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Density Functional Theory (DFT) studies on the ground state of
NO;(2A’,) radical and the first triplet state of NO3 cation
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Density Functional Theory (DFT) studies on the ground states
(%A’,) of NO, radical and on the ground state (*A’;) and the
first triplet state (3E”) of NO; cation provide an unambigu-
ous prediction about their geometrical structure: the ground
states of both NO, radical and NO; cation have D5, symmetry
and the geometrical configuration of the first triplet state 3E”
of NOj cation has C,, symmetry. It is shown that as far as
the ionization energy calculations on NO; radical are con-
cerned, the results are only slightly different, no mater that
gradient corrections of the exchange-correlation energy are in-
cluded during self-consistent iterations or they are included as
perturbations after the self-consistent iterations.
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Introduction

The determination of the ground electronic state and
molecular structure of the nitrate radical (NO;) has been
of great interests for both experimentalists and theo-
rists. 1% A challenging question existing is to determine
that the ground state of NOj; possesses Djy, or C,, sym-
metry. It has been investigated by using various ab initio
method, such as MPPT,* CASSCF theory,8’10 Couple-
Cluster method®® as well as MR-CI.*° However, there
are different answers to this question based on different
levels of theory. For example, while MP2 and MP4 pre-
dict Dy, symmetry, MP3 favors C,, symmetry.* The
Couple-Cluster calculations both on Brueckner determi-
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nants [ B-CC ] and quasi-restricted Hartree-Fock
[QRHF] reference functions [ QRHF-CC] predict a C,,
equilibrium geometry if triple excitations are not includ-
ed, and predict an extremely flat potential surface which
slightly favors the D3, symmetry form of the molecule
when an approximate treatment of the triple excitation ef-
fects is involved.>® While the CASSCF calculation at
(17e/13MO) level with a DZ + P basis set prefers C,,
symmetry (with the total energy —279.09660 au) rather
than Ds;, symmetry (with the total energy — 279.09434
au),® the more recent CASSCF calculation at (9e/
13MO) level favors D), symmetry, using a concomitant
basis set augmented by one d-polarization function for N
and by two d-polarization functions for O atoms and us-
ing effective core potential to eliminate the K shell of all
atoms . '° In addition, Ref. 10 also reported the calculat-
ed energy of the ground state of NOs* . From the differ-
ence of the energies of NO; and NO;" we can obtain the
adiabatic ionization potential (IP): 10.60 eV which is
much lower than the reported experimental value: 12.57
€V .1% According to the variational principle, it thus can
be derived that the error due to the incompleteness of the
basis sets and of the configurations leads to an energy of
the ground state of NO;, at least higher for 1.97 eV in
magnitude, than the exact one. On the other hand we
obtained a value of 13.027 eV for the above-mentioned
IP using density functional theory ( DFT) 11 which is

much closer to the experimental one.
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In the previous paper,'' we reported a complete
Hel photoelectron spectrum (PES) of NO; radical which
is produced in situ by the pyrolysis of pure gas phase
N,0s at 280°C ( £0.5°C) in a double-heater inlet sys-
tem on a double-chamber UPS Machine-II built specifi-
cally to detect transient species. In the present paper,
we focus the attention on the study of the geometry of
neutral ground and two ionic states of the NO; radical by
using DFT method, especialy on the geometry of the first
triplet state of the NO; cation which was suggested to
deserve further discussion.'® In addition, the vertical
ionization energies of HOMO, SHOMO and the adiabatic
ionization energy of the SHOMO have been studied by
using several gradient correction schemes to the ex-

change-correlation energy.

Calculations

All the calculations were carried out with the Ams-
terdam Density Functional (ADF) program package, >
in which a density fitting procedure'? was used to obtain
the Coulomb potential, and an elaborate 3D numerical

integration technique''*

was employed to calculate the
Hamiltonian matrix elements. The geometry optimization
was performed using local spin density functional theory'
which acquired great success in the prediction of molecu-
lar structure. '® High numerical integration accuracy and
extended basis sets (triple §{ + double P) as well as
analytical first order derivative were adopted in practical

computation .
Results and discussion

In the geometry optimization of the ground states of
both NO; and NO5' , the input initial data are in the C,,
symmetry with one longer bond and two shorter bonds, or
with one shorter bond and two longer bonds. The geome-
tries of both NO; and NOj5" in ground states are always
converged to the one with D3y, symmetry. Table 1 gives
the results of the optimized geometry for both NO; and
NO3+ .

Thus in the photoionization process from the ground
state of NOj; neutral radical to the ground state of NO5'
cation, corresponding to the NO5 (14’;) < NO;(*4',)
ionization, there is no significant distortion of the config-
uration of the species. This result is consistent witha

very sharp peak with the lowest ionization potential
(12.55+ 0.01 eV) in the Hel photoelectron spectrum
(PES) of the NO; radical . !!

Table 1 Optimized geometry® for NO; and NO5

NO;(*4’,)  NoOj ('A’y) Nojy CE")
N—O0(1) 1.230 1.220 1.315
N—O0(2) 1.230 1.220 1.315
N—0(3) 1.230 1.220 1.152
0(1)—N—0(2) 120.0 120.0 97.30
0(1)—N—0(3) 120.0 120.0 131.80

¢ Bond lengths are in angstrom and bond angles are in degree. The
threshold for the convergence is taken as 0.005 angstrom for bond
length and 0.1 degree for bond angle.

From the shape of the second band of the PE spec-
trum of NOj; radical, it can be inferred that the second
band should come from electron ionization of a strong
bonding orbital in the molecule. Associating with the
photoionization process of the electron on the strong or-
bital, the molecular geometry should change consider-
ably. )

The vertical ionization potential corresponding to
the NO;y (CE " )<-NO;(*A’,) ionization has been given
in the previous paper.!! In order to obtain the adiabatic
ionization potential corresponding to the NO;” (E"; )<
NO;(?A";) ionization, the geometry of the first triplet
state of the NO; cation has been optimized. The con-
verged geometry has C,, symmetry. The result is also
presented in Table 1. This result shows that in the pho-
toionization process corresponding to the NO; (PE”; )<
NO; (%4’,) ionization, the geometry of the species is
changed from D3, to C,, symmetry. The adiabatic ion-
ization potential for the ionization NO3 (3E";) < NO,
(4',) is calculated from the difference of the total en-
ergy of the NO;" cation at its optimized geometry and that
of NOj radical in the ground state. Of course, the differ-
ent zero-point vibrational energies in different electronic
states should be considered, but they are very small and
may be neglected. The calculations are performed with
using both LSDA and non-local gradient corrections to
the LSDA exchange-correlation energy. The results are
presented in Table 2, in which Bx, P86x, PW9lx,
P86c, PW9lc denote the gradient correction to the cor-
relation energy due to Becke'” and Perdew'®'®, respec-
tively. The vertical ionization potentials for the ioniza-
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tions NO5 (*A’,)<-NO;(*4’,) and the ionization NO5"
(®E";)<-N0O;(®4’,) have also been calculated. The re-
sults are presented in Table 2 too. It can be seen from
Table 2 that the results derived from several non-local
density functional schemes are very close and agree
rather well with the PES experiment. This fact supports,

in turn, the above-mentioned prediction of a C,, symme-
try for the first state of the NO3" cation. Furthermore, it
gives also a strong evidence in favor of the ground state
of NO; radical having D3, symmetry, taking into account
the vibrational structure of the second PES band, which
corresponds to the geometry with D3j, symmetry.

Table 2 Calculated vertical ionization potentials ( 7, in €V) for HOMO and SHOMO
and adiabatic ionization potentials ( 1,) for SHOMO (in eV)

Orbital BxP86c¢* P86xPW91c® PW91xPW91c* LSDA BxP86c* EXP.
SHOMO (1,) 13.375 13.350 13.371 13.629 13.05
SHOMO (1,) 13.560 13.535 13.551 13.747 13.507 13.18
HOMO (1,) 13.075 13.094 13.053 13.124 13.027 12.55

® The gradient corrections are added self-consistently. ® The gradient correction are added as a perturbation after LDA SCF calculation

has been finished.

Table 2 also shows that the adopted three kinds of
gradient correction schemes yield very similar results,
and give better results than those from the local spin
density approximation. The calculated vertical ionization
energies for HOMO and SHOMO presented in this paper
are a little larger, about 0.05 eV in magnitude, than
those in the previous paper,!! with the same gradient
correction schemes, due to the inclusion of the gradient
corrections into the LSDA exchange-correlation potential
in the self-consistent iterations in the present studies,
while in the previous paper, the gradient corrections to
the exchange-correlation energy were included after the
LSDA self-consistent calculations. It thus can be con-
cluded that inclusion or not inclusion of the gradient cor-
rections into the exchange-correlation potential in the
self-consistent iterations onlyresults in a negligible dif-
ference as far as the ionization energy is concerned. But
inclusion of gradient corrections in the SCF calculations
results in much large computation expenses.

In a word, the present DFT study shows that (1)
the geometries of NO; and NO; in ground state both
possess D3y, symmetry; (2) the geometry of NO5 in the
first triplet state >E"” possesses C,, symmetry; (3)
whether or not including the gradient corrections into the
exchange-correlation potential in the self-consistent iter-
ations only results in a negligible difference in the ion-

ization energy calculations on NOj radical.
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