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We have observed a cation with atomic compositiogN via time-of-flight mass spectroscopy. This cation

was observed in the reaction products of detonated liquid nitromethane. The same 58 amu species was observed
when protonated, deuterated, df@-labeled nitromethane were detonated; therefore, the only possible atomic
composition of the cation is [;JD]*. The existence of a metastable form o{N* has current interest since

this cation is isoelectronic with electrically neutral.N'here is interest in the metastability of, Btructures
because such species would have very high energy content and would be very powerful explosives and
propellants. We present evidence that theJN structure we observe is chemically bound. The results of ab
initio quantum chemical calculations at various levels of theory are presented for thy@E [dlructures.

These calculations indicate that two of the structures are metastable and have high energy content; calculated
vibrational frequencies are presented for these two forms. A lower bound on the lifetime of the observed
cation is 0.52us. Our results strengthen the idea that very high energy metastable formscahMxist.

I. Introduction can be found in ref 5. For the purposes of this paper, what is
) ) ) N important is that a cation with mass 58 amu was observed when
We have observed a cation with atomic compositiogQN protonated NM was detonated aalbowhen the same experi-

via time-of-flight (TOF) mass spectroscopy. The observed ment was performed with thECH3NO, and CRNO; isoto-

stability of this ion is interesting in its own right and because pomers of NM. These results show that no hydrogen or carbon

it is isoelectronic with N structures. The observation of 8] * atoms are present in the cation. There are no mass peaks within

suggests that there may exist analogous electrically neutral fairly 3 amu lower than 58 amu in the unlabeled NM that could have

long-lived metastable Nstructures. The possible metastability peen shifted to 58 amu in the labeled experiments. Therefore,

of N4 molecular forms is of current interest because recent one cannot avoid the conclusion that the only possible atomic

theoretical work indicates that such entities, if chemically bound, composition of the cation is [}D]".

would be very powerful propellants and explosivéghere are There have been earlier observations of a weakly bound form

a numbgr of expgnmental efforts in progress whose object is to ¢ [N5O]*;8 the measured binding energy of this entity is 4.6

synthesize chemically bound;Molecules: Two such structures 0.3 kcal/mol? Clearly, this binding energy is much smaller than

of interest areTg-Symmetric azatetrahedrane and the aza that for a chemically bound structure. This weakly bound entity

analogue of cyclobutadiene (i.eDx-symmetric tetraazete).  was observed in low-pressure discharges and also at high altitude

Quantum chemical calculations predict that the decomposition (in the ionosphere). Because we are seeingN under high-

of either of these structures to two, folecules would yield  mass-density and high-temperature conditions, it is probable that

energies of ca. 175 kcal/mol (see ref 1e). In light of these our form is not a weakly bound cluster; we present further

comments, the observation of a metastable molecule isoelec-arguments in this vein below.

tronic with Ny has some current interest. Since there are, at least, two qualitatively distinct structural
An interesting piece of work, related to the current subject, forms of [NsO]* (i.e., a chemically bound molecule or a weakly

is the recent observation of the;sNcation by Christe and co-  bound cluster), it is important to try to determine which type

workers?® These workers were able to synthesize up to 1/2 g of structure is being observed in our experiments.

quantities of an AsENs* salt and to study its properties mass  \we believe there are three possibilities for where and how

spectrometrically. the species is produced in our instrument. These are: (1) the
observed species is chemically bound and it is either the parent
Il. Results ion of a neutral molecule of the same stoichiometry or a

fragment ion from a more massive (neutral) molecule formed

Our observations of [BO]* were made with the LANL in the very high-pressure reaction zone of detonating NM; (2)
Detonation Chemistry Apparatus; this apparatus has beenit is a weakly bound (neutral) cluster of,Mind NO and is
described in detail elsewhet@riefly, this apparatus is a TOF  formed during the early stages of the expansion of the detonated
mass spectrometer with sufficient size and differential pumping material into the vacuum and then is later ionized in the electron
to directly sample the gaseous products of detonation of small beam ionizer of the mass spectrometer; (3) it is a bound complex
samples of explosive without any wall collisions between the and is formed from NO or N, collisions with other neutral
expansion of the detonation products and the entry into the massmolecules in the ionization region of the spectrometer. Note
spectrometer. Our observations were made in the reactionthat only electrically neutral species can reach the ionization
products of detonated liquid nitromethane (NM) [i.e., {8I,). region of our instrument which is charged #3800 V with
The experimental details associated with the NM experiments respect to the chamber wafls.
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TABLE 1: Absolute Energies (Hartree) For [N3O]* and Related Structures$

*
molecular 6-31G 6-31+G(dy
structure (U)RHF (UMP3 (U)RHF (UMP2 (UMP3 (U)MP4(DQ)
“tetrahedral” [NO]* —0.4869841 —1.1716550 —0.4929633 —1.2140022 —1.1806298 —1.1839922
“linear” [NNNO]* —0.697236 —1.2880356 —0.7016875 c —1.2959334 —1.3014861
[NOJ* —0.9096528 —1.2235802 —0.9124881 —1.2469778 —1.2277423 —1.2375574
N, —0.9439495 —1.2477530 —0.9470241 —1.2619292 —1.2532484 —1.2588260

aUnrestricted methods (e.g., UHF) were used for the “linearsdN form and restricted methods (e.g., RHF) for the other structdres.
obtain the absolute energies for the “tetrahedral” and “linear” structures, subtract 237. Fand®}, subtract 128 and 108, respectivelyWe

were unable to find an optimum geometry at this level of theory.

TABLE 2: Energies? (kcal/mol) of [N3O]* Relative to
N2 + NO*

“tetrahedral” “linear”
basis/method [N3O]*" [NNNOJ]*

6-31G*

(U)RHF 230.1 98.4

(UMP3 188.1 115.0
6-31+G(d)

(U)RHF 230.0 99.0

(UMP2 185.1 b

(U)MP3 188.4 116.0

(UMP4(DQ) 196.0 122.3

initio quantum chemical calculations at six levels of theory to
examine whether such structures are stable and to obtain
estimates of their energetics. The energies that result from these
calculations are summarized in Tables 1 and 2. The calculations
were done with the Gaussian-98 computer code on 8 R
chemically bound stable forms of j®]* were found; i.e., a
“linear” Cs-symmetric molecule and@g,-symmetric (“tetrahedral-
like”) one (see Figure 1). Note that, in tlig-symmetric “linear”
structure, the constituent atoms do not actually all lie on a line.
The geometric parameters of the structures are presented in
Table 3, and the harmonic vibrational frequencies are presented
in Tables 4 and 5. It is worth noting how close 8¢, [N3O]*

aUnrestricted methods (e.g., UHF) were used for the “linear” .
[NNNOJ* form and restricted methods (e.g., RHF) for the “tetrahedral” Structure is to tetrahedral (see Table 3). For example, th&IN

[N:OJ* structure> We were unable to find an optimum geometry at and N-O bond lengths in the structure differ by only 0.038 A,

this level of theory.

and the(ON—N—O angle differs by only 0.9from 6C° at the
highest level of theory used (i.e., MP4(DQ)/6-3&(d)). Thus,

o Y N1 the isoelectronic nature of gO®]™ and N, produces “tetrahedral”
’ \ structures with very similar geometries.
N A point of interest in relation to the level of theory used is
NN N2 ignifi i i
N N the lack of significant changes in the geometric parameters of
\ the molecules when diffuse functions are added to the basis
N3 set. The largest change in any bond length (e.g., in going from

Figure 1. “Tetrahedral” (left) and “linear” (right) forms of [BD]". a (U)MP3/6-31G* calculation to a (U)MP3/6-315(d) one) is
0.002 A, and the largest change in bond angle i§ (38e Table
3). A similar statement applies to the computed relative energies

in order. Evidence for the structure being chemically bound is . - . A
as follows. It is known that the very high pressures generated (see Ta_ble 2), Where Increasing the _complexny of the basis set
results in a change in relative energies of, at most, 3 kcal/mol.

by strong shocks or detonation waves (ca. 150 kbar in the case . .
of detonating liquid NM) can cause condensation reactions thatUpgradlng the level of pertl_eratlon theory produces_larger
result in chemically bound structures with significantly higher changes in both the geometries and the relative energies.
internal energies than that of the molecules originally present. A computational search was also made for a metastable form
An example of this is the formation of dimerized anthracence Of the NsO* analogue of azabutadiene. No evidence was found
when crystalline anthracene is shocked to pressures greater thaP! the metastability of such a structure. When started from
ca. 176 kbaf.At this shock strength, the internal energy of the reasonable initial geometry guesses, the G98 geometry optimi-
anthracene is increased by ca. 4.3 eV/molecule (8.6 eV per twoZation algorithm followed paths leading o Bind NO', rather
molecules; i.e., 198 kcal/mol); hence, it is possible to produce than to a ring structure.
high-energy metastable molecular species via shockloading. If the structure we are observing in the mass spectrometer is
To strengthen the idea that the D]t structure we are chemically bound, then based on energy considerations alone,
observing is a chemically bound structure, we have done abitis likely to be the “linear’Cs+symmetric form, since its energy

TABLE 3: Geometries?® of [N3O]*" Structures Obtained from Various Levels of Theory

We discuss the relative likelihood of these three possibilities

6-31G*® 6-31+G(dy
molecular
structure (U)RHF (UMP3 (U)RHF (UMP2 (UMP3 (UMP4(DQ)
“tetrahedral” [NO]*
R (N—0) 1.444 1.475 1.443 1.522 1.475 1.483
R. (N—N) 1.372 1.450 1.372 1.494 1.450 1.445
A; (ONNO) 61.6 60.6 61.6 60.6 60.6 60.9
“linear” [NNNO]*
R; (O—Ny) 1.249 1.231 1.250 c 1.233 1.234
Rz (N1 —Np) 1.331 1.352 1.332 1.354 1.379
Rs (N2 —N3) 1.085 1.092 1.085 1.092 1.093
A; (OON;Np) 111.2 114.4 110.9 113.9 112.9
Az (ON1N2N3) 170.5 172.2 170.5 172.1 172.9

aBond lengths are in A and angles in degréddnrestricted methods (e.g., UHF) were used for the “lineagdN form and restricted methods
(e.g., RHF) for the “tetrahedral” structureWe were unable to find an optimum geometry at this level of theory.
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TABLE 4: “Tetrahedral” ( Cs,) [N3O]* Vibrational present in all eight cases. It argues for a chemically bound
Frequencies (cm?) electrically neutral species formed in the detonation reaction
basis/method mode 1 mode 2 mode 3 mode 4 mode 5 mode 6 zone of NM, which is unique to NM’s reaction zone chemistry.

mode symmetry E E A1 E E A1 The possibility of the formation of a [;}0]* complex during
6-31G* the ionization process in the spectrometer (i.e., case 3 of those
RHF 742 742 971 1107 1107 1624 outlined above) can be argued against based on the molecular
6 :M—Ii?é @ 764 764 980 986 986 1352  npumber densities in the ionization region and on the typical rates
R TeL e o1 mos o 1 olecules o and lead o (me-
MP2 677 677 881 923 923 1112 . . . .
MP3 760 760 978 986 986 1353 independent rates of formation of products, if the concentration

MP4(DQ) 736 736 966 973 973 1354 of reactants remains constant. Using the maximum estimated
total number density of molecules in the iontzesf 104
molecules/crhand the ca. Ls duration of the ionization pulse,
we calculate the production of new ions (such as a weakly bound

TABLE 5: “Linear” ( Cs) [NNNO]* Vibrational
Frequencies (cnt?)

basis/method mode 1 mode 2 mode 3 mode 4 mode 5 mode 6 complex) in the ionizer to be too small to explain our
mode symmetry A’ A" A A A A observations. For example, a likely reaction would be ith
6-31G* unreacted NM, but this would mean that the= 58 signal
UHF 273 400 655 754 1404 2343 qyd be less than 1% of the observegi$ignal, while them
6-3U1-’\£g?d)a 278 459 525 700 1424 3224 =58 ion si.gnal is actgally'larger.thgn theNsignal. Various '
UHF 269 405 657 756 1397 2340 other candidate reactions in the ionizer have also been consid-
UMP3 272 447 521 696 1410 324 ered and lead to the same conclusion. Also, as already

UMP4(DQ) 271 442 500 580 1382 3453 mentioned, we do not see the molecular species at 58 amu in
aWe were unable find to an optimum geometry for this molecular the dgtonatlon of eight other gondensed-phase_ explosives that
structure at the (U)MP2 level of theory; therefore, no frequencies were contain N and O atoms. If an iermolecule reaction were the
computed? Note the very high frequency of mode 6 when computed source of the signal at 58 amu, one would expect to see the 58
with correlated methods. MP4(DQ)/6-31@&d) frequencies for Band amu peak in these other explosives also, and we do not.
NO™ are 2405 and 2421 crh respectively; these results are higher Therefore, of the three possible modes of formation of

than the experimental values by less than 50%rihe normal mode 4 . . . .
motion corresponding to mode 6 of the linear form resembles-aN N [NsO]", the above discussion points to a chemically bound

stretch with small motions of the other two nuclei. parent molecule that is formed in the very high pressure reaction
zone chemistry of detonating NM.

relative to NO* + N, (ca. 118 kcal/mol; see Table 2) is We can put bounds on the lifetimes of the neutral precursor

significantly less than the same relative energy for@geform molecule and the 58 amu ion as follows. The neutral parent

(ca. 192 kcal/mol). However, we emphasize that energy has alifetime greater than the scan number (minus 1) at which

considerations may not be the dominant factor, as indicated bythe ion is observed multiplied by the time between scans; i.e.,

least as great as the time the ion spends in the acceleration region
of the spectrometer after ionization takes place; this value is
calculated to be 0.52s.

The reader should note that we cannot experimentally
distinguish whether the ion we observe is from a direct
ionization of a neutral molecule with the same stoichiometry
as the observed ion or whether it arises as a fragment ion of a
dissociative ionization product of a more massive molecule. We

support the latter mechanism as the probable source of the ion, The above results are evidence for a chemically bound cation
since such processes are known to occur frequently duringwith molecular structure [BD]*. The lifetime of this cation is
electron impact in mass spectroscopy. We have also observedt least 0.5s. [NsO]" is isoelectronic with electrically neutral
other ions from the reaction zone of NM that have masses N,. Consequently, the existence of a chemically bound meta-
considerably greater than= 58 but which cannot definitively  stable form of [NO]* cation points to the likelihood of the
be correlated with then = 58 ion? existence of an analogous form of.NChemically bound b
Evidence against a weakly bound electrically neutraldN structures are of significant interest due to their very high energy
complex being formed in the early stages of the expansion (i.e., content; there are several groups that are, at present, attempting
case 2 of the three possible modes of formation outlined above)to synthesize such molecules. Our observation of a metastable
is as follows. The temperatures present in the detonating liquid form of [N3O]* suggests that these efforts have a possibility of
NM and in the early stages of expansion of the reacting material success.
are high. In the reaction zone of detonating liquid NM, Ab initio calculations up to the MP4(DQ)/6-3%5(d) level
temperatures are of the order of 250¢ Kuch temperatures  of theory were used to determine the stability, geometry, and
do not favor the formation of weakly bound electrically neutral energetics of two distinct geometrical forms of chemically bound
complexes. Furthermore, during the multiple mass spectral scangN3O]*; a triplet biradical “linear”Cs-symmetric form and a
taken during observations of the species resulting from the singlet tetrahedral-lik€;,-symmetric structure. Th€s, struc-
detonation, the observed intensity ofsD|* does not correlate  ture contains ca. 74 kcal/mol more energy than doesChe
well with the observed intensities of NCand N.™. Also, the structure. On the basis of this, we maybe observing the “linear”
presence of the [MD]* peak is unique, in our experience, to Cs form in our experiments, although energy considerations
when liquid NM is detonated. In observations on eight other alone are not sufficient to decide the issue. The lowest calculated
condensed-phase high explosives that contain nitrogen andvibrational frequencies for the two P®]* structures indicate
oxygen atoms within the explosive molecules, we have never that the tetrahedral-like structure is much more rigidly defined
seen a peak at 58 amu. This argues against a weakly boundy its energy hypersurface than is the “linear” biradical structure,
species being formed in the expansion since NO apdnd with the lowest vibrational frequencies in the two cases being

I1l. Conclusions
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736 and 271 cmt, respectively, at the highest level of theory (2) Private communications from: (a) Funk, D., Los Alamos National
used (see Tables 4 and 5). Similar calculations on a third Lab, 1998; (b) Ostmark, H., Swedish Defense Establishment, 1998; (c)

. . Radziszewski, G., Colorado School of Mines, 1998.
structure (i.e., the [dD]" analogue of azabutadiene) produced (3) Rawls, R.Chem. Eng. New$999 Jan 25, 7.

no evidence for the metastability of such a molecule. (4) Blais, N. C.; Fry, H. A,; Greiner, N. RRev. Sci. Instrum.1993
We speculate that the source of the electrically neutral parent64, 174. _
molecule of the observed PO]* structure is the result of a (5) Blais, N. C.; Engelke, R.; Sheffield, S. A. Phys. Chem1997

condensation reaction or reactions in the reaction zone of 0% 8285
; ; . . (6) (a) Johnsen, R.; Huand, C. M.; Biondi, M. A.,Chem. Physl975
detonating NM, since such reactions will be strongly enhanced 63, 3374. (b) Turner, D. L.; Conway, D. Cl, Chem. Physl976 65, 3944.
by the very high pressure (ca. 130 kbar) in that region. (c) Speller, C. V.; Fitaire, M.; Pointu, A. Ml. Chem. Physl983 79, 2190.
(d) Hiraoka, K.; Yamabe, Sl. Chem. Phys1989 90, 3268.
(7) Engelke, R.; Blais, N. CJ. Chem. Phys1994 101, 10961.
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