.
all the correlated methods significantly overestimate th&S (50,)2N3~. Whereas the structure of the 3@~ anion is
bond length (see Tables 4 and 5) resulting in low-frequency firmly supported by its crystal structures, only Raman data
values for these modes. If one assumes that the actual bondre available for the (S»N3~ ion. Because the negative
lengths and frequencies fall between the uncorrelated andcharges in N~ are located on the two terminal nitrogen atoms
the correlated values, the fit between calculated and observeq42) Lork, E.; Mews, R.: Viets, D.. Watson, P. G.. Borrmann, T Vij, A
data becomes satisfactory. These results, together with our ~ Boatz, J. A.; Christe, K. Olnorg. Chem 2001, 40, 1303.
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Table 8. Vibrational Spectra of [Cs][SEN3]

vibrational frequencies, cn

exptl

calcd

assignments

IR, 22°C Raman, 22C MP2 B3LYP SQN3~ (Cy)
3337m 2134+ 1247 1+ v11)
2469m 1269+ 1247 @3+ v11)
2450m 2 x 1247 (2x v11)
2283w 1247+ 1045 @4+ v17)
2134vs 2138(23) 2272(19)[81] 2192(827)[89] v1(A"), vadN3)

2118(15)
1483w 2 x 744 (2% vs)
1278(8) 1285(1)[1] 1323(136)[8] va(A"), v(N3)
1269vs 1283(9)[16] 1241(318)[14] va(A"), vadSO3)
1247vs 1250(9) 1261(9)[7] 1218(336)[9] v12(A"), vadSOs)
1114w 1089(5)
1045vs 1052(100) 1022(4)[44] 987(158)[40] v4(A"), v(SOs)
1028w 562+ 464 (r13+ o)
744s 746(18) 706(0.5)[5] 700(18)[5] vs(A"), 6(N3) in plane
640sh 644(10) 558(0.1)[0.1] 593(8)[0.1] v12(A"), 6(N3) out of plane
626vs 563(9)[7] 572(349)[6] ve(A"), 6(SOs) umbrella
618m 2 x 313 (2x v4)
579w
562s 558(13) 519(1)[4] 510(28)[4] v13(A"), 2SOy
556s
547s 550sh 518(0.5)[3] 509(18)[3] V7(A"), Iscis{SOy)
464m 464(54) 363(2)[29] 369(34)[24] vo(A), Y(S—N)
370(28) 314(1)[11] 314(11)[9] vg(A"), 8roc(SOs)
364sh
313(8) 322(0)[1] 318(0)[1] V14(A"), OwadSOs)
185(23) 123(0)[7] 139(1)[6] V1o(A"), Oscis{ S=N—N)
112sh
49(0)[6] 33(0)[6] vis(A"), 7(S—N)
> =
z =
2000 1600 1200 800 400 «—cm’ 2000 1600 1200 800 400 —om’
Figure 6. Raman spectrum of Cs(SJoNs.
[}
o
[ =
z £
2 E
[) (2]
‘E’ =4
- [
U‘ S
%
3000 2500 2000 1500 1000 500 —cm"
Figure 5. Raman spectra of CsSRs (upper trace) and of N(CHSO:N3 >
(lower trace). The band marked by an asterisk is due to the FEP sample ‘@
tube. é’
(see previous discussion), the Sg#oups must be attached M
to these. However, the two $Qroups could be attached to 2500 2000 1500 1000 500 «—cm’

the same or to different nitrogen atoms. Theoretical calcula- Figure 7. Infrared (upper trace) and Raman (lower trace) spectra of
tions at the B3LYP and MP2 levels of theory (Figures 8 CSSQNs

and 9) favor the geminal 1,1-(S2N3~ over the terminal m—m interaction between the &N and S=O double
1,3-O,SNNNSQ™ adduct by 3.5 and 0.4 kcal/mol, respec- bonds resulting in an N-O interaction of 2.84 A, while at
tively. Figure 8 also shows that the B3LYP and MP2 the B3YLP level the interaction occurs mainly through
calculations result in very different minimum energy struc- N—S bonds. Calculations were also carried out using the
tures for the 1,3-adduct. At the MP2 level, there is, in MP2 structure as the starting point for the B3LYP calculation
addition to the N—S bond with 2.56 A, also significant and vice versa, but in each case, the calculations reverted
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B3LYP/6-31+G(d) B3LYP/6-31+G(d)

N 7
08
N2 09
N3
08
S4
05
06 Z 08-87-09 =
£ 08-87-N1 =
£ 09-87-N1 = £ 08-57-09 = 115.2 / 05-54-06 = 115.5
£ §7-N1-N2 = £ 08-87-N1 = 99.7 £ 05-S4-N1 = 98.9
4 N1-N2-N3 = £ 09-S7-N1 = 102.2 Z 06-S4-N1 = 100.8
® O08-S7-N1-N2 = 134.1 £ S7-N1-N2 = 108.7 Z S4-N1-N2 = 112.9
® 09-S7-N1-N2 = 13.9 £ S4-N1-87 = 117.5 / N1-N2-N3 = 178.9
® S7-N1-N3-S4 = -130.0 ® 08-S7-N1-N2 = -18.6 ® 05-S4-N1-N2 = 32.0
® 09-S7-N1-N2 = 100.0 ©® 06-S4-N1-N2 = 150.3

MP2/6-31+G(4)

MP2/6-31+G(d)

Z 08-87-09 = .4
£ 08-87-N1 .4
£ 09-87-N1 .1
£ S7-N1-N2 .6
£ N1-N2-N3 .7 £ 08-87-09 = 116.3 £ 05-84-06 = 116.3
® 08-S7-N1-N2 = -114.8 Z 08-87-N1 = 100.3 £ 05-84-N1 = 97.3
® 09-S7-N1-N2 = 4.6 £ 09-s7-N1 = 101.2 £ 06-84-N1 = 102.1
© S7-N1-N3-S4 = -71.7 Z S7-N1-N2 = 102.3 Z S4-N1-N2 = 99.3
Figure 8. Structures of the 1,3-(S§Ns~ anion calculated at the B3LYP/ £ S4-N1-57 = 100.7 £ NI-N2-N3 = 177.5
® 08-S7-N1-N2 = 147.3 © 05-S4-N1-N2 = -19.5
6-31+G(d) and MP2/6-31G(d) levels. ® 09-S7-N1-N2 = -93.1 ® 06-S4-N1-N2 = 99.5

back to the structures shown in Figure 8, establishing that Figure 9. Structures of the 1,1-(S®N3z~ anion calculated at the B3LYP/

they are the true minima for each method. For the 1,1- 6-31+G(d) and MP2/6-3+G(d) levels.

adducts, the MP2 and B3LYP structures are more similar . L .
SO:N3~. The structure of this anion is firmly established

(F|g.urfa 9),' . by the X-ray diffraction results (Figure 3). The theoretical
Distinction between the 1,1- and the 1,3-Structures is ., o jations at the MP2 and B3LYP levels (see Tables 5
possible from the observed Raman intensities (see Table 7)'and 8 and Figure 3) result in almost identical geometries:
In the 1,3-structures, the relative intensities of the antisym- however, compared to the experimental structure, the SO
metric and the symmetric azide stretching modes are group is rotated by 60about the SN axis. As for SGN;,
comparable, while in the 1,1-adducts, the antisymmetric poih methods significantly overestimate the-8 bond
stretching mode is much more intense than the symmetric|engih, in this case by 0.12 A. This bond distance overesti-
one. Furthermore, in the 1,3-adduct, many of the low mate results in an underestimate of those vibrational frequen-
frequency skeletal modes are of low Raman intensity, while jeg involving the SN bond (see Table 8), but otherwise,
in the 1,1-adduct they are more intense and of comparableihe agreement between observed and calculated spectra is
intensity. The observed spectra (see Table 7 and Figure 6)satisfactory. The fact that the—®! bond in SQN;~ is
clearly favor the energetically preferred 1,1-structure. significantly shorter than that in $85~ has already been
SO, Solutions of Ns™. The Raman spectra of the yellow explained here by the increased Lewis acidity of;SThis
solutions of N~ in liquid SO, show bands at about 2016(s) increased withdrawal of electron density and negative charge
(vafN3), 1274(W) ¢asSD), 1120(VS) (symS0y), 646(mw) from the azide anion in SN;~ also causes a marked
(0N3), 400(br), and 230(br) cni that are in accord with the  decrease in the NN bond lengths, an increase in the average
spectra observed for the yellow, solid 1,1-0;~ adduct. N3 streching and bending frequencies, and an increased bond
In view of the similar spectra and the fact that the theoretical length difference between the,NNg and N;—N,, bonds.
calculations indicate that the bonding of a third and fourth
SO, ligand to (SQ).N;~ becomes increasingly weaker (see
previous discussion), the yellow species present in the The N;~ anion acts as a pseudohalide and dissolves in
N3 /SO, solutions is attributed to the 1,1-(9eNs~ anion. liquid SO, forming yellow donof-acceptor adducts contain-

Conclusions
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The recently proposed (SO,),Ns~ anion was structurally characterized by single-crystal X-ray diffraction of the
[Cs][(SO,)2N4] salt (P2:/c, a = 8.945(2) A, b = 10.454(2) A, ¢ = 8.152(2) A, B = 109.166(3)°, Z = 4, and R; =
0.0329 at 130 K). In the (SO,).N;~ anion, both SO, ligands are coordinated to one terminal nitrogen atom of the
N3~ anion.

Introduction ratio. These adducts can be viewed as halosulfites and
seudo-halosulfites. The strength of the bond between these
nions and S@was found to decrease with increasing anion
size®1113|n the SQF~ anion, for example, the-SF bond

Sulfur dioxide has been extensively used as a nonaqueoug
inorganic solvent; 3 and many S@solvates of metal cations

have been structurally well characterized by X-ray crystal- is basically a single bond, while the S-anion bonds iBISO

Ioglraphy‘.‘iHaliide andipseudo-halide anions, such ag¥ and SQSCN- are best described as contacts or secondary
CI=*" Br—° 17, CN",? SCN",'* OCN",** and recently 1

— 11,12 i . . ..
Ns~,"**were also found to form adducts with @ a 1:1 In a recent paper in this journal, we reported the syntheses

and characterization of the [M][S83] and [M][(SO,)2N3]
salts, where M was N(CHl, and Cs'? These salts are of

*To whom correspondence should be sent. E-mail: karl.christe@
edwards.af.mil.

T University of Southern California. significant interest for polynitrogen chemistry because SO

* Air Force Research Laboratory. i i ; ;

S Present address: Department of Chemistry and Biochemistry, The !S an gxcelle_nt S_Olvent for carrying out metathetlcal re_actl_ons
University of Lethbridge, Alberta, TLK 3M4, Canada. involving azide ions. Because the reactions of the azide ions

(1) Waddington, T. C. I'Nonaqueous Soént SystemsVaddington, T. with the SQ solvent can complicate the desired metathetical

C., Ed.; Academic Press: London, 1965; p 253. . .
(2) Karcher, W.. Hechts, H. IGhemistry in Nonaqueous lonizing et reactions, a better understanding of the nature of these

Jander, G., Spandou, J., Addison, C. C., Eds.; Pergamon: Oxford, (SO,)sN3~ adducts is very important. Whereas the [M]-

3) 18?1?;’/\1?/8'.'FS.’IrF\)N?ogn.aqueous Seénts Lagowski, J. J., Ed.; Academic [S,OZN3]_ salts were well characterized by Single'crYStaI X-ray
Press: New York, 1970; p 138. diffraction, the [M][(SQ)2N3] salts were characterized only

) gﬂo%vcvlsis%;zl_%k' E.; Watson, P. G.;"@ter, B. Coord. Chem. Re by vibrational spectroscopy. Although the vibrational spectra

(5) (a) Kornath, A.; Neumann, F.: Ludwig, Raorg. Chem 1997, 36, favored a structure in which both S@olecules are attached

5570. (b) Lork, E.; Mews, R; Viets, D.; Watson, P. G.; Borrmann, to the same terminal nitrogen atom of the azide ion, a more

T.; Vij, A.; Boatz, J.; Christe, K. Olnorg. Chem 2001, 40, 1303. (c) e ; ;
Kessler, U.. van Wilen, L. Jansen, Minorg. Chem2001, 40, 7040, definite proof for the proposed structure was highly desirable.

(6) Burow, D. F.Inorg. Chem.1972 11, 573. _ There were two previous reports on adducts with an 80

(7) Kuhn, §5g§°@§£’n?q55§'fr55355°95e’ R.; Maulitz, A. H..Chem.  anijon ratio of larger than 1, but none provided any structural

(8) (a) Snow, M. R.; Ibers, J. Anorg. Chem 1973 12, 224. (b) Ellers, eV|d.ence. Thus, in 1938, Jander and Mesech have studied
P. G, Kubas, G. Jnorg. Chem 1978 17, 894. the interaction of S@with the halide and SCNanions by

©) fg{g‘?‘th’ A.; Blecher, O.; Ludwig, RI. Am. Chem. S0d999 121, vapor pressure measurements. They found evidence for the

(10) Kornath, A.; Blecher, O.; Ludwig, RZ. Anorg. Allg. Chem200Q existence of 1:2, 2:1, 3:1, and 4:1 adducts, depending on
626, 731. : e

(11) Kornath, A.; Blecher, O.; Ludwig, RZ. Anorg. Allg. Chem2002, the n.ature of the anion an.d Countercaﬂﬂ?ﬁlmllaﬂy’ alv .
628,183. and infrared spectroscopic study of halides and halosulfites

(12) Christe, K. O.; Boatz, J. A.; Gerken, M.; Haiges, R.; Schneider, S.;
Schroer, S.; Tham, F. S.; Vij, A.; Vij, V.; Wagner, R. |.; Wilson W. (13) Maulitz, A. H.; Boese, R.; Kuhn, NI. Mol. Struct.1995 333 227.
W. Inorg. Chem.2002 41, 4275-4285.. (14) Jander, G.; Mesech,.H. Phys. Chem., Abt.,A938 183 121.
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The (SQ);N3~ Anion

in SO, solution provided evidence for the presence of 2:1
adducts; however, questionable structures were proposed fo
these (S@.X~ anions that involved an 8—S0O, moiety,
coordinated to the halides through only one sulfur atom.

In the present paper, we report the X-ray crystal structure
of [Cs][(SO,)2Ng], thereby establishing the structure of the
(SOy)2N3~ anion beyond doubt.

Experimental Section

Caution! Azides are highly endothermic and often can decom-
pose explogely. Although no explosion has occurred while

conducting these experiments, the materials should be handled on

a small scale with appropriate safety precautions.

Materials and Apparatus. Reactions were carried out in Teflon-
FEP ampules that were closed by stainless steel valves. Volatile
materials were handled on a Pyrex glass vacuum line equipped with
grease-free Kontes glas3eflon valves. Nonvolatile solids were
handled in the dry argon atmosphere of a glovebox. The;@sid
prepared by literature metho#sThe SQ (Air Products, anhydrous
grade, 99.9%) was dried over CaH

Crystal Growth of [Cs][(SO,):Ng]. Inside the drybox, ap-
proximately 0.02 g of Csp(0.07 mmol) was loaded into a 9-mm

Table 1. Crystal Data for [CS][(S@2N3z~

r chemical formula CsN3 04 S2
fw 303.06
T, K 130(2)
space group P2;/c (No. 14)
a A 8.945(2)
b, A 10.454(2)
c, A 8.152(2)
B, deg 109.166(3)
vV, A3 720.0(2)
Z 4
Pcalce 9 cnt3 2.796
w, mm~1 5.685

R12WR2 [I > 20(1)] 0.0329, 0.0822
R12wR2 (all data) 0.0333, 0.0826

aR1 = (3(Fo — Fo)lFo). PWR2 = [T (W(Fo — F)WIF2)] Y2

determination, refinement, and molecular graphics. The XPREP
program was used to confirm the unit cell dimensions and the crystal
lattices. The structure was solved by the direct method. Successive
difference Fourier synthesis revealed all atoms. The structure was
refined by the least-squares methodFSnAll atoms were refined
anisotropically. For the anisotropic displacement parameters, the
U(eq) is defined as one-third of the trace of the orthogonalizgd
tensor.

FEP tube, which was sealed on one side and fused to a piece of

3/8 in. FEP tubing equipped with a Whitey SBRF2 valve on the
other side. Anhydrous SQ0.5 mL) was added in vacuo to the
solid at—196 °C. After warming to room temperature to dissolve
all the CsN, the tube was cooled t664 °C, and the S@solvent
was removed slowly under a dynamic vacuum-&# °C, yielding

a pale yellow crystalline solid. The ampule was cut open a8

°C under a dry nitrogen stream, and the crystals were immediately
transferred into an aluminum trough, kept-at00°C by a stream

of cold dry nitrogen. A crystal selected in the cold stream was
mounted on a glass fiber by rapidly bringing it into contact with a
droplet of Fomblin oil (Z-25) adhering to the tip of the fiber. The
mounted crystal was rapidly transferred into the cold nitrogen stream
of the goniometer head. The crystal used in this study had the
dimensions 0.80«< 0.34 x 0.313 mni.

Crystal Structure Determination of [Cs][(SO2):Ng]. (a) Col-
lection and Reduction of X-ray Data.X-ray diffraction data were
collected using a Bruker 3-circle platform diffractometer, equipped
with a SMART APEX CCD (charge coupled device) detector with
they-axis fixed at 54.7%(using the program SMAR'), and using
Mo Ko radiation ¢ = 0.71073 A) from a fine-focus tube. The
diffractometer was equipped with a cryo-cooler from CRYO
Industries for low-temperature data collection using controlled liquid
nitrogen boil off. Cell constants were determined from 60 10-s
frames at 130 K. A complete hemisphere of data was collected up
to a resolution of 0.75 A. Processing was carried out by using the
program SAINT:? which applied Lorentz and polarization correc-
tion to three-dimensionally integrated diffraction spots. The program
SADABS!® was used for the scaling of diffraction data, the
application of a decay correction, and an empirical absorption
correction based on redundant reflections.

(b) Solution and Refinement of the Structure.All data were
processed using the SHELXTL package (version'8fty structure

(15) Gerken, M.; Schneider, S.; Schroer, T.; Haiges, R.; Christe, K.O.
Anorg. Allg. Chem2002 628 909.

(16) SMART V 5.625, Software for the CCD Detector SystBroker
AXS: Madison, WI, 2001.

(17) SAINT V 6.22, Software for the CCD Detector SystBraker AXS:
Madison, WI, 2001.

(18) SADABS, Program for absorption correction for area detectors,
Version 2.03 Bruker AXS: Madison, WI, 2001.

Results and Discussion

Preparation and Crystal Growth of [Cs][(SO2).N3].
Yellow 2:1 adducts of S@and either Csilor [N(CHs)4]-

[N3] precipitate from their S@solutions at low temperatute.
While the [N(CH)4][(SO,)2N3] salt is only marginally stable
in a dynamic vacuum at64 °C, that is, close to the freezing
point of the SQ solvent, the corresponding Csalt is stable
in a dynamic vacuum up te-30 °C.

Crystal Structure of [Cs][(SO2).N3]. Details of the crystal
data for [Cs][(SQ)2N3] are provided in Table 1; the observed
bond lengths, angles, and contacts are listed in Table 2,
together with the geometric parameters previously calcu-
lated for the (SQ),Nz~ anion. The atomic coordinates and
equivalent isotropic displacement parameters are listed in
Table 3.

The [Cs][(SQ).N3] salt crystallizes in the monoclinic
space grouP2;/c and contains the (S®N3~ anion (Figure
1). The (SQ).Ns~ anions form double-layered sheets in the
bc-plane, with half of the S@groups in the center and the
azide groups on the perimeters of the sheets (Figure 2). The
Cs" cations are located within the sheets close to the
perimeters and form contacts to the terminal azide nitrogen
of the adjacent double-layers.

In the (SQ).N3;~ anion, the two S@groups are bound to
the same terminal nitrogen atom of N The azide group is
essentially linear with a significant difference in the-N
bond lengths (1.141(6) and 1.219(6) A), which are very
similar to those found in [N(CkJ4][SO2N3] (1.144(2) and
1.214(2) A)In the (SQ),N5~ anion, one SN bond (2.201-

(5) A) is significantly shorter than the second one (2.427(4)
A). However, both SN bonds are longer than that found
for the SQN3~ anion in [N(CH)4[SO2N3] (2.005(2) A)t
The marked difference between the-IS bond lengths

(19) SHELXTL 6.10 for Windows NT, Program library for Structure
Solution and Molecular Graphi¢8ruker AXS: Madison, WI, 2000.
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Table 2. Experimental Bond Lengths [A], Angles [deg], and Contacts
[A] for [Cs][(SO2)2N3] and Calculatet? Bond Lengths and Angles for

the (SQ)2N3~ Anion

calculated
observed B3LYP/6-3tG(d) MP2/6-31G(d)
N(2)—N(3) 1.141(6) 1.16 1.20
N(1)—N(2) 1.219(6) 1.21 1.23
S(1)-N(2) 2.201(5) 2.37 2.46
S(2)-N(2) 2.427(4) 2.40 2.48
S(1)-0(2) 1.449(4) 1.49 1.49
S(1)-0(1) 1.460(3) 1.48 1.49
S(2)-0(3) 1.433(4) 1.48 1.49
S(2-0(4) 1.439(4) 1.48 1.49
N(1)—N(2)—-N@3) 177.6(5) 178.9 1775
S(1)-N(1)—-S(2) 109.8(2) 117.5 100.7
N(2)—N(1)—-S(1) 108.5(3) 108.7 102.3
N(2)—N(1)—-S(2) 102.6(3) 112.9 99.3
0(2)-S(1-0(1) 114.1(2) 115.2 116.3
O(3)-S(2-0(4) 115.9(2) 115.5 116.3
O(2)-S(1-N(1) 99.9(2)
O(1)=-S(1-N(1) 97.1(2)
O@B)-S(2-N(1) 96.5(2)
O(4)-S(2y-N(1) 96.3(2)
Observed Contacts

N(3)---Cs(1A) 3.377(4) N(3)-Cs(1B) 3.434(4)

N(3)---Cs(1C) 3.548(4) N(3)-Cs(1F) 3.351(4)

O(1)--Cs(1) 3.807(4) O(2)-Cs(1D) 3.114(3)

O(2)--Cs(1) 3.287(3) 0O(2)-Cs(1B) 3.139(3)

O(3)--Cs(1C) 3.176(3) 0O(3)-Cs(1E) 3.430(3)

O(4)--Cs(1F) 3.243(4) 0O(4)-Cs(1G) 3.329(3)

Table 3. Atomic Coordinates %10% and Equivalent Isotropic
Displacement Parameters{A 10%) for [Cs][(SO)2N3~

X y z Ueqp
Cs(1) 2061(1) 768(1) 8967(1) 18(1)
S(1) 5507(1) 2332(1) 7631(2) 17(2)
S(2) 7207(1) 5091(1) 10692(2) 18(1)
0(3) 8352(4) 4630(3) 12259(4) 24(1)
o(4) 7694(5) 6163(3) 9883(5) 28(1)
0(1) 4375(4) 3355(3) 7554(5) 25(1)
0(2) 5671(4) 1419(3) 9016(5) 24(1)
N@3) 9574(5) 2165(4) 10774(6) 26(1)
N(2) 8664(5) 2788(3) 9789(5) 20(1)
N(1) 7672(5) 3467(4) 8786(6) 25(1)

aU(eq) is defined as one-third of the trace of the orthogonalizéd

tensor.

Figure 1. Structure of the (S@:N3~ ion in [CS][(SQ)2N3]. Thermal

ellipsoids are shown at the 50% probability level.

observed for the two SQigands in (SQ);N3™ is in contrast
to the calculated structure of the free gaseous anion, in which
both SQ ligands exhibit similar SN distances. The

Christe et al.

Cs{1C)

Figure 3. Closest interionic contacts (A) in [Cs][(SPNs]. Thermal
ellipsoids are shown at the 50% probability level.

and anior-cation interactions in the solid state. The*Cs
cation forms strong interionic contacts to N(1), N(3), and
the oxygen atoms of the anion which are as short as 3.114-
(3) A (Figure 3). Because of the weakness of theS\bonds,
the orientation of the SQOgroups in the (S€.Ns~ anion is
largely governed by the contacts to thetG=tions. The
agreement between the calculated and observed structures
of the (SQ).N3;~ anion is quite good considering the weak
S—N bonds and the strong anieiation interactions.

The observed structure of the 1,1-($Ms~ anion is in
agreement with the previous predictidhahich were based
on the experimental vibrational spectra of the™Cand
N(CHs)," salts. The 1,1-isomer has been calculated to be
more stable than the 1,3-(9&Ns~ anion by 3.5 (0.4) kcal/
mol at the BALYP (MP2) level of theord?. Preferential 1,1-
coordination has also been observed for thlfi catior?®
and dinuclear metal azide complexés.

(20) Christe, K. O.; Wilson, W. W.; Dixon, D. A.; Khan, S. |.; Bau, R.;
Metzenthin, T.; Lu, RJ. Am. Chem. Sod.993 115, 1836.

differences between the observgd solid state and. the calcu@l) Kornath, AAngew. Chem2001 113 3231:Angew. Chem., Int. Ed.
lated gas-phase structures are likely due to packing effects 2001, 40, 3135.
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Conclusions.At low temperature, yellow [Cs][(S£:N3] support. M.G. thanks the Natural Sciences and Engineering
crystallizes from a solution of Cshh liquid SO,. The crystal Research Council of Canada for a postdoctoral fellowship,
structure of [Cs][(S®@2N3] contains the (S@.Ns~ anion in and R. H. thanks the Deutsche Forschungsgemeinschaft for
which both SQligands are coordinated to the same terminal a postdoctoral fellowship.
nitrogen. This study provides the first crystal structure of a
halide or pseudohalide anion bound to more than ong SO
ligand.

Supporting Information Available: Additional tables in PDF
format. Tables of structure determination summary, atomic coor-
dinates, bond lengths and angles and anisotropic displacement
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COMMUNICATIONS

fz’ Experimental Detection of the

Pentaazacyclopentadienide (Pentazolate)
Anion, cyclo-Ng **

Ashwani Vij,* James G. Pavlovich,
William W. Wilson, Vandana Vij, and
Karl O. Christe*

Dedicated to Professor George Olah
on the occasion of his 75th birthday

Nitrogen and oxygen are unique among the chemical
elements. In contrast to the other elements, their homonuclear
single-bond energies are significantly less than one third of
their triple- or one half of their double-bond energies.
Consequently, homonuclear polynitrogen and polyoxygen
species are thermodynamically highly unstable and the
number of known compounds is very limited. Owing to the
highly endothermic heats of formation, their syntheses and
handling present great challenges. It is, therefore, no surprise
that for oxygen only one metastable allotrope, that is, ozone, is
known and for nitrogen none are known that can be isolated
in bulk, while most other elements can exist in the form of
many stable allotropes.

Polynitrogen compounds have been studied extensively for
the last two decades. In view of the great experimental
difficulties, most of the efforts have been limited to theoretical
studies.'"") The first major breakthrough in the synthesis area
was achieved in 1999 with the synthesis of the Ns* ion in the
form of a marginally stable AsF,~ salt.l'] Subsequently, the
thermally more stable Ns*SbF,~ was synthesized, and the
crystal structure of Ns*Sb,F;;~ was determined.!'!]

Based on Born—-Haber cycle considerations, the stability of
an ionic salt is governed by three factors: the lattice energy,
the electron affinity of the cation, and the first ionization
potential of the anion. Furthermore, each ion must possess a
sufficiently high activation energy barrier toward decompo-
sition. For the successful combination of Ns* with a poly-

[*] Dr. A. Vij, Dr. K. O. Christe, Dr. W. W. Wilson, V. Vij
ERC, Inc. and Propulsion Sciences and Advanced Concepts Division
Air Force Research Laboratory (AFRL/PRSP)

Edwards Air Force Base, CA 93524 (USA)

Fax: (+1) 661-275-5471

E-mail: ashwani.vij@edwards.af.mil
karl.christe@edwards.af.mil

and

Loker Hydrocarbon Research Institute

University of Southern California

Los Angeles, CA 90089-1661 (USA)

Dr. J. G. Pavlovich

Department of Chemistry

University of California, Santa Barbara, CA 93106 (USA)

[**] This work was funded predominantly by the Defense Advanced
Research Projects Agency, with additional support from the Air Force
Office of Scientific Research and the National Science Foundation.
The mass spectrometer instrumentation at UCSB was supported
under the Army Research Office Award no. DAAD19-00-1-0026. We
thank Dr. Robert Corley, Dr. Arthur Morrish, Dr. Don Woodbury, Dr.
Michael Berman, and Prof. W. Kaska for their support, and Dr.
Michael Gerken, Dr. Thorsten Schroer, Dr. Stefan Schneider, Dr. Ralf
Haiges, Dr. Ross Wagner, and Dr. Suresh Suri for their collaboration
and stimulating discussions.
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nitrogen anion in the form of a stable salt, an anion with a high
first ionization potential is required. Theoretical calculations
from our and other!3812-18] research groups predict that the
unknown pentazolate anion (see Figure 1) has a first ioniza-
tion potential and activation energy barrier toward decom-
position that might be high enough for the formation of stable
Ns™Ns—. As a result, the synthesis of the N5~ ion is hotly
pursued in numerous laboratories.

Although the existence and stability of substituted penta-
zole ring compounds have been demonstrated successfully
more than 40 years ago by Huisgen and Ugil'*? and
substituted pentazoles have been
well characterized,?2! all attempts }V_l\{ 1.3294 &
to prepare either the parent HNs; N @N
molecule!®3% or its anion, N5~, have \N/
so far been unsuccessful. Herein, we  Figure 1. Minimum en-
report the first experimental detec- ergy structure of the pla-
tion of this important anion. nar Dy, pentazolate an-

In our pursuit of the Ny~ ion, the — 1on from ref. (1], calcu-

. i lated at the CCSD(T)/
following strategy was employed: a)  auo.ccpVTZ level of
the use of Ugi—Huisgen-type, substi-  theory.
tuted phenylpentazoles as starting
materials; b) the transfer of maximum negative charge to
the pentazole ring by the use of highly electron-donating
substituents on the phenyl ring in para-position to the
pentazolyl substituent to increase the aromaticity and stability
of the pentazole ring, while at the same time weakening the
connecting C—N bond; c) the selective cleavage of the C—N
bond, while keeping the N—N bonds of the pentazole ring
intact; and d) the use of an analytical method that is ideally
suited for the generation and detection of anions. Similar
approaches have been described, but attempts to cleave the
C—N bond by ozonolysis were unsuccessful.?>3! The reasons,
outlined above, prompted us to choose para-hydroxy-P! and
para-dimethylamino-substituted phenylpentazoles?! as start-
ing materials and negative-ion electrospray ionization mass
spectrometry (ESI-MS)P234 as the analytical tool.

The arylpentazoles and the corresponding diazonium salt
precursors were prepared and characterized by multinuclear
NMR spectroscopy.?*2¥l For the cleavage experiments, these
pentazoles were dissolved in strongly polar solvents, such as
CH;CN or a mixture of CH;OH and CH,Cl,, and infused into
the spectrometer's ion source at 10 uLmin~! with a syringe
pump.B In tandem mass spectrometry (MS-MS) experi-
ments, the desired negative-ion peaks are mass-selected and
subjected to product ion mass analysis following collision-
induced dissociation (CID) at variable collision voltages using
N, or Ar as the collision gas.

The most interesting results were obtained with para-
hydroxyphenylpentazole in CH;CN. An intense [parent—H]~
base peak was observed at m/z 162 and mass-selected for
subsequent MS-MS studies (Figure 2). It was found advanta-
geous to add a base, such as pyridine, to the CH;CN solutions
to increase significantly the concentration of this para-
pentazolylphenolate anion. Using a low collision voltage of
—10V, the m/z 162 ion [OC,H,N;]~ underwent stepwise N,
N,, and CO loss (see Scheme 1), giving rise to intense peaks
with m/z values of 134 [OC¢H,N;]-, 106 [OC¢H,N]~, and 78
[CsH,N]-, respectively. The loss of the first N, molecule is due
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Figure 2. Negative ion, full-range CID mass spectra of the mass selected,
N labeled (m/z 163) and unlabeled (m/z 162) peaks due to [OC;H,Ns]~
recorded at collision voltages of —75, —50, and —10 V. All spectra are
multichannel spectra and the typical mass resolution and noise level are
shown for the m/z 70 and 71 peaks in the inserts.

to the opening of the pentazole ring and produces the 4-
azidophenolate ion. The second N, loss occurs from the azido
group and generates the deprotonated quinone-imide,
[N=C¢H,=O]. This ion then undergoes CO extrusion giving
a [CsH,N] ion. Secondary fragmentation of the m/z 134 ion at
a collision voltage of —30 V gave rise to intense peaks at m/z
78 [CsH,N]-, 52 [C;H,N], and 50 [C;N]~. The product ion
spectra of the m/z 106 and 78 ions at collision voltages of
—75V gave only a very intense m/z peak at 50 [C;N].
Using high collision voltages of about —75 V for the CID of
the m/z 162 ion, however, gave a very different fragmentation
pattern. The only peaks observed were m/z 70, 52, 50, and 42.
The m/z 70 peak can only be due to N5, and the m/z 52 and 50
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Scheme 1. ESI-MS-MS fragmentation of the mass-selected unlabeled

4-pentazolylphenolate anion at low and high collision voltages.

peaks are due to [C;H,N]~ and [C;N]-, respectively, and, as
shown above, result from the fragmentation of the [C;H,N]~
ion. The m/z 42 peak is attributed to the azide anion, Nj~.
Since the 4-azidophenolate ion does not eliminate N5~ but
only N, (see above results for the MS-MS of the m/z 134
peak), the N5~ ion can only come from the decomposition of
an N5~ ion. These results clearly demonstrate that at high
collision voltages the pentazolate anion is formed. The
fragmentation of the m/z 70 ion to N5~ by loss of dinitrogen
is in accord with the theoretically predicted decomposition
pathway of N5~ and further supports its identification as N5~

Additional evidence for the formation of the pentazolate
anion was obtained by studies using "N labeled 4-hydrox-
yphenylpentazole. In these experiments, the 4-hydroxyphe-
nyldiazonium salt was reacted with azide that was "N labeled
in one terminal position. This resulted in a pentazole ring
containing one N label either in the N2, N3, N4, or N5
positions. Its ESI-MS spectrum (see Figure 2 and Scheme 2) at
high collision voltages gave the m/z 71 peak expected for a
singly labeled pentazolate anion. Furthermore, the observa-
tion of both an m/z 135 peak and an m/z 134 peak for the N-
labeled and unlabeled [OC¢H,N;]~ ions, respectively, and of
single m/z 106 and 78 peaks provides proof that the first two
steps of the low collision voltage decomposition must involve

N
iy
N\N
5N Labeled Pentazole
One label on either N2, ~ mM/z135
N3, N4, or N5 N
5 _
N Low Collision _ N
N*—N- O
/AR o
SN N — » CHNT
~ 1/ N N S48
Nynlabeled N N m/z78
Ny* 0
m/z106
_m/z134
High Collision
Voltage N,

m/z 163 ——— Nj

N=N
O
N
m/z 71
Scheme 2. ESI-MS-MS fragmentation observed for the mass-selected ’N

singly labeled 4-pentazolylphenolate anion at low and high collision
voltages.

m/z 42 or 43
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. N, elimination, while the third
i step is the CO extrusion from
the [N=C(H,=O]" ion.
The N;~ and N, fragments
have been calculated at the
CCSD(T)/aug-cc-pVTZ  level

N 2
RN - Ao of theory to be 60 kJ mol~! low-
Energy er in energy than Ny, with an
60 kJ mol™ ™ energy barrier of 116 kJmol™!

[ tar

Nz + N, to the cycloreversion (Fig-
ure 3).8] These values indicate
that bulk N5~ salts should be
manageable on a preparative
scale. Furthermore, the forma-
tion of the N5~ ion from a
starting material containing a
pentazole ring and the vibrational instability of open-chain
N; 8l establish beyond doubt that the observed N5~ species
must be the long-sought pentazolate anion.

In summary, our results constitute the first experimental
detection of the pentazolate anion and demonstrate that in
suitably substituted phenylpentazoles the C—N bond can be
cleaved while leaving the pentazole ring intact. Since the
substituted phenylpentazoles are easily accessible, this ap-
proach holds great promise for the bulk synthesis of N5~ salts,
and experiments in this direction are in progress in our
laboratories. The pentazolate anion is the polynitrogen
counterpart to the cyclopentadienide anion. It, therefore,
has great potential as a pentahapto ligand for transition
metals!'>3) and could lay the foundation for a field of purely
inorganic metallocene-type chemistry. Our results on Ny*10-11]
and Ny, together with the recent observations of the
N, molecule as a metastable species with a lifetime exceeding
one microsecond,” the observation of a new but ill-charac-
terized polynitrogen species from a discharge generated
nitrogen plasma,®! and exciting progress in high nitrogen
compounds,?**! indicate a bright future for experimental
polynitrogen chemistry.

Figure 3. Activation energy
barrier and decomposition en-
thalpy of the pentazolate anion
calculated at the CCSD(T)/aug-
cc-pVTZ level of theory.l®l

Experimental Section

Caution! Although no explosions were encountered in the course of this
work, pentazoles can spontaneously lose nitrogen and should be handled by
using appropriate safety precautions (small scale, face shield, leather
gloves, protective clothing, and blast shields) until reliable safety data for
these compounds become available.

The NMR spectra were recorded at 400.13 MHz ('H), 100.62 MHz (**C),
29.91 MHz (*N), and 40.56 MHz (**N) on a Bruker Avance 400 NMR
spectrometer using solutions in a standard glass precision 5 mm tube at
—10+1°C. The pentazoles are more stable in 1:1 mixtures of CD,Cl, and
CD;CN than in other solvent mixtures that contain some CD;OD. The
following external references were used: 'H, TMS (0 ppm), *C (CD,Cl,)
54.00 ppm or (CD5;CN) 1.39 ppm referenced to (CH;),Si (0 ppm); '°N, 1:1
mixture of 50% N labeled CD;NO, and CH;NO, (0 ppm).

The following arylpentazoles were prepared from the corresponding
aryldiazonium salts and sodium azide in water at ice/salt-bath temper-
atures: para-R-CgH,-cyclo-Ny (R=O0H, O~ (for the counterions see
below), OCH;, OC4Hs, N(CH,),, O-C¢H,-cyclo-Ns). For the preparation
of "N-labeled pentazoles, singly labeled Na*['"N=N=N]~ was used. In a
typical preparation, 4-hydroxyaniline hydrochloride (2.4 mmol) was dis-
solved in water (~ 15 mL) in a 50 mL beaker, cooled in an ice-salt bath, and
slightly acidified with 1N aqueous HCI. A cold solution of sodium nitrite
(2.6 mmol) in water (~10 mL) was slowly added with vigorous stirring,
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resulting in the instant formation of 4-hydroxyphenyldiazonium chloride. A
cold aqueous solution of sodium azide (2.5 mmol) was slowly added with
stirring, resulting in spontaneous effervescence and the formation of a
brownish solid. This solid was filtered off at 0°C, washed with ice-cold
water and then with cold methanol (—25°C) twice, and finally dried in
vacuo. 4-Hydroxyphenylpentazole was obtained in 20-35% yield, conta-
minated with ~10% of 4-hydroxyphenylazide, and characterized by
multinuclear NMR studies. For the preparation of the cesium or
tetramethylammonium (TMA) salts, equivalent amounts of N(CH;),OH
or CsOCHj; in methanol, respectively, were added to the 4-hydroxyphen-
ylpentazole solutions at —40°C and these solutions were then allowed to
warm slowly to —10°C. Alternatively, the 4-pentazolylphenolate anion
could be generated by adding pyridine to a solution of 4-hydroxyphenyl-
pentazole in CH;CN at —25°C.

For the following '"H NMR spectra, H, and H, correspond to the hydrogen
atoms at the ortho and meta positions, respectively, relative to the
pentazole-bearing carbon atom (C,,,), and for the *C NMR spectra, the
carbon in the para position, bearing the electron-releasing group, that is
-OH or -0, is labeled as (C,). In the case of the >N NMR spectra, N1 is
the nitrogen atom in the pentazole ring that is bonded to the aryl group, N2/
NS5 are bonded directly to N1, and N3 and N4 are bonded to N2 and NS,
respectively. In the corresponding azides, N1 refers to the nitrogen atom
attached to the phenyl group and N3 is the terminal nitrogen atom. The *N-
labeled azides were obtained by the thermal decomposition of the
corresponding pentazoles at 25°C, resulting in the 2 and 3 positions being
labeled. Evolved N, gas can be observed at 6 = —72 ppm (literature value
0 =—73 ppm!®)). Spectral data, obtained for the compounds in either a 1:1
mixture of CD,Cl, and CD;CN or a mixture of other solvents are:
4-Hydroxyphenylpentazole: 'H: 6=7.02 (H, AB, 2H, 3/y4=9.2 Hz),
795 ppm (H, AB, 2H, 33 =9.2 Hz); *C: 0 =126.4 (s, C), 1232 (s, C,),
1170 (s, C,,), 161.2 ppm (s, C,); “N: 6 = —81.6 ppm (br, N1); "N: 6 =4.2 (s,
N2/N5), —27.6 ppm (s, N3/N4). Literature valuesP!:: '"H: § =7.04 (d, H,, /=
6.4 Hz), 8.01 ppm (d, 2H, J=6.5 Hz). The previously reported coupling
constant of about 6.4 Hz appears to be incorrect.

4-Hydroxyphenylazide: 'H: 0 =6.75 (H, AB, 2H, *J;; ;= 8.8 Hz), 6.83 ppm
(H, AB,2H, 3/ =8.8 Hz); *C: 6 =131.5 (s, C)), 120.4 (s, C,), 116.9 (s, C,,),
1553 ppm (s, C,), "N: 0 =—136.6 (s, N2), —149.1 ppm (s, N3); "N: 6 =
—141.2 (s,N2), —152.5 ppm (s, N3). Literature values “*;: '"H: 6 = 6.83 (H, d,
2H, J=9 Hz), 6.92 ppm (H, d, 2H, J=9 Hz).

Cesium/TMA 4-pentazolylphenolate: 'H: 6 =6.66 (H, AB, 2H, /=
72 Hz), 6.74 ppm (H, AB, 2H, %/ =72 Hz); BC: 6 =122.8 (s, C), 120.7
(s, C,), 119.9 (s, C,), 172.1 ppm (s, C,); ¥N: 6 =—81.1 ppm (br, N1); BN
0=19 (s, N2/N5), —29.7 ppm (s, N3/N4).

Cesium/TMA 4-azidophenolate: 'H: 6 =6.61 (H, AB, 2H, 3J;;;; = 6.8 Hz),
795 ppm (H, AB, 2H, 3/ 3 =6.8 Hz); *C: 6 =125.1 (s, C)), 120.2 (s, C,),
120.1 (s, C,,), 165.4 ppm (s, C,); "N: 6 = —135.7 (s, N2), —150.9 ppm (s, N3).
Literature values B!l CD;0D (CD,CL,): 'H: 6 =6.59 (6.47) (d, 2H,J=9.0
(8.8) Hz), 6.69 ppm (6.65) (d, 2H, J=9.0 (8.8) Hz); "N (CD,CL): 6=
—131.7 (s, IN), —148.4 ppm (s, IN). In the literature data,*I no assignments
to the individual nitrogen atoms were given, and due to the nuclear
Overhauser effect, the N signals cannot be integrated.
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First Synthesis of Optically Pure
Propargylic N-Hydroxylamines by Direct,
Highly Diastereoselective Addition of
Terminal Alkynes to Nitrones**
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Optically active propargylic alcohols serve as versatile
building blocks for asymmetric synthesis.'! The corresponding
propargylic amines or N-hydroxylamines could also serve in a
similar capacity were it not for the fact that general, useful
methods that provide access to such compounds are not
available.”) The latter are not only synthetic equivalents of the
former, but also are amenable to further elaborations, such as
cyclization to afford isoxazolines.’! Herein, we document the
first general method for the preparation of optically active
propargylic N-hydroxylamines [Eq. (1), Tf=trifluorometh-

0.5 equiv Zn(OTf),

Me, Me 1.5 equiv NEt, Me,Me

O 0.5 equiv Q 0
Ot o Me  MN~on o O Me M

N o . —_— N 0’ 5

PN H——R' H
R” H O Me - R ™ O Me

1 CH,Ci,, 23 °C > R'

R: aliphatic, aromatic diastereoselectivity: 92:8 to 98:2

anesulfonyl]. The method prescribes the use of nitrones which
are conveniently prepared through condensation of the
corresponding aldehydes and a mannose-derived glycosidic
N-hydroxylamine.] Reaction of the nitrones with a broad
range of terminal acetylenes in the presence of Zn' ions, 2-
dimethylaminoethanol, and NEt; gives adducts in high
diastereoselectivity and yield. Following its addition, the
auxiliary is easily removed by treatment of the products with
N-hydroxylamine hydrochloride; a process which allows for
re-isolation and reuse of the auxiliary. The method we
document should find use in medicinal chemistry to provide
access to a new class of useful building blocks for the
asymmetric synthesis of pharmacologically important com-
pounds.

There are scant, scattered reports that document diaster-
eoselective additions to chiral nitrones. These typically
involve additions of Grignard or organolithium compounds
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Abstract: Ab initio molecular orbital theory has been used to calculate accurate enthalpies of formation
and adiabatic electron affinities or ionization potentials for N3, N3~, Ns*, and Ns~ from total atomization
energies. The calculated heats of formation of the gas-phase molecules/ions at 0 K are AH{(N3(*I1)) =
109.2, AH{(N3~(*3 1)) = 47.4, AH(Ns~(*A1')) = 62.3, and AH(Ns*(*A1)) = 353.3 kcal/mol with an estimated
error bar of +1 kcal/mol. For comparison purposes, the error in the calculated bond energy for N is 0.72
kcal/mol. Born—Haber cycle calculations, using estimated lattice energies and the adiabatic ionization
potentials of the anions and electron affinities of the cations, enable reliable stability predictions for the
hypothetical Ns*N3~ and Ns*Ns~ salts. The calculations show that neither salt can be stabilized and that
both should decompose spontaneously into N3 radicals and N,. This conclusion was experimentally
confirmed for the Ns*N3~ salt by low-temperature metathetical reactions between NsSbhFs and alkali metal
azides in different solvents, resulting in violent reactions with spontaneous nitrogen evolution. It is
emphasized that one needs to use adiabatic ionization potentials and electron affinities instead of vertical
potentials and affinities for salt stability predictions when the formed radicals are not vibrationally stable.
This is the case for the Ns radicals where the energy difference between vertical and adiabatic potentials
amounts to about 100 kcal/mol per Ns.

Introduction pounds and ions. There have been a number of theoretical

The discovery of stable 4\ saltst2the long-known existence studies on allotropes of nitroggp using ab initio molecular orbitgl
of stable N~ salts? and the recent experimental detection of theory Wlthqut the use (_)f empirical parameters, but these studies
the N5~ aniorf have stimulated research in polynitrogen have n_ot reliably established the (_anergencs of these compounds.
chemistry and a search for nitrogen allotropes. The high In particular, we note the extensive work of the Bartlett group
endothermicity of polynitrogen compounds renders their prepa- ©" these spgués‘athe work of Nguyen and Ha on decomposr
ration and handling very difficult, and reliable stability predic- 10N mechanisms for &, x = —1, 0, +1," and that of Martin
tions are important for the selection of suitable target com- @Nd co-workers on BF Several theoretical studies on the

- _ — : 9
pounds. The enthalpies of formation of crucial species, such asStability of Ns"Ns™ and Ns*Ns™ have been publishetk? In
Ns, N3-, Ns, Ns*, and N, are not accurately known from the most recent work, Fau, Wilson, and Bartlett performed ab

experiment, because of the dlfflCU'ty in handling these com- initio MP2 and CCSD(T) molecular orbital theory and B3LYP
density functional theory calculations orsNNs~ and NsTN3~

IPNNL. and their individual ions as well as on quasi-periodic clusters
§62Fé'-- of Ns*Ns~. This work suggested that on a closed shell singlet
i Univérsity of Warwick. surface the MNs~ ion pair is stable to dissociation into the
Ulowa State University.
(1) Christe, K. O.; Wilson, W. W.; Sheehy, J. A.; Boatz, J.Axgew. Chem., (5) Fau, S.; Bartlett, R. J. Phys. Chem. R001, 105 4096.
Int. Ed. 1999 38, 2004. (6) Fau, S.; Wilson, K. J.; Bartlett, R. J. Phys. Chem. 2002 106, 4639.
(2) Vij, A.; Wilson, W. W.; Vij, V.; Tham, F. S.; Sheehy, J. A.; Christe, K. O. (7) Nguyen, M. T.; Ha, T.-KChem. Phys. LetR001, 335 311. Nguyen, M.
J. Am. Chem. So001 123 6308. T.; Ha, T.-K. Chem. Phys. Let200Q 317, 135.
(3) Curtius, T.Ber. Dtsch. Chem. Ge489Q 23, 3023. (8) Martin, J. M. L.; Francois, J. P.; Gijbels, B Chem. Phys199Q 93, 4485.
(4) Vij, A.; Pavlovich, J. G.; Wilson, W. W.; Christe, K. GAngew. Chem., (9) Gagliardi, L.; Orlandi, G.; Evangelsti, S.; Roos, B.JOChem. Phy2001,
Int. Ed 2002 41, 3051. 114, 10733.
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cation and anion by 114 kcal/mol but is stH300 kcal/mol The standard enthalpies of formation of compounds at 298 K
above 5N molecules. Thus, the singlet coupled ion pair can then be calculated fromei® K value and other calculated
represents a metastable structure on the potential energy surfaceroperties by using standard thermodynamic and statistical
Approximate transition state searches suggested that the singlemechanics expressiofhs.

coupled ion pair is stable by ¥25 kcal/mol to dissociation This paper provides a conclusive answer to the question of
for the channel producing Nand N. These authors also  whether the lattice energies of these salts are sufficient to
suggested thatdNN3™ is unlikely to be stable. The authors noted  stabilize them as solids, thus preventing spontaneous electron
that this is consistent with their calculated vertical electron transfer from the anion to the cation and spontaneous decom-
affinity and ionization potential calculations, suggesting that the position. Furthermore, for NNs;~, experimental data are
Ns*Ns™ ion pair is less ionic than thedNs™ ion pair because  provided in support of our theoretical predictions.

the high ionization potential of &, relative to that of N,

causes in M"Ns~ effective resistance to charge transfer from EXperimental Section

the qnlo_n to thg catiof. ] ) Caution! Reactions of N" salts with azide ions are violent and can
This interesting concept and our own interests in such resylitin explosions. Therefore, these materials should be handled only
compounds led us to perform a different set of calculations on on a small scale with appropriate safety precautions (face shield, leather
the stability of these compounds. We have also used high levelgloves, and protective clothing).
ab initio molecular orbital theory to address the important  Materials and Apparatus. All reactions were carried out in a
question of whether the combination of a stable polynitrogen Teflon-PFA double U-tube apparatus that consisted of a reaction U-tube,
cation, such as &, with a stable polynitrogen anion, such as aporous Teflon filter assembly, and a receiver U-tube. Volatile materials
Ng_, can lead to a stable ionic nitrogen a"otrope’ such as were handled on a stainless steel/Teflon-FEP vacuumgiNenvolatile
Ns"N3~. The stability predictions were made using Bettaber solids were handled in the dry nitrogen atmosphere of a glovebox.
cycles, a well-established and widely used methémt evaluat- Inf_rared spectra were recorded on a Mattson (_Balaxy ET-IR spectrometer
ing the stability of ionic salts, if reliable values for the lattice using dry powders pressed between AGCl windows in an Econo press

. f th | he first ionizati ial of th . (Barnes Engineering Co.). Raman spectra were recorded on a Bruker
energies of the salts, the first ionization potential of the anion, Equinox 55 FT-RA spectrometer using a Nd:YAG laser at 1064 nm

and the electron affinity of the cation are available. This 5,4 pyrex melting point capillaries as sample containers.

approach also requires an excellent knowledge of the nature e N.spR, was prepared using our previously reported procediure.
and stability of the most likely decomposition products. The CsN (Aldrich Chemical Co.) was pretreated with an excess of
A critical prerequisite for such stability calculations is the (CHs)sSiNs to remove any traces of moisture. The S@ir Products)
use of accurate heats of formation and electron affinities and was used as received.
ionization potentials. We have developed an apprbachthe Reactions of NSbFs with CsNs. In a typical experiment, bR
reliable calculation of molecular thermodynamic properties, (2.285 mmol) and Csi(2.267 mmol) were loaded in the drybox into
notably enthalpies of formation, based on ab initio molecular 2 Teflon-PFA reaction vessel that was closed by a Teflon valve. On
orbital theory without using empirical parameters. Our approach the vacuum line, anhydrous $¢5.0 mL, liquid) was added at196
involves an accurate calculation of the total atomization energy _: The reaction mixture was warmed to the melting point of 654
of a molecule and combines this value with known enthalpies C). After the S@ had partially melted and the slurry of reactants was
of formation of the atoms to calculate the molecular enthalpy gently agitated, a violent reaction took place producing a bright yellow

. . . flame. The reactor was quickly quenched with liquid nitrogen. A check
of formation at 0 K. This method starts with coupled cluster ¢, honcondensable gases-a196 °C revealed 9.05 mmol of Nas

theory, including a perturbative triples correction (CCSD))! expected for the complete decomposition of 2.267 mmol gif\o
combined with the correlation-consistent basis'8ééextrapo- N,. Pumping off all volatiles at-64 °C produced 0.8890 g of a white
lated to the complete basis set (CBS) limit to treat the correlation solid residue (weight expected for 2.267 mmol of CsSbF0.836 g).
energy of the valence electrons. This step is followed by a The extra weight was due to some residuab.SRaman and infrared
number of smaller corrections that are presumed to be additive,spectra of the white solid, after pumping at room temperature, showed
including core-valence interactions and relativistic effects, both it to be pure CsShi

scalar and spirorbit. Finally, one must include the zero-point This reaction can be moderated by the separate dissolution of the

energy obtained from experiment, theory, or some combination. starting materials in SQand the combination of the resulting clear
solutions at-64 °C. Under these conditions, the decomposition reaction

proceeded rapidly but without violence and gave the same results as

(10) Greenwood, N. N.; Earnshaw, &Zhemistry of the Element2nd ed.;

Butterworth-Heinemann: Oxford, 1998; p 82. described above.

(11) Peterson, K. A.; Xantheas, S. S.; Dixon, D. A.; Dunning, T. H.J.JPhys. . . .
Chem. AL998 102, 2449. Feller, D.: Petérson, K. A. Chem. Phys1998 Reactions of NSbF; with NaNs. To equimolar amounts of NajN
108, 154. Dixon, D. A.; Feller, DJ. Phys. Chem. A998 102, 8209. Feller, and NiSbFs was added CHfas a solvent at 196 °C, and the resulting
D.; Peterson, K. AJ. Chem. Physl999 110, 8384. Feller, D.; Dixon, D. mixture was warm °C and then 4°C. N volution
A. J. Phys. Chem. A999 103 6413. Feller, DJ. Chem. Physl999 111, ture was warmed t6-95°C a dt en to-64°C. No \; evolutio
4373. Feller, D.; Dixon, D. AJ. Phys. Chem. 200Q 104, 3048. Feller, was observed under these conditions. The €i&s pumped off at
JD';C%OMOiD%' g%b(fhlelrg.gFJ&QSQQ llS, iSS#FlfllerbD';SDi)éon' D.Gfx. —95 °C, and SQ was added as a solvent atl96 °C. The mixture

. Chem. Phy: . Dixon, D. A;; Feller, D.; Sandrone, G. ° . .

Phys. Chem. AL999 103 4744. Ruscic, B.; Feller, D.; Dixon, D. A;  Was warmed to-64 °C, but again no M evolution was observed.
Peterson, K. A.; Harding, L. B.; Asher, R. L.; Wagner, AJFPhys. Chem. Pumping off the S@at —64 °C resulted in a white solid residue that,

éezng(r’lDlF)gi i(-)r']?UDSCLCg E-e? t\é\ggr’]‘ek ﬁ; 'Fé};oﬂar%ng'QiLa{nB');(Ars\lher’CR'Lli_Lj; based on its room-temperature Raman spectrum, consisted of a mixture
R Ch’en;’W.; Schwenke, D. W. ,’:h)',s_"(;hen?_’ R002 106, '2’72%’_ 77" ofunreacted Nabland NsSbFs, indicating that no reactions had occurred
(12) Purvis, G. D., IIl; Bartlett, R. JJ. Chem. Phys1982 76, 1910. due to the very low solubility of Naiin these solvents.
(13) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordonCkem.
Phys. Lett.1989 157, 479.

(14) Watts, J. D.; Gauss, J.; Bartlett, R.JJ.Chem. Phys1993 98, 8718. (17) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, JJ.AChem.

(15) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007. Phys.1997 103, 1063.

(16) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.J.Chem. Phys1992 (18) Christe, K. O.; Wilson, W. W.; Schack, C. J.; Wilson, R.IBorg. Synth.
96, 6796. 1986 24, 39.
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Computational Approaches

Enthalpies of Formation. The augmented correlation consistent
basis set aug-cc-pVnZ @ D, T, Q)*° was used for nitrogen. Only the
spherical components @-7-, 9-g and 11h) of the Cartesian basis
functions were used. This family of basis sets contains an additional
shell (e.g., spd for DZ) of diffuse functions that are necessary for an
accurate description of anions. Calculations were performed using the
MOLPROZ® Gaussiart! and GAMES$? suites of programs. The open
shell CCSD(T) calculations were carried out at the RIUCCSD(T) level.
In this approach, a restricted open shell HarttEeck (ROHF)
calculation was initially performed to generate the set of molecular
orbitals and the spin constraint was relaxed in the coupled cluster
calculation?*-25 The CCSD(T) total energies were extrapolated to the
CBS limit by using a mixed exponential/Gaussian function of the form:

E(n) = Ecgs + Aexp[-(n— 1)] + Bexpl-(n — 1] (1)
with n = 2 (aug-cc-pVDZ), 3 (aug-cc-pVTZ), etc., as first proposed
by Peterson et &F This extrapolation method has been shown to yield
atomization energies in the closest agreement with experiment by a
small measure as compared to other extrapolation approaches u
throughn = 48

Most geometries were optimized at the frozen core CCSD(T) level
with various augmented correlation-consistent basis sets. With the
exception of the M radical, all geometries were optimized with the
aug-cc-pVTZ or aug-cc-pVQZ basis sets. If the CCSD(T)/aug-cc-pVQZ
geometry was not available, the CCSD(T)/aug-cc-pVTZ geometry was
used for the CCSD(T)/aug-cc-pVQZ calculation. Geometries for the
Ns radicals were obtained from ZAPT2/6-3&G(2df) and CCSD(T)/
aug-cc-pVDZ calculations. Vibrational frequencies were calculated at
the CCSD(T) and MP2 levels with the aug-cc-pVDZ basis set.
Calculations were performed on SGI, IBM, and Apple G4 computers.

Core—valence correctionsAEcy, were obtained at the CCSD(T)/
cc-pCVTZ level of theory” Scalar relativistic correctiona\Esg), which
account for changes in the relativistic contributions to the total energies
of the molecule and the constituent atoms, were included at the CI-SD
(configuration interaction singles and doubles) level of theory using
the cc-pVTZ basis sefAEsr is taken as the sum of the masselocity
and 1-electron Darwin (MVD) terms in the BreiPauli Hamiltoniar?®
Because N has &S ground state, there are no atomic sgimbit
corrections to the total atomization energies. The -spiit coupling

(19) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.
(20) MOLPRO is a package of ab initio programs. Werner, H. J.; Knowles, P.
J.; Almlof, J.; Amos, R. D.; Berning, A.; Cooper, D. L.; Deegan, M. J. O.;
Dobbyn, A. J.; Eckert, F.; Elbert, S. T.; Hampel, C.; Lindh, R.; Lloyd, A.
W.; Meyer, W.; Nicklass, A.; Peterson, K. A.; Pitzer, R. M.; Stone, A. J.;
Taylor, P. R.; Mura, M. E.; Pulay, P.; StfauM.; Stoll, H.; Thorsteinsson,
T. MOLPRQ Universitd Stuttgart and University of Birmingham: Stuttgart,
Germany and Birmingham, England, 2000.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, A. C.;
Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98revision A.6;
Gaussian, Inc.: Pittsburgh, PA, 1998.
(22) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M.
S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus,
T. L.; Dupuis, M.; Montgomery, J. AJ. Comput. Cheml993 14, 1347.
(23) Rittby, M.; Bartlett, R. JJ. Phys. Chem1988 92, 3033.
(24) Knowles, P. J.; Hampel, C.; Werner, H3JChem. Physl994 99, 5219.
(25) Deegan, M. J. O.; Knowles, P.Ghem. Phys. Lettl994 227, 321.
(26) Peterson, K. A.; Woon, D. E.; Dunning, T. H., Jr.Chem. Phys1994
100, 7410.
(27) Peterson, K. A.; Dunning, T. H., Jr. Private communication.
(28) Davidson, E. R.; Ishikawa, Y.; Malli, G. LlChem. Phys. Lettl981, 84,
226.

(21)
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constant for Nis 71.3 cnt! based on experimeft)eading to a spir
orbit correction of 0.10 kcal/mol.
By combining our computed Do values with the known enthalpies
of formatior?® at O K for N of AH{°(N) = 112.53+ 0.02 kcal mot?,
we can deriveAH values for the molecules under study in the gas
phase. We obtain enthalpies of formation at 298 K by following the
procedures outlined by Curtiss and co-workeémnd by using the
stationary electron convention; that is, we do not assume a change in
the enthalpy of formation of the electron as a function of temperature.
Lattice Energies. For this study, eq 2
U, = 2[aV,, "+ ] )
was used to estimate the lattice energy, of the salts N*Ns~ and
Ns"N3~ from estimated ion volumesis the ionic strength=£1), Vi is
the molecular (formula unit) volume of the lattices involved which is
equal to the sum of the individual ion volumes of the catign, and
anion,V_, anda. andp take the values 28.0 kcal mdlnm and 12.4
kcal mol, respectively, for 1:1 salts. The individual ion volumes can
be estimated from an ion volume datab&smferred in some cases
from established crystal structure data, or calculated. To calculate the
volumes of the ions, we chose to use the volumes that we have used
in free energy of solvation calculatioBThe electron densities were
calculated at the B3LYP/6-34G* level 2 and the volume was taken
to be that inside the 0.001 au contour of the electron density.

Results and Discussion

Calculated Geometries.The calculated geometries for the
molecules, N, N3, N3~, Ns—, and N5t are summarized in Table
1.

N2. As expected, the geometry for,Mt the CCSD(T)/aug-
cc-pVQZ level is in excellent agreement with the experimental
value3* Theory overestimates experiment by 0.0028 A. For
comparative purposes, we also optimized theNNbond length
with the larger aug-cc-pV5Z basis set. This produced a small
0.0010 A decrease in the bond length, indicating that the aug-
cc-pVQZ bond lengths should be within approximately 0.001
A of the basis set limit for the other molecules that could be
treated at this level of theory. If the frozen core approximation
is removed via calculations with the core/valence (CV) cc-
pCVQZ basis set, another 0.0020 A shortening of the bond
length is observed. The final CCSD(T)/aug-cc-pVbLV bond
length of 1.0975 A is almost identical to the experimental value
of 1.0977 A.

Ns. The geometry for B(D.p) is in excellent agreement with
the experimental valu®. The calculations predict a value for
the NN bond that is slightly shorter than the experimental value.
This result is in contrast to Nwhere the calculations predict a
longer bond at the CCSD(T)/aug-cc-pVQZ level.

(29) Douglas, A. E.; Jones, W. Can. J. Phys1965 43, 2216.

(30) Chase, M. W., Jr. NIST-JANAF Tables, 4th ddPhys. Chem. Ref. Data
Mono. 9,1998 Suppl. 1.

(31) Jenkins, H. D. B.; Roobottom, H. K.; Passmore, J.; Glassénpkg. Chem
1999 38, 3609. Jenkins, H. D. B.; Tudela, D.; Glasser,lhorg. Chem
2002 41, 2364.

(32) zhan, C.-G.; Dixon, D. AJ. Phys. Chem. 2001, 105, 11534. Zhan, C.-
G.; Dixon, D. A.J. Phys. Chem. 2002 106, 9737. Zhan, C.-G.; Bentley,
J.; Chipman, D. MJ. Chem. Physl998 108 177. Zhan, C.-G.; Chipman,
D. M. J. Chem. Phys1998 109, 10543.

(33) Becke, A. DJ. Chem. Phys1993 98, 5648. Lee, C.; Yang, W.; Parr, R.
G. Phys. Re. B 1988 37, 785. Stephens, P. J.; Devlin, F. J.; Chabalowski,
C. F.; Frisch, M. JJ. Phys. Chem1994 98, 11623.

(34) Huber, K. P.; Herzberg, Gvolecular Spectra and Molecular Structure:
Constants of Diatomic Moleculg¥an Nostrand Reinhold Col, Inc.: New
York, 1979; Vol. 4.

(35) Brazier, C. R.; Bernath, F. P.; Burkholder, J. B.; Howard, Q. Zhem.
Phys 1988 89, 1762.
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Table 1. Calculated Valence Correlated Geometries Np* @ ZAPT2 vs RCCSDT (Data)
species basis r (NN) 6 (NNN) A2 A : } t t i t . 24
N(X1A) CCSD(T)/aug-cc-pvVDZ 1.1209 [ ZAPT2/6-311Gi(2d,1f)
CCSD(T)/aug-cc-pVTZ 1.1040 014 L N3-N4
CCSD(T)/aug-cc-pvVQZ 1.1005 i i PP
CCSD(T)/aug-cc-pV5Z 1.0995 X
expt* 1.0977 016 +
N3(X2I1g) CCSD(T)/aug-cc-pvVDZ 1.1997 180.0 & e
CCSD(T)/aug-cc-pVTZ 1.1840 - il T2 »
CCSD(T)/aug-cc-pvVQZ 1.1802 g F  RCCSD(TYeo-pVTZ @
expfs 1.18115 : : i g
Ns(X!y4Y)  CCSD(T)laug-cc-pvDZ — 1.2072 186.0 § . 41
CCSD(T)/aug-cc-pVTZ 1.1912 -
CCSD(T)/aug-cc-pVQZ 1.1876 022 +
expts 1.1884 ¥
Ns~(X1A1) CCSD(T)laug-cc-pvDZ  1.3429 108.0 P ."\. e
CCSD(T)/aug-cc-pVTZ 1.3309 S .‘. .\
Nst(X1A,) CCSD(T)/aug-cc-pVDZ 1.1319 165.87 L ® %
1.3413 107.90 -0.26 % i i i i t 1.4
CCSD(T)/aug-cc-pVTZ 1.1159 167.08 ° 2 4 & . L
1.3238 108.48 Bats Polints
expt 1.10 168.1 Figure 1. Schematic showing the decomposition of therédical formed
1.30 111.2 by electron attachment tosN at the ZAPT2/6-311G(2d,f) and CCSD(T)/
28 \d ~ cc-pVTZ levels. The radical smoothly dissociates to products. XTaeis
Ns(*A1) ZAPT2/6-311G(2d0) ilgfg ilggg corresponds to the calculation number describing the dissociation, and the
1'355 109'5 y axis corresponds to the energy or to the-N\8} (humbered starting from
e ; . the right) interaction distance representing the separation between,the N
CCSD(T)/aug-cc-pvbz 111':5%2 1%827'3 and N\; molecules. The large squares correspond to the ZAPT/6-311G(2d,-
2.576 81.1 1f) potential energy surface, and the circles correspond to the CCSD(T)/
) ) cc-pVTZ potential energy surface. The small squares represent the N3
N5~ —TS® MP2/aug-cc-pvVDZ 1.270 125.5 N4 distance which increases.
1.702 99.4
1.215 107.8
- 7 . .
CCSD(T)/6-313G(d) i%gi 128.9 Ns (Open Isomer).ZAPT27 calculations with the 6-3HG-
1.191 (2df) basis set followed by CCSD(T)/cc-pVTZ single-point

aBond distances in angstroms and bond angles in dedgr&zse/valence
correlation at the CCSD(T)/cc-pCVQZ level shortens the bond length by

0.0020 A, resulting in an estimated CCSD(T)/aug-cc-pV&2&/ value of
1.0975 A.c Constrained by symmetry to these angles. Linear forahd

calculations confirm previous conclusidrihat the N radical
starting from this geometry is vibrationally unstable. Starting
from the optimized N" structure, the neutral species dissociates
without a barrier to N+ N, as shown in Figure 1.

N3~ and Ds, for Ns~. 9 The radical is cyclic with the symmetry unique
atom N1 at the apex. N1 is bonded to N2 and N5, and N2 is bonded to N3,
and N3 is bonded to N4. The bond distances are in the ongddil—N2)
andr(N1—N5); r(N2—N3) andr(N4—N5); andr(N3—N4). The bond angles of N5~ is a degenerate in-plane orbital involving essentially lone
are in the ordefINZNINS; ININ2N3 andlININSN4; andlN2N3N4  — air jnteractions. Production of thesNadical leads to (8)
andON5N4N3. € The transition state for the anion decomposition is cyclic . .

with the symmetry unique atom N1 at the apex. N1 is bonded to N2 and 0ccupancy which JahksTeller distorts to &, structure. Two

N5, and N2 is bonded to N3, and N3 is bonded to N4. The bond distances states can be derived from theYegcupancy, A, state and
arein e order(NL ) ancr (1 NO) Nz ) (N4 300 a8, state (B state would be  radical). The geomery for
ON1N5N4; and0ON2N3N4 andlN5N4N3. the cyclic N; (Cp,) ?A; radical was found to be a stationary
point on the ZAPT2/6-311G(2df) potential energy surface. The

N3~. The calculated geometry forsN is also in very good cyclic Ns radical at the ZAPT2/6-3HG(2df) geometry is 66.8
agreement with experiment, with the calculated NN bond length kcal/mol above the N+ N, asymptote at the CCSD(T)/cc-
again being slightly shorter than experiméht. pVTZ level. The longest NN ZAPT/6-31G(2df) bond

Ns*. The geometry for B has been measured in the crystal distance is that in the base of the pentagon, 1.354 A. The shortest
by X-ray diffraction technique3.The calculated values are in NN bonds are those connected to the apex, 1.292 A. We took
good agreement with the crystal structure values consideringthis geometry and initiated an optimization at the R/UCCSD-
the uncertainty in the experimental values and the different (T)/aug-cc-pVDZ level for both théA; and the’B; states under
environment. The calculated geometrical parameters fgr N the constraint ofC,, symmetry. The?B; state smoothly
are the same as those reported by Fau and Bartlett at the CCSDdissociated to the N+ N, asymptote, showing that on the
(T)/aug-cc-pVTZ leveP, whereas the geometries calculated for CCSD(T)/aug-cc-pVDZ surface, this state is not a minimum.
N3~ at the same level differ slightly. The N; distance converges faster than thedistance. ThéA;

Ns~. The value of 1.334 A calculated for the NN bond length state is difficult to optimize but finally optimizes to a structure
in N5~ at the CCSD(T)/6-311(G(d,p) level lies between our ~ Wwith two elongated N molecules complexed weakly to an N

values calculated at the CCSD(T) level with the aug-cc-pvDZ atom (see Table 1), as it cannot go to the produets-MWs. At
and aug-cc-pVTZ basis sets, respectively. the CCSD(T)/aug-cc-pVTZ level using the optimized CCSD-

Ns (Cyclic Isomer). The Ns radical cyclic isomer would be
generated by detaching an electron from cyckc.N'he HOMO

(36) Polak, M.; Gruebele, M.; Saykally, R. J. Am. Chem. Sod 987, 109,

(37) Fletcher, G. D.; Gordon, M. S.; Bell, R. $heor. Chem. Ac2002 107,
2884, 57.
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(T)/aug-cc-pvVDZ geometry, thid\; state is 60.2 kcal/mol above  Table 2. Calculated Valence Correlated Harmonic Vibrational

the Nb + N3 asymptote. These calculations strongly suggest that, Freauencies (cm™)

on electron detachment fromsN the resulting radical has a mode ~ mode mode

path on the?B; surface that leads directly to thesN- N> method nurber_symmety descripton @ ot
asymptote and that there is no stable cycliaddical structure, CCSD(T)/aug-ce-pvDZ 1 g N2 N, str 2319 2331
as has already been noted previoushs part of a study of (2358.6)

5. H . CCSD(T)/aug-cc-pVTZ 1 o Ny str 2340
Fe(n2 Ns)2, Frenking and co workers reported a structure for CCSD(TYaug.copVoz 1 Uz N str iy
the_ A, state of the Ig_radlcal at the B3LYP/6-31G(d) level  ccsp(ryaugccpvsz 1 o N str 2359
which could be a minimum, although the structure was not Na
discussed® Our result is also consistent with the prediction  Mp2/cc-pvTZ 1 = bend 594 457
of Nguyen and Ha that cyclic Ns not stable with respect to g g Symmetf{? Stft 11‘613?;(‘) 11?;%
dissociation. o asymmetric st
Calculated FrequenciesThe calculated vibrational frequen- Na™
. : . 1 CCSD(T)/laug-cc-pVDZ 1 =« bend 578 626
cies for N,, N3, N3, N5~, N5 (cyclic), and Nt are summarized 2 g symmetric str 1281 1335
in Table 2. 3 oy asymmetricstr 1999 1986
N,. The harmonic frequency at the frozen core CCSD(T)/ Ns~
aug-cc-pVQZ level is within 5 crri of the experimental valu¥. CCSD(TaugcopvDz - 1 af v 1202
Even at the CCSD(T)/aug-cc-pVTZ level, the fequency is 3 e NN str 1078
within 20 cnT?, and, at the CCSD(T)/aug-cc-pVDZ level, it is 4 & bend 1001
within 40 cntl. This level of ag'reement is in par.t fqrtuitqus. MP2/aug-cc-pVDZ 51 e; Z?\Ingtr 117433
Whereas the aug-cc-pV5Z basis set frequency is identical to 2 e NN str 1123
the experimental value, introduction of core/valence correlation i al E‘N th 11%%‘;
. . & en
increasesve by 9.2 cm™. Thus, the final CCSD(T)/aug-cc-pVsZ 5 o bend 740
+ CV value is 9 cmi? larger than experiment. N
Ns. For N, the frequencies calculated at the MP2/aug-cc- mpP2/aug-cc-pvDZ 1 b NN str 2260 2267
pVDZ level are in qualitative agreement with the experimental g zaz m Stf ﬁgg iggi
9 . . str
value$® for the bend and the symmetric stretch and in good i 4 NN str 881 870
agreement for the antisymmetric stretch. In this case, we have 5 a bend 669 671
used the experimental frequencies to calculate the zero-point 6 b bend 431 414
7 @& out-of-plane bend 426 494
energy. ' . . 8 b bend 374 424
N3~. For N;~, the calculated antisymmetric harmonic stretch 9 a bend 179 204
is in excellent agreement with the gas-phase experimental Ns~—TS
value3540 The value for thes, bending frequency for this ion =~ MP2/aug-cc-pvDZ 21 b m str 12‘7‘2
has been measured in the solid state, and a free space estimate s 2 NN Toaa
for v1 has been obtained based on the spectrum measured for 4 NN str 905
the solid4-42For this ion, we used the experimental frequencies 2 b Ee”g ggi
for the zero-point energy determination. Use of the theoretical 7 g: oﬁ?_of_plane bend 591
frequencies introduces a difference of 0.19 kcal/mol because 8 b bend 182
the calculated bend and antisymmetric stretch-a8® cnt?! 9 a NN str 862i

o
—~

lower than the experimental values. The frequencies calculated Ns (cyclic) ?Aq

by us forv; and v3 are in reasonable agreement with those ZAPT2/6-311+G(2df) 21 g m :g iﬁ%
previously calculated at the CASPT2 leVednd at the CEPA 3 a NN str 1064
level 42 4 by NN str 1033

Ns~. For this ion, we used the frequencies calculated at the 2 Z E‘g‘nztr 1%3%
CCSD(T)/aug-cc-pVDZ level for the zero-point energy calcula- 7 b bend 798
tion as there are no experimental values available. Quite good g f}el ggzgf-plane bend 32%9

agreement is found for the frequencies @f Malculated at the
MP2/aug-cc-pVDZ level and at the CCSD(T)/aug-cc-pVDZ aReference 34. Value in parentheses is the harmonic valere/
level. The CASPT2 frequencigsare similar to our values. valence correlation at the CCSD(T)/cc-pCVQZ level of theory increases
. . the harmonic frequency by 9.2 ¢ resulting in an estimated CCSD(T)/

Ns (Cyclic Isomer). Frequencies were calculated at the aug-cc-pV52Z-CV value of 2368 cm?. ¢ Reference 39¢ Lamoureux, R.
ZAPT2/6-31H-G(2df)level of theory for the?A; state. No T.; Dows, D. A.Spectrochim. Acta, Part A975 31, 1945. From N~ in
experimental values are available for this species. As noted @Kl lattice. ¢ References 41 and 42Reference 369 Reference 2 Average
above, théB; structure is not a minimum for the cyclic radical of 565 and 622 c.

at the R/JUCCSD(T)/aug-cc-pVDZ level.

Ns*. For Ns*, there is reasonable agreement between the
frequencies calculated at the MP2/aug-cc-pVDZ level and the
average of the frequencies taken from measurements in the solid
ggg %%?gli(,y ,\’\A" %]rhepgglsé, ?Ah.?@aﬁ%ﬁ%ﬁ?‘&ﬂ?ﬁf’%@"s@gﬁg' Sg;, 110, state? The largest discrepancy is found for the highest frequency
(41) Sherman, W. F.; Wilkinson, G. R. Mibrational Spectroscopy of Trapped b, mode with a difference of+140 cntl. The calculated A

SpeciesHallam, H. E., Ed.; Wiley: London, 1973. and h modes deviate by~50 cnt! from the experimental

(42) See for a quoted value fog: Botschwina, PJ. Chem. Phys1986 85, .
4591. values. The fact that the differences cancel out leads to

(38) Lein, M.; Frunzke, J.; Timoshkin, A.; Frenking, Ghem.-Eur. J2001, 7,
4155.
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Table 3. Contributions to the Total Energy for Ny™ and Relative Energies

Ns=TS (*Ay) Ns—TS (1Ay)
contribution? N (*S) N, (3 %) N3 (*IT) N3~ (134 N5~ (*Ay) Ns* (*A) MP2 ref 7 geom
aug-cc-pvVD2 —54.486849 —109.295320 -—163.770896 —163.863661 —273.142269 —272.683885 —273.101846 —273.099657
aug-cc-pVT2 —54.516714 —109.380845 —163.900633 —163.997758 —273.360072 —272.900359 —273.317071 —273.315909
aug-cc-pvVQ2 —54.525300 —109.407243 —163.939895 —164.038815 —273.428772 —272.965446 —273.383465 —273.382442
Est. CBSeq1 —54.530069 —109.422126 —163.961942 —164.061926 —273.467671 —273.001946 —273.420892 —273.419928
AEqecCBS eq ¥ 227.15 233.26 296.00 512.87 220.63 483.52 482.91

AEcy® 0.65 1.03 1.22 1.66 1.80
AEsg —0.11 —0.51 —0.51 —1.04 —0.85
AEzpg? —3.35 —5.54 —6.53 —13.12 —12.27 —10.96 —10.0
SDoh 224.34 228.34 290.18 500.37 209.31
AH¢(0 K)! 112.53 0.72 109.25 47.41 62.28 353.34
AH¢(0 K) expt 0.6° 99.74 5% 48+ 2
1124 5%344
AH(298 K) 0.76 108.6 47.4 59.6 351.6

aTotal energies in hartrees and energy differences in kcalfmelence electron only CCSD(T) total energy with the given basis set. Open shell systems
were treated with the R/JUCCSD(T) methddEstimated frozen core, complete basis set energy obtained from eq 1 using the CCSD(T)/aug-cc-pVXZ (x
D, T, Q) energies. For the sake of comparison, the CBS dissociation energyoftiithe aug-cc-pVTZ through aug-cc-pV5Z basis sets is 226.63 kcal/mol.
dValence electron atomization energy from extrapolated total energies obtained with @qré/valence correction obtained from R/UCCSD(T)/cc-pCVTZ
calculationsf Scalar relativistic correction obtained from CISD/cc-pVTZ calculatidr@ero-point vibrational energy contributiohy Do = AEejec+ AEcy
+ AEsr + AEso + AEzpe ' Enthalpy of formation at 0 Ki. Enthalpy of formation at 298 Kk Spin—orbit correction of+0.10 kcal/mol for N.

calculated and experimental zero-point energies that are es-mol~1. Fau and Bartlett calculated the enthalpy of formation of

sentially identical. We used the average experimental values inN3™ by a variety of method3Their best estimated enthalpy of

our zero-point energy calculations. Our calculated frequencies formation of 47.8 kcal matt is in good agreement with our

are in qualitative agreement with those calculated at the CCSD-value. The electron affinity of hNhas been measured to be 2.68

(T)/6-311G(2d) and B3LYP/6-314G(2d) levels-2 The CCSD- + 0.01 eV#* Our calculated adiabatic electron affinity of 2.69

(T) values are in general lower than our MP2 values except for eV is in excellent agreement with this result. With an ANO

the @ and h modes which are higher. The CASPT2 frequencies (4s3p2d1f) basis set, the CASPT2 electron affinity was predicted

differ from ours more than might be expected, especially for to be 2.64 e\A’

the two highest modés. Ns*. The enthalpy of formation of &, calculated by us, is
Calculated Enthalpies of Formation.The total atomization 353.4 kcal mot. This result is in reasonable agreement with

energies are given in Table 3. Thedi® values were converted  the value of 347.1 kcal mol, calculated by Fau and Bartlétt.

to 298 K following the procedure of Curtiss and co-work¥rs.  Christe and co-worket# predicted the enthalpy of formation
N.. As shown in Table 3, the error in the atomization energy of Ns* to be 351.1 kcal mott at the CCSD(T) level with a

of N, is 0.76 kcal mof! when compared to experimeRtThis polarized doublé: basis set. Nguyen and Ha predict a heat of

leads to an error in the calculated enthalpy of formation at 0 K formation of 351.3+ 3.6 kcal/mol based on CCSD(T)/6-3t1

of 0.76 kcal mot®. We can thus estimate that the error bars in G(3df) calculations and the experimental energy af N

our heats of formation are likely to be on the orderdf kcal/ The adiabatic electron affinity of & is given by the energy

mol. difference between its enthalpy of formation and those of the
N3. The enthalpy of formation of Nhas been reported by a  first metastable neutral reaction or decomposition products.

number of authors. The NIST vaRfeof 100+ 5 kcal mol? at Because the intermediate, open-chagr&dical, formed by the

0 K is almost 10 kcal moft below our calculated value. Our  addition of an electron to §, is unstable and spontaneously

calculated value of 109.2 kcal nélis in much better agreement  dissociates to N(g) + N2 (g), the energy of reaction 4 provides

with the value of 112+ 5 based on the experimental measure- the adiabatic electron affinity of 4¢.

ment of the acidity of HNYand the measurement of the electron

affinity of N3~.#344 Our value of 109.25 kcal mot is in N5 (9)+e — N;(g) + N,(9) (4)

excellent agreement with the scaled value of 109.25 kcat ol

given by Martin et af The calculated atomization energies show The N; radical and N only form a weakly bound van der Waals

that reaction 3 complex with a binding energy on the order of less than 1 kcal
mol~%. Our calculated value of 243.3 kcal mél(10.55 eV)
NL(IT) () — N(*S) (g)+ N,(*=") (9) (3) for reaction 4 is much higher than either the vertical electron
affinity of 6.04 eV reported by Fau et alor the adiabatic
is only 4 kcal mof! endothermic at 0 K. ionization energy of 7.4= 0.2 eV reported by Nguyen and Ha,

Ns~. The enthalpy of formation of i has been determined  but is in excellent agreement with our experimental bracketing
from gas-phase acidity measurements and the enthalpy ofstudy that showed the electron affinity ofsN to fall between
formation of HN; to be 484 2 kcal mol1.43 This value is in 10.52 and 11.48 eV.
excellent agreement with our calculated value of 47.2 kcal Ns~. The enthalpy of formation of N is calculated to be
62.2 kcal mot?, in excellent agreement with the value of 62.1
(43) Pellerite, M. J.; Jackson, R. L. Brauman, JJ.1Phys. Chemi981, 85, + 3.6 kcal/mol given by Nguyen and HaThis value can be
(44) lllenberger, E.; Comita, P. B.; Brauman, J. |.; Fenzlaff, H. P.; Heni, M.; Uused to calculate the adiabatic ionization potential gf i

Heinrich, N.; Koch, W.; Frenking, @Ber. Bunsen-Ges. Phys. Chetf85 the same manner as discussed above 0t Ns noted above,

89, 1026. Jackson, R. L.; Pellerite, M. J.; Brauman, J. Am. Chem. Soc.
1981 103 1802. loss of an electron from the degenerate HOMO ¢f Mads to

J. AM. CHEM. SOC. = VOL. 126, NO. 3, 2004 839



ARTICLES Dixon et al.

either a?B, or a2A radical. We have shown that formation of NN AH, N Now) - (Nt No )
the 2B, radical provides a pathway leading ta M N», so the PO s ey e T e s e
following channel (reaction) represents the adiabatic ionization -

process: AH, = 13023

Ns (9)—N3(9) +Ny(9) te Ns“(e) + N5 (2)

1
[47.9 kcal mol -~ (2.08 eV)] (5) | IP (N =479 1

Use of this channel gives an adiabatic ionization potential of

2.08 eV for Ni~. Because of the dissociative nature of the cyclic EA(N; )= 2433 £ 1
Ns radical, this is the most appropriate value to use in the Born  Figure 2. Born—Haber cycle in kcal mott for the decomposition reaction
Haber cycles discussed below. of solid Ns*Ns~. The large negative value foAH, demonstrates the

The important dissociation channel fogNis the formation ~ Unfikelihood of this salt to exist.

of N3~ + N2. We predict this channel to be exothermic by 14.2 N N- AH, N 4 NS N
kcal mol ! at O K. This value is in good agreement with the S e e T men e
value of 14.3 kcal mot! reported by Nguyen and Ha at the

CCSD(T)/aug-cc-pVTZ level.lt is important to know if there AH =143%7

is a barrier separatingdN from the asymptotic productssN

and N. Nguyen and Ha calculated the energy barrier to Ns'(@) + Ny (g)

dissociation as 27.7 kcal ndl at the CCSD(T)/aug-cc-pVTZ

level including zero-point corrections based on a geometry | IP(N5)=612+1

calculated at the CCSD(T)/6-3%15(d) level” We have cal-

culated the energy of the transition state at the CCSD(T)/CBS

level with Nguyen and Ha's geometry and with the geometry EA(Ns)=-2433%1

optimized by us at the MP2/aug-cc-pVDZ level. We calculated Figure_ 3. ?orrl—Haber cycle in k(_:al mot for the decomposition reactio_n
the geometry at the latter level to get a value of the zero-point g;l??gdalsNi) E';Iii(yﬁéagifegat've value farH, demonstrates that this
energy as well as the value of the imaginary frequency

characterizing the transition state. The results are given in Tables'adicals generated by the neutralization process spontaneously
1-3. Our calculated energy barrier using the MP2 geometry is Undergo further decomposition. If these decompositions to the
29.4 kcal mot?, and when the zero-point energy difference is first well-defined, vibrationally stable products do not involve
included, the barrier is 27.2 kcal mél The energy barrier using ~ any significant activation energy barriers and if they occur on
the Nguyen and Ha geometry is 0.61 kcal mdiigher in energy a fast time scale, it is appropriate to add their energies to the
than our value based on the MP2 geometry, showing that the Vertical potentials.

two geometries give essentially identical barrier heights. The Lattice Energy Calculations. Prediction of lattice energies,
barrier calculatetiby Nguyen and Ha is very similar to our UL, based on eq 2 requires an estimate of the relevant ion
CCSD(T)/CBS value using their geometry. At the CASPT2/ Volumes and gives the following results:

ANO(4s3p2d) level, the barrier is predicted to be 26 kcalThol Ns*N3™. V(Ns*) is estimated to be 0.05%0.020) nni based

and the dissociation energy tosNand N is predicted to be ~ 0n the reporteticrystal structure volume for ;ShFi;~ by
exothermic by 9 kcal mok,17 5 kcal molt lower than our value. ~ subtraction ofV(SkyF117) (Table 6, ref 31)V(Ns™) is equal to

A calculation of the imaginary frequency for the transition state 0.058 €0.014) nni (Table 5, ref 31), and thug(Ns*Ns~) =

of the N5~ decomposition shows a large value of 862i¢m  0.109 €-0.024) nn, leading to an estimate fd (Ns"N3™) =
suggesting that the ion might be able to tunnel through the 142 &7) kcal mol™,

barrier to reach the products. We can make a crude estimate of Ns"Ns~. An upper limit for V(Ns~) can be estimated from
the tunneling effect by using the Wigner expressionhis leads ~ consideration ofV(Nz) and V(Ns~). The volume of solid

to an enhancement of the dissociation rate by 1.7 at 298 K. dinitrogen,V(N2), which is dimorphous? can be obtained from
This suggests that tunneling should be considered when predictCrystal structure data for the-cubic and the hexagonal forms
ing the stability of N~. For lower temperatures, a larger and averages t&/(Nz) = 0.046 ¢0.001) nnd, leading to
tunneling effect would be expected. V(Ns*Ns~) = 0.155 ¢0.014) nf, giving a value forJ (Ns*Ns~)

The origin of the difference between the vertical and the = 129 @5) kcal mol™. Alternatively, we can estimate the
adiabatic potentials, of course, is the dissociation energy of Volume of the ions at the B3LYP/6-315* level as described
neutral Ns to Nz and Ns. Vertical electron affinities or ionization ~ above: V(Ns*) = 0.068 nni; V(Ns~) = 0.088 nnd, V(N3~) =
potentials for the ionic systems under study correspond to 0-065 nnd. These estimated volumes yidlli (Ns"Ns~) = 129
removal or addition of an electron to the ion to form a radical kcal mol*t andU,(Ns*Ng~) = 135 kcal mot™, well within the
at the geometry of the ion. Only when the neutral radicals are @bove error limits. The corresponding lattice enthalpie, ,
vibrationally stable species with geometries similar to those of a@Ppropriate for use in the cycles of Figures 2 and 3 are
the starting materials will their vertical EA or IP values YL(Ns"Ns™) + 2RTandU (Ns*Ns™) + ¥RT, respectively.

approximate the adiabatic values. If this is not the case, the Stability Predictions Based on Born-Haber Cycles. For
a chemical reaction to be thermodynamically favorable, its free

(45) Johnston, H. S5as-Phase Reaction Rate ThedRpnald Press: New York,
1966. Steinfeld, J. |.; Francisco, J. S.; Hase, WChemical Kinetics and (46) Landolt, B.Crystal Structure Data for Inorganic Compoundspringer-
Dynamics Prentice-Hall: Englewood Cliffs, NJ, 1989. Verlag: Berlin, 1993.
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NEGATIVE B VALUE, KINETICALLY POSITIVE B VALUE AND KINETIC STABILITY
UNSTABLE, REPRESENTS CALCD VALUES WOULD REQUIRE AH; (Ns'Ne'y) ~ 180 keal/mol
283 \ N5"Ns's)
B \
\/\ -
5 AN a
219 AN Ny +2N,
’ \/ \
ol Ns"Ns')
g
flo A
[
12}
= D
>
2 A D
P
=
=
0 v 5N,

A = AH; (Ns'Ns')

B =AH, (Ns'N5's) — 2N3'g + 2 N2 ) = UL (N5'Ns'(q) + 2 RT+ IP (N5') - EA (N5

C = Activation energy barrier for decomposition of 2N3'o, ——» 3N,

D=AH, (2Ns' ¢y — > 3Nag)
Figure 4. Potential energy curves in kcal mélfor the decomposition reaction of solicsMNs~ to dinitrogen. The left curve is based on the calculated
values from this study and shows that a hypothetiagiNg~ would spontaneously decompose tos4ly) + 2N; (g). The right curve shows that forshNs~

to be stable, its enthalpy of formation would have to be significantly lower than those of the gaseous specie2kBN The broken line indicates that
the barrier might possibly exceed tBevalue.

energy change must be zero or negative. If the reaction involvesmust also be included. For the reactions considered in this paper,
a barrier, a sufficient amount of activation energy must be these contributions are always negative. We can estimate the
supplied to overcome this barrier. If the reaction does not have entropy changes for reactions 7 and 8 as follows. The entropy
an activation energy barrier, a spontaneous reaction occurs wherfor the solid is not known, but we can use the entropies of
its free energy change becomes negative. An example of suchNH;*NOz;~ and NH;*N3~, which are 36 and 27 cal/mol ¥,

a reaction is the dissociation of an ionic solid into two radicals respectively, to estimate the value for thgNalts. Given the
(reaction 6), assuming that the electron transfer from the cation well-established entropies of;Nind N of 45.8 and 54.1 cal/

to the anion proceeds without a barrier. mol K, respectively, we obtain at 298 K for reaction-TAS
e = —49 kcal/mol, if the entropy of Nt NO;™ is used to estimate
A'B (s)—A(9) +B(9) (6) that of the solid, and-TAS= —51 kcal/mol, if the entropy of

NH4"N3~ is used. For reaction 8, the respective values-arAS

= —35 and—38 kcal/mol at 298 K. Thus, significantly positive
reaction enthalpy values would be required for the compensation
of the large negative entropy contributions and the stabilization
of Ns*Ns~ and Ns*N3™. A positive AG, value represents the
minimum dissociation energy barrier, but one should keep in
mind that the actual barrier can well be higher. If, however, the
AG; change is negative, spontaneous decomposition occurs in
the absence of a significant reaction barrier. The potential energy
curves for both scenarios are depicted in Figure 4 fgNy™.

The left curve of Figure 4 represents the case of the enthalpy
of reaction 7 being negative and having no significant activation
energy barrier. It results in spontaneous decomposition of the
solid to the first vibrationally stable intermediates, that ig, N

If A (g) and B (g) are kinetically stable species possessing an
activation energy barrier toward further decomposition, the
stability of solid A"B~ is determined solely by the sum of the
adiabatic electron affinity of A, the adiabatic first ionization
potential of B", and the lattice energy of solid #8~. If,
however, the radicals A and B are vibrationally unstable and
undergo further spontaneous decomposition without a barrier,
then the energies of the first vibrationally stable decomposition
products must be used in place of those of A (g) and B (g).
This is the case for N'Ns~, where both the open and the cyclic
Ns radicals are vibrationally unstable. Therefore, the decomposi-
tion of Ns*Ns~ (s) is given by reaction 7, and the corresponding
Born—Haber cycle is shown in Figure 2.

N5+N57 (s)— 2N, () + 2N, (g) @) radical§ and N The right.curve of Figure 4 represgnts the
scenario of a positive reaction enthalpy, the only condition under
Those for N*N3~ (s) are given by eq 8 and Figure 3. which solid Ns*Ns~ might exist. This, however, is a hypothetical
case, requiring the enthalpy of formation of Nis~ to be about
N5+N3_ (s)— 2Ny (9) + N, () (8) 100 kcal mot! more negative than the calculated value. Because

the values for the IP of & and the EA of N are fixed, the
The values shown in the BotrrHaber cycles of Figures 2 and  lattice energy of N"Ns~ would have to be about 100 kcal/mol
3 are enthalpies. Because the stabilities of the compounds
depend on the free energy changes and not the enthalpy changeé‘,”) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow, |.;

i X Bailey, S. M.; Churney, K. L.; Nutall, R. LJ. Phys. Chem. Ref. Data
the entropy contributions from tHEASterm to the free energy 1982 11, Supplement No. 2.
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higher than our calculated value, which is impossible based onthat all of these comparisons arée @ K and that at higher
the molar volumes of the ions involved. The relatively small temperatures, there is a significant entropic effect favoring
uncertainties in ouAH; values,—65 =+ 7 kcal mol* for Ns*Ns™ formation of No and Ns. These results are all consistent with
and —39 + 9 kcal mol™ for Ns*N3~, together with the large  our conclusion that formation of a stable™Ns~ ion pair is
—TAS terms, allow us to predict with confidence that both unlikely, so it cannot be isolated.

compounds cannot be stabilized in the form of ionic solids. Experimental Results and their Comparison with the

The potential energy surface fogMNs~ is quite complicated.  Predictions. All of our attempts to prepare solidsNNs~ by
The asymptotic energy of 84 + N5~ is 416 kcal/mol above  the metathesis reaction 9 failed.
that of 5N, molecules at 0 K. Our approach to the ion pair n _ i o
energy provides an estimate of 297 kcal/mol above fiNgood N5 SbFR;~ (s)+ M "N (s)— MSbF; (s} + N5 'N3 ™ (s) (9)
agreement with the Fau et%@Value of 296 kcal/mol. The highly - _ o .
endoergic heat of formation means that the complex is meta- In liquid SO, t_h_e N5+SbF§ s_alt 's highly 3so|ub|e. EJlsmg very
stable as are all polynitrogen compounds. Thus, there may beSPIUbIe (SOIU.b'“ty atr64°c = 3'14X %O_ mol .mL. ) Cs, .
a number of decomposition patfsNeither the N radical violent reactions occurred resulting in quantitative formation

. . . of poorly soluble (solubility at-64 °C = 6.56 x 10°¢ mol
derived from N* at the cation geometry nor thesMadical it . -
derived from N~ at the anion geometry are stable species as mL ") CsSblg and 4N Using poorly soluble (solubility at 64

o _ 5 Y 7
shown above. These twosNpecies are doublets, and hence (r:ocesaztf) :nl(rrne;(zllrgsall-e gxlt\lei’;ls;]hdeur:g:é?:;'f dl'?\;m
there can be both a triplet coupling and a singlet coupling of P y ’

. SbFs were recovered. It was also shown that solid NaNd
the two unpaired electrons after the electron transfer process. :
. . . . R NsSbFs can be mixed as dry powders at room temperature and
The singlet coupling, if the geometries remain similar to the

. . . the Raman spectrum of the mixture can be recorded without
parent ion geometries, should generally be considered as an open

. . . - evidence of reaction provided that the laser power is kept at a
shell singlet, not necessarily restricted to a closed shell descrip- L .
A . : . S low level. Attempts to carry out the metathesis in GisBlution
tion.° Enforcing singlet closed shell (i.e., RHF) pairing in the "
. . were also unsuccessful because of the low solubility of the
ground-state wave function prevents the twgdgpecies from . S .
. . L e starting materials in this solvent. These experiments show that,
coming apart as Nradicals (or their dissociative products N .
. . in all cases where metathesis took place, only spontaneous
and Ny even though the product formation of 2N 2N is decomposition was observed and, thus, confirm the above given
more than 80 kcal/mol exothermic. On the other hand, the triplet P ! ! 9

. . i . theoretical predictions.
surface could lead to direct dissociation. Including the open . . .
; ) . S . These results are consistent with the predictions by us and
shell-singlet paired configuration in a more general multicon-

! . . by Fau and Bartlettthat Ns™N3~ will not be stable. Fau and
figurational wave function may have the same result. To further . -

e . ) L Bartletf noted that the reaction of Nl and Ns~ does not lead
study the N'/Ns  ion pair potential surface, we optimized the to ion pair formation and that s is a weak complex even on
lowest3A’ and3A" states at the ROHF/6-34G(d) (restricted P . 3 ! P .

, 1A 1 the closed shell singlet energy surface. This structure is located
open shell HartreeFock) level, and the lowesA' and 'A .
. . . . . at —149 kcal/mol on the way toward the 2N N final products
states using TCSCF (two-configuration self-consistent field) . . .

; . at —182 kcal/mol (energies with respect to the separated ions).

wave functions and the same 6-8&(d) basis set. For both ; .
. oo Their results suggest that on the triplet coupled surface, and
spin states, the lower energy state Is@eometry optimization . . . . ; . i
apt ; . possibly on the multiconfigurational singlet surface, this species
of the 3A’ state (lowest energy triplet at this level of theory) will fullv dissociate
leads to a large separation of the anion and cation, with a y ) . _
. : : Assessment of the Performance of Solid N5~ as a
concomitant decrease in the charges on the two species to nearl T
. . . onopropellant. It was recently suggestee? that Ns*Ns™, if
zero. So, the lowest energy triplet is clearly on its way to

dsociton 0 o radcas, and subsequenty a1, [ COU b Sablied, o be e cea onopropelnt
The other three states (two singlets and one triplet) do not appear y Y Y

to dissociate at these levels of theory. Pié state is about 40 energy densities (heat of reaction per gram) are comparable.

keal/mol above théA’ state but is still~80 keal/mol below Indeed, the previous energy density estimate of 2.11 kcal/g for

N ”
the separated ion pair dissociation asymptote, showing that there'\I5 N5~ is close to our estimate of 1.98 kcal/g. However, our

. . . - energy density estimate for hydrazine is significantly lower. If
is an electron transfer step leading to dissociation that occurs . o .

o . . one assumes its decomposition to proceed according to eq 10,
significantly below the energy of the separated ions. Higher

levels of theory may alter these results, and we did not further 3N,H, — 4NH; + N, (10)
explore the barriers to dissociation. These results and those of

other workers do show that the potential energy surface is very the maximum energy density of;N4 would be only 1.17 kcal/
complicated and that there are many potential highly exothermic g.2° The actual value, however, is even lower because there is
paths leading to formation of fand/or N. In addition, we note always some decomposition of Nitb N, and H.5 Hence, we
conclude that the energy densities of Ns~ and NoH, differ

(48) The energy of the N+ N3 channel is 324 kcal/mol above 5olecules

using the G3 heat of formation of/Nand thus M + N3 is 27 kcal/mol (49) Wang, X.; Tian, A.; Wong, N. B.; Law, H.-K.; Li, W.-KChem. Phys.
above the N"Ns~ ion pair#® The barrie? to form N; + N3 from Ns™/Ns~ Lett. 2001, 338, 367.

is very similar to the endothermicity of the reaction, and this process again (50) Chung, G.; Schmidt, M. W.; Gordon, M. $. Phys. Chem. 200Q 104,
involves two open shell molecules. A closed shell asymptote of geometry 5647.

similar to that of the end-on addition ofsNto N5~ is Ng + N,, which is (51) Gagliardi, L.; Evangelisti, S.; Bernhardsson, A.; Lindh, R.; Roos, B. O.
230 kcal/mol above 5Nat the CCSD(T)/6-311G*//IMP2/6-31G* eVl Int. J. Quantum ChenR00Q 77, 311.

and, thus, substantially downbhill from the ion pair %7 kcal/mol. The (52) Nature Science Update, May 15, 200&cientific AmericanNews, May

Ng molecule that is formed, azidopentazole, has a barrier to formation of 15, 2002.Die Welt May 15, 2002.

4 N, of only 13—14 kcal/mol at the CCSD(T)/6-311G* levéland 19 kcal/ (53) Schmidt, E. WHydrazine and its Deriatives Preparation, Properties,

mol at the CASPT2/ANO-4s3p2d1f levél. Applications John Wiley & Sons: New York, 1984.
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by a factor of 2. Based on our molar volume estimates, the (vi) Our theoretical predictions concerning the instability of

density of N*Ns~ is expected to be 1.50 g/émEven so, we Ns™N3~ and the use of the adiabatic electron affinities and

agree with the conclusiénthat a hypothetical polynitrogen ionization potentials are confirmed by extensive experimental

compound, such asgNs~, would be an excellent monopro-  studies involving the low-temperature metatheses 1SR~

pellant for rocket propulsion or explosives, if it could be with different alkali metal azides in various solvents and the

synthesized in a stable form. determinations of electron affinities by bracketing methods,
respectively.
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Conclusions

The following conclusions can be drawn from our studies:

(i) Our results quantitatively examine the stability of N5~
and N;TN3~ and show that both compounds are unstable in the
solid state.

(ii) Our results show that for BoraHaber cycle based
stability estimates for species, such as"Mnd N;~, which
decompose to vibrationally unstable species upon neutralization,
it is important to use adiabatic ionization potentials and electron
affinities.

(i) In view of the instability of the N radicals and their
strongly exothermic spontaneous decompositionsstralicals
and N, both Nst and N~ are not good choices for preparing
a stable ionic nitrogen allotrope.

(iv) Our results suggest thatsANs~ would be even more
unstable than B{N3~, because the former would contain two
unstable N species after transfer of the electron.

(v) Stability calculations for individual ions or ion pairs may
not provide sufficient information for stability predictions.
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Ralf Haiges,*!*! Ashwani Vij,*!" Jerry A. Boatz," Stefan Schneider,"” Thorsten Schroer,!
Michael Gerken,”! and Karl O. Christe*!*"!

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.

‘\ NE' .‘({: _‘ﬁ.l
e~ L | [
~ \ ’ \
h Q{ y . 5:'31 an® g
-

N7 N1

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

- off o~

NG f
34
N4
Asi )
2,970
n1Y 3.089 N1
Asi Na
N6

.

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.

510 —— © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5.5

B
=

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

P
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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

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

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
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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-
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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 \

-, 2348 @ .

“$ -

% ..
] o '-r. P

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;

www.chemeurj.org  Chem. Eur. J. 2004, 10, 508-517


www.chemeurj.org

As" and Sb™ Azides

508-517

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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Abstract. Cesium azide can conveniently be prepared from anhy-
drous CsF and (CH3);SiN3 in SO, solvent in high purity and yield.
In this reaction, the initially generated SO,F~ anion is converted

Verbesserte Synthese von CsN3

Inhaltsiibersicht. Caesiumazid kann bequem durch die Reaktion
von wasserfreiem CsF und (CH3);SiN3 in SO,-Lésung in hoher
Reinheit und Ausbeute dargestellt werden. In dieser Reaktion wird

in SO, solvent to solvated azide, (SO,),N5;~, which is labile and
releases SO, under dynamic vacuum yielding pure CsNs.
Keywords: Cesium azide; Fluorosulfite; Azidosulfite

das zuerst gebildete SO,F~-Anion in SO,-Ldsung zu dem solvati-
sierten Azid, (SO,),N3~ umgesetzt, das im dynamischen Vakuum
labil ist und unter SO,-Verlust reines CsNj ergibt.

Sodium azide is a widely used reagent and is technically prepared
form NaNH, and N>O [1]. The heavier alkali metal azides are gen-
erally prepared starting from NaNj;. Two general methodologies for
the preparation of heavier alkali metal azides such as CsN; have
been employed. The most common preparative route utilizes an
aqueous solution of HN3 which is neutralized by the corresponding
alkali metal hydroxide or carbonate [2—4]. Aqueous HNj is gener-
ally prepared from NaN; and H,SO, [2]. In the second approach,
cesium and rubidium azide have been prepared via ion exchange
chromatography starting from aqueous NaNj [5]. Since the hand-
ling of HNj; is potentially hazardous, a facile synthetic route to
CsN; without the use of HNj; is highly desirable. Circumventing
the use of HN; and laborious chromatographic techniques,
[N(CH3)4][N3] has been prepared from [N(CH;)][F] and
(CHj;)5SiN3 in CH3CN solvent [6]. In the present note, we present
a new facile laboratory preparation of CsNj starting from
(CH;);5SiN; and CsF in SO, solvent.

Results and Discussion

In analogy to the synthesis of [N(CHj3)4][N3], the preparation of
CsN; was attempted from anhydrous CsF and excess (CH;);SiN3
in refluxing CH3CN solvent. The reaction in CH3CN solvent was
found to be slow and did not yield pure CsN; even after five days.
The reaction of CsF with neat (CH;3);SiN; was also found to be
slow; even after three days at temperatures close to the boiling
point of (CH3)3SiN; (93 °C) significant amounts of CsF were still

* Prof. K. O. Christe

Loker Hydrocarbon Research Institute, University of Southern
California

University Park

Los Angeles, CA 90089-1661/ USA

FAX: 001-(213) 740 6679

E-mail: karl.christe@edwards.af.mil

present. The sluggishness of these reactions is presumably a conse-
quence of the insufficient solubility of CsF in CH;CN and
(CH;3);SiN3. The removal of (CHj);SiF and addition of fresh
(CH;);5SiN; did not result in a significantly faster conversion, indi-
cating either the absence of an equilibrium reaction or a coating of
the starting material by the product.

Anhydrous CsF reacts with SO, solvent to the fluorosulfite anion,
SO,F~ (eq. (1)) [7]. The reaction of [Cs][SO,F] suspended in SO,
with excess (CH3);SiNj; results in complete azide-fluoride exchange
within less than one hour yielding a clear, yellow solution of
[Cs][(SO,),N;] according to eq. (2).

CsF + SO, —> [Cs][SOF] 1)
SO,
[CS][SOzF] + (CH})}S]Ng + n802 ——
[Cs][(SO2)n+1N3] + (CH;)sSiF (2

Removal of the volatiles (SO, and (CHj3);SiF) at ambient tempera-
ture results in precipitation of yellow [Cs][(SO,),N3] which is con-
verted to [Cs][SO,N;] and [Cs][N3] upon prolonged pumping [8,9].
Pure [Cs][N3] is obtained after SO, removal under dynamic vacuum
at 55 °C yielding a white solid. Since [Cs][SO,F] does not lose SO,
at 55 °C, the complete conversion of F~ to N3~ can be verified
by the absence of signals associated with the SO,F~ anion in the
Raman spectrum.

Experimental

Materials and Apparatus. All volatile materials were handled in a
Pyrex vacuum line equipped with Kontes Teflon valves. Nonvolatile
materials were handled in the dry argon atmosphere of a dry box.
The solvents, CH;CN (Baker) and SO, (Aldrich, >99.9%) were
dried over P4O;y and CaH, and were freshly distilled prior to use.
The CsF (KBI) was fused in a platinum crucible, transferred while
hot to the dry box, and finely powdered. Trimethylsilyl azide (Ald-
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rich, 95%) was purified by fractional condensation through cold
traps held at —35 and —196 °C and using the —196 °C fraction.

Preparation of CsNs. In a typical reaction, anhydrous CsF (2.952 g,
0.0194 mol) was suspended in 8.861 g SO, at room temperature
inside a glass vessel equipped with a Kontes valve. Excess trimethyl-
silyl azide (2.754 g, 0.0239 mol) was condensed onto the frozen
reaction mixture at —196 °C. Upon warming to room temperature,
the solid phase turned yellow and dissolved in the liquid SO, within
40 min, yielding a two-phase system consisting of a lower yellow
and an upper colorless layer. Volatiles were removed under dynamic
vacuum at ambient temperatures for approximately 30 min. yield-
ing a yellow solid. Further pumping at 50 to 55 °C for ca. 2 hours
yielded pure, colorless [Cs][Ns] (3.4 g; 0.0194 mol).
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