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Abstract: Motivated by the recent isolation and spectroscopic characterization of nitrosyl azj@g, (Me have
undertaken aab initio investigation of the originally reported structure as well as various structural isomers on the
potential energy hypersurface. Geometries and harmonic vibrational frequencies have been predicteédicr the
chain isomer along with the & electron potentially aromatic ring structure with various levels of theory up through
the triple< plus double polarization single and double excitation coupled cluster (TZ2P CCSD) method and the
multireference configuration interaction method (MRCISD). In addition, estimates are made for extension to higher
levels of theory, arriving at final predictions of(ON;) = 1.176 A, ro(NiNy) = 1.472 A rg(NoN3) = 1.272 A,
re(NsNg) < 1.130 A, ©(ON;N,) = 110.5, O¢(N1N2N3) = 105.4, O(NoN3Ng) = 174.5, andre(ON;) < 1.389,
re(N1N2) < 1.250,rs(N3Ng) > 1.423,04N10Ny) = 106.3 for thetrans-chain and ring isomers, respectively. Energy
relationships, bond lengths, vibrational frequencies, Mulliken bond indices, and molecular orbital arguments are
used to elucidate nitrogen oxide bonding. While the ring isomer is predicted to be the most stable structure on the
hypersurface, the barrier to dissociation is most likely between 1 and 2 kcal (atluding zero-point vibrational
energy [ZPVE], the existence of any barrier becomes questionable) making isolation theoretically possible but
experimentally difficult. This small barrier also detracts from the attractiveness of#De&iNg structure as a high-
energy-density material. Theanschain isomer, however, lies in an energy valley with higher sides, consistent
with its previous experimental observation.

I. Introduction °C. This substance was identified as nitrosyl azide based on
d decomposition studies and “inferences” from infrared (IR)

chemically inert N with large releases of energy. For purposes absorption spectra. This assignment remaiped unconfirmed until
of energy storage, such compounds are sought which arerecenltly when SCh%"tZ' Tormeporth-Oettmg, and Kited
substantially higher in energy than their decomposition products €0MPined theory with experiment in a study that drew the
but with activation barriers sufficient for safe handiing. A attention of a semipopular review. Following a procedure
possible candidate is nitrosyl azide/D, an unstable oxide of ~ Similar to that of Lucien, Schultet al also produced a pale
nitrogen whose decomposition products would be “virtually pure Yellow solid. The Raman spectrum of this solid was then taken
hot air"t thus making it an ideal, environmentally friendly high- and compared to theoretical harmonic vibrational frequencies
energy propellant. derived from second-order MgllePlesset perturbation theory
Attempts to produce nitrosyl azide date back to the beginning (MP2) with a 6-3%-G* Gaussian basis set. The outstanding
of this century2 While the isotopic labeling experiments of ~agreement of the scaled MP2/6-31G* frequencies with experi-
Clusis and Effenberggmpparently showed JD to exist as a ment led to the unequivocal assignment of this substance as an
reaction intermediate (eq 1), isolation remained elusive. In their opentrans-chain NyO species with four nitrogens and a terminal
oxygen.

Many nitrogen-containing compounds decompose to yiel

a b a c . i i i i
H—N=N=N + HNO, 2 Wlth.6 T elgptro_ns, the DD ring system is a candlqate for
¢ b a ¢ e b 4 e aromatic stabilization. There have been numerous discussions
N=N=N—N=0 —— N=N * N=N=0 ) of the aromaticity of analogous systems in the literaturegst

dealing with all-carbon systems and slight variations thereof,

four-part study on the mechanism of the azide nitrite reaction, but no studies concerning the;,® five-membered ring have
Stedman and co-workérsoncluded that while nitrosyl azide appeared to date. While Schudizal. predicted the ring isomer
plays a key role in many reactions, it always immediately breaks to be 13.7 kcal mol® more stable than thieans-chain isome#,
down into NO and N. the ring isomer was determined to be a short-lived intermediate

In view of the instability of NO, Lucier? approached the in the decomposition of thérans-chain isomer into N and
problem via low-temperature techniques. In spite of numerous N,0.1°
explosions, low yields, and other experimental difficulties, a

yellowish substance was produced at temperatures befgdv (6) Schultz, A.; Tornieporth-Oetting, I. C.; Kldfie, T. M. Angew
Chem, Int. Ed. Engl. 1993 32, 1610.

* E-mail address: johnnyg@tabalos.ccqc.uga.edu. (7) Stinson, SChem Eng News1993 71 (48), 51.
® Abstract published i\dvance ACS Abstractdflay 1, 1996. (8) Badgor, G. M.Aromatic Character and AromaticityCambridge
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(2) Werner, T.Proc. R. Soc London1991, 28, 257. Theory for Organic ChemistsVNiley: New York, 1961 and references
(3) Clusis, K.; Effenberger, Bdelv. Chim Acta 1955 38, 1843. therein.
(4) Stedman, GJ. Chem Soc 1959 1702, 2943, 2949. Bunton, C. A;; (9) Klapttke, T. M.; Schultz, A.Chem Ber. 1995 128 201.
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The related hexazene {Nsystem would seem a reasonable atom?® This (9s5p1d/4s2p1d) basis is designated as DZP. Diffuse s-
target for investigation, because it is isoelectronic with the and p-type functions were added to the DZP basis (D% order to
ubiquitous, extensively characterized benzene ring. Despite More accurately describe the dissociation PE3.larger, more flexible
much experimenté! and theoretical work, the existence of basis was constructed from the Huzina@zunning? triple-¢ basis set

the Ns system remains in doubt. Moving from the more with the addition of two d-type polarization functions to each atém.
localized C-H ¢ bond electrons in benzene to the diffuse
nitrogen lone pairs in Nintroduces a destabilizing effect which
counters any benefit from the delocalizadelectrons of the
ring. This finding is in accord with the works of Shaik, Hiberty,
Lefour, OhanessidAand Jug and Ksterl4 which attribute the
stability of “aromatic” systems tar effects rather thant
delocalization. Either way, thedypotential energy hypersurface
(PES) is extremely flat.

One step closer to the /8 system is the pentazole anion

This (10s6p2d/5s3p2d) basis is designated TZ2P.

Because electron correlation has been shown to be essential for the

description of nitrogen ring, self-consistent-field (SCF) optimiza-

tiong” were performed only to locate starting structures for correlated
levels on the MO PES and are not reported herein. In addition, the
two-configuration SCP (TCSCF) method was needed to treat the linear
1A state (see below). Initially correlation effects were included via
the configuration interaction including the single and double excitation
(CISDY° method. In order to account for the lack of size consistency
in Cl procedures, Blplus NbO was considered as a supermolecule. In

addition, the single and double excitation coupled cluster (CESD)
and CCSD with perturbative inclusion of triple excitation [CCSDET)]
methods were used. For all correlated procedures, the five lowest lying
molecular orbitals corresponding to the 1s-type orbitals on each atom
'were held doubly occupied (five frozen core), and the five highest virtual

(Ns7). Although the all-carbon analog, cyclopentadienyl anion
(CsHs™), is known to be important in transition metal chemistry,
forming metal sandwich compounds such as ferrocengg)z
Fe] !> the pentazole anion has never been isolated. Nguyen
Elgu@o, and co-worker$ studied this molecule and the;N- orbitals were kept unoccupied (five deleted virtuals).
N3~ — Ns~ PES usingab initio techniques. In addition to Multireference CISD (MRCISD) energy points at the DZP CISD
predicting harmonic vibrational frequencies, they concluded that optimized geometries were also found and compared to CCSD and
Ns~ should be isolable in an inert matrix at low temperatures. CCSD(T) energy points at the same geometries. One difficulty of
They also concluded, on the basis of extendédkéducalcula- MRCISD procedures is choosing an appropriate reference space. This
tions, that N~ metal sandwich complexes should exist. is particularly a problem in the present situation where the structures
Some other systems of interest for their similarity to the ring I queS“OS ha"ebVaz“y differingt_geome_ttri?s and':thlzleref_oreﬂr]\o clear
structure of NO are furan (GH,O) and the pentazoles §N). gﬂrr:aez?%nre?/nacr? | Sechz:%;f]zzﬁiceg’%exc' ations.. Foflowing the proce-
. . . y Fermann, Sherill, Crawford,
E;;agéznas\;ﬁjl:ékdn%v)gtr:e r?srg/aerll;cb%(irr? ?r?:gri’tigggnads :x;r)isr'itflt’ it and Schaefe®® Cl natural orbitals (CINOs) were generated and all

18 ] ! reference configurations with coefficients above a certain threshold level
mentally® As pointed out above for thegBe/Ng comparison, were included in the MRCISD. Thresholds were chosen at 0.040

moving from GH4O to N4O is expected to be accompanied by  (vRCISD-A) and 0.030 (MRCISD-B). MRCISD-B required 11, 12,

a loss in stabilization. A few pentazoles have been isol#ted, 11, 12, and 15 references and 3 660251, 8215932, 3471 158,
representing the only all-nitrogen “aromatic” rings in existence. 2 151 978, and 5 789 832 configurations for theN\structures shown
However, the parent pentazole,sfy, which is isoelectronic in Figures 1, 2, 3, 4 and 5, respectively.

with N4O, has not been isolat€tdespiteab initio predictions Al structures were completely optimized within the given symmetry
that it represents a minimum on the PESIt is hoped that constraints to 1@ au in Cartesian coordinates using analytic gradient
concepts developed concerning the bonding in these and othetechniques. The SCF force constants and normal vibrations were

five-membered heterocyclEswill be applicable to the BD determined by analytic second-derivative procedéteshile all
system as well correlated force constants and molecular vibrational frequencies were

determined by the method of finite differences of analytic gradients.

Il. Methods
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N3-Ny
ZN;N,N
ON "B 1117A pzpaisD
! 105.9° 1.139 A DZP CCSD
1.188 }823 1.152A DZzP CCSD(T)
1.203 105.8° 1116 A DZP** CISD
1.205 105.1° 1.137A  DzP** CCSD
106.2° 1.096 A TZ2P CISD
1.187 .
1202 105.4 1.117A  TZ2P CCSD

ZONNp N;-N, 174.5°
1.282 .
110.6° 417 1200 175.20
109.8° 1.463 1.085 17340
109.6° 1.501 1284 17387
111.0° 1.410 1.203 741"
110.3° 1453 65 1745
111.3° 1.416 1272
110.5° 1.472

Figure 1. Predicted geometrical parameters for esymmetry X
1A’ trans-chain isomer.

ON;N,N No-Na

tors OFIN2Rs 1.128A DZP CISD
87.4° 1.151A  DZPCCSD
gg:?o ZN|N,N3 1.165A  DZP CCSD(T)
86.8° 108.2° 1.127A  DZP** CISD
86.8° : 1.108 A TZ2P CISD

Figure 2. Predicted geometrical parameters for esymmetry*A
trans-chain tocis-chain TS.

ZON;|N,
116.5° N3Ny
116.1° 1.114 A DZPCISD
116.0° 1.137A  DZP CCSD
116.8°  £NiNaN3
116.8° 1.155A DZP CCSD(T)
: 110.2° 1.112A  DZP** CISD
O-N; 109.0° 1.093 A TZ2P CISD
1.199
1.211
1.205
1.199
1.177

1.396 1.296
1.452 1.297 177.1°
1.527 1.284
1.388 1.302
1.398 1.278

Figure 3. Predicted geometrical parameters for esymmetry X
1A' cis-chain isomer.

Force constants were determined only fortifa@s-chain structure and
the ring structure, as these were decided to be the most likely targets
for future experimental work. Force constants were also determined
for the dissociation products ,Nand NO for comparative purposes.

Galbraith and Schaefer

DZP CISD
DZP CCSD
DZP CCSD(T)
DZP** CISD
DZP**CCSD
TZ2P CISD
TZ2P CCSD

N;-N;
1.247
1.261 N,-N3
1.270
1.246 1.382
1.260 1.410
1227 1.417
1237 1.383
1.412
1.387
1.423

Figure 4. Predicted geometrical parameters for tg-symmetry X
1A ring isomer.

o-N,
1.259
1283 DZP CISD
1291 D2 COSD(M)
1259 DZP** CISD
1256 TZ2P CISD
TZ2P CCSD
ZONN,
122.3°
120.8° ZNyN3Ny
i
o 111.3°
1208° 260
11838 Loe
110.5°
1205 ANNN3 or jiose
1231 102.5° 1568
1.255 103.1°  1.635
1204 1042° 1610
1191 102.5°  1.590
1216 10280
103.7°

Figure 5. Predicted geometrical parameters for @esymmetryA’
ring dissociation TS.

In discussing the MO PES, all molecular orbital (MO) arguments
are based on CINOs generated at the DZP CISD level of theory.
Mulliken bond indice® (MBI) have also been used in order to aid in
describing bonding among various isomers. While the simplicity of
the MBI is one of its greatest attributes, it has also been the source of
much criticism3® The use of MBI is justified in the present study for
comparing similar structures. The shortcomings of these methods will

(34) Pople, J. A.; Raghavachari, K.; Schlegel, H. B.; Binkley, In§.

J. Quantum Chem1979 S 13 225. Saxe, P.; Yamaguchi, Y.; Schaefer,
H. F.J. Chem Phys 1982 77, 5647. Osamura, Y.; Yamaguchi, Y.; Saxe,
P.; Vincent, M. A.; Gaw, J. F.; Schaefer, H.€Ehem Phys 1982 72, 131.
Osamura, Y.; Yamaguchi, Y.; Saxe, P.; Fox, D. J.; Vincent, M. A.; Schaefer,
H. F. J. Mol. Struct 1983 103 183.

(35) Mayer, I.Chem Phys Lett 1983 97, 270. Mayer, |.Chem Phys
Lett 1985 111, 396. Mayer, lInt. J. Quantum Chenil986 29, 73. Based
on the population analysis method of Mulliken: Mulliken, R.JSChem
Phys 1955 23, 1833, 1841.

(36) Baker, JTheor. Chim Acta1984 110, 440. Reed, A. E.; Schleyer,
P.v.R.J.Am Chem Soc 199Q 112 1434. Kar, T.; Behera, L.; Sannigrahi,
A. B. Chem Phys Lett 1989 163, 157.
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hopefully be reasonably consistent throughout all structures, giving a O-N;
qualitative understanding of the entire hypersurface. As a result,

o ; 1.199
emphasis will be placed on relative values as compared to other

" 1.210

structures on the PES, as opposed to absolute values. In addition, no 1213
definite conclusions will be drawn from this method alone. All 1199
populations and bond indices were obtained at the DZP CISD level of 1211
theory in order to facilitate comparison with CINOs. All work was 1179 NN
completed on IBM RS6000 workstations using the PSI 2.0.8 suite of 1190 ( 374
programs¥ L1gs N 1.112A DZPCISD

. . ‘@ 1.121A DZPCCSD
Ill. Results and Discussion (@ + N\ 1.127A DZP CCSD(T)

N\wr (@ I.I11 A DZP**CISD

In the following discussion, all electronic structures are NNy @ N2/ 1119A DZP CCSD
N’

described in terms of symmetry orbitals as defined by Coiton. 1088 A TZ2P CISD

In each case [core] denotes the 1s atomic orbitals (on each atom), 1.128 109 A TZ2P CCSD
which were not allowed to participate in correlated procedures. 1.143 1.098 A Experiment04!

Initial characterization of states proceeded at the DZP SCF level 1155

of theory. }:iz

The first structures considered were the lin€ay-symmetry 1106

3y~ and?A states with electronic configuration 1119

3¢ — 2 2 2 2 2 4 1125

("2 ) [core] (60)(70)"(80)(90) (100)"(171)" x Figure 6. Predicted geometrical parameters for thyONlissociation

(110)%(120)%(2n)*(Bn)*(4n)? (2) products X34t N and X 13+ N.O.

(*A) [core] (60)4(70)%(80)%(90)*(100)*(1)* x (HOMO) was 123 kcal moF* higher in energy and was found
2 2 4 4 2 to be unstable with respect to out-of-plane bending. When the
(110)"(120)"(27) (37) (47)" (3) HOMO is the 158 however, the energy drops to 18.2 kcal
For computational expediency, these structures were considerednol™* below that of the lowest triplet state of@. In order to
in Cy, symmetry. make sure that thisans-chain'A’ state was the ground state,
As expected, the lined2~ state was 18.5 kcal mot lower CCSD(T) energy points for th&A’, 3A’, and3A" states were
in energy. The vibrational frequency analysis of the corre- determined at the DZP CISD optimized geometry. All energy
sponding stationary point determined this structure to be a higherrelationships remained qualitatively the same, makingrdues-
order stationary point with imaginary modes corresponding to chain'A’ state the uncontested open-chain ground state by a
symmetry-lowering bending motions. Relaxing the symmetry 30.6 kcal mot! margin. This structure is represented in Figure

restraints led to £-symmetry stable minimum 77.7 kcal maél 1

lower in energy than théy ~ state: Exploration of the PES led to @-symmetry transition state
(TS) (Figure 2) between th&ans-chain isomer and th€s

(A" [core] (64)%(7d)?(84)%(94)*(104)*(11d)*(1d")? x symmetrycis-chain (Figure 3) structure with electronic con-

(124)%(2a")(134)%(144)%(3a")X(15d)(4d") (4)  hguration

Further exploration of the triplet hypersurfaces at the DZP SCF (*A’) [core] (64)%(7a)%(8a)%(9d)%(10d)%(114)? x

level of theory revealed that 9.6 kcal méllower in energy n2 2 20n 412 2 2(m 412
than the®A"" state is the’A’ state: (1) (124)"(13d)"(2a)"(14a) (15)(3)" (8)

3., 2 2 P 2 2 2,0 N2 The only difference between electronic configurationgans
(*A’) [core] (64) 27&) (283) (925() (1023) (1%&) (1a')” x and 8 ¢is) is the energetic ordering of the last two MOs. The
(12d)7(2d")~(13d)“(144d)(3d")7(15d)(164) (5) (*A) electronic structure of th€-symmetry TS (Figure 2) is

trivial as all orbitals are of the same (a) symmetry. Further

i Thel singlet ds_tates wderebalso in\é_estigated, stalrting with _the jnvestigation led to th&,,~symmetry ring structure (Figure 4,
inear!A state discussed above. This state was also determine q 11) and aCssymmetry TS (Figure 5, eq 12) to the

higher order ionar int. Following th \ . - :
:)Oro?:(Zd?Jre gfo? tP?edt?iplset?st,otv?oyo?k?ertsing?e? strt?c:ur%salzs)eri dissociation products fand NO (Figure 6).
found. (A, [core] (43)(5a)(3b,(4b,(63)*(78)° x
(*A’) [core] (68)°(7d)*(84)*(9a)*(10d)*(1a")* x (1b,)%(88)(5b,)%(2b,)%(6b,)%(98)2(1a,)? (9)
(11d)*(124d)%(2d")*(134)*(14d)*(3d")4(4d"')* (6)
(*A") [core] (6a)%(7d)3(8d)4(94)4(104)*(114)* x
(*A’) [core] (64)°(7d)*(8a)*(9a)*(104)*(11d)” x (1a)2(124)2(134)%(2a"X(14d) (34 )(15d)° (10)
(1d')%(12d)4(134)%(2d')*(144)4(3d")*(154)* (7)

) ) ) ) The dissociation products ,Nand NO are defined by the
The state with the 4ahighest occupied molecular orbital |inear point groupDen and C..,, respectively:

(37) Janssen, C. L.; Seidl, E. T.; Scuseria, G. E.; Hamilton, T. P;
Yamaguchi, Y.; Remington, R. B.; Xie, Y.; Vacek, G.; Sherrill, C. D.; g + 2 2 2 4
Crawford, T. D.; Fermann, J. T.; Allen, W. D.; Brooks, B. R.; Fitzgerald, (NZ) ( 29 ) [core] (309) (409) (10”) (lnu) 11
G. B; Fox, D J.; Gaw, J F.; Hangy, N. C.; LaldlgZ W. D.; Lee, T. J.; Tt ) ) ) ) 4 4
Pitzer, R. M.; Rice, J. E.; Saxe, P.; Scheiner, A. C.; Schaefer, IRSF. (NZO)( > ) [core] (40) (50) (60) (70) (mu) (27tu) (12)
2.0.8 PSITECH Inc.: Watkinsville, GA, 1994.
(38) Cotton, F. AChemical Applications of Group Theor§rd ed.; John . ) ) )
Wiley and Sons: New York, 1990. For computational expediency, these two species were consid-
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N3'N4
1.099 A  DZzP CISD
R ZN|N,N
Ni-Np NN 118X DzPCCSD
1.295 100.6° 1.127A  DZP CCSD(T)
O-N; 1.323 100.7° 1.098 A DzP** CISD
1932 1.331 101.4° 1.078 A TZ2P CISD
1251 1.292 100.7°
1.263 1278 1009
1.231
1216 N J ZNoN3Ny
~ 1 167.8°
167.1°
164.5°
N2-N3 167.3°
167.5°
ZON|N, 1.736
1.707
107.4° 1.671
103.3° 1.738
101.8° 1.715
107.8°
108.7°

Figure 7. Predicted geometrical parameters for Gxesymmetry*A’
transchain to N + N.O TS.

ered inCy, Symmetry:
(N) (A, [core] (3a)*(4a)*(5a)*(1by)*(1b)* (13)

(N,O) (*A)) [core] (4a)*(5a)%(6a)*(7a)*(5a)* x
(1b)*(1b,)%(2b)*(2b,)* (14)

Lastly, in an effort to determine the direct dissociation
pathway of thérans-chain isomer, £<-symmetry TS was found
after elongation of the N-N3 bond (Figure 7):

(*A") [core] (64)%(7d)%(84)?(9d)4(10d)4(11d)? x
(12d)%(1d")3(134)3(2d")4(144)%(34")*(154)* (15)

Geometrical Parameters and Vibrational Frequencies:
Trans-Chain Isomer. The geometric parameters for tKéA'
trans-chain state of DO are represented in Figure 1. Thomas,
DelLeeuw, Vacek, Crawford, Yamaguchi, and Scheééfeave
determined that a proper “balance

and basis set size can be achieved with CCSD in conjunction

with a TZ2P basis set. At this level of theory, Thoneisal
found the predicted equilibrium bond lengths of a variety of
small molecules to be merely 0.15% in error visia experi-
mentally determined bond lengths. The only other combination
which leads to comparable results was found to be a TZ2P basi
set with the inclusion of higher angular momentum f-type
functions (TZ2P+f) along with CCSD(T). In the present study,
TZ2P+f CCSD(T) was deemed prohibitively computation
intensive. As a result, the TZ2P CCSD predictions reported in
Figure 1 are our best results.

Comparing our TZ2P CCSD predictions for the-®; bond
with experimentally determined bond lengths of some similar
molecules (there are no experimental results fg®Ntself),
we see that the predicted-ND bond of NO (1.177 A) lies
between the diatomic NO (1.151 ®R)and NO (1.186 A
N—O bond lengths, favoring O slightly. Comparison to the
N—O bond length in MO predicted at the same levels of theory
(Figure 6) shows the NO bond length in MO to be shorter
by 0.0104+ 0.003 A. As a result the true NO bond distance

(39) Thomas, J. R.; DeLeeuw, B. J.; Vacek, G.; Crawford, T. D;
Yamaguchi, Y.; Schaefer, H. B. Chem Phys 1993 99, 403.

(40) Huber, K. P.; Herzberg, G&onstants of Diatomic Moleculg¥an
Nonstrand Reinhold: New York, 1979.

(41) Herzberg, G.Electronic Spectra and Electronic Structure of
Polyatomic MoleculesKrieger: Malabar, 1991.
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in N4O is expected to be near 1.1360.003 A. This is in
agreement with trends developed in improving basis set size
and correlation scheme; basis set improvements shorten the bond
length while more complete correlation schemes increase the
bond length.

A comparison of any of the predicted;NN, bond lengths
for N4O with the predicted or experimental (1.1274AN,0
nitrogen-nitrogen bond lengths shows that the-NN, bond is
definitely longer than the nitrogemitrogen bond in MO. The
TZ2P CCSD prediction (1.472 A) is our best estimate for the
N1—N bond distance in MD. This prediction is longer than
the experimental nitrogemitrogen bond length in hydrazine,
N2H4 (1.449 A)42 but much shorter than the nitrogenitrogen
bond length in the weakly bound dinitrogen tetraoxideOIN
(1.782 A)%

The predicted BNz and Ns—N4 bond lengths are very
similar to experiment4t and theoretic4f bond distances for
the halogen azides, X)NX = H, F, Cl, Br, 1). As there are no
clear trends upon improving basis set size or correlation scheme,
the predicted TZ2P CCSD NNz bond length (1.272 A) is
our best estimate for the,NN3 bond distance in hO.

The predicted TZ2P CCSD4NN4 bond length, on the other
hand, is shorter than all XN-N bond lengths (except i)l by
at most 0.016 A. In this case improvements in theoretical
method and basis set follow more regular trends. Assuming a
similar increase from TZ2P CCSD to CCSD(T) as with DZP
CCSD to CCSD(T) yields 1.130 A with improvements toward
the basis set limit lowering the bond length even more.

The theoretically predicted harmonic vibrational frequencies
and IR intensities of the JD trans-chain isomer are presented
in Table 1. Table 2 includes harmonic vibrational frequencies
for N, and NO for comparative purposes. Figure 8 is a pictorial
representation of the /O trans-chain normal modes. As with
the equilibrium bond lengths and angles, Thoragal.3° found
a good “balance” between basis set size and level of theory for
harmonic vibrational predictions with the TZ2P CCSD theoreti-
cal method. While Thomaet al. found predictions at this level
to be in error by only 1.5% in comparison to experimental
harmonicvibrational frequencies, valid comparisons can still

" between theoretical methodP€ Made to théundamentavibrational frequencies of Schultz

et al® if the lowering of fundamental vibrations due to
anharmonic effects is taken into account.

Figure 8 shows the; to be almost purely an NN stretching
vibration of the terminal nitrogens. The TZ2P CCSD value,
2217 cntl, is slightly above the experimental value, 2207ém

sas expected. Upon inclusion of triple excitations with a DZP

basis, this prediction drops to 2104 csl Basis set trends
established with CISD and CCSD, however, indicate that
increasing the basis set size with CCSD(T) will increase this
frequency to a more satisfactory level.

Figure 8 showsw, to be almost purely an ©N stretch.
Although the TZ2P CCSD value, 1691 ct is our highest
level prediction, estimates to higher levels indicates that
improvements in basis set size will decrease the DZP CCSD-

(42) Kuhata, K.; Fukuyama, T.; Kuchitsu, K. Phys Chem 1982 86,
602.

(43) McClelland, B. W.; Gundersen, G.; Hedberg, X.Chem Phys
1972 56, 4541.

(44) (a) HNs: Winnewisser, B. PJ. Mol. Spectrosc198Q 82, 220. (b)
FN3: Chisten, D.; Mack, H. G.; Schatte, G.; Willner, H.Am Chem Soc
1988 110, 707. (c) CIN: Cook, R. L.; Gerry, M. C. LJ. Chem Phys
197Q 53, 2525. (d) BrN: Hargittai, M.; Tornieporth-Oetting, I. C.;
Klapttke, T. M.; Kolonits, M.; Hargittai, .,Angew Chem, Int. Ed. Engl.
1993 32, 759. (e) IN: Buzek, P.; Klaptke, T. M.; Schleyer, P. v. R.;
Tornieporth-Oetting, I. C.; White, P. 3ingew Chem, Int. Ed. Engl. 1993
32, 275.

(45) Otto, M.; Lotz, S. D.; Frenking, Gnorg. Chem 1992 31, 3647.
Also refs 44d,e.
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Table 1. Correlated Theoretical Predictions for the Harmonic Vibrational Frequencies (and Infrared Intensities) #thsl 0O trans-Chain

Isomet

method w1(d) wo(d) w3(d) (@) ws(d) we(d) w7(d) wg(@'") we(d")
DZP CISD 2385 (477) 1816 (316)  1151(93) 1009 (692) 638(32) 616 (53) 227(2)  605(6) 194 (1)
DZP* CISD 2389 (469) 1812(333) 1144(87)  1014(734) 646(33) 619(45) 231(2)  583(7)  182(1)
TZ2P CISD 2407 (483) 1809 (319) 1149 (123)  953(646) 638(2)  616(145) 228(2)  599(7)  195(1)
DZP CCSD 2104 (455) 1693 (283) 1104 (143)  895(508) 582(1)  551(146) 206(1)  562(0)  174(0)
DZP** CCSD 2199 (447)  1688(295) 1092 (132) 899 (562) 585(0) 562 (135) 210(2) 771(5)  332(0)
TZ2P CCSD 2217 (463) 1691 (314) 1098 (161)  845(450) 590 (5)  513(239) 204(3)  549(5)  174(0)
DZP CCSD(T) 2104 (440) 1638 (349)  1115(174)  827(358) 564(7)  465(253) 191(2)  544(4) 166 (0)
MP2/6-3H-G*b 2312 (2208) 1568 (1498) 1158 (1106) 818 (780) 606 (579) 416(397) 189 (180) 506 (493) 168 (160)
expP 2207 1485 1095 784 566 415 484 162

aHarmonic vibrational frequencies are in chnand infrared intensities are in km mél Frequency lables refer to Figure BMP2/6-34G*
predictions (scaled by 0.955) and experimental fundamental Raman frequencies from A. 8chlil{eef 6).

AL
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0 ()
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Figure 8. Normal modes of vibration for thE<-symmetry XA’ trans-chain isomer predicted at the TZ2P CCSD level of theory.

Table 2. Correlated Theoretical Predictions for the Harmonic
Vibrational Stretching Frequencies of 34" N2 and X3+ N,O?

Nz NZO
method N-N str N—O str N—N str
DZP CISD 2444 1352 2402
DzZP** CISD 2452 1345 2400
TZ2P CISD 2500 1354 2417
DZP CCSD 2352 1290 2296
DZP** CCSD 2361 1281 2292
TZ2P CCSD 2414 1288 2307
DzP CCSD(T) 2287 1269 2222
expt 2359.6 1284.9 2223.76

aHarmonic vibrational frequencies are in ch® Experimental N
harmonic frequency from ref 40. /9 fundamentals from ref 41.

(T) predicted value, 1638 cmh. The experimental value of
Schultzet al.,® 1485 cntl, is well below this value even with
a modest decrease from 1638 Thindicating perhaps a high
degree of anharmonicity in this mode.

The assignment abs is not as straightforward as with,
and w», illustrating the utility of Figure 8. Thevnz motion

pictorially represented in Figure 8 can be described as a mixture

of N>—Nz and Ns—Njy4 stretching along with ©N;—N, bending.
The TZ2P CCSD predicted harmonic frequency, 1098 Giis

most similar to the symmetric stretching frequencies of the

halogen azides (1168, 1090, 1134, 1160, and 1207 dor
HN3,%6 FN3,47 CIN3,*8 BrN3z,*° and INs,2C respectively). The
TZ2P CCSD predictedvs is in good agreement with the
experimental Ramanms fundamental of Schultet al® (1095
cmy).

As seen in Figure 8, both of the, and ws modes can be
described as a mixture of stretching and bending modes. The
TZ2P CCSD values forws and ws (845 and 590 cmi,
respectively) are higher than thrg andvs Raman adsorbances
of Schultzet al® (784 and 566 cm), as is expected. Extension
to CCSD(T) with a larger basis set is expected to lowerdhe
mode from the DZP CCSD(T) value of 827 ciand raise the
ws mode from 564 cml, in accordance with experimental
observation.

Figure 8 indicates thabe is most closely associated with a
stretching of the A—N, bond in conjunction with some mixing
of the O-N;—N; bend. The TZ2P CCSIs frequency lies
slightly below the M-NO stretching region in nitrosyl com-

(46) Winnewisser, B. PJ. Mol. Spectrosc198Q 82, 220.

(47) Moore, C. B.; Rosengreen, K. J.Chem Phys 1964 40, 2461.

(48) Foy, B. R.; Casassa, M. P.; Stephenson, J. C.; King, D. Bys
Chem 1979 83, 429.
(49) Kajimoto, O.; Yamamoto, T.; Fueno, J. Phys Chem 1979 83,
429.

(50) Richardson, W. C.; Setser, D. an J. Chem 1969 47, 2725.
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Table 3. Correlated Theoretical Predictions for the Harmonic Vibrational Frequencies (and Infrared Intensities) d#th&l0 Ring
Isomef

method w1(ay) wa(ay) w3(ay) wa(ay) ws(2) we(by) w7(l) () wo(by)

DZP CISD 1549 (15) 1189 (3) 1124 (16) 955 (47) 768(0) 722(0)  1654(0) 1126 (1) 942 (10)
DZP** CISD 1551 (16) 1186 (10)  1123(22) 949(26)  758(0)  714(0) 1655(0) 1124 (1) 937 (11)
TZ2P CISD 1556 (13) 1173 (0) 1105 (20)  872(43) 776(0) 729(0)  1656(0) 1141 (1) 851 (10)
DZP CCSD 1460 (14) 1096 (0) 1028 (17) 844 (40) 720(0) 676(0)  1551(0) 1061 (1) 779 (10)
DZP** CCSD 1461 (15) 1092 (2) 1025 (27)  834(23)  743(0) 920(0) 1712(0) 1147 (0) 1047 (11)
TZ2P CCSD 1472(13) 1093 (0) 984(32)  735(18) 724(0) 679(0) 1557 (0)  1071(1)  661(10)
DZP CCSD(T) 1389 (13) 1060 (0) 978(16)  798(36)  703(0) 662(0)  1477(1) 1036 (1) 660 (8)
MP2/6-3HG* b 1248 1058 980 814 708 686 1330 1054 671

aHarmonic vibrational frequencies are in thand infrared intensities are in km mél Frequency labels refer to Figure OMP2/6-3H-G*
predictions from A. Schultzt al. (ref 6).

Y O

o,(a,) w,(a,) o,(a,)
w,(a,) ws(a,) o(b,)
@,(b,) £ b)) @y(b,)

Figure 9. Normal modes of vibration fo€,-symmetry X*A; ring isomer predicted at the TZ2P CCSD level of theory.

pounds (656520 cnt?).51 Comparison with the results of less than 1.389 A. While longer than the-® bond in many

Schultzet al. for vg places the TZ2P CCSD prediction above nitrogen oxides, this prediction is less than the D bridging

the experimental frequency as expected; however, the lack ofbond in dinitrogen pentaoxide ,8—0—NO, (1.498 A)52 Basis

clear trends makes extension to larger basis set and higher leveset size, however, has an appreciable effect on theN bond

of theory inappropriate. As is evident from Tableds is the length, decreasing it by0.02 A upon moving from a DZP to

only mode for which there is a significant difference between a TZ2P basis (the effect of adding diffuse functions is

our TZ2P CCSD predictions and the MP2/6433* predictions negligible). As a result, the true bond length can be expected

of Schultzet al. to be less than 1.250 A (0.02 A less than the DZP CCSD(T)
Schultzet al. did not observe a7 frequency. The TZ2P  with further reduction expected upon inclusion of f-type

CCSD prediction for thew7 stretch/bend at 204 crh is our functions), placing this bond length near that of diimidetHi

best estimate. While the TZ2P CCSD(T) prediction is expected (1.252 A)5® Conversely, the B-N3 bond length increases with

to be lower on the basis of comparison of CISD and CCSD larger basis sets as well as improved correlation schemes. The

predictions, the effect of f-type functions is unclear. amount of increase, however, is not steady so that we can only
While the predictions for the out-of-plane modedsg and be sure that B-N4 will be >1.423 A (predicted at TZ2P

wg (549 and 174 cmb), are completely reasonable when CCSD). All predicted bond angles are constant with respect

compared to the experimental Raman frequencies (484 and 1620 theoretical method to less than a degree.

cm?), a lack of clear trends in basis set extension makes any The predicted vibrational frequencies and IR intensities of

further estimate inappropriate. the ring isomer are displayed in Table 3, and a pictorial
Ring Isomer. When considering the geometrical parameters representation of the normal modes is given in Figure 9. The

of the ring isomer, comparisons te® and N are inappropriate. symmetric stretching of N-N; and Ns—Nj (w-) drops 71 cm?

Figure 4 shows that increasing the basis set size has a smalln going from CCSD to CCSD(T) with a DZP basis set whereas
effect on the G-N bond length. Therefore, extending the DZP

CCSD(T) result to a larger basis set gives a final prediction of  (52) McClelland, B.; Hedberg, L.; Hedberg, K.; Hagen,JXAm Chem
Soc 1983 105 3789.

(51) Socrates, Gnfrared Characteristic Group Frequenciegnd ed.; (53) Carlotti, N.; Johns, J. W. C.; Tromeetti, 8an J. Phys 1974 52,
John Wiley and Sons: New York, 1994. 340.
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increasing the size of the basis set from DZP to TZ2P increases
the frequency by 12 cmt at most (with CCSD). With this in
mind and starting from the DZP CCSD(T) frequency at 1389
cm~1, we expect the actual harmonic vibrational frequency to
be above 1400 cmi. This is quite different from the lower
level theoretical prediction of Schulet al® (1248 cnt?).

Thew; ring flattening mode, thers O—N symmetric stretch,
and thew4 N2—Nj3 stretch, however, decrease with both basis
set size and level of correlation. As a result, the true harmonic
vibrational frequency is expected to be les than the DZP CCSD-
(T) predictions of 1060, 978, and 798 cin respectively.
Agreement with the predictions of Schuttzal® is much better
in this case (1058, 980, and 814 threspectively).

The TZ2P CCSD predictions for the out-of-plane modes (724
and 679 cm? for ws andws, respectively) must be considered
our best values, as confident estimates to higher level of theory
cannot be made. These predictions are in reasonable agreement
with the predictions of Schultet al® (708 and 686 cm,
respectively). Similarly, higher level of theory estimates cannot
be made for the asymmetric-\N stretch,w7, the asymmetric
ring deformationwg, and the asymmetric ©N stretchws. The
TZ2P CCSD predictions fotg and wg (1071 and 661 crt,
respectively) are in good agreement with the predictions of
Schultzet al. (1054 and 671 crt, respectively); however, their
w7 (1330 cnT?) is suspiciously below the TZ2P CCSD Figure 11. _Mulliken bond indices_of various stationary points on the
prediction (1557 cm?). N4O potential energy surface predicted at the DZP CISD level of theory.

The N4O Potential Energy Hypersurface. A qualitative
description of the MO PES is shown in Figure 10. There are
several possible ways of drawing reasonable Lewis structures
for the NyO trans-chain isomer, a few of which are represented
below:

1.76

Similarly, comparison to known NO stretching vibrations
places NO between MO (1284.9 cmb)*! and NO (1904.2
cm. 1).4% The Ns—N4 bond length in MO is longer than the
N—N triple-bond length in B but shorter than the double-
bond length in NH,.58 Comparison to the NN triple-, double-,
and single-bond stretch in¥ (2358.6), NH»** (1529 cnt?),

@ A ; - @ Z d..
PN /N;’N . %;)fu N N /Ng’N and NoH455 (1087 cnm?) places the MO N3—Nj stretch between
10”7 g (o7 1\1.\{2// * o 69 <N the stretch of a NN triple bond and a NN double bond, but

closer to the triple bond. Comparison with analogous N
theoretical results shows that the termingHNl, bond becomes
less like a classic Ntriple bond with increased electron
correlation. With CISD these values ar®.008 A longer than
the N> bond length while CCSD results are off by 0.018 A and
he DZP CCSD(T) bond length is greater by 0.025 A. In

The MBI (Figure 11) indicate that the-€N; bond is between
a single and a double bond, the-N\N3 bond is slightly more
than a single bond, and thesNN, is less than a triple bond.
Comparison with the MBI of Mand NO determined by the
same computational procedure confirms these ideas. The bon ddition the N—Ns bond length lies between the single-N

index of the G-N; bond is greater than that of the® N—O ; 56
bond (which is generally considered to be slightly more than a Ibe(I)’]ngC:hleirr]]gl\tbl’I]ﬁlgn(PQEZ %54347 A) and the double NN bond

single bond), while the MBI of the N-N4 bond is less than
that of the classic triple bond inJN This deviation from whole-
number bond order is a result of the delocalizedystem.

The same conclusions can be drawn by comparing the bond

Our first attempts to find a transition state (TS) between the
trans and cis-chain isomers involved increasing the-®l;—
N, angle while retainingCs symmetry. All such attempts

lengths and vibrational frequencies to those of knownND (54) Bondybey, V. E.; Nibler, J. WJ. Chem Phys 1973 58, 2125.

and N-N single, double, and triple bonds. The-® bond in (55) Catalano, E.; Sanborn, R. H.; Frazer, J. MChem Phys 1963
. : ’ . 38, 2265.

N4O is longer than the ©N double-bond length in N® but (56) Kuhata, K.; Fukuyama, T.; Kuchitsu, K. Phys Chem 1982 86,

shorter than the single bond in@—-0—NO; (1.498 A)52 602.



4868 J. Am. Chem. Soc., Vol. 118, No. 20, 1996 Galbraith and Schaefer

Figure 12. The 134CI natural orbital of theCs-symmetry XA’ N,O
trans-chain isomer at the DZP CISD optimized geometfyON;N,
= 110.6.

Figure 14. The 134Cl natural orbital of theCs-symmetry XA’ N,O
cis-chain isomer at the DZP CISD optimized geometfyON;N, =
116.5.

higher than~13 kcal mot'! and decreases with improvements
in correlation scheme and basis set size. When corrected for
ZPVE, this barrier drops even further. THg-symmetry
MRCISD-A ZPVE corrected energy at the DZP CISD optimized
geometry actually lies below th€,-symmetry trans-chain
isomer by 0.3 kcal moll. Upon choosing a lower limit as the
MRCISD cutoff (0.030), the energies returned to the expected
ordering but with only a 4.1 kcal mot energy difference. The
barrier predicted with CCSD and CCSD(T) energy points,
however, is~10.0 kcal mot?, indicating that the number of
reference configurations chosen may be insufficient.

Further rotation to theis-structure (Figure 3) results in an
increase in the ©N; and N—N3 bond lengths and a decrease
resulted in failure, with the molecule dissociating inte ¥ in the N;—Nz and N—N3 bond lengths. With the molecule
N,O. Upon releasing the symmetry restrictiorGasymmetry once more contained in a single plane, delocalizéuteraction
TS was easily found corresponding to rotation about the N over the entire molecule is again possible. ThelNa MBI
N, bond (Figure 2). The preference for @&/mmetry TSover ~ decreases and the NNz increases as the p-type orbital oa N
a Cesymmetry TS can be explained as an unfavorable energy Pecomes available to accept electron density fromN@  As
change in moving from ©N; bond sB hybridization in the a result, this p-type orbital is no longer exclusively involved in
trans-chain structure through sp hybridization and back t sp N2—Ns—N4 bonding and the MBI of h-Nj3 decreases while
hybridization in thecis-chain structure. This can be understood the Ne—N4 MBI increases.

Figure 13. The 13aCl natural orbital of NO atJON:N, = 180.0.
All other geometrical parameters are held attth@s-chain DZP CISD
optimized geometry.

from a molecular orbital standpoint by following the 1340 With the 7 system spread across the entire molecule, the
as the O-N;—N, angle is increased. In thé&rans-chain energy of thecis-chain isomer drops down near that of thens-
structure, the 13aMO is largely O-N; bonding and NN, chain isomer and actually becomes lower in energy with

antibonding (Figure 12) As the angle increaseS, thd\@ MRCISD-A. When more references were included with the
overlap becomes less favorable until at 18Bigure 13) the ~ MRCISD-B method, theis-chain isomer became 1.7 kcal mbl
134 MO is O—N; as well as N—N; antibonding. Continuation  l€ss stable than theans-chain isomer (with ZPVE) while CCSD
along this path leads to-€N; and N—N; bonding interaction ~ and CCSD(T) both predict barriers of1.0 kcal mot™, further
in the cis-structure (Figure 14). Rotation about the compara- illustrating the necessity for a higher number of references. This
tively weak N-—N, bond, however, is not accompanied by such Smalltranscis-chain energy difference is to be expected on the

an energetically unfavorable interaction. basis of steric hindrance arguments. _ _
Upon rotation about the NNZ bond' the G_Nl T bond, There remaln.S a.n |nCOnS|StenCy bet\Neen ((IIB’-Ch.aIn
which was delocalized over ;Nand N in the transisomer, structure and theis—cis structure of Klapitkeet al® A possible

becomes more localized between O andallis evident by the explanation of these results from a valence bond perspective
decrease in the ©N; bond length and a subsequent increase has been provided by R. D. Harcodft.The present conflict

in the Ny—N, bond length. Accordingly, the MBI increases  With cis N4O may be similar to the case ot8), where Harcourt
between O and Nwhile decreasing between;Nnd N.. On found two separate minima. The lower energy structure
the other side of the molecule, the-\NN4 bond length increases ~ corresponds to a long, weak-NN bond made up of mostly

as the N—Nj; bond length decreases, indicating a shift in P-type AOs. At higher energy, a second stable structure was
electron density from the N-N4 bond to a more delocalized ~ found with an N-N bond length close to that of a single bond

N,—Ns—N, 7 configuration. Rotation about the;NN, bond and involving more s-type character. From a molecular orbital
destroys the favorable overlap of the p-type orbital enith standpoint, consideration of the molecule as a whole leads to
the p-type orbitals on O and Nthus making it available to  thecis-chain structure found herein, whereas consideration of
accept electron density from the;NN4 7 system. the NO and N radicals as separate fragments leads tathe
Energetically, the breaking of the extendedsystem by cis structure of Klaptke et al. It may be noted that the bond
rotation about the N-N2 bond is accompanied by a small (57) (a) Harcourt, R. DJ. Mol. Struct (THEOCHEM)199Q 206, 253.

energy barrier. As seen in Table 4, this energy barrier is no (b) Harcourt, R. D.J. Mol. Struct (THEOCHEM)1995 342, 51.
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Table 4. Energied Relative to the Ring Isomer (ZPVE Correctdd Parentheses) of Stationary Points on th@®NPotential Energy

Hypersurface
method NO+ N, TS trans-chain trans—cis TS cis-chain ring ring-diss TS PO + N2
DZP CISD 36.5 (32.2) 20.9 (19.0) 33.8(31.4) 21.6 (19.7) 0.0 15.3(13.2) —65.5(69.2)
DZP'* CISD 34.8 (30.5) 19.2 (17.3) 32.5(30.1) 20.4 (18.5) 0.0 14.8 (12.7) —66.8 (-70.5)
TZ2P CISD 29.6 (25.3) 13.8 (11.9) 26.0 (23.6) 14.8 (12.9) 0.0 10.1(8.0) —80.1(-83.8)
DZP CCSD 34.7 (30.4) 19.9 (18.0) 30.8 (28.4) 20.7 (18.8) 0.0 8.7 (6.6) —64.6 (—68.3)
DZP** CCSD 18.3(16.4) 0.0 —65.8 (—69.5)
TZ2P CCSD 13.2 (11.3) 0.0 4.4(2.3) —78.3 (—82.0)
DZP CCSD(T) 35.6 (31.3) 20.0 (18.1) 30.0 (27.6) 20.3 (18.4) 0.0 5.0(2.9) —61.9 (-65.6)
MRCISD-A® 19.6 (17.7) 19.8 (17.4) 19.3(17.4) 0.0 11.0(8.9)
MRCISD-B° 19.8 (17.9) 24.4 (22.0) 21.5(19.6) 0.0 5.2(3.1)
CCsD 20.0 (18.1) 31.0 (28.6) 20.8 (18.9) 0.0 8.4 (6.3)
CCSD(Ty 20.4 (18.5) 30.9 (28.5) 21.2 (19.3) 0.0 4.2(2.1)

2 Energies in kcal mott. ® DZP CISD ZPVE corrections are used for

lengths which we have calculated for tbes-chain structure
(Figure 3) are in general accord with those that are implied by
increased-valence structure (37) of ref 57b. All attempts to find
a structure similar to theis—cis structure resulted in failure.
Several failed attempts were made to find a TS between the
cis-chain and ring isomers. At the SCF level, a TS seemed to
have been found with the geometry of Figure 5. However, when

all methgdBnergy at the DZP CISD optimized geometry.

respectively, an@ag is the bond order at the point in question.
Using this definition for the development of the-®l; and N—

N, bond we arrive at 0.38 and 0.21, respectively. The same
criterion can be applied to the N, and N—Nj3; bond
degradation, arriving at values of 0.48 and 0.38, respectively.
Each of these sets of progress variables shows the TS to lie
more toward the higher energy ring isomer, in agreement with

electron correlation was considered, the energy of this structure 5 mond's postulate. Energetically, the barrier to dissocia-

dropped below that of all the open-chain isomers, indicating
that the structure in Figure 5 is the ring dissociation TS and
not thecis-chain cyclization TS.

One can draw the ) ring isomer (Figure 4) adhering to all
the rules for a stable Lewis structure.

o
i SN
W/

.Nz_Na,

Considering the predicted bond lengths and MBI, this simple
structure is not too far off the mark. TheNN2/N3—N4 bonds
(1.237 A) are definitely shorter than the,NN3 bond (1.423
A). The bond orders of the ©N/O—N, and N—N3 bonds
are very nearly unity while the ©N bond length (1.376 A)
lies between the single (1.498 A) and double (1.188 AN
bond lengths in gN—O—NO,,52 favoring the single-bond
length, and the pN3 bond lies closer to the singly bonded
N2H4 (1.447 A¥® than the doubly bonded M, (1.252 A)S53
Furthermore, the N-N2/N3—N4 bond lengths are close to the
double-bond length in pH,. In an ideal five-membered ring
with 6 i electrons, ther electrons would be distributed evenly

tion is at most 15.3 kcal mot (DZP CISD) and drops lower
with improvements in both basis set and correlation scheme.
In going from a DZP to a TZ2P basis set, for example, this
barrier drops by 5.2 kcal mol for CISD and 4.3 kcal mot*

for CCSD. Assuming a similar trend in moving from DZP
CCSD(T) to TZ2P CCSD(T), the ring dissociation barrier is
expected to drop to-12 kcal mol?! with the addition of f-type
functions possibly making it even lower. A barrier of this size
lies below the ZPVE, throwing doubt on the existence of the
N4O ring isomer.

Another possibility for the dissociation of theans-chain
isomer is the direct breaking of the,NN3; bond (Figure 7).
While the N\—N4 bond distance has decreased close to the
diatomic N bond length, the ONN, angle has gotten smaller
and the G-N; bond length has increased past the linea®N
N—O bond length, indicating that the structure in Figure 7 may
be a TS to cyclic MO and N, as described by Tornieporth-
Oettinget al1® Energetically, this barrier remains-atl3.0 kcal
mol~1 and is relatively insensitive to improvements in basis set
size or treatment of electron correlation.

among all the bonds. In the present case, the highly electrone-

gative O atom prefers to keep electrons around itself, leading
to a partial negative charge on the oxygen. Energetically, there
is a certain degree of stability associated with the ring isomer,
although not on the order of common aromatic systems. The
ring isomer is predicted to be at most (DZP CISD) 20.9 kcal
mol~! more stable than theans-chain isomer; however, this
value decreases to 13.2 kcal mblvith TZ2P CCSD.

The ring isomer TS to dissociation intg:ldnd NO is shown
in Figure 5. MBI show G-N; and N—Nj increasing in bond
order toward their values in the dissociation products while
O—N, and N—Nj3 decrease toward 0. Recently, Lend¥ayas
used MBI to define a “progress variablg/as in order to
characterize the development of a bondB as
Bas)

Xre = (Bag — BABi)/(BABf - (16)

where Bag' and Bag' are the initial and final bond orders,

IV. Conclusions

The N,O singlet potential energy hypersurface has been
studied in detail usingb initio techniques. While th®A’ trans
chain structure is the lowest energy open chain isomer, facile
transformation into the slightly less stabteX kcal moi?) cis-
chain structure is expected to occur vi€asymmetry TS 9.5
kcal mol? (including ZPVE) above thgans-chain isomer. The
ring structure was found to be 11.3 kcal mbfincluding ZPVE)
more stable than theans-chain isomer. Although the addition
of diffuse functions do not change this energy appreciably,
extension to the TZ2P basis set significantly lowers the energy
of the trans-chain isomer relative to the ring isomer. While
improving the treatment of correlation from CISD to CCSD
also lowers the relative energy, inclusion of triple excitations
via the CCSD(T) method increases this energy difference by a

(58) Lendvay, GJ. Phys Chem 1994 98, 6098.

(59) Hammond, G. SJ. Am Chem Soc 1995 77, 334.
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mere 0.1 kcal motll. As a result tharans-chain/ring energy close to the barrier to ring dissociation at the DZP CISD level,
difference can be expect®do be~13.3 kcal motl. neither the NO + N, nor thetrang/cis transition states are as
The geometrical parameters and vibrational frequencies of dramatically effected by improvements in basis set size and
thetrans-chain isomer have been characterized for a variety of treatment of electron correlation. This may explain why the
theoretical methods in reasonable agreement with the previoustrans-chain isomer has been isolated and the ring has not.
experimental work of Schultet al® In addition, the geometrical ~ Although the ring isomer is the most stableQNisomer, and
parameters and vibrational frequencies of the ring isomer havedissociation is accompanied by a release of 82.0 kcal fnol
been characterized in order to aid future experimental attempts(TZ2P CCSD including ZPVE), even if isolation is successful,
at isolation. The prospects of isolating the ring isomer, however, it may not be suitable as a high-energy-density material as the
are slim at best. The low barrier to dissociation (4.4 kcalthol  low barrier to dissociation is likely to prevent safe handling.
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from TZ2P. Adding f-type functions, for example, could have a significant  trips).
effect, as in going from DZP to TZ2P, or a small effect, as in adding diffuse
functions to the DZP basis. JA9534157




