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Abstract
The nitrate radical,  NO3, a molecular species of huge environmental importance has been an active research theme for at least 
a century at both the experimental and theoretical levels. Its ground-state symmetry,  C2v or  D3h, has puzzled the scientific 
community for nearly two decades, while its fascinating spectral profile is complicated due to intense vibronic couplings 
between its first five electronic states. In the present work, we report an elucidation of its chemical bonding based on a 
NO-to-NO2-to-NO3 formation sequence. We conclude that there are three different chemical bonds between N and the three 
O atoms, one double σ, π with an O (3P), one dative σ with an excited O (~ 1D) and finally a regular σ with a ground O (3P). 
Its anion,  NO3

−, results naturally by grafting an additional electron to the ground neutral state.

Keywords Nature of chemical bond · Nitrate radical · Vibronic coupling

1 Introduction

The nitrate radical,  NO3, is one of the first polyatomic radi-
cals to be discovered about 140 years ago in Paris of the 
Belle Époque [1, 2]. It is a major factor in the earth’s atmos-
phere either by regulating ozone’s depletion or by being 
responsible for the creation of a variety of harmful pollut-
ants; see, e.g., Refs. [3–12].

Additionally, it represents one of the most exciting, 
extraordinary and complicated species in chemical physics 
that has been posing great challenges to both experimental-
ists and theoreticians. The major source of these fascinating 
problems is the intense vibronic coupling of Jahn–Teller (JT) 
or pseudo-JT character between its low-lying three ( D3h)/five 
( C2v ) electronic states found within an energy range of 2 eV, 
namely X̃2A′

2
/12B2 , Ã2E′′/12B1, 1

2A2 and B̃2E′/12A1, 2
2B2 . Its 

intriguing characteristics have been the central theme of a 
great deal of high-quality work of both theoretical [13–38] 
and experimental [39–65] nature that continues up to the 
present [66, 67].

For nearly two decades, the question of whether its 
ground state is of C2v or D3h symmetry was a recurring 

theme of research; see, e.g., Refs. [13, 15, 18, 19, 21, 26], 
but finally the equilibrium geometry of this species was con-
cluded to be of D3h symmetry [21]. What is undoubtedly true 
is that the potential surface of its ground state is flat around 
its D3h minimum along the planar asymmetric distortion, 
and the most interesting question we can really ask is what 
we can really learn from that fact. Or in other words what 
does the C2v/D3h rivalry teach us concerning the way three 
O atoms bind to N?

Another field of active research gears toward the spec-
troscopic characterization of its vibrational levels coupled 
together by various nonadiabatic couplings. This investiga-
tion path was initiated by Mayer et al. [20] who as early as 
1993 tried to theoretically calculate the photoelectron spec-
trum of  NO3

−, obtained a few years earlier by Weaver et al. 
[44] through a multimode vibronic coupling model (KDC 
Hamiltonian) [68]. Weaver et al. observed directly and for 
the first time the first excited dark Ã2E′′ state, concluded on 
the D3h symmetry of its ground state, and offered an exten-
sive analysis of the vibronic coupling between X̃2A′

2
 and 

B̃2E′ [44]. Its fascinating spectral profile has since been the 
subject of numerous theoretical state-of-the-art studies, see, 
e.g., Refs. [24–26, 28, 29, 32–38].

Despite the existence of so many theoretical studies on 
X̃2A′

2
 , Ã2E′′ and B̃2E′ , there is still no answer on its bonding 

mechanism and this is exactly the sole purpose of the present 
paper. To this end, we have employed primarily the R(or U)
CCSD(T) correlation method tailored for open-shell species 
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coupled with the (aug-)cc-pVQZ basis sets [69]. Vibrational 
frequencies were calculated at the R(or U)CCSD(T)/cc-
pVQZ level for the ground states of the  NO3 and  NO3

− spe-
cies via numerical second derivatives. Additional informa-
tion on computational aspects of this work will be given in 
due places throughout the text. Energy calculations were 
done with the MOLPRO code [70].

2  Results and discussion

With the goal of understanding the nature of the chemical 
bond in  NO3, we plan to trace its formation path through 
the NO-to-NO2-to-NO3 sequence. The ground NO state 
is of X2

� symmetry with its first excited a4� state lying 
Te= 38,440 cm−1 (= 110 kcal/mol) higher [71] (see also 
Table 1 for RCCSD(T)/cc-pVQZ values). Both states disso-
ciate adiabatically to the ground-state fragments N (4S) + O 
(3P). Their CASSCF (11 valence electrons/8 valence orbit-
als) equilibrium wavefunctions and atomic Mulliken (NBO) 
populations are

and

Based on the above electronic characteristics, we can pic-
torially represent the X2

� and a4� wavefunctions with the 
help of the valence bond Lewis (vbL) diagrams shown in 
Schemes 1 and 2. 

The odd electron is hosted by an orbital with greater 
amplitude on N, and the X2

�-to-a4� transformation is 
accomplished through the rupture of the �

y
 bond. The addi-

tion of an H (2S) atom creates HNO ( X̃1A′ ) but not NOH 
since the odd electron appears to be more localized on the 
N atom; see Table 1 for energies and molecular parameters. 
There is thus a double (σ, π) bond between N and O and a 
single bond between N and H (H–N=O). The latter (N–H) 

|||
X2

�
⟩
≅ 0.96
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bond features a binding energy of De= 52.7 kcal/mol with 
respect to NO ( X2

�) + H (2S) at the RCCSD(T)/cc-pVQZ 
computational level. Most interesting though is the addition 
of OH ( X2

� ) to form nitrous acid, HO–N=O. It has a pla-
nar ( Cs ) structure of X̃1A′ symmetry with its RCCSD(T)/cc-
pVQZ equilibrium parameters presented in Table 1. There 
is again a double (σ, π) bond between N and the terminal O 
atom and a single bond between N and the hydroxyl O atom 
(HO–N=O).

If we now consider H–N=O(X̃1A′ ) and approach an O 
atom, we will get an isomer of nitrous acid, the H–NO2 
[ X̃1A1(C2v )] species where the H atom is now attached to 
N. Adiabatically, H–NO2(X̃1A1 ) follows the HNO ( ̃a3A′′

) + O (3P) fragmentation path rather than HNO ( X̃1A′) + O 
(1D) since Te ( ̃a3A′′ ← X̃1A′)HNO = 19.3 kcal/mol (Table 1) 
and ΔE (1D ← 3P)O = 45.1 kcal/mol [72]; see Fig. 1 for the 
CASSCF (18 valence electrons/13 valence orbitals) interac-
tion curves, but the HNO ( ̃a3A′′;𝜋1

x
𝜋
1
y
) + O ( 3P; 2p1

x
p1
z
 ) elec-

tronic distribution does not lead to any chemical bonding. 
Hopefully enough, the interaction with the HNO ( X̃1A′) + O 

( 2p2
x
p2
y
; ∼ 1D ) distribution comes into rescue at around 5.0 

bohr by creating a dative bond between the ~ 2s2(N) elec-
tronic density and the “empty” ~ 2pz(O) orbital. Proof of 
that is the equilibrium Mulliken (NBO) population 2s1.30 
(2s1.16) of nitrogen and the Mulliken charges on each O atom, 
q = − 0.26 (− 0.32). This population decline of the 2s(N) den-
sity reflects exactly the formation of a dative bond and that its 
minimum correlates adiabatically to HNO ( X̃1A′) + O (~ 1D ). 
After a careful inspection of the evolution of the CASSCF 
wavefunction and molecular orbitals along the reaction coor-
dinate, we come up with the following equilibrium C2v struc-
ture represented pictorially by the vbL diagram of Scheme 3. 
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At the CASSCF equilibrium geometry, the wavefunction 
of the H–NO2 ground state is dominated (C0 = 0.95) by the 
(1 − 10)a�2(1 − 2)a��2 electronic configuration characteristic 
of the HNO ( X̃1A′) + O (1D) asymptote while the open sin-
glet character of the HNO ( ̃a3A′′) + O (3P) channel passes 
through to the second and third 1A′ states. The upshot of the 
above discussion is that there is a double (σ, π) N=O bond, 
a single dative N → O bond and a plain single N–H bond 
in H–NO2, where one of the O atoms is found in situ in its 
excited ~ 1D (actually a mixture of 1D and 1S) state and the 
other in its ground 3P one, while in nitrous acid, HO–N=O, 
both O atoms are found in their 3P ground states.

At this point, it is informative to compare H–NO2 to the 
isoelectronic and isovalent  O3 species since NH ( X3

�
− ) is 

Table 1  Energies E (hartree) 
and molecular parameters 
(bond distances in Å and 
bond angles in degrees) of the 
different species studied in the 
present work at the RCCSD(T)/
cc-pVQZ computational level

a NO1 defines the C
2
 axis of the C

2v
 point group

Species −E Molecular parameters

NO(X2
�) 129.754 228 1.152NO

NO(a4�) 129.579 560 1.421NO

HNO(X̃1
A
′) 130.338 133 1.211NO 1.053NH 108.0∠ONH

HNO(ã3A′′) 130.307 335 1.218NO 1.026NH 120.2∠ONH

HONO(X̃1
A
′) 205.497 705 1.422HO-NO 1.171HON-O 0.965HO 110.7∠ONO 102.0∠HON

HNO2(X̃1
A1) 205.485 069 1.217NO 1.034NH 128.2∠ONO 115.9∠HNO

NO2(X̃2
A1) 204.862 081 1.195NO 134.2∠ONO

NO2(Ã2
B2) 204.814 133 1.258NO 101.2∠ONO

NO2(B̃2
𝛱

u
) 204.797 862 1.201NO

NO2(C̃2
A
′′) 204.786 491 1.167NO1

1.498NO2
109.6∠O1NO2

NO2(C̃2
A2) 204.783 327 1.275NO 109.9∠ONO

NO3(X̃2
A
′
2
) 279.930 737 1.233a

NO1,2,3

120.0∠ONO

NO3(Ã2
E
′′) 279.888 325 1.261a

NO1,2,3

120.0∠ONO

NO3(Ã2
B1) 279.902 927 1.424a

NO1

1.204NO2,3
114.7a

∠O1NO2,3

130.6∠O2NO3

NO3(Ã2
A2) 279.895 105 1.202a

NO1

1.293NO2,3
123.8a

∠O1NO2,3

112.5∠O2NO3

NO3(B̃2
E
′) 279.857 994 1.266a

NO1,2,3

120.0∠ONO

NO3(B̃2
A1) 279.860 328 1.236a

NO1

1.283NO2,3
118.3a

∠O1NO2,3

123.3∠O2NO3

Scheme 1  vbL diagram of NO  (X2Π)

Scheme 2  vbL diagram of NO (a4Π)

Fig. 1  SACASSCF/cc-pVQZ potential energy curves ( 1A′ ) of the 
planar HNO + O interaction. The HNO unit features the equilibrium 
parameters of the ground  HNO2 species
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isoelectronic and isovalent to O (3P). As we have already 
shown [73, 74], the X̃1A′O3 state is bound by a double (σ, π) 
bond and a single dative bond between the central and the 
terminal O atoms, as is the case between NH and the two 
terminal O atoms in H–NO2.

In order to decipher the chemical bond in  NO3 we should 
first understand  NO2 and the way it is formed.  NO2 is a notori-
ously difficult molecule with both an academic and environ-
mental interest. It has been the subject of numerous theoretical 
studies during the last 50 years, see, e.g., Refs. [75–91]. It has 
a rich and complicated electronic spectrum primarily due to 
conical intersections. A recent synoptical presentation of the 
problems encountered in its study can be found in Ref. [91]. 
The focus of the  NO2 research is on its first four electronic 
states of X̃2A1 , Ã2B2 , B̃2B1(

2
𝛱u) and C̃2A′′ symmetry with 

potential energy minima within an energy range of 2 eV; see 
Table 1 for RCCSD(T)/cc-pVQZ theoretical results. Its basic 
ingredient is clearly NO ( X2

� ) that features a regular σ and π 
bonds (see Scheme 1). A second O atom can approach either 
in its ground 3P or its first excited 1D state. The bent X̃2A1  NO2 
state becomes a 2�u linear state. So, how can one form a linear 
ONO ( 2�u ) state from NO ( X2

�) + O? The answer is shown 
in Fig. 2 that displays the CASSCF (17 valence electrons/12 
valence orbitals) potential curves of the NO ( X2

�) + O (3P 
or 1D) interaction. The NO ( X2

�) + O (3P) attack is clearly 
repulsive, and this is expected on the basis of its asymptotic 
configuration, that is NO ( X2

�) + O (3P; 2p1
x
2p1

y
2p2

z
 ). But the 

NO ( X2
�) + O (1D) attack is attractive due to the dative σ 

bond between the 2s2(N) and O ( 2p2
x
2p2

y
; ~ 1D) distributions. 

The Mulliken (NBO) population of the nitrogen 2s1.20 (2s1.15) 
orbital and the − 0.17 (− 0.36) Mulliken (NBO) charge on the 
O atoms reflect once again the dative nature of the bonding 
mechanism. Graphically, it is described by Scheme 4.

By bending it, we get  NO2 ( X̃2A1 ) with CASSCF 
(17 valence electrons/12 valence orbitals) equilibrium 
characteristics

|||
X̃2A�(X̃2A1)

⟩
≅ 0.94

|||
(1 − 9)a�210a�1(1 − 2)a��2

⟩
with

10a� ∼ −0.36 × 2s(N) − 0.32 × s�(N) + 0.64 × 2pz(N) − 0.58 × [2pz(O1) + 2pz(O2)],

and atomic populations (Mulliken) 2s1.472p1.0
x
2p0.84

y
2p1.18

z
∕N2s
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x
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y
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∕O1,2
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1.762p1.55

x
2p1.39

y
2p1.62

z
∕O1,2

.

Scheme 3   vbL diagram of the 
ground  HNO2 state

Fig. 2  SACASSCF/cc-pVQZ potential energy curves ( 2� ) of the lin-
ear NO + O interaction. The minimum of the lowest curve is of 2�

u
 

symmetry, while NO features the distance as found in ONO ( X2
�

u
)
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The  NO2 ( X̃2A1 ) state is mainly described graphically by 
Scheme 5.

The above analysis is also in agreement with the bond-
ing characteristics of the H–NO2 (← HNO + O) species dis-
cussed above.

The first excited Ã2B2 state with CASSCF (17 valence 
electrons/12 valence orbitals) equilibrium characteristics

has its in-plane odd electron localized on the O atoms, and 
this can happen from the NO ( X2

�) + O (3P) bent interac-
tion as also analyzed in the planar ON–OH case (see above) 
and depicted graphically in Scheme 6.

It is clear that nitrous acid, HO–NO ( 110.7◦
∠ONO

 ; Table 1), 
traces its diabatic lineage to the Ã2B2  NO2 ( 101.2◦

∠ONO
 ; 

Table 1) state while H–NO2 ( 128.2◦
∠ONO

 ; Table 1) to X̃2A1 
 NO2 ( 134.2◦∠ONO ; Table 1). There is also a number of well-
known chemical species that relate to  NO2 ( X̃2A1 ). These 
are  O2N–NO2 ( 135◦

∠ONO
 ), HO–NO2 ( 130◦

∠ONO
 ), ON–NO2 

( 130◦
∠ONO

 ) and  H2N–NO2 ( 130◦∠ONO ) [92]. In all of the above 
species, the ONO angle is practically identical to the one in 
the ground  NO2 state and there is a single bond between  NO2 
and the incoming ligand. The most interesting case is nitric 

||
|
Ã2A�(Ã2B2)

⟩
≅ 0.92

|||
(1 − 9)a�210a�1(1 − 2)a��2

⟩
with

10a� ∼ 0.62 × [2py(O1) + 2py(O2)] − 0.43 × [2pz(O1) − 2pz(O2)]

acid, HO–NO2, featuring one σ bond between HO(X 2Π) and 
 NO2 ( X̃2A1 ), a double (σ, π) and a dative σ bond between N 
and the terminal O atoms. It has a planar Cs structure with 
its RCCSD(T)/cc-pVQZ molecular parameters appearing in 
Scheme 7.

By detaching the H atom, we get a 2A′  NO3 species that 
becomes its X̃2A′

2
 state upon geometry optimization. So, the 

Scheme 4  vbL diagram of the 
linear ONO (2Πu) configuration

Scheme 5  vbL diagram of the 
ground  NO2 state

Scheme 6  vbL diagram of the 
first excited (Ã2B2)  NO2 state

Scheme  7  Molecular parameters of the ground  HNO3 state at the 
RCCSD(T)/cc-pVQZ computational level
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generic type of bonding in the ground  NO3 state is captured 
by the vbL diagram of Scheme 8.

There are three different chemical bonds in  NO3, a regu-
lar  (2e− − 2 center) σ, a dative σ and a double σ, π, while 
the odd electron rests on a single O atom. Once again, the 
Mulliken (NBO) population and charges 2sN

1.19 (2sN
1.05) and 

q(O) = − 0.21 (− 0.29), q(N) = + 0.64 (+0.88) mirror the 
character of the chemical bond. The equilateral symmetry 
dictates similar vbL structures in which the odd electron can 
be found on all three O atoms that upon interaction confer it 
a D3h equilibrium structure. This is graphically represented 
by the vbL diagram shown in Scheme 9.

The addition of an H atom destroys the above resonance, 
the wave function collapses into one of the three vbL struc-
tures, and the electron localizes on a particular O atom, and 
thus, we get a (quasi)C2v(H)O–NO2 unit featuring one long 
and two short NO distances as found also in previous stud-
ies [13]. Thus, the D3h structure of the ground  NO3 species 
is due to the resonance of all the vbL structures shown in 
Scheme 9.

The symmetry breaking problem of the X̃2A′
2
 state is illus-

trated in Fig. 3 that displays RCCSD(T) and UCCSD(T) 
potential energy curves along the θ  (O1NO2=O1NO3) coor-
dinate based on ROHF orbitals of either the neutral  NO3 or 
anionic  NO3

− species. PEC_(1) and PEC_(2) are based on 
two different ROHF(NO3) solutions that produce curves with 
either  D3h (see Table 2) or  C2v (Ee= − 279.929 146 Eh, re 
 (NO1) = 1.197 Å, re  (NO2,3) = 1.258 Å, θ  (O2NO3) = 108.9°, 
ωe= 504, 636, 797, 1082, 1199, 1596 cm−1) energy minima, 
respectively. Both  D3h and  C2v structures are chemical enti-
ties that should be considered evenly in order to accurately 
map the adiabatic surface of the ground  NO3 state and it 
appears that ROHF(NO3)–UCCSD(T) or ROHF(NO3

−)–(R 
or U)CCSD(T) computational schemes are suitable for that. 

Scheme 8  vbL diagram of  NO3 ( 2A′)

Scheme 9  Resonant vbL structures of the ground  NO3 state
Fig. 3  (R or U)CCSD(T)/cc-pVQZ potential energy curves (PEC) of 
the ground  NO3 species along the θ (Ο1ΝΟ2=Ο1ΝΟ3) coordinate. At 
each energy point, the NO distances are optimized. PEC_(1) (black) 
and _(2) (red) are obtained at the ROHF(NO3)–RCCSD(T) level 
featuring a  D3h and  C2v energy minima, respectively, while PEC_
(3) (green), _(4) (blue) and _(5) (magenta) at the ROHF(NO3

−)–
UCCSD(T), ROHF(NO3

−)–RCCSD(T) and ROHF(NO3)–
UCCSD(T), respectively. The latter three PECs have been shifted so 
that their minima coincide to PEC_(1)’s minimum (see Table  2 for 
absolute energies)
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The above two “structures” lie in the heart of the  C2v/D3h 
problem of the past.

It is interesting to comment on the behavior of the har-
monic frequencies according to the computational schemes 
used (see Table 2). Although the ω2 and ω1 values are prac-
tically equal at all levels of theory employed, this is not the 
case for ω3 and ω4. The computational schemes that take 
into account both  D3h and  C2v minima (PEC_(3, 4, 5)) give 
values that are much closer to the experimental and some 
previous theoretical values. It turns out that the latter ω3 val-
ues (see Table 2) are closer to the experimental expectation 
1087 ≤ ω3 ≤ 1127 cm−1 (see Ref. [58]) and to the KDC value 
of 1069 cm−1 (see Ref. [29]) than the 1492 cm−1 value (see 
Ref. [64]). Based on our bonding analysis and the form of 
the potential curves, we believe that the ~ 1000 cm−1 should 
be the correct one. And this is indeed the case as shown 
recently by the high-resolution photoelectron spectroscopy 

Table 2  Energies E (hartree), 
bond distances re (Å), harmonic 
frequencies ωe  (cm−1) and 
electron affinity EA (eV) of 
the ground  D3h X̃2

A
′
2
  (NO3) 

and X̃1
A
′  (NO3

−) states at the 
ROHF-(R or U)CCSD(T)/(aug)-
cc-pVQZ computational level

Experimental results in square brackets
a ROHF(NO3)–RCCSD(T) results, see also PEC_(1) in Fig. 3
b ROHF(NO3)–UCCSD(T) results, see also PEC_(5) in Fig. 3
c ROHF(NO3

−)–RCCSD(T) results, see also PEC_(4) in Fig. 3
d ROHF(NO3

−)–UCCSD(T) results, see also PEC_(3) in Fig. 3
e Scaled results based on a MSCAS(17e−/13o)PT2/aug-cc-pVTZ surface; unscaled ones are 392, 733, 1066 
and 1162 cm−1, Ref. [33]
f EOMIP-CCSD/[3s2p1d] results based on the adiabatic approximation, Ref. [29]
g UCCSD(T)/ADZ results, Ref. [27]
h Results based on the KDC Hamiltonian and on EOMIP-CCSD/cc-pVTZ ab initio energy points, Ref. [26]
i MRCISD/AVTZ-f; MRCISD + Q results are 273, 773, 1083 and 1376 cm−1, Ref. [23]
j References [41, 42]
k Reference [61]
l References [39, 40]
m 1087  cm−1 ≤ ω3 ≤ 1127 cm−1, see Ref. [58], ω3 = 1492 cm−1, see, e.g., Ref. [64] and ω3 = 1044(16)  cm−1, 
see Ref. [93]
n Reference [42]

Species − E re ωe (q4, q2, q1, q3) EA

NO3(X̃2
A
′
2
) 279.930  737a 1.233a 614 (b2, a1), 793 (b1), 1106 (a1), 1497 (b2, a1)a

279.931  433b 1.234b 280 (b2, a1), 793 (b1), 1107 (a1), 1131 (b2, a1)b

279.929  216c 1.233c 263 (b2, a1), 794 (b1), 1108 (a1), 1162 (b2, a1)c

279.929  970d 1.233d 289 (b2, a1), 794 (b1), 1108 (a1), 1171 (b2, a1)d

369 (b2, a1), 764 (b1), 1067 (a1), 1099 (b2, a1)e

388 (b2, a1), 808 (b1), 1095 (a1), 1067 (b2, a1)f

349 (b2, a1), 773 (b1), 1085 (a1), 1140 (b2, a1)g

361 (b2, a1), 1051 (a1), 994 (b2, a1)h

237 (b2, a1), 793 (b1), 1155 (a1), 1412 (b2, a1)i

[1.24]j [365(b2, a1),k 762 (b1),k 1051(a1),l (b2, a1)m]
(279.940 813) (1.234)

NO3
−(X̃1

A
′) 280.073 084 1.255 717 (b2, a1), 859 (b1), 1066 (a1), 1423 (b2, a1) 3.87

[723 (b2, a1), 834 (b1), 1054 (a1), 1379 (b2, a1)]n

(280.090 367) (1.257) (4.07)
[1.23]n [3.937 ± 0.014]n

Scheme 10  vbL diagram of the (generic) electronic excitations from 
the ground to the first and second excited  NO3 states
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of cryogenically cooled  NO3
− establishing a value of 

1044(16)  cm−1 [93].
Now that we understand the bonding nature of the ground 

 NO3 state, it is a not a difficult task to delve into the bond-
ing character of its excited Ã2E′′(12B1, 1

2A2 ) and B̃2E′

(12A1, 2
2B2 ) states. Under D3h(C2v ) symmetry labeling, the 

Ã2E′′(2A2 or 2B1 ) state is realized through an e′′(a2 or b1)  
→ a′

2
(b2 ) transition, while the B̃2E′(2A1 or

2B2 ) state is real-
ized through an e′(a1 or b2) → a′

2
(b2 ) excitation. Consider-

ing also the composition of the out-of-plane ( e′′)/in-plane 
( e′ )  (NO3) molecular orbitals, we can easily visualize the 
X̃2A′

2
 → Ã2E′′/B̃2E′ transitions with the help of the Cs bond-

ing motif shown in Scheme 10.
The resulting Ã2E′′ and B̃2E′ states are Jahn–Teller active 

and give rise to C2v structures of 12B1, 1
2A2 and 12A1, 2

2B2 
symmetry, respectively; see Table 1 for their molecular 
parameters. In the 12B1 state [Te= 6104 cm−1; 7062.25(50) 
 cm−1 (exp. T0 value, see, e.g., Refs. [44] and [60])], the π 
electron is localized on the O atom that defines the C2 axis 
while in the 12A2 state on the two equivalent O atoms. In 
the B̃ states [Te ( 12A1) = 15,453 cm−1; 15,109 cm−1 (exp. T0 
value, see, e.g., Ref. [51])], the in-plane odd electron is on 
2py2pz hybrids of the two equivalent O atoms.

Based on Scheme 8, we can easily understand the chemi-
cal structure of  NO3

−. The negative charge finds its way into 
the half-occupied O orbital. The Mulliken (NBO) popula-
tion and charges 2sN

1.24 (2sN
1.05) and q(O) = − 0.54 (− 0.63), 

q(N) = + 0.61 (+0.89) are in agreement with the bonding sit-
uation. The additional electron is shared equally (1/3 = 0.33) 
by all O atoms as witnessed by the Mulliken charges of the 
neutral (q(O) = − 0.21) and anion (q(O) = − 0.54), while that 
of N remains unaltered (see the vbL diagram of Scheme 11).

Its molecular parameters and its harmonic frequencies 
appear in Table 2. The computed electron affinity EA = 3.87 
(4.07) eV at the RCCSD(T)/(aug)-cc-pVQZ computational 
level is in fair agreement with the experimental value of 
3.937 ± 0.014 eV [44]. Interestingly enough, the EA value 
at the ROHF(NO3

−)–RCCSD(T)/(cc-pVQZ computational 

level EA = 3.91 eV is in much closer agreement with the 
experimental one.

3  Conclusions

The nitrate radical,  NO3, is a notoriously difficult species 
both in terms of bonding and of its spectral behavior com-
plicated by various nonadiabatic couplings. All of its pecu-
liarities should be traced back to the way the three O atoms 
bind to nitrogen. And this is exactly the subject matter of the 
present study. We have followed a NO-to-NO2-to-NO3 for-
mation path and have shown that the equilateral equilibrium 
structure of its ground X̃2A′

2
 state is due to the resonance of 

vbL structures, each one of them featuring three different 
chemical bonds between N and O, one double σ, π with an 
O (3P), one dative σ with an excited O (~ 1D) and finally a 
regular σ with a ground O (3P). The presence of an H atom 
(in HO–NO2) breaks the resonance of the  NO3 unit confer-
ring it a (quasi) C2v character. An additional electron finds its 
place into the “hole” of the neutral radical, and consequently 
the anion features a similar D3h structure.
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