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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)

836 J. AM. CHEM. SOC. = VOL. 126, NO. 3, 2004

R

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) 0 (NNN) -0.12 = k } } } } } — 2.4
N(X1A) CCSD(T)/aug-cc-pvVDZ 1.1209 [ ZAPT2/6-311G(2d,1f) ]
CCSD(T)/aug-cc-pVTZ 1.1040 011 L N3-N4 |
CCSD(T)/aug-cc-pvVQZ 1.1005 X 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 I il T
CCSD(T)/aug-cc-pVTZ 1.1840 s o181 T2 =
3 1 L3
CCSD(T)/aug-cc-pvVQZ 1.1802 g RCCSD(TYce-pVTZ ] e
exp® 1.18115 % [ 1 g
Ns(X!y4Y)  CCSD(T)laug-cc-pvDZ — 1.2072 186.0 g T +1s
CCSD(T)/aug-cc-pVTZ 1.1912 u i 1
CCSD(T)/aug-cc-pVQZ 1.1876 022 + 1
expts 1.1884 [ 1
Ns~(X1A1) CCSD(T)laug-cc-pvDZ  1.3429 108.0 o L ‘."\. T'°
CCSD(T)/aug-cc-pVTZ 1.3309 1 .‘. \ |
Nst(X1A,) CCSD(T)/aug-cc-pVDZ 1.1319 165.87 L * .‘ 1
1.3413 107.90 -0.26 v i i i i } 1.4
CCSD(T)/aug-cc-pVTZ 1.1159 167.08 ° 2 4 6 8 10
1.3238 108.48 Data Points
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 1095 y axis corresponds to the energy or to the-N\8} (humbered starting from
; . 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 1255 N4 distance which increases.

1.702 99.4
1.215 107.8

CCSD(T)/6-313G(dy 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

calculations confirm previous conclusidrihat the N radical
2Bond distances in angstroms and bond angles in dedr&se/valence starting from this geometry is vibrationally unstable. Starting

correlation at the CCSD(T)/cc-pCVQZ level shortens the bond length by I : : :
0.0020 A, resulting in an estimated CCSD(T)/aug-cc-p¥ER/ value of from the optimized N" structure, the neutral species dissociates

1.0975 A.c Constrained by symmetry to these angles. Linear forahd 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 i - P

atom N1 at the apex. N1 is bonded to N2 and N5, and N2 is bonded to N3, Ns (Cyclic lsomer).' The N; radical cyclic Is.omer would be
and N3 is bonded to N4. The bond distances are in the on8i1—N2) generated by detaching an electron from cyclic N'he HOMO
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 ordefINZN1NS; ININ2N3 andlNINSN4; andlN2N3N4 pair interactions. Production of thesNadical leads to (&)

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-
(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
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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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