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Geometrical structures for the dimerization of (NO): from (NO + NO) have been calculated using ah aritio Har-
tree-Fock (SCF). sccond-order Meller-Plesset perturbation (MP2). and coupled cluster with the single. double.
and triple substitution [CCSD(T)] methods with a triple #cta plus polarization (TZP) basis sct including diffuse
Rydberg basis functions, The siructure of (NO): can be described by two intcractions (N---N. N---O). Onge is
the ONNO structure with an (N---N) intcraction. In this structure. acyclic ¢is-ONNO with C;, -symumnctry. acy-
clic frany-ONNO with Cy,. and cyclic ONNO with trapezoidal structure (Cs,) arc optimized at the MP2 level.
The other structure is the ONON structure with an (N---Q) intcraction. In the structure. acyclic ¢is-ONON with
Cy-symmetny and ¢yclic ONON ol the rectangular (Cp). squarc (D). rhombic (Dz). and parallclogramic (Dz;)
geometrics are also optimized. 1t is found that acyclic cis-ONNOQ (' A;) is the most stable structure and cyclic
ONNO (*A)) is the Ieast stable. Acyclic rans-ONNO (*A;) with an (N---N) intcraction. acyclic trans-ONON
and bicvelic ONON (C-,) with (N---O) interaction. and acyclic ¢is- and frans-NOON with an (O---O) interac-
tion can not be optimized at the MP2 level. Particularly. acyclic trans-ONNO with Cy-symmetry can not be
optimized al (he CCSD(T) level. Meanwhile. acyclic NNOOQ ('A,. C,) and trianglic NNOO (' A,. Cx.) formed
by (he (O---N) interaction between O- and N: are optimized at the MP2 level. The binding energies and the
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relative encrgy gaps among the isomers are found (o be relatively small.

Introduction

The relative stability and geometrical structure of N2O- as
a fundamental unit 10 photochemical processcs ol dinitrogen
oxides (N-Oy. x = 2-3) have been extensively studicd with
various ¢xperimental' ™ and theoretical”™™ methods. The
dimitrogen oxides have usually a closed clectronic structure.
The bond strengths (N-O) of the specics formed by (N<+N)
interaction arce weaker than thosc of nitrogen oxides (NOg: x
= 1-3) and bond Iengths arc longer. As the resull. the forma-
tion and dissociation of N~O- can casily take place. N-O- has
many geometrical isomers. 1t combines casily with waler
and becomes nitric acid. And the acid dissolves in log and
rain, Although many studics for the photochemical rcactions
of N:O: have been performed. unanimous valucs of the sta-
bilitics and gecomcelrical structurcs have not been given, Par-
ticularly. the resulls calculated with the density functional
theory (DFT) arc dilferent from thosc of the ¢experiments and
ch initio calculations,

By the X-ray diffraction cxperiment.'~ the most stable
structurc of N2Ox in solid 1s known Lo be a trapezoidal gecom-
etry (Ca). Ry, Rno. and ZONN of the molecule are
2.18+0.06 A, 1.12+0.02 A_and 101£3 degrecs. respectively.
By the molccular beam spectroscopy.” the most stable struc-
turc of N2O- in the pas phase is revealed to be an acyclic
form (Cx). Run. Rye. and ZONN are 2.33 A. 1,15 A_and 93
degrees. respectively, Using the microwave spectroscopy. ™
R, Ryo. and ZONN of acvelic ONNO (Cs) arc given as
2237 A. 1161 A, and 99.6 degreces. respectively. By the
result of the "*N isotopic infrared spectra.’ Ry Ry, and
ZONN of acvelic ONNO with Cae-symmetry are known 1o

be 2.2630 AL 11515 A. and 97.17 degrecs. respectively. Par-
ticularly. the structure of gascous N:O: analyzcd by the
infrarcd spectrum'™ is assigned to be acyclic ONNO (Cay).
Riav and ZONN are 1.75 A and 90 degrees. respectively.

Recently. the structurcs and relative stabilitics of N-O-
were investigated by Stirling ef ¢/, and Duarte ef af. ™ using
the density functional theory (DFT). By the results of Duarte
et al.. the acyclic ¢is-ONNO conformation is morc stable in
all casc. The acyelic ¢is-ONNO with a triplet spin stale 1s
morc stable than a singlet by the energy of 3.61 keal/mol.
Rpav. Ruo. and ZONN of acyclic ¢is-ONNO (*A)) are 2.0
A 1167 A.and 110.37 degrees. respectively, According (o
the results of Stirling ef .. the most stable struclure is also
acyvclic ¢is-ONNO with a triplet spin stale and the most
unstable onc is cyvclic ONON with a singlet spin. Rapy. Ryo.
and ZONN of acyelic ¢is-ONNO (*A)) arc 2.059 A, 1.176
A and 109.2 degrees. respectively, Using the various basis
scts and corrclated methods. the siructurcs of acyelic cfs-
N-O- were optimized by Lee ef af = The geometrical struc-
turcs arc not mflucnced by the basis scts. but by the applicd
mcthods. At a large basis sct. Ryn. Ryo. and ZONN are
2.186 A. 1.170 A. and 91.3 degrecs. respectively, Configura-
tion interaction calculation for N-O» was performed by Ha. ™
The structure of the ground state 1s acvehic ¢is-ONNQ (Cay)
with a singlet spin state. Ry, Ryo. and ZONN of the ground
state arc 2.39 A. 1.19 A. and 90 degrecs. respectively. The
encrgy gap between the ground ('A)) and the first excited
(*B-) states 1s 0.43 ¢V,

At the SCF level. the eis-, reans-. and gatiche-N~O- were
optimized by some groups. ¥ For small basis sct. acy-
clic ¢is~ONNQ is more stable than any others. With incrcas-
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ing size of basis set, acyclic /rany-ONNO is more stable than
any others and the cyclic form is very unstable. According to
the results of Viadimiroft™ and Ritchle.* cyclic ONNO is
the most stable structure. Rxn. Ryo. and ZONN of the struc-
ture obtained by Vladimiroff are 1.35 A. 1.51 A, and 93.0
degrees. respectively. Acyclic ¢is-ONNO is more stable than
the acyclic trans-conformer by 2.9 keal‘mol. By Skaarup ef
a7 the most stable steucture is acvelic ¢iv-ONNO. Ryn.
Rno and the ZONN of the species are 1.768 A, 1.162 A, and
106.6 degrees, respectively. Bock er al.*' predicted that acy-
clic #rans-ONNO is more stable than the acyclic cis by 4.1
kJimol.

Although the structure and stability of N>O» have already
been studied by many groups. further investigations seem to
be worth carrving out on the base of following points. {i)
The structure of N2, is grouped as two possible geometri-
cal isomers. One is a dimeric structure (ONNO) formed by
an interaction between N and N. The other is a dimerization
(ONON) by two interactions between O and N. Which struc-
ture is more stable form? (ii) According to the spin state in
the same structure, the relative stability is different from
each other. Which spin state is more stable? (iii) According
to the applied methods, the geometrical parameters of N»O;
are quite different from the others. Why is the geometry of
N:O- dependent on the calculational methods? (iv) Although
the binding energy of (NOY, is known to be relatively small,
there are many geometrical isomers which should be all
investigated. Is the binding energy between two monomers
(NO + NO) as low as 2-5 kcal/mol?

Since the previous studies for the geometrical structure
and relative stability of N>, are still limited, we have stud-
ied a schematic energy diagram for the geometrical isomers
(N-0>) along the dimerization processes of (NO + NO).
Firstly, the geometrical structures of N»>O, are optimized at

O\ (e} [0} o—0
Ne-oN e b e R e
; NN N—N
0
acyelic acyelie cyclic |
trenrs- (NN Cin-ONNQO ();NN() 1A
(AL Cap) t'a) AL A O
trapezaid)
Q o N O
N----0 <> \ / -~ ( 1 -—
\ N—O N---0
N
acvelic acvelic eyelie
truns-ONON CISSONON ONON
SHADEI3H} A Gy (AL Cuy
distarian) rectangle)
0
2 /
NAO}N N-N—0 -—n
bicyclic NNOO
ONON , )
monexist) CAL Cy)

Jong Keun Park and Hosung Sun

the MP2 level and the harmonic frequencies of the structures
are also analyzed. Secondly, a schematic diagram using the
relative potential energies is drawn to clarify the systematic
structure variation of the isomers of N>Os. Last, the potential
energy curves of acyclic ¢is-ONNO ('A ) and eyclic ONNO
('A)) near the equilibrium geometry are investigated to find
the dissociation channels for the formation of N>QO: from
(NO +NO).

Computational Methods

The basis set chosen is the triple zeta basis on N (421/31)
and O (421/31).**7 Two extra d type polarization functions
are added to nitrogen (¢, — 0.4, 1.6Y"" and oxygen (¢ — 0.35,
1.5).™ The diffuse basis functions are additionally augmented
on nitrogen (o — 0.028. 0.0066: ¢, —0.025; oy~ 0.015)
and oxygen (¢, — 0.028, 0.0066; ¢, — 0.025; ¢y — 0.01 5" to0
describe the Rydberg states of N»Os. The total number of
contracted basis functions used is 106.

The geometrical structures of the ground states of N2O-,
NO,. and O; are optimized with the Hartree-Fock (SCF) and
second-order Maller-Plesset (MP2) levels using GAUSS-
IAN 94, To examine the appropriateness of the procedure.
the geometrical structure of the species has also been opti-
mized with the coupled cluster with the single, double, and
triple substitution [CCSD(T)] method. In addition, the har-
monic vibrational frequencies of the species have been ana-
lyzed to confirm the existence of the stable structure at the
SCF and MP2 levels.

To find the geometrical conformers and isomers, the opti-
mized geometrical structures from acyclic #ains-ONNO to
trianglic NNOO are drawn using the MP2 results. To investi-
gate the relative stability of the optimized geometries, a
schematic energy diagram is made using the results of the
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Figure 1. Optimized geometrical structures formed by the dimerization of (NO) from (NQ - NO) along the orientation of the constituted

atoms.
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MP2 calculations. In the diagram. the potential encrgy of
acyclic cis-ONNO is set to be scro. To investigate the bind-
ing cnergics and potential barriers from acyclic frans-ONNO
and cyclic ONNO to the (NO + NO) asymptotcs. the poten-
tial encrgy cunves arc drawn using the MP2 results. The
internuclear distances (Rany) considered are from 1.1 10 2.4
A. To conneet the potential curves between the cquilibrium
gcometny of N2Ox and the (NO + NO) asymptotes. the sin-
glv and doubly excited configuration intcraction (SDC1) for
NO arc performed using the GAMESS package.

Results and Discussion

Optimized geometrical structures formed by the dimeriza-
tien of (NO): from (NO + NQO) arc drawn in Figurc 1. The
geometrical structurcs with the intemuclear distance of R =
2.5 A between constituent aloms arc denoted as acyelic
form. The structure of N-O- is divided as two groups by (N
~+N) and (N---O) intcractions. One is ONNO with an (N -
N) interaction. Acyclic #rans-ONNO ('A)). acyclic cis-ONNQ
(‘A1 *A)). and cyclic ONNO ("A . *A)) arc optimized at the
MP2 level. The other group is ONON with the (N+++O) inter-
action. Acvclic ¢is-ONON with C-symmetry and [ive cyclic
ONON of the rectangular (‘A)). squarc (‘A;. *A)). rhombic
('A)). and parallclogramic (‘A;) geometrics arc also opti-
mized. Although acyclic #rans-ONNO (A)). acyclic trans-
ONON (*A)). acyclic ¢is-ONON (*A)). and bicyclic ONON
(‘A1) can not be oplimized at the MP2 level. the molecules
arc optimized at the SCF level and the harmonic vibrational
[requencics arc the positive valucs. But cyvclic and acyclic
NOON with an (O -0O) micraction. acvclic frans-ONON
(A)). and cvclic ONON (CAy: reclangle. squarc. thombus.
and parallclogram) with two (N-+-Q) intcractions can not be
optimized at both levels. Acyvelic cis- and rrans-NOON and
cvclic ONON (PA): rectangle) arc oplimized to become acy-
clic cis- and irans-ONNO and acyclic ¢is-ONON (PA)) with-
oul a polential barricr. respectively. Acyclic frans-ONON
(A1) arc lound 1o be (he transition siatc having a ncgative
imagmary vibrational frcquency. Additionally. two isomers
of NNOO madc from the (O---N) intcraction between O-
and N: arc also optimized at the MP2 Ievel.

Using the density functional theory (DFT). the cight struc-
turcs of N-O- were optimized by Stitling ef o, ** Acyclic ¢is-
and irans-ONNO ('A(. *A)) and acyclic cis- and frans-
ONON ('A). *A)) arc found as stablc specics. The most sta-
ble onc is acyclic ¢is-ONNO (*A)) and the most unstablc onc
is acyclic 77ans-ONON ('A|). The gecometrical structurces of
ONNOQ lic lowcer in potential encrgy than the ONON specics.
And the conformers with the triplct spin state are more stable
than the corresponding onc with the singlet state. In particu-
lar. acvclic ciss=ONNO with the triplet state 1s more stable
than that of the singlet state. Very recently. Duarte er af.™
optimizcd lour isomers of N~O- using various density func-
tional theorics (DFT). For all DFT methods. the optimized
gcometrical structures of acyelic ¢is-ONNO ('A;. A)) arc
morc stable than acyclic frans-ONON ('A|. *A|). Acyclic
cis~-ONNO with the triplet spin state is morge stable than acy-
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clic cis-ONNQO with the singlet state. Although acyclic frans-
ONNO (°A)). acvclic cis-ONON (A)). and trans-ONON
(A). 'Ay) arc optimized at the DFT levels. the isomers can
not be optimized by our MP2 calculation,

With a rclatively large basis sct and the various applied
methods including the DFT method. Acyclic cis- and trans-
ONNO were investigated by Nguven ef af ! At the SCF
level trans-ONNQ is more stable than the cis-isomer by 2.65
kcal/mol. On the other hand at the MP2 and DFT levels. cfs-
ONNO is more stable. Two isomers [bicvclic ONON (Cay)
and trianglic NNQO (Cz,) with two (O---N) intcractions| of
N:>O: with relatively high encrgy with respect 10 2NO were
also optimized by Nguven er af. M™% At the SCF level.
the isomers arc a minimum structure having all positive fre-
quencics. In contrast at the MP2 and MCSCF levels. bicyelic
NONO and trianglic NNOO have onc imaginary frequency.
[n our MP2 result. bicvclic ONON ('A)) is found to be a
transition state. while the trianglic NNOO is lound as a local
minimum $pecics.

The cight low-lving statcs of N-O: with four singlets and
four triplets were investigated by East.™ He suggested that
the ¢is-ONNO is morc stable than the ¢is-ONON and zrans-
ONNO by 0.19 and 0.2]1 ¢V. respectively. Although the
ground statc of ¢is-ONNQ could not be definitely deter-
mincd duc to the narrow cncrgy span. the ordering of the
lowest four stalcs arc X 'A|. *By. 'By. and 'A|. They con-
cluded that the only potential minimum lving below the low-
¢st (NO + NO) asymptotes is the ¢is-ONNQO conformer with
a ground X 'A state. By the configuration intcraction calcu-
lation for N:O: performed by Ha.™ the structurc of the
ground state is also acvclic ¢is-ONNO (Cxy) with a singlet
spin state. The cnergy gap between the ground ('Ap) and the
first excited (*By) states is 0.43 ¢V,

The geometrical structurcs of N-O- at the SCF level were
obtained by some groups.***7**# Ritchlc™ optimized acy-
clic trans-ONON (Cap). acvclic ¢is-ONNO (Cxy). and cyclic
ONNO (Cxy). Acyclic trans-ONON at the DZP basis scl 1s
more stable than the others. By the results of Viadimiroft
cyvelic ONNO is more stable than the others. And acyclic cis-
ONNO is morc stablc than acyclic frans-ONNO by 2.9 keal/
mol. By Skaarup er af.*” at a small basis sct the ¢is<on-
former is morc stable than the trans. With incrcasing sizc of
basis sct. the trans-conformer is morce stable than the ¢is. [n
the calculation of Bock er .. *" acyclic 7rans-ONNO is more
stable than the cis and the gauche forms. The previous SCF
results are similar to our SCF resulls.

Experimentally' '™+ the stable structure of N-QO- is
acvelic ¢is-ONNO with Cop-symmelry. Bul in the Raman
and mfrarcd spectra for four different isotopes ol nitric oxide
investigated by Ohlsen and Laanc." the peaks of asymmet-
ric ONON were observed. Simullancously the harmonic fre-
quencics of four 1somers were also analyzed with the florce
constant calculation. The calculated frequencics were com-
parcd with their expenmental valucs. From the comparison.
they concluded that the most stable molecule is acyclic ¢fs-
ONON. that 1s. it exists as a polymer form rather than a sim-
ple dimer. In the ¢lectron spin resonance (ESR) spectrum of
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NO adsorbed in Na-A zeolite.” the spectrum of the NO
monomer is obscrved to be well-defined form. According to
the results. an unpaired clectron of the nitrogen atom com-
bincs with a sodium cation. The ONON spceics with the
triplet state in zcolite arc weakly dimerized like a van der
Waals complex. The intermnuclear distance between two mono-
mers is 4.6 A. But. in the absorption spectrum of (NO); stud-
icd by Holland and Maier.= the infrarcd spectra of the red-
colored ONON specics were not obscryved.

Optimized internuclear distances and angles of N:O:
including NO and O: arc listed in Table 1. Qur valucs for the
species calculated with the Hartree-Fock (SCF) and sccond
order Maller-Plessct perturbation (MP2) methods arc in rea-
sonablc agreement with experimental’ ™ or other theoretical™ ™
valucs. In addition. to [ind more stable structure between the
singlet and triplet spin statcs and between the cois- and frans-
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conformers. the geometrical structures of acyclic cis- and trans-
ONNO have also been optimized using the coupled cluster
with the single. double. and triple substitution |CCSD(T)]
methods. But. zrans-ONNO can not be optimized at the
CCSID(T) calculation. NO and O- ar¢ open shell molecules.
These molecules have unpaired clectrons in the antibonding
orbital. Qur results of NO and O; arc in good agrectment with
other theoretical® or experimental™™” values.

In our results. five isomers consisting of an (N ++*N) inter-
action between two NO molecules are optimized at the MP2
level. The most stable structure is acvelic ¢cis-ONNO (‘A))
with Cye-symmetry. The geometrical parameters of Ruo.
Riu. and ZNNO arc in good agreement with experi-
mental'*>*% or other theorctical™##34740333 yalyes, Par-
ticularly. the parameters of acyclic cis-ONNO ('A)) opti-
mized by CCSD(T) arc similar to the experimental results of

Table 1. Optimized internuclear distances {A ) and angles (degrees) ot N2O2

Present work

Other works

SCF MP2 CCSI(T) DFTY Cre CI ACPF  CCSTXTY Exptt’
R(NO) 1113 1.137 1.136 1.167 1.164 1.162 1.151*
R(O:) 1.163 1233 1221 1223 12107 1213 1.208
1.21¢
acvelic ¢is-ONNO('A . Cx)
Rxe 1133 1.173 1.161 1.167 L1707 1.19° 1.149 1.169 1.161
1.174! 118 1.127
1.175" 1.15
11513
Rsn 1613 2218 2.203 2089 2.186" 2.39¢ 2284 2227 2237
2119 2354 2187
2121 233
2263
1.75
ONN 109.9 91.0 96.5 99,43 91.3" 9" 96.1 96.2 99.6
v7.6! 953" 1019
100.5™ 95
97.17
9
acvelic ¢is-ONNO{'A L Ca,)
Ry 1.126 1.171 1.139 1.168* 1.161
1.17¢'
Ryn 1.725 2.310 2.128 2085 2.237
2039
ZONN 113.7 03.8 10533 109 85% 99.6
109.2!
acvelic rrans-ONNO(' A Cap)
Ryo 1.145 1.172 L17F 1.23" 1159
1.178" 11707
Ryn 1.516 2.017 201% 1.53" L5301
2.0066™ 1.686"
ZONN 108.5 108.3 109 12¢ 104.6" 1087
o9 1™ 1077
acvelic trans-ONNOCA | Cap)
Rxe 1.139 1.168*
Rin 1.379 2065
ZONN 1135 114.20¢




Creometrical Structiures
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Table 1. Continued

Present work Other works

Present work Other works

SCI MP2 SCIF SCE MP2  MP2 SCIF MP2 MP2 MP2
evelic ONNO('Ay: Ca,, trapezoid) cvelic ONON(' A Dy, thombus)
Ry 1.211 1275 1.224" 1.35% 12773 1247 Rny 1.871 1172 [.986aty [.970°
Rxes 1.349  1.39] 1.349" 151 1.37365 1431° Rnn 1.299 [.394 [ 3789 [.365°
R 1.39] 1.489 | 4644 1.53% ZNON 92.13 92.03 9213 92 45+
ZONN 939 04 .4 936" 930 939 939 ZONO 87.87 87.935 87.87 87.6°1
ZNNO 86.2 836 cvelic ONON(A L Dy,.. parallelogram)
cvelic ONNOGA . Ca,, trapezoid) Rnn 1107 1.172
Ran 1469  1.506 Ry 2137 2.301
Rues 1.354  1.389 ZNON 93.84 9582
Ry 1.401 1310 ZONO 86.18 4.17
£ONN 886 890 bicyclic ONON('A: C0)
ZNNO o135 910 Rno 1401 14638 148F
acvelic rans-ONON('A L Cy) Ry 1.321 1.3819¢ 1.395
Rxo 1.133 1.139™" Roo 2.003
Rxo 1.673 1.501™ ZNON 36.3 36.24° 56.1°
ZONO 110.8 108.7" Z0ONO 91.2 91.53¢
acvelic Cf-g-L)N()N(IA[l C.) dihedral illlglc 36.9 36,71
Rxo 1245 1.296 acyelic NNOO('A L Cy)
Ron 2490 2.333 R 1.073 1.139 11453 1. 10085
ZNON 1200 1186 Ruo 1.199 1.221 1.2166¢ 1.2190%
ZONO 1131 110.7 Roo 1.708 1.521 1.5104% 1.6795%
dihedral angle 419 471 Ru-o 2.319 2.164
acvelic cis-ONONCA L C,) ZOON 10449 1037 10636"  101.82°
Rue | 383 ZNNO 180.0 180.0 17974 18063
Re n 3 433 dihedral NONO - 180.0 180.0
ZNON 1213 trianglic NNOO(' A, Cz,)
ZONO 112.9 Ry I. 116 1.125 1.1296%
dihedral angle 0.0 Rno 1.352 1.490 14701%
evelic ONON('A . Cy, rectangle) Ron 1475 1.390 1.5814"
Reo 1108 1172 116> ZNNO 146.9 1478 147 49°
R 2042 2310 1.76% ZNOO 36.9 578
Z/NON 900 90.0 106.6" dihedral NONO 0.0 0.0
RRT TA - 1% 111970 Rel. 61. 'Rel. 62, “Rel, 63. Rel, 45. ‘Ref. 54.Rel. 3. 6. *Rel, 63, "Rel.
cyelic ONONCA,: B b “lu‘ir‘_‘) 64 Ref 66, /Ref 67 'Ref. 53. Ref. 46. "Ref. 21. "Ref. 42. “Ret. 39.
Ryo 1299 1.395 PRef. 43."Ref. I. Ret. 4. *Ref. [4. Ret. 15. “Ref. 41. *Ref. 37. "Ret. 40.
ZONO 90.0 90.0 “Rel 36. *Refl. 8. *Rel 32. 'Rel, 7. ZRel. 44,
velic ONONGCA L Dy, square L .
Lf:_hb INON( AI]},!];:"" 5(111:;;) Ry of acyelic ¢is-ONNO ('A)) are longer than the experi-
A}S)N o 00 b ments. while the theoretical valucs of Ra: are shorter.
o o At the CCSD(T) level. the geometrical structure ol acyclic
trans-ONNO (A *A)) can not be oplimized. On the other
43,33

Kukolich.*® Salahub group™™ optimized the structure of
acvelic cis-ONNO ('A(. *A)) at the DFT level. The most sta-
ble isomer is acvclic ¢is-ONNO (*A)) and the sccond stable
ong is acvclic cis-ONNO ('A|). The geonctrical paramceters
of acvclic cis-ONNO oplimized with the DFT method are in
good agreement with our CCSDXT) results. Using scveral
basis scts and theorctical methods. the structures of acyclic
cis-ONNO were calculated by Lee er ¢ The optimized
paramcters arc greatly influenced from the applied computa-
tional mcthods (CCSD. CISD. CPF). At the CPF level. Ry,
Ruo. and ZONN are 2.160 A, 1.154 A, and 98.1 dcgrees.
respectively. In Table 1. the previous theoretical values of

hand at the SCF and MP2 levels. the structure of acyclic
trans-ONNO ('A)) is optimized. Our paramelers of the mol-
ceule are compared with the previous results™ 744153 ¢al-
culated at the SCF and DFT levels. Our MP2 results of
acyclic rrans-ONNQ ('A)) arc similar o the DFT results.
Although acyclic trans-ONNQ with the triplet spin state was
optimized by Salahub group.™™ we could not optimize the
molecule at the MP2 and CCSD(T) levels. The structures of
cvelic ONNO ('A;. 7A)) with the traperoidal geomelry are
optimized at the SCF and MP2 mcthods. Our MP2 paramc-
ters of cyclic ONNO ('A|) are similar to the resulls of
Nguyen ef af #7 and Ritchle *
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Six isomers with (N-++O) interaction |acyclic ¢/s-ONON
(‘A1 Cy). cvelic ONON ('Ay: rectangle). cyclic ONON (‘A
Ay squarc). cyclic ONON ('A;: rthombus). and cyvelic ONON
('Ay: parallclogram)] arc optimized at the MP2 level. while
acyclic cis-NONO (CA)). acyclic frans-ONON. and bicyclic
ONON (Cy) arc not optimized. Our optimized parameters
arc in good agreement with the previous results. But. Ruy of
cvelic ONON with the rhombic geometry is quite different
from that of Nguven er a3 Although the structure of
bicyclic NONO ('A,. C2,) was optimized by Nguven ef af.
we could not optimize the structure at the MP2 level. Four
isomers of cis- and trans-ONON with the singlet and triplet
statcs werc optimized by Stirling ef a/..** In their results. cfs-
ONON (A)) is more stable than frans-ONNO ('A)). And
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trans-ONNO ('A}) is relatively unstable. But the optimized
parameters were not listed in their article. At the SCF level.
acvelic 77ans-ONON was optimized by Ritchle. ™ The results
arc similar to our SCF results. Cyclic ONON with the trape-
roidal gcometry (C=;) was optimized by Skaarup e a/.*’ And
the geometrical parameters are quite dilferent from our SCF
results. Optimized parameters of acyclic NNOO ('Aj: C))
and trianglic NNQO ('A;. Cy) arc similar to the results of
Nguyen ez al.

To find the minimum in the potential cnergy surfaces of
the various geometrical structures of N-Q-. the harmonic
vibrational frequencics are analyzed at the SCF and MP2
levels and listed in Table 2. [n the [requencics of acyclic ¢is-
ONNO ('A)). our frequencics are similar (o other theoreti-

Table 2. Calculated harmonic vibrational frequencies (cm™ ) of Nx(): at the SCF and MP2 levels

i‘lC}'CliC (’f-?-(.)NN(.)('IA[) 1A3 lA[ 2A1 1]53 2B: 3A]
SCr 138 432 378 978 1963 2051
MP2 285 326 333 627 1721 1846
cespry 191 201 279 336
LSD* 243 310 373 644 1684 1845
BPWOI" 226 257 386 639 1693 1837
GGA-PP! 230 264 381 632 1680 1839
sCre 137 437 619 976 2008 2056
SCI 190 439 633 768 1707 1858
Lxptl¥ 161 262 202 1858
Lxptl” 264 176 489 1866
Lxpll” 117 239.361 134.503 429.140 1788 1860
Lxpt¥ 97 268 189 215 1762 1866
Lxptlf 119.2 2389 127.2 430.0 1789.1 1868.3
ﬁC}'L‘-l‘iL‘- ('f.V-()NN(X3A|) |/\: |/\| 2/\| IB: 2F5: 3/\|
SCF 298 393 353 630 1930 2064
M2 225 277 435 324 1808 1835
1.8 182 248 252 467 1650 1820
GGA-PT¥ 233 157 333 461 1651 1825
Exptl® 161 202 262 1858
Exptl” 176 264 489 1866
Exptl® 17 134,303 239.361 429.140 1788 1860
Exptl 97 189 215 268 1762 1866
Exptlt 119.2 1272 258.9 430.0 1789.1 1868.3
acvelic rans-ONNO('A ) 1A, 1B, 1A, 2A, 2B, A,
SCF 63 499 375 1064 1976 2018
M2 78 134 137 670 1698 1739
BPW9I¢ 67 208 248 717 1692 1807
SCF* 132 428 448 919 1830) 1920
SCF/ 122 362 426 933 1683 1796
acvelic rrans-ONNOCA ) 1A, 13, 1A, 2A, 21, 3A,
SCr 298 346 423 726 1928 1940
eyelic ONNO('Aj: trapezoid) 1A 13- 14, 2B 2A, 3A,
SCr 464 1372 1419 130K} 1674 2242
MP2 639 734 788 1078 1089 1325
SCr” 740 1026 1128 1328 1338 1856
evelic ONNOGA 1 trapezoid) 1A 1B 1A, 2B. 2A, A
SCF 173 991 1077 1116 1193 1296
M2 96 761 777 939 962 1143
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Table 2. Calculated harmonic vibrational frequencies (cm™) of N2O- at the SCF and MP2 levels

acyvelic cis-ONON('A |- distortion) 14" 1A" 24 2A" 3A 44"
SCl 224 303 934 1308 1398 1464
MP2 264 438 798 946 10435 1163
acyvelic trans-ONON('A ) 1A 1A" 2A 2A" 3A 44
SCl 91 209 387 923 1732 1972
cvelic ONON('Ay: rectangle) 1A 1B 1A, 2B 27 A
SCF 22 353 453 814 1736 2265
M2 259 280 425 593 1758 2084
evelic ONON('A;: square) 1By, 1B, 1A, 2Ba, 3Ba, 24,
SCF 691 871 1122 1362 1443 1320
M2 706 904 13 1070 L1660 1873
cyelic ONONC'A L square) 1131, 1B, 1A, 2B, 3B, 2A,
SCl 93 1079 1095 1125 1138 1238
MP2 73 893 933 963 973 1127
eyelic ONON(' Ay thembus) 1By 1B, 1A, 2Bz, 3By 24,
SCI 700 805 1117 1422 1432 1489
MP2 701 913 968 1081 1084 1850
cvelic ONON('Ay: parallelogram) IBlu 1B, 1A 2Bz 3By 2A,
SCF 239 353 468 02 1747 2270
M2 283 287 435 380 1747 2096
bicvelic ONON('A}) IA; IB: 1A, 2B: 2A, 3A
SCF 675 844 873 994 1142 1591
acvelic NNOO(CAy) 1A 1A" 24! 2A" A 44
SCr 204 328 603 712 1222 2044
MP2 216 493 360 689 1175 2105
lI"li‘lllgliC NNOO( ]A]) lA: lB: lA] 2B: 2A1 .;A]
SCr 373 527 674 894 1166 2171
MP2 203 333 633 1102 1161 2326

“Ref. 20. *Ref. 46. ‘Ret. 21. "Ret. 53. “Ret. 40.Ret. 37 *Ret. 11. “Ret. 10.

cal”' %% and cxperimental’™ =" results. Bul. three low fre-
quencics of this molecule arc larger than those of the experi-
ment by about 100 cm™ . Particularly. our bending (requency
(627 cm™) of ZNNO is larger than that (268 cm™) of Nour
et of." The frequencics in relation (o the geometrical struc-
ture of acyclic ¢is-ONNO were oxientsively analyzed by
Salahub group.*™* East ef ¢/..”"* and McKellar group.'*'%*!
By (he previous results. the calculated N-N streiching fre-
quencics arc larger than that of the symmetric Z/NNO bend-
ing mode. while the experimental N-N stretching frequencics
arc smaller. In the N-N sirctching motion. the clongation of
the N-N bond length Icads to the decrease of the angle of
ZNNO. while the decrcasce of the N-N bond length Icads to
the increasc of the angle. But. the Iength between two oxy-
gen atoms is not changed along the N-N stretching motion.
In acyclic ¢is-ONNQ (PA)). our symmetric and asymmetric
NO stretichings and symmetric bending of NNO are different
from the valucs ol Duarte er ¢/ In acvelic trans-ONNO
("A)). our frequencics are also similar 1o the results of Canty
er al.”' By (he cxtensive analysis of the anharmonic vibra-
tional frequency. the geometrical structures of N-O- have
been clarified.

A schematic energy diagram of the structural change from

Ref. 15./Ret. 17.*Ret. 14, 16.

acvclic rrans-ONNO to trianglic NNOO at the MP2 level 1s
drawwn in Figurc 2. In the diagram. the potential encrgy of
acyclic cis-ONNO ('A)) is sct to zcro. All energics arc adia-
batic valucs and arc in units of ¢V, Acyelic cis-ONNO (*A))
is the most stable. while cyclic ONNO (*A)) with the trape-
roidal gcometry is the least stable. The sccond most stable
ong is the parallclogramic form of cyclic ONON (‘A}) and
the third one is acyclic ¢is-ONNO (A ) with the rectangular
structure. Our results for the relative stabilitics of (NO)- are
different from thosc of Stirling er o/ * In (he results of
Stirling er «f.. the most stable isomer is acyvclic ¢is-ONNO
with a triplet spin state and the lcast stable onc is cyclic
ONON with a singlet state. The structures with the triplet
spin statc arc morc stable than those with the singlet stale.
Particularly. acvclic trans-ONNO and acyclic cis- and trans-
ONON with a triplet spin state have not been optimized by
us. In the triplet and singlet. their dissociation encrgics are
14.9 and 10.7 keal/mol. respectively. Some conformers (¢is-.
gauche-. and rrans-N-Q-) arc optimized at the SCF level,
The results are different from cach other. Although (he
cnergy difference is small. the cis~conformer calculated with
small basis sct 1s more stable than the trans-conformer. With
mercasing size of basis scts. the rrams-conformer 1s more sta-
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Figure 2. Schematic energy diagram ol the structural change from the acyclic conformer to the eyclic. All energies are adiabatic values and

are in units of’eV,

ble than the c¢is-conformer. In Vladimiroff and Ritchle’s cal-
culations.*** cyclic ONNO is more stable than the others.

The geometrical orientations of the consistituent atoms of
acyclic ¢is-ONNO, cyclic ONNO, and cyclic NOON are the
same, while the distances {R\n. Rno. Roo) and the angle
(£ZONN) of the molecules are different from each other. As a
result, if the internuclear distance of Ryy increases, the geo-
metrical form will be changed from cyclic ONNO to acyclic
¢is-ONNO and acyelic ¢is-NOON. But, acyclic ¢is-NOON
is not optimized.

As the internuclear distance of Ruw increases. the geomet-
rical form does not convert from cyclic ONNO to acyclic
¢is-ONNO because acyclic ¢is-ONNO ('A) and cyclic
ONNO ('A) dissociate into the two ditferent digsociation
limits of [NO(A™ 1D +NO(X 1f] and [NO(X If)+NO
(1 I")]. respectively. Cyclic ONNO ('A)) dissociates into
the excited state of NO. The equilibrium bond lengths {Rxy)
ol acyclic ¢is-ONNO ('Aj) and cyclic ONNO ('A}) arc
2.218 and 1.275 A, respectively. The parameters, i.e., Ran.
Rno. and the ZNNO at the equilibrium geometry are listed
in Table 1. Atthe MP2 level. the encrgy gap between the two
isomers is 2.05 ¢V and the dissociation encrgy ol acyclic cis-
ONNO ('A)) is 0.20 ¢V. Particularly, at the CCSD(T) level
our dissociation cnergy is 0.08 ¢V (1.84 kecalimol). This
value is very close to the experimental valucs.

By the molecular beam techniques, the binding cnergy of
the gaseous acyclic ¢is-ONNO ('A}) observed by Kukolich®
is about 4 kecal‘mol (about 700 cm '). And the energy {Dq) of
the dimer reported by Hetzler e af.'® is 710140 cm ' (2.03
20.12 keal/mol). The dissociation energies {Do) of ONNO in
the gas phase using the Fourier transform infrared spectrom-
eter are 639435 cm ' (1.8310.1 keal/mol) and 764-18 cm !
(2.1810.05 keal/mol).***! Using the electron impact method,
the binding cnergy estimated by Casassa ef «/.>” is 800L150
em ' (2.29:0.43 keal/mol). Fischer e al®® measured the
binding energy of 787 ¢m ' (0.098 eV) using the high reso-

lution photoelectron spectra. The heats of formation of
ONNO from 2NO analyzed by the infrared spectrum'® and
the far ultra-violet spectrum® are 2.45 and 2.24 keal/mol.
respectively. By the above experimental results, the binding
energies of acyclic ¢is-ONNO with a very weak N-N bond
are in the range ot 2-4 kcal/mol.

Recently, at the various DFT levels. the dimerization ener-
gies (D} of acyclic ¢is-ONNO with the triplet and singlet
spin states were calculated by some groups.*'***'** In the
result of Duarte ef «/.."* the energies are in the range from
6.12 to 14.62 keal/mol. Canty et al*' calculated the dimer-
ization energies of 9.75 and 10.2 kcal/mol with the BLYP
and B3LYP methods. respectively. Jursic ef a/.***' calculated
the energies of 7.63 kcal/mol with the BLYP method, while
2.3 kealimol with the ab initioc MP2 method. The dissocia-
tion energies of N2 with the triplet and singlet states deter-
mined by Stirling ¢ al* arc 14.9 and 10.7 keal/mol,
respectively. Meanwhile, using ab initio MRCI method. the
binding cnergy of acyclic ¢is-ONNO obtained by Roos
group® is 3.3 kealimol. The previous calculated values are
higher than those (the range from 2.0 to 4 kecal/mol) of the
experimental results. Qur binding energics calculated by the
ah initio method are relatively close to the experimental val-
ues.

The conversion of cyclic ONNO to acyclic ¢is-ONNQO or
(N2 - O2) was examined by the two-by-two conliguration
interaction calculations.™ The barrier height [rom cyclic
ONNO at Ruv— 1.59 A, Rvo — 1.24 A, and the ZNNO -
104 degrees to acyclic ¢is-ONNO is 59 keal/mol. And the
barrier [rom cyclic ONNO to the dissociation limits of (N |
(1) is 40 keal/mol. The reactions [rom cyclic ONNO to acy-
clic ¢is-ONNG and (N: t Oz} are both exothermic. From the
two potential barriers (59 and 40 keal/mol). we know that
the conversion of cyclic ONNO 1o (N: - O3) takes place
faster than that 1o acyclic ¢is-ONNQ. Using ab initio SCF
method.* the conversion of cyclic ONNO to acyclic c¢is-
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ONNO was cxamined as a function of the bond length of
Roo. Atthe bond length of 1.7903 A. the geometry was veri-
ficd as a transition state. The activation cnergy of the rcac-
tion i1s 29.2 kcal/mol. Estimated potential barrier of the
reyerse reaction (from acyclic ¢is-ONNO 1o cvelic ONNO)
is 33.9 keal/mol. The barricr from cyclic ONNO to the dis-
sociation limits of (N2 + O2) 1s 22.1 keal/mol. According 1o
the results. the reactions from cyvelic ONNO to acvelic cis-
ONNO or (N2 + Oy) arc also both exothermic. The experi-
mental values™~ for the reaction are in the range of 37 to 64
kecal/mol.

Conclusions

Geometrical structures lor the dimeric form of (NO): from
(NO + NO) have been calculated using ab inirio Harlree-
Fock (SCF). scoond-order Mbller-Plesscl perturbation (MP2).
and coupled cluster with single. double. and (riple cxcita-
tions |[CCSD(TY| methods with a triple #cta plus polarization
(TZP) basis sct including difTusc Ryvdberg basis functions. [n
addition. the harmonic vibrational (requencics ol the specics
have been analyzed to confirm the potential encrgy minima
of the structurcs. The geometrical structure of N-O: is
divided by the two categorics. One is N>O- with an (N++*N)
interaction. [n (lus category. acyclic ¢/is-ONNQ (C-y). acyclic
trans-ONNO (Cap). and cyclic ONNQ with trapezoidal lorm
arc optimized at the MP2 level. Bul. at the CCSD(T) level.
acvclic frans-ONNO (C-y) can not be optimized. The other
is N2Q: with two (N--O) nteractions. Acyclic ¢is-ONON
(C,) and cvclic ONON of the rectangular (Coy). squarc (Dap).
rhombic (D-y). and parallclogramic (D~,) gcometrics arc also
optimized.  Acvclic frans-ONNQ  (A)). acyvclic frans-
ONON. bicyclic ONON (Cxy). and acyclic cis- and frans-
NOON with an (O --O) micraction can not be optimized al
the MP2 level. while two structures of NNOQ formed by the
(O---N) interaction between O- and N: are also optimized.

Acyclic ¢is-ONNO ('A)) is the most stablc and cyclic
ONNO with trapezoidal form 1s the Icast stable. The sccond
stable ong is the parallclogramic form of cyclic ONON ('A))
and (he third onc is acvclic ¢is-ONNO (*A)) with the rectan-
gular structurc. At the MP2 level. the structurcs of ONNQ
and ONON with the singlet state arc more stable than those
of ONNO and ONON with the triplet. Qur results for the rel-
ative stabilitics of (NO)- arc difTerent from thosc of Stirling
et e, and Duarte er af. That 1s. the cnergelically most stable
isomer is acvclic ¢is-ONNQ with a triplet spin state.

The binding ¢nergics and the relative energy gaps between
the isomers arc found 1o be relatively small. NO has an
unpaircd clectron in the nitrogen atom. A monomer com-
bincs with the other and makes an clectron pair m the
dimeric lform of (NO)-. Bu. this intcraction is very weak like
a van der Waals complex. Duc to the small binding cnergy.
the formation and dissociation of N-O- from (NO + NQO)
occur casily. As the result. N-O- has many gecometrical 1so-
mers. Our binding encrgy of acvclic cis-ONNO ('A)) is 0.2
¢V at the MP2 level. while it is 0.08 ¢V (643 cm™) at the
CCSD(T) level. This valuc is sinilar to the expernimental

Bull. Kovean Chem. Soc. 1999, Vol. 20, No. 12 1407

value. In the formation of (NO): from the (NO+ NQ)
asymptoles. the cnergy barrier is found to be very low.
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