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Three-dimensional accurate potential energy surfaces around
the local minima of NO2

− and NO2 were calculated with the
SAC/SAC-CI analytical energy gradient method. Therefrom, the
ionization photoelectron spectra of NO2

−, the equilibrium
geometries and adiabatic electron affinity of NO2, and the vibra-
tional frequencies including harmonicity and anharmonicity of
NO2

− and NO2 were obtained. The calculated electron affinity
was in reasonable agreement with the experimental value. The
SAC-CI photoelectron spectra of NO2

− at 350 K and 700 K
including the rotational effects were calculated using the
Franck–Condon approximation. The theoretical spectra repro-
duced well the fine experimental photoelectron spectra

observed by Ervin et al. (J. Phys. Chem. 1988, 92, 5405). The
results showed that the ionizations from many vibrational
excited states as well as the vibrational ground state are
included in the experimental photoelectron spectra especially
at 700 K and that the rotational effects are important to repro-
duce the experimental photoelectron spectra of both tempera-
tures. The SAC/SAC-CI theoretical results supported the analyses
of the spectra by Ervin et al., except that we could show some
small contributions from the asymmetric-stretching mode of
NO2

−. © 2018 Wiley Periodicals, Inc.

DOI:10.1002/jcc.25608

Introduction

In the photoelectron spectra of NO2
− at 350 K and 700 K

reported by Ervin et al.,[1] the fine structures of the vibrational-
rotational states were observed.[1] These high-resolution spectra
provided the precise information of the geometrical structures,
electronic properties, and vibrational and rotational spectro-
scopic constants. Ervin et al. carried out systematic analyses giv-
ing satisfactory explanations of the spectral details of the
observed structures. We study here their fine photoelectron
spectra in the light of the SAC/SAC-CI theoretical analyses.

The SAC/SAC-CI method[2–5] has been established for investi-
gating molecular excited states through numerous applications in
wide fields of chemistry and physics. The method has been
applied to many subjects of molecular, biological, and surface
photochemistry.[6–10] The SAC/SAC-CI analytical energy gradient
method was formulated and implemented in 1997[11–13] and
applied to the geometry optimizations of molecules in the
ground, excited, ionized, electron attached, and high-spin
states.[9,13] In the previous paper,[14] the low-lying valence singlet
and triplet excited states of HAB molecules were investigated.
The vibrational emission spectra of HSiF and DSiF and the absorp-
tion spectra of HSiCl and DSiCl agreed well with the experimental
spectra.

The equilibrium geometries and vibrational constants of
NO2

− and NO2 have been studied by some experimental[1,15–20]

and theoretical works.[21–25] These molecules show characteris-
tic geometrical changes between NO2

− and NO2 and the adia-
batic electron affinity of NO2 has also been investigated
experimentally[1,18,26,27] and theoretically.[28]

In the present article, we apply the direct SAC-CI method[29]

and its analytical energy gradient method[11–13] to the X1A1 state
of NO2

− and the X2A1 state of NO2 for calculating the equilibrium

geometries, vibrational frequencies, and adiabatic electron
affinities. The vibrational harmonic frequencies were calculated
numerically from the analytical first derivatives and the anharmo-
nicities were evaluated from the 3-dimensional (3D) PESs around
the local minima. The vibrational and rotational structures in the
photoelectron spectra of NO2

− was extensively investigated with
the SAC-CI theory and compared with the fine experimental spec-
tra observed by Ervin et al.[1] The geometrical change between
NO2

− and NO2 could be qualitatively interpreted based on the
electrostatic force (ESF) theory.[30,31]

Computational Details

The geometry optimizations of NO2
− and NO2 were performed

with the analytical energy gradients methods of the SAC and
SAC-CI, respectively. The vibrational harmonic frequencies were
obtained from the second derivatives numerically calculated from
the analytical first derivatives. All SAC/SAC-CI calculations were
done without perturbation selections. The 1s core orbitals were
treated as frozen orbitals and all other orbitals were chosen as
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active orbitals. To find the basis set that gives a reasonable result
with low computational cost, the basis set dependences of the
equilibrium geometries and the adiabatic electron affinity were
examined with 10 basis sets of Dunning’s correlation-consistent
polarized cc-pVTZ level[32]: (1) cc-pVTZ(−f ), (2) cc-pVTZ(−f ) + anion
p function,[33] (3) cc-pVTZ(−f ) + anion p function + Rydberg spd
functions,[33] (4) cc-pVTZ(−f ) + anion spd function, (5) cc-pVTZ
(−f ) + anion spd function + Rydberg spd functions, (6) aug-cc-
pVTZ(−f ),[34] (7) cc-pVTZ, (8) cc-pVTZ + anion p function, (9) cc-
pVTZ + anion spd function, (10) aug-cc-pVTZ, where -f indicates
that the f-type polarization functions were removed. Then, we
used the set, (10) aug-cc-pVTZ, in the following calculations.

For evaluating anharmonic vibrational frequencies,
3-dimensinal potential energy surfaces (3D PESs) were calcu-
lated around the local minima with 3375 and 1521 geometric
points (15 × 15 × 15 and 13 × 13 × 9 points) for NO2

− and NO2,
respectively, to cover the regions of the 3D vibrational
wavefunctions. As seen in Figure 1, the 3D PESs are shallow for
NO2

− but deep for NO2, so that different numbers of grid points
were used. The 3D PESs were described in the binding
coordinates (r1, r2, θ) where r1 and r2 are the bond distances and
θ defines the bond angle. For calculating the vibrational wave
functions, these energy points were fitted with the 3D sixth-
order Morse–Cosine function,

V r1, r2,θð Þ¼
X6
i, j,k¼0

Bijk 1−e−a1 r1 − re1ð Þ� �i

cosθ− cosθeð Þj 1−e−a2 r2− re2ð Þ� �k
,

ð1Þ

where re1 , re2 , and θe are the equilibrium values. The linear
parameters {Bijk} were obtained with a least-square fitting
by varying the nonlinear parameters (a1, a2). The fitting of the
3D-PES was satisfactory: the mean deviations from the ab initio
values at 3375 and 1521 geometric points were less than 0.5
and 0.2 cm−1 for NO2

− and NO2, respectively. The results
guarantee the accuracy of the vibrational energy levels and the
wavefunctions including anharmonicity.

For simulating the vibrational spectrum, 3D vibrational states
were calculated by the grid method, in which the Lanczos
algorithm was used for the diagonalization. In the binding
coordinates, the kinetic part of the Hamiltonian (J = 0) of the
vibrational motion of A-B-C system is given by,[35,36]

T ¼ p21
2μAB

+
p22
2μBC

+
j2

2μABr
2
1
+

j2

2μBCr
2
2
+
p1p2 cosθ

mB

−
p1pθ
mBr2

−
p2pθ
mBr1

−
cosθj2 + j2 cosθ

2mBr1r2
,

ð2Þ

where.

pk ¼ − i
∂

∂rk
,k¼ 1,2, pθ ¼ − i

∂

∂θ
sinθ, j2 ¼ −

1
sinθ

∂

∂θ
sinθ

∂

∂θ
ð3Þ

and μAB and μBC are the reduced mass of the A–B and B–C sys-
tems, respectively. The coordinates r1 and r2 are represented by
the Hermite discrete variable representation (DVR) with
30 points and θ by the Legendre DVR of 60 points. Thus, the
3D vibrational wavefunction is represented as the grid
points,[37]

xj xð Þ¼ 2j j!
� �−1=2

mω=πð Þ1=4Hj
ffiffiffiffiffiffiffiffi
mω

p
x−exð Þ� �

e−mω x−ex� �2
=2, ð4Þ

where Hj denotes the jth Hermite polynomial and x, ex, ω, and m
are the position, the equilibrium position, the frequency and
the mass, respectively, and

χ l−m+1 θð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2l + 1
2

l−mð Þ!
l +mð Þ!

s
Pml cos θð Þ, ð5Þ

where

Pml xð Þ¼ −1ð Þm
2l l!

1−x2
� �m=2 dl +m

dxl +m x2−1
� �l

: ð6Þ

The Franck–Condon (FC) factors were calculated with the 3D
vibrational wavefunctions.

For calculating the rotational effects, we treated the NO2

molecule approximately as a symmetric top molecule
(A > B = C) whose rotational energy levels are given by

EJK ¼ BJ J + 1ð Þ+ A−Bð ÞK2, Kj j≤ J, ΔJ¼ 0, �1 ð7Þ

where J and K are quantum numbers for total rotational angular
momentum and for the projection of J onto the principal z axis of
the molecule, respectively. For the rotational constants A, B, and C,
7.7219, 0.4417, and 0.4178 cm−1 obtained from the SAC-CI calcula-
tions with the aug-cc-pVTZ basis set for NO2 were used. The rela-
tive intensity of each rotational energy level is obtained by

IJK ¼ exp −
hc
kT

EJK

� �
, ð8Þ

where h, c, k, and T represent the Planck constant, speed of
light, Boltzmann constant and absolute temperature, respec-
tively. In this article, both J and K were considered up to 10.

The SAC/SAC-CI calculations were performed using the devel-
opment version of the Gaussian09 suite of programs.[38] The
vibrational wavefunctions were calculated using the MCTDH
program package by Worth et al.[37] Gaussian functions are
used as initial functions,

Figure 1. Potential energy surfaces of NO2
− and NO2. [Color figure can be

viewed at wileyonlinelibrary.com]

WWW.C-CHEM.ORG FULL PAPER

Wiley Online Library J. Comput. Chem. 2019, 40, 360–374 361

http://wileyonlinelibrary.com
http://WWW.C-CHEM.ORG


ϕ xð Þ¼Ne−1=4 x−x0ð Þ=Δxð Þ2eip0 x−x0ð Þ, ð9Þ

where N is a normalization constant, x0 and p0 are the center
and initial momentum, and Δx is the width.

Geometries and Adiabatic Electron Affinity

In Tables 1 and 2, we summarized the SAC/SAC-CI results of the
geometrical parameters of NO2

− and NO2, and the adiabatic
electron affinity of NO2 calculated with several different basis
sets. These results are compared with the experimental
values[1,15–18,26,27] and the previous theoretical results.[21–25,28]

First, we examine the results shown in Table 1. For NO2, the
geometric parameters obtained by the nonvariational SAC-CI
calculations are rNO = 1.1905 Å, and θONO = 133.134� with aug-
cc-pVTZ basis in good agreement with the experimental values
of rNO = 1.19389 Å and θONO = 133.514� . The rNO length is lon-
ger with the cc-pVTZ(−f ) series and shorter with the cc-pVTZ
series than the experimental value, but the basis set depen-
dence is very small. However, for θONO, the calculated values
reduce and depart from the experimental value with the
improvement of basis sets. For θONO, the SAC-CI values tend to
be smaller than the previous theoretical results.

For NO2
−, the SAC results rNO = 1.2456 Å and θONO = 117.114�

with aug-cc-pVTZ are in good agreement with the experimental
values rNO = 1.25 Å and θONO = 117.5�. The basis set depen-
dence is slightly larger than that of NO2, because the diffuse or

anion functions are important for the anion (NO2
−). The rNO is

reduced by the basis set improvement like NO2. However, the
θONO of NO2

− is enlarged by the basis set improvement and its
SAC values are larger than the previous theoretical results. This
trend is opposite to that of NO2.

Next, we investigate the electron affinity of NO2 shown in
Table 2. The adiabatic electron affinity with the aug-cc-pVTZ
basis sets is calculated to be 2.114 eV in good agreement with
the experimental value of 2.273 eV, although the electron
affinity is difficult quantity. The adiabatic electron affinity comes
close to the experimental value by 0.628 eV by the basis set
improvement. The 0–0 band value (2.137 eV with the aug-cc-
pVTZ basis set) is slightly closer to the experimental value,
because the potential energy surface is shaper for NO2 than for
NO2

− as shown in Figure 1. To reproduce the adiabatic electron
affinity, the diffuse or anion functions are important and
necessary.

Thus, the diffuse and anion functions are important for the
calculations of the geometrical parameters and electron affinity.
Therefore, the aug-cc-pVTZ basis sets were used for the calcula-
tions of the photoelectron spectra of NO2

−.

Vibrational Frequencies

We now start fine theoretical analyses of the photoelectron
spectra of NO2

− observed by Ervin et al.[1] We first examine the
vibrational structures of the spectrum observed at 350 K. To

Table 1. Optimized geometries of NO2
− and NO2 using the SAC/SAC-CI method.

Basis set

Anion [NO2
−] Radical [NO2]

rNO(Å) θONO(
0) rNO(Å) θONO(

0)

cc-pVTZ(−f ) 1.2598 116.074 1.1955 133.668
cc-pVTZ(−f ) + anion (p) 1.2608 115.902 1.1957 133.617
cc-pVTZ(−f ) + anion (p) + Rydberg(s,p,d) 1.2571 116.597 1.1963 133.367
cc-pVTZ(−f ) + anion(s,p,d) 1.2574 116.562 1.1963 133.404
cc-pVTZ(−f ) + anion (s,p,d) + Rydberg(s,p,d) 1.2570 116.585 1.1963 133.335
aug-cc-pVTZ(−f ) 1.2551 116.730 1.1959 133.213
cc-pVTZ 1.2501 116.440 1.1893 133.952
cc-pVTZ + anion(p) 1.2505 116.293 1.1893 134.034
cc-pVTZ + anion(s,p,d) 1.2471 116.994 1.1903 133.640
aug-cc-pVTZ 1.2456 117.114 1.1905 133.134
Exptl. (microwave) [a] 1.1934 134.4
Exptl. (infrared, microwave) [b] 1.19455 133.851
Exptl. (microwave) [c] 1.19389 133.514
Exptl. (photoelectron spectroscopy) [d] 1.25 117.5
Exptl. (photodetachment threshold 1) [e] 1.15 119.5
Exptl. (photodetachment threshold 2) [e] 1.25 116
B3LYP/6–311 + G (2d,2p) [f] 1.2584 116.749 1.1940 134.327
CCSD(T)/6–311 + G(2d,p) [f] 1.2725 115.834 1.2041 134.081
SCF [g] 1.265 118 1.212 134
MC-SCF(OVC-CI) [h] 1.199 134.5
MRSDCI [i] 1.185 135
CASSCF [j] 1.260 116.5

[a] Reference.[15]

[b] Reference.[16]

[c] Reference.[17]

[d] Reference.[1]

[e] Reference.[18]

[f] Reference.[21]

[g] Reference.[22]

[h] Reference.[23]

[i] Reference.[24]

[j] Reference.[25]
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investigate the vibrational structures in the observed spectra,
the first necessary information is the harmonic and anharmonic
vibrational frequencies of NO2

− and NO2. Among them, the fre-
quencies of NO2 are of particular importance.

The vibrational harmonic (ω1, ω2, ω3) and anharmonic (ν1, ν2,
ν3) frequencies of NO2

− and NO2 have also been calculated
with the SAC/SAC-CI method and are summarized in Table 3
together with other theoretical[21,23–25] and experimental
values.[1,19,20] The experimental values are fundamental vibra-
tional frequencies, and therefore, theoretical vibrational fre-
quencies including anharmonicity can be compared. However,
for the SAC/SAC-CI results, the vibrational anharmonic

frequencies are larger than the experimental values. The ν2
vibrational frequency in NO2 is smaller than that in NO2

−,
because the atomic dipole (AD) force decreases in NO2.

[30,31]

However, the ν1 and ν3 vibrational frequency in NO2 is larger
than those in NO2

− due to the electron removal from the bond-
ing orbital of NO2

−. Since the deviation of the vibrational anhar-
monic frequencies from the experimental values was 79, 25,
72 cm−1 (0.0098, 0.0031, 0.0089 eV) for υ1, υ2, υ3 of NO2, the
peak positions of the SAC-CI photoelectron spectra are deviated
from the experimental ones. For example, the deviation (Δ) of
1n02

m
0 3

l
0 from the experimental value is approximately estimated

by the following equation,

Δ¼ 0:0098× n+0:0031×m+ 0:0089× l: ð10Þ

Therefore, the deviation becomes large in the lower electron
kinetic energy region.

Photoelectron Spectra of NO2
−

The photoelectron spectra of NO2
− were observed by the

photodetachment of NO2
−.[1] We calculated the 3D PESs of

NO2
− and NO2 and evaluated the Franck–Condon factors

between NO2
− and NO2 using aug-cc-pVTZ basis sets from the

vibrational wavefunctions obtained by the MCTDH calculations.
The calculated SAC-CI photoelectron spectra of NO2

− at 350 K
and 700 K are compared with the experimental ones in Fig-
ures 2 and 3, respectively. In Figure 4, the spectral shape with
the rotational effect at 350 K and 700 K is compared with that
without the rotational effect. The SAC-CI spectra with the rota-
tional effects at 350 K and 700 K are shown in Figures 5 and 6,
respectively. In the SAC-CI spectra, the electron kinetic energies
of the vibrational states are shifted by 0.136 eV (= 2.273 (experi-
mental binding energy) – 2.137 (0–0 band energy of SAC/SAC-
CI), shown in Table 2) to fit the 0–0 transition at 350 K. The

Table 2. Adiabatic electron affinity of NO2 using the SAC/SAC-CI
method.

Basis set
Adiabatic electron

affinity (0–0 band) (eV)

cc-pVTZ(−f ) 1.486
cc-pVTZ(−f ) + anion (p) 1.843
cc-pVTZ(−f ) + anion (p) + Rydberg(s,p,d) 2.005
cc-pVTZ(−f ) + anion(s,p,d) 2.020
cc-pVTZ(−f ) + anion (s,p,d) + Rydberg(s,p,d) 2.022
aug-cc-pVTZ(−f ) 2.051
cc-pVTZ 1.519
cc-pVTZ + anion(p) 1.866
cc-pVTZ + anion(s,p,d) 2.047
aug-cc-pVTZ 2.114 (2.137)[a]

Exptl.(laser photoelectron spectroscopy)[b] 2.273
Exptl. (laser photodetachment) [c] 2.275
Exptl. (ion/molecule reaction equilibrium)[d] 2.30
Exptl. (electron capture detector)[e] 2.11
B3LYP/aug-cc-pVTZ [f] 2.248
CCSD(T)/aug-cc-pVDZ [f] 2.188

[a] 0–0 band in parentheses.
[b] Reference.[1]

[c] Reference.[18]

[d] Reference.[26]

[e] Reference.[27]

[f] Reference.[28]

Table 3. Harmonic and anharmonic vibrational frequencies (cm−1) of NO2
− and NO2.

Method ω1 ω2 ω3 ν1 ν2 ν3

NO2
− SAC 1401 820 1390 1367 811 1335

B3LYP/6–311 + G (2d,2p) [b] 1327 794 1283
QCISD(T)/6-311G(2d,p) [b] 1303 776 1256
CASSCF [c] 1316 795 1270 1286 782 1232
exptl. [d,e] 1284 [d] 776 [d] 1244 [e]

Δ[f] 83 35 91
NO2 SAC-CI 1421 787 1731 1397 775 1690

B3LYP/6–311 + G (2d,2p) [b] 1381 761 1672
QCISD(T)/6-311G(2d,p) [b] 1315 748 1602
MC-SCF(OVC-CI) [g] 1351 758
MRSDCI [h] 1500 793
exptl. [i] 1318 750 1618
Δ[f] 79 25 72

ω1, ν1: symmetric-stretching mode, ω2,ν2: bending mode, ω3, ν3: asymmetric-stretching mode.
[b] Reference.[21]

[c] Reference.[25]

[d] Reference.[1]

[e] Reference.[19]

[f] [SAC-CI] – [exptl.].
[g] Reference.[23]

[h] Reference.[24]

[i] Reference.[20]
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SAC-CI spectra at 700 K are shifted by 0.141 eV due to the devi-
ation (0.005 eV) in the experimental spectra between at 350 K
and 700 K. The full width at half-maximum of the Gaussian
envelope was 0.012 eV for the SAC-CI photoelectron spectra in
Figures 2 and 5, but 0.008 eV in Figures 3,4, and 6. The horizon-
tal axis scale is electron binding energy for the upper side and
the electron kinetic energy for the lower side in Figures. The
scale on the vertical axis of the SAC-CI results shows relative
intensity. The detailed vibrational assignments of all the peaks
at 300 K and 700 K are summarized in Tables 4 and 5,

respectively, with the electron kinetic energy in accordance
with the experimental condition.[1] The assignments of the
peaks in the higher electron kinetic energy region at 700 K are
summarized in Table 6. These Figures and Tables are important
data for analyzing and understanding the experimental photo-
electron spectra. In Figures and Tables, the labels An, Bn, Cn, Dn,

En, Fn, and Gn represent the vibrational levels 1002
n
03

0
0, 1

1
02

n
03

0
0,

Figure 2. Experimental and SAC-CI photoelectron spectra of NO2
− at 350 K.

The SAC-CI theoretical spectrum (total) is the sum of the contributions from
the vibrational ground state (102030(a)) and from the vibrational excited
states (102130(b), 102031(c), and 112030(d)). The inset of the experimental
spectrum shows the enlarged view of the range 1.2 eV–1.5 eV in the
electron kinetic energy. The inset of the SAC-CI spectrum (Total) shows the
schematic diagram of the vibrational excitations accompanying to the
ionization from NO2

− to NO2. Horizontal axis represents the vibrational
coordinate. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 3. Experimental and SAC-CI photoelectron spectra of NO2
− at 700 K.

The SAC-CI theoretical spectrum (total) is the sum of the contributions from
the vibrational ground state (102030(a)) and from the vibrational excited
states (102130(b), 102031(c), 112030(d), 102230(e), 102131(f ), and 112130(g)). The
inset of the SAC-CI spectrum (Total) shows the schematic diagram of the
vibrational excitations accompanying to the ionization from NO2

− to NO2.
Horizontal axis represents the vibrational coordinate. [Color figure can be
viewed at wileyonlinelibrary.com]

FULL PAPER WWW.C-CHEM.ORG

J. Comput. Chem. 2019, 40, 360–374 WWW.CHEMISTRYVIEWS.COM364

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://WWW.C-CHEM.ORG
http://WWW.CHEMISTRYVIEWS.COM


1202
n
03

0
0, 1

3
02

n
03

0
0, 1

4
02

n
03

0
0, 1

5
02

n
03

0
0, and 1602

n
03

0
0, respectively, where

1, 2, and 3 denote υ1, υ2, and υ3, respectively, and the subscript
and superscript represent the vibrational levels of NO2

− and
NO2, respectively. The labels an, bn, cn, dn, en, fn, and gn repre-

sent the vibrational levels 1002
n
13

0
0, 1102

n
13

0
0, 1202

n
13

0
0, 1302

n
13

0
0,

1402
n
13

0
0, 1

5
02

n
13

0
0, and 1602

n
13

0
0, respectively. The labels xn and yn

represent the vibrational levels 1002
n
03

1
1 and 1102

n
03

1
1, respectively.

The labels αn, βn, γn, δn, εn, ζn, and ηn represent the vibrational

levels 1012
n
03

0
0, 1112

n
03

0
0, 1212

n
03

0
0, 1312

n
03

0
0, 1412

n
03

0
0, 1512

n
03

0
0, and

1612
n
03

0
0, respectively. The vibrational mode 300 is omitted in

Figures, Tables and the following text. The labels Ln, Mn, Nn, Pn,

Qn, Rn, Sn, Tn, and Un represent the vibrational levels 1002
n
23

0
0,

1102
n
23

0
0, 1202

n
23

0
0, 1002

n
13

1
1, 1102

n
13

1
1, 1012

n
13

0
0, 1112

n
13

0
0, 1212

n
13

0
0, and

1312
n
13

0
0, respectively. The labels pn, qn, rn, sn, un, vn, and wn rep-

resent the vibrational levels 1002
n
33

0
0, 1102

n
33

0
0, 1012

n
03

1
1, 1022

n
03

0
0,

1012
n
23

0
0, 1

1
12

n
23

0
0, and 1202

n
43

0
0, respectively. These notations are

summarized in Table 7.
In Figure 2, the SAC-CI spectrum at 350 K includes the ioniza-

tions not only from the vibrational ground state (102030) but also
from vibrational excited states (102130, 102031, and 112030). The
schematic diagram of the vibrational excitations accompanying
to the ionization from NO2

− to NO2 is shown in the inset of the
SAC-CI spectrum (Total). The ratios of the 102030, 102130, 102031,
and 112030 are 1, 0.0357, 0.0041, and 0.0036 with respect to the
102030 determined by the Boltzmann distribution at 350 K. The
scales in Figures 2b–2d are different from that in Figure 2a,

because the intensities of 1n02
m
1 3

l
0, 1

n
02

m
0 3

l
1, and 1n12

m
0 3

l
0 are much

different from that of 1n02
m
0 3

l
0. We show in Figure 2a the spec-

trum from the 102030 state with the ratio unity, Figure 2b the
one from the 102130 state with the ratio 30, Figure 2c the one
from the 102031 state with the ratio 300, and Figure 2d the one
from the 112030 state with the ratio 300. The SAC-CI spectrum
(Total) of Figure 2 is the sum of the contributions as
expressed by

Fig:2 totalð Þ¼ Fig:2 að Þ+ 1
30

Fig:2 bð Þ+ 1
300

Fig:2 cð Þ+ 1
300

Fig:2 dð Þ:
ð11Þ

In Figure 3, the SAC-CI spectrum at 700 K includes further the
ionizations from higher vibrational excited states (102230,
102131, and 112130). The ratios of the 102030, 102130, 102031,

112030, 102230, 102131, and 112130 with respect to the 102030 at
700 K are 1, 0.1889, 0.0643, 0.0601, 0.0358, 0.0124, and 0.0115.
The scales in Figures 3b–3g are different from that in Figure 3a,

because the intensities of 1n02
m
1 3

l
0, 1n02

m
0 3

l
1, 1n12

m
0 3

l
0, 1n02

m
2 3

l
0,

1n02
m
1 3

l
1, and 1n12

m
1 3

l
0 are much different from that of 1n02

m
0 3

l
0. We

show in Figure 3a the spectrum from the 102030 state with the
ratio unity, Figure 3b the one from the 102130 state with the
ratio 3, Figure 3c the one from the 102031 state with the ratio
15, Figure 3d the one from the 112030 state with the ratio 7.5,(eV)

0.0 0.1 0.2-0.1-0.2

Figure 4. Spectral shapes with the rotational effects at 350 K (blue line) and
700 K (red line) are compared with that (black line) without the rotational
effects. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. Experimental and SAC-CI photoelectron spectra of NO2
− at 350 K

including rotational effects. The SAC-CI theoretical spectrum (total) is the
sum of the contributions from the vibrational ground state (102030(a)) and
from the vibrational excited states (102130(b), 102031(c), and 112030(d)). The
inset of the experimental spectrum shows the enlarged view of the range
1.2 eV–1.5 eV in the electron kinetic energy. The inset of the SAC-CI
spectrum (Total) shows the schematic diagram of the vibrational excitations
accompanying to the ionization from NO2

− to NO2. Horizontal axis
represents the vibrational coordinate. [Color figure can be viewed at
wileyonlinelibrary.com]
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Figure 3e the one from the 102230 state with the ratio 15, Fig-
ure 3f the one from the 102131 state with the ratio 75, and
Figure 3g the one from the 112130 state with the ratio 75. The
total SAC-CI spectrum includes further the ionizations from 7th
to 13th vibrational excited states with the ratios of 0.0068,
0.0043, 0.0040, 0.0036, 0.0024, 0.0022, and 0.0013, respectively.
These ionizations are shown not in the Figure but in Tables 5

and 6. The SAC-CI spectrum (Total) of Figure 3 is the sum of the
contributions as expressed by

Fig:3 totalð Þ¼Fig:3 að Þ+ 1
3
Fig:3 bð Þ+ 1

15
Fig:3 cð Þ+ 1

7:5
Fig:3 dð Þ

+
1
15

Fig:3 eð Þ+ 1
75

Fig:3 fð Þ+ 1
75

Fig:3 gð Þ:
ð12Þ

Photoelectron Spectrum at 350 K

Referring to Figure 2, we see that the experimental spectrum at
350 K almost comes from the ionization from the vibrational
ground state (102030). The contributions of the ionizations from
other states are less than 4.5% in total. Therefore, in Figure 2,
the total SAC-CI spectrum is almost the same as the spectrum

denoted as 1n02
m
0 3

l
0(a). The SAC-CI spectra are in good agree-

ment with the experimental spectra in the high electron kinetic
energy region. However, since the theoretical vibrational anhar-
monic frequencies of NO2 (υ1, υ2, υ3) are larger than the experi-
mental values, the deviation between the SAC-CI and the
experimental spectra becomes larger as the electron kinetic
energy becomes lower as shown in Table 4.

The experimental peak at 1.259 eV is assigned to the theoret-

ical peak A0 (1002
0
0) of the 0–0 transition that is the ionization

from the vibrational ground states of the ground state (X1A1) of
NO2

− to the vibrational excited states of the ground state
(X2A1) of NO2. The shoulder peak is observed in the right-hand
side (higher electron kinetic energy region) of the peak A0,
because the peak a1(b) (b in parentheses means Fig. 2b) with
some intensity is calculated to be in the right side of the peak

A0. The nature of the peak a1 is the 1002
1
1, which is the ionization

from the bending vibrational excited state of NO2
− to the bend-

ing vibrational excited state of NO2.
There are three peaks with a very small intensity in the range

of 1.3–1.5 eV electron kinetic energy of the experimental
spectrum. The enlarged view is shown in the inset of the exper-
imental spectrum in Figure 2. The experimental peaks at
1.420 eV, 1.353 eV, and 1.321 eV are assigned to the theoretical

peaks α0(d), a0(b), and α1(d), respectively. The an (1002
n
13

0
0) and

αn (1012
n
03

0
0) are the ionizations from the bending and

symmetric-stretching vibrational excited states of NO2
−, respec-

tively. The ionizations from the vibrational excited states are
observed in the higher electron kinetic energy region than the
0–0 transition.

There are two small peaks between two strong peaks (A0 and
A1) in the experiment. The experimental peaks at 1.237 eV and
1.187 eV are assigned to the peaks α2(d) and b0(b), respectively.

The peak α2 (1012
2
0) is the ionization to the first overtone bend-

ing mode of NO2. The peak b0 (1102
0
1) is the ionization from the

bending mode of NO2
− to the symmetric-stretching mode of

NO2. The peak x0(c) with a very small intensity is calculated to
be between two peaks α2 and b0. The nature of the peak x0 is

the 1002
0
03

1
1, which is the ionization between the asymmetric-

stretching modes of NO2
− and NO2. Therefore, the experimental

spectrum may be broad between the peaks α2 and b0.

Figure 6. Experimental and SAC-CI photoelectron spectra of NO2
− at 700 K

including rotational effects. The SAC-CI theoretical spectrum (total) is the
sum of the contributions from the vibrational ground state (102030(a)) and
from the vibrational excited states (102130(b), 102031(c), 112030(d), 102230(e),
102131(f ), and 112130(g)). The inset of the SAC-CI spectrum (Total) shows the
schematic diagram of the vibrational excitations accompanying to the
ionization from NO2

− to NO2. Horizontal axis represents the vibrational
coordinate. [Color figure can be viewed at wileyonlinelibrary.com]
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Table 4. Vibrational levels, electron kinetic energy, Franck–Condon
factor (FCF) of the photoelectron spectrum of NO2

− at 350 K by the
SAC-CI 3-dimensional potential energy surfaces (3D PESs).

Assignment
of peak [a]

Exptl. SAC-CI

electron
kinetic

energy (eV) State

electron
kinetic

energy (eV) FCF

α0 1.420 1012
0
0 1.429 0.00004

a0 1.353 1002
0
1 1.360 0.00034

α1 1.321 1012
1
0 1.333 0.00013

a1 1002
1
1 1.264 0.00061

A0 1.259 1002
0
0 1.259 0.00401

β0 1112
0
0 1.255 0.00002

α2 1.237 1012
2
0 1.237 0.00022

x0 1.210 1002
0
03

1
1 1.215 0.00002

b0 1.187 1102
0
1 1.186 0.00080

a2 1002
2
1 1.168 0.00037

A1 1.162 1002
1
0 1.163 0.01538

β1 1112
1
0 1.160 0.00006

α3 1.135 1012
3
0 1.141 0.00024

x1 1.115 1002
1
03

1
1 1.120 0.00007

b1 1102
1
1 1.091 0.00159

B0 1.093 1102
0
0 1.086 0.00678

a3 1002
3
1 1.072 0.00003

A2 1.070 1002
2
0 1.067 0.03057

β2 1112
2
0 1.065 0.00008

α4 1012
4
0 1.046 0.00020

y0 1102
0
03

1
1 1.045 0.00003

x2 1002
2
03

1
1 1.026 0.00014

c0 1.027 1202
0
1 1.014 0.00082

b2 1102
2
1 0.996 0.00128

B1 1.000 1102
1
0 0.990 0.02538

a4 1002
4
1 0.977 0.00014

A3 0.977 1002
3
0 0.971 0.04209

β3 1112
3
0 0.970 0.00006

α5 1012
5
0 0.950 0.00013

c1 1202
1
1 0.920 0.00175

C0 0.930 1202
0
0 0.914 0.00517

δ0 1312
0
0 0.913 0.00001

b3 1102
3
1 0.901 0.00040

B2 0.905 1102
2
0 0.895 0.04888

a5 1002
5
1 0.881 0.00071

A4 0.883 1002
4
0 0.876 0.04524

β4 1112
4
0 0.875 0.00003

α6 1012
6
0 0.856 0.00007

d0 0.855 1302
0
1 0.844 0.00049

c2 1202
2
1 0.825 0.00165

C1 0.836 1202
1
0 0.819 0.01868

δ1 1312
1
0 0.819 0.00003

B3 0.812 1102
3
0 0.800 0.06481

γ3 1212
3
0 0.800 0.00002

a6 1002
6
1 0.787 0.00134

β5 1112
5
0 0.781 0.00001

A5 0.792 1002
5
0 0.781 0.04058

α7 0.774 1012
7
0 0.761 0.00003

d1 1302
1
1 0.750 0.00108

D0 0.765 1302
0
0 0.743 0.00232

c3 1202
3
1 0.731 0.00080

δ2 1312
2
0 0.725 0.00007

C2 0.745 1202
2
0 0.725 0.03451

b5 1102
5
1 0.712 0.00034

γ4 1212
4
0 0.706 0.00005

(Continues)

Table 4. Continued

Assignment
of peak [a]

Exptl. SAC-CI

electron
kinetic

energy (eV) State

electron
kinetic

energy (eV) FCF

B4 0.722 1102
4
0 0.706 0.06673

a7 1002
7
1 0.692 0.00170

A6 0.698 1002
6
0 0.686 0.03175

α8 1012
8
0 0.667 0.00001

d2 1302
2
1 0.656 0.00111

ε1 1412
1
0 0.650 0.00003

D1 0.680 1302
1
0 0.649 0.00802

c4 1202
4
1 0.637 0.00014

δ3 1312
3
0 0.632 0.00011

C3 0.653 1202
3
0 0.631 0.04355

b6 1102
6
1 0.618 0.00093

γ5 1212
5
0 0.613 0.00007

B5 0.630 1102
5
0 0.612 0.05709

a8 1002
8
1 0.598 0.00170

β7 1112
7
0 0.594 0.00001

A7 0.604 1002
7
0 0.592 0.02234

e1 1402
1
1 0.581 0.00042

d3 1302
3
1 0.563 0.00067

ε2 1412
2
0 0.557 0.00007

D2 0.584 1302
2
0 0.556 0.01402

δ4 1312
4
0 0.539 0.00013

C4 0.562 1202
4
0 0.537 0.04238

b7 1102
7
1 0.525 0.00130

γ6 1212
6
0 0.521 0.00008

B6 0.539 1102
6
0 0.518 0.04241

a9 1002
9
1 0.504 0.00146

β8 1112
8
0 0.501 0.00001

A8 0.519 1002
8
0 0.497 0.01447

e2 1402
2
1 0.488 0.00045

α10 1012
10
0 0.483 0.00002

E1 1402
1
0 0.481 0.00223

d4 1302
4
1 0.470 0.00024

ε3 1412
3
0 0.465 0.00009

D3 0.495 1302
3
0 0.462 0.01658

c6 1202
6
1 0.452 0.00016

δ5 1312
5
0 0.447 0.00013

C5 0.472 1202
5
0 0.444 0.03397

b8 1102
8
1 0.432 0.00133

γ7 1212
7
0 0.429 0.00008

B7 0.444 1102
7
0 0.425 0.02821

a10 1002
10
1 0.414 0.00011

η0 1612
0
0 0.409 0.00002

A9 0.425 1002
9
0 0.404 0.00875

e3 1402
3
1 0.396 0.00030

α11 1012
11
0 0.391 0.00003

E2 1402
2
0 0.388 0.00362

d5 1302
5
1 0.378 0.00004

ε4 1412
4
0 0.373 0.00009

D4 0.402 1302
4
0 0.370 0.01494

c7 1202
7
1 0.360 0.00030

δ6 1312
6
0 0.356 0.00011

C6 0.379 1202
6
0 0.351 0.02355

b9 1102
9
1 0.340 0.00065

g0 1602
0
1 0.340 0.00048

γ8 1212
8
0 0.338 0.00007

B8 0.352 1102
8
0 0.332 0.01708

a11 1002
11
1 0.322 0.00012

(Continues)
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The strong experimental peak (1.162 eV) is assigned to the

peak A1 (1002
1
0) of the excitation to the bending vibrational

excited state of NO2.

The calculated peak a2(b,1002
2
1) may be considered to be the

shoulder peak of the peak A1 with the deviation of 0.005 eV.
However, the intensity of the peak a2 is much smaller than the
peak A1 by the two orders of magnitude. Therefore, we think
that the peak a2 is not observed in the experiment. This is dif-
ferent from the relation between the peaks A0 and a1. Two

states of the peaks α3(d,1012
3
0) and x1(c,1002

1
03

1
1) with a very small

intensity is calculated to be in the left-hand side (lower electron

kinetic energy region) of the A1. The x1(1002
1
03

1
1) is the ionization

to the combination of bending and asymmetric-stretching
modes of NO2.

For two strong experimental peaks observed in the range of
1.0–1.1 eV, the weaker peak is assigned to the ionization to the

symmetric-stretching mode (1102
0
0(B

0)) and the strongly one is

assigned to the first overtone bending mode (1002
2
0(A

2)). A small
peak b1(b) is calculated with the difference of 0.005 eV from

the peak B0. The peak b1 (1102
1
1) is the ionization to the combi-

nation of the bending and symmetric-stretching modes. This

corresponds to the shoulder peak observed in the right-hand
side of the peak B0 in the experimental one. The relation

Table 4. Continued

Assignment
of peak [a]

Exptl. SAC-CI

electron
kinetic

energy (eV) State

electron
kinetic

energy (eV) FCF

A10 0.335 1002
10
0 0.314 0.00041

e4 1402
4
1 0.304 0.00014

η1 1612
1
0 0.300 0.00003

E3 1402
3
0 0.295 0.00392

ε5 1412
5
0 0.283 0.00007

D5 0.307 1302
5
0 0.278 0.01095

c8 1202
8
1 0.269 0.00032

δ7 1312
7
0 0.265 0.00008

C7 0.283 1202
7
0 0.259 0.01451

b10 1102
10
1 0.249 0.00039

γ9 1212
9
0 0.247 0.00005

B9 1102
9
0 0.240 0.00168

G0 1602
0
0 0.240 0.00926

g1 1602
1
1 0.231 0.00009

a12 1002
12
1 0.227 0.00005

A11 1002
11
0 0.222 0.00059

η2 1612
2
0 0.221 0.00001

F2 1502
2
0 0.217 0.00117

e5 1402
5
1 0.214 0.00004

α13 1012
13
0 0.209 0.00003

E4 1402
4
0 0.204 0.00318

d7 1302
7
1 0.196 0.00001

D6 1302
6
0 0.186 0.00680

[a] The labels An, Bn, Cn, Dn, En, Fn, and Gn represent the vibrational levels 1002
n
03

0
0,

1102
n
03

0
0, 1

2
02

n
03

0
0, 1

3
02

n
03

0
0, 1

4
02

n
03

0
0, 1

5
02

n
03

0
0, and 1602

n
03

0
0, respectively, where 1, 2, and

3 denote υ1, υ2, and υ3, respectively and the subscript and superscript represent the
vibrational levels of NO2

− and NO2, respectively. The labels an, bn, cn, dn, en, fn, and gn

represent the vibrational levels 1002
n
13

0
0, 1

1
02

n
13

0
0, 1

2
02

n
13

0
0, 1

3
02

n
13

0
0, 1

4
02

n
13

0
0, 1

5
02

n
13

0
0, and

1602
n
13

0
0, respectively. The labels xn and yn represent the vibrational levels 1002

n
03

1
1 and

1102
n
03

1
1, respectively. The labels αn, βn, γn, δn, εn, ζn, and ηn represent the vibrational

levels 1012
n
03

0
0, 1

1
12

n
03

0
0, 1

2
12

n
03

0
0, 1

3
12

n
03

0
0, 1

4
12

n
03

0
0, 1

5
12

n
03

0
0, 1

6
12

n
03

0
0, respectively. The vibra-

tional mode 300 is omitted.

Table 5. Vibrational levels, electron kinetic energy, Franck–Condon
factor (FCF) of the photoelectron spectrum of NO2

− at 700 K by the
SAC-CI 3-dimensional potential energy surfaces (3D PESs).

Assignment
of peak [a]

Exptl. SAC-CI

electron
kinetic

energy (eV) State

electron
kinetic

energy (eV) FCF

R0 1.510 1012
0
1 1.523 0.00031

L0 1.445 1002
0
2 1.455 0.00041

R1 1.415 1012
1
1 1.427 0.00044

α0 1.415 1012
0
0 1.424 0.00067

L1 1002
1
2 1.359 0.00021

a0 1.352 1002
0
1 1.355 0.00182

S0 1112
0
1 1.350 0.00028

R2 1012
2
1 1.332 0.00017

α1 1.324 1012
1
0 1.328 0.00220

P0 1.295 1002
0
13

1
1 1.309 0.00013

M0 1.284 1102
0
2 1.282 0.00123

a1 1.254 1002
1
1 1.259 0.00324

S1 1112
1
1 1.255 0.00043

A0 1.254 1002
0
0 1.254 0.00401

β0 1112
0
0 1.250 0.00036

α2 1.231 1012
2
0 1.232 0.00366

P1 1.213 1002
1
13

1
1 1.215 0.00023

x0 1.213 1002
0
03

1
1 1.210 0.00030

M1 1102
1
2 1.186 0.00088

b0 1.190 1102
0
1 1.181 0.00423

T0 1212
0
1 1.178 0.00003

L3 1002
3
2 1.167 0.00028

a2 1002
2
1 1.163 0.00198

S2 1112
2
1 1.160 0.00023

A1 1.162 1002
1
0 1.158 0.01538

β1 1112
1
0 1.155 0.00099

Q0 1102
0
13

1
1 1.140 0.00031

R4 1012
4
1 1.140 0.00018

α3 1.139 1012
3
0 1.136 0.00407

P2 1002
2
13

1
1 1.120 0.00012

x1 1.121 1002
1
03

1
1 1.115 0.00113

N0 1.121 1202
0
2 1.110 0.00164

b1 1.094 1102
1
1 1.086 0.00842

T1 1212
1
1 1.084 0.00003

B0 1.094 1102
0
0 1.081 0.00678

L4 1002
4
2 1.072 0.00040

a3 1002
3
1 1.067 0.00015

S3 1112
3
1 1.065 0.00003

A2 1.072 1002
2
0 1.062 0.03057

β2 1112
2
0 1.060 0.00129

R5 1012
5
1 1.045 0.00048

α4 1012
4
0 1.041 0.00340

y0 1102
0
03

1
1 1.041 0.00052

x2 1002
2
03

1
1 1.021 0.00219

N1 1202
1
2 1.015 0.00151

c0 1202
0
1 1.009 0.00434

U0 1312
0
1 1.008 0.00003

M3 1102
3
2 0.996 0.00041

b2 1102
2
1 0.991 0.00679

B1 1102
1
0 0.985 0.02538

[a] See footnote of Table 4. The labels Ln, Mn, Nn, Pn, Qn, Rn, Sn, Tn, and Un represent the
vibrational levels 1002

n
23

0
0, 1

1
02

n
23

0
0, 1

2
02

n
23

0
0, 1

0
02

n
13

1
1, 1

1
02

n
13

1
1, 1

0
12

n
13

0
0, 1

1
12

n
13

0
0, 1

2
12

n
13

0
0, and

1312
n
13

0
0, respectively.
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between the peaks B0 and b1 is the same as the one between
the peaks A0 and a1.

Four peaks are calculated between the peaks A2 and B1. The

intensity is very small for peak y0(c,1102
0
03

1
1), but three peaks

(α4(d,1012
4
0), x

2(c,1002
2
03

1
1), and c0(b,1202

0
1)) have some intensities

and therefore, seem to be observed in this region. Since the
intensity of the peak c0 is stronger than those of the other two
peaks (α4, x2), we can clearly recognize at the experimental

spectrum. The peak c0 (1202
0
1) is the ionization to the first over-

tone symmetric-stretching mode of NO2.
The main and shoulder peaks at around 1.00 eV correspond

to the peaks B1(1102
1
0) and b2(b,1102

2
1), respectively. This relation

is the same as the one between the peaks B0 and
b1(b) explained above.

The peak observed at 0.977 eV is assigned to the peak

A3(1002
3
0), which has a shoulder peak in the left-hand side. The

peak α5(d,1012
5
0) is calculated in this region but its intensity is

much weaker than the peak A3. This is the same as the peak α4

in the left-hand side of the peak A2.

The new series of peaks starting from C0(1202
0
0) that appears

at 0.930 eV has a small shoulder peak c1(b,1202
1
1) like the peaks

B0 and A0 do as explained above. The peaks B2(1102
2
0) and

A4(1002
4
0) have no shoulder peak observed in the right-hand side

of the experiment because the intensities of the two peaks

b3(b,1102
3
1) and a5(b,1002

5
1) are very weak. Thus, the peaks an + 1,

bn + 1, and cn + 1 are calculated in the right-hand side of the
peaks An, Bn, and Cn. However, as n increases, the intensity is
stronger for the peaks An, Bn, and Cn but hardly changes for the
peaks an + 1, bn + 1, and cn + 1. Therefore, the shoulder peaks
are not observed in the lower electron kinetic energy region of
the experiment.

The peak d0(b,1302
0
1) is calculated to be between the peaks

A4(1002
4
0) and C1(1202

1
0); it seems to be observed in the experi-

ment. The intensity of the peak c2(b,1202
2
1) is stronger than that

of the peak d0 but much smaller than that of the peak C1.
Therefore, the peak c2 is not observed in the experiment. Like-
wise, in the lower electron kinetic energy region than the peak
C1, we cannot clarify the peaks from the vibrational excited
states in the experimental spectrum, because the peaks from
the vibrational ground state are very strong. However, from the
theoretical calculations, we can understand that many peaks
from the vibrational excited states exist in this region.

In the range of less than 0.77 eV, the peak set (Dn, Cn + 2,
Bn + 4, and An + 6) with n = 0, 1, 2, 3, 4 are calculated in the
SAC-CI spectra. The intensities of the peaks An + 6 and Bn + 4

gradually weaken as n increases in both SAC-CI and experimen-
tal spectra. However, in this region, the relative intensities are

Table 6. Vibrational levels, electron kinetic energy, Franck–Condon factor (FCF) in the higher electron kinetic energy region of the photoelectron
spectrum of NO2

− at 700 K by the SAC-CI 3-dimensional potential energy surfaces (3D PESs).

Assignment of peak[a]

Exptl. SAC-CI

electron kinetic energy (eV) State Vibrational level of NO2
− Electron kinetic energy (eV) FCF

u0 1012
0
2 12th 1.623 0.00007

s0 1022
0
0 10th 1.593 0.00006

p0 1.538 1002
0
3 7th 1.555 0.00006

R0 1.510 1012
0
1 6th 1.523 0.00031

s1 1.482 1022
1
0 10th 1.497 0.00016

L0 1.445 1002
0
2 4th 1.455 0.00041

v0 1112
0
2 12th 1.450 0.00010

R1 1.415 1012
1
1 6th 1.427 0.00044

α0 1.415 1012
0
0 3rd 1.424 0.00067

s2 1.388 1022
2
0 10th 1.401 0.00021

q0 1.375 1102
0
3 7th 1.382 0.00023

r0 1012
0
03

1
1 9th 1.377 0.00005

L1 1002
1
2 4th 1.359 0.00021

a0 1.352 1002
0
1 1st 1.355 0.00182

v1 1112
1
2 12th 1.355 0.00005

S0 1112
0
1 6th 1.350 0.00028

u3 1012
3
2 12th 1.336 0.00005

R2 1012
2
1 6th 1.332 0.00017

α1 1.324 1012
1
0 3rd 1.328 0.00220

w0 1202
0
4 13th 1.310 0.00006

P0 1.295 1002
0
13

1
1 5th 1.309 0.00013

s3 1.295 1022
3
0 10th 1.305 0.00019

r1 1012
1
03

1
1 9th 1.283 0.00016

M0 1.284 1102
0
2 4th 1.282 0.00123

a1 1.254 1002
1
1 1st 1.259 0.00324

S1 1112
1
1 6th 1.255 0.00043

A0 1.254 1002
0
0 0th 1.254 0.00401

β0 1112
0
0 3rd 1.250 0.00036

[a] See footnote of Tables 4 and 5. The labels pn, qn, rn, sn, un, vn, and wn represent the vibrational levels 1002
n
33

0
0, 1

1
02

n
33

0
0, 1

0
12

n
03

1
1, 1

0
22

n
03

0
0, 1

0
12

n
23

0
0, 1

1
12

n
23

0
0, and 1202

n
43

0
0, respectively.
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different between the experimental and SAC-CI spectra. In the
experimental spectrum, the peak B3 is stronger than the peak
B4, and the peaks C3 and C4 are stronger than the peaks B5 and
B6. However, the intensity is reversed in the SAC-CI spectrum.
Furthermore, in the lower electron kinetic energy region, the
intensity of the total SAC-CI spectrum is stronger than that of
the experiment. This means that the overlap between the
higher vibrational excited states of NO2 and the vibrational
ground state of NO2

− is larger than the experimental one; the
SAC-CI 3D potential energy curve of NO2 is sharper than the
experimental one. If the SAC-CI 3D potential energy curve of
NO2 is broad apart from the equilibrium geometries, as m, n,
and l of 1m2n3l increase, the intensity of the SAC-CI spectrum
decreases rapidly in the lower electron kinetic energy region.
Therefore, to accurately describe the higher vibrational excited
states, we may need to calculate the 3D potential energy curve
using the SAC-CI general-R method.[39–44]

Photoelectron Spectrum at 700 K

All peaks are shifted by 0.005 eV from the SAC-CI results at
350 K, because the experimental spectrum at 700 K is deviated
from that at 350 K by 0.005 eV.

The dominant contributions come from the vibrational
ground state of NO2

−. However, the contributions from the
vibrational excited states are about 30% in the total SAC-CI
spectrum.

The photoelectron spectrum at 700 K shown in Figure 3 is
much different from that at 350 K in the range of 1.05–1.55 eV:
we can see several distinct peaks which were difficult to see in
the spectrum at 350 K shown in Figure 2, though the peaks A2,

B0, A1, and A0, all of which are ionizations from the vibrational
ground state of NO2

−, are the same as those at 350 K except
for the shift of 0.005 eV in the electron kinetic energy. However,
we can see new peaks originating from the vibrational excited
states of the ground state (X1A1) of NO2

− at 700 K.
Ervin et al. gave the assignments for the stronger peaks[1]

but we will give new assignments for the weaker peaks. We first
examine the peaks in the lower kinetic energy region than the
0–0 transition and then discuss the ionizations from higher
vibrational excited states of NO2

− in the higher kinetic energy
region.

The experimental peak at 1.254 eV is composed of not only
the peak A0 of the 0–0 transition but also the peak a1(b) (b in
parentheses means Fig. 3b). The intensity (0.00324) of the peak
a1 is close to that (0.00401) of the peak A0 shown in Table 5.
Thus, the ionizations from the vibrational excited states of NO2

−

are much more important than that at 350 K.
The two weak peaks (α2(d) and b0(b)) calculated between the

peaks A0 and A1 is stronger at 700 K than at 350 K by one order
of magnitude. In addition, a new peak that is composed of two
peaks (x0(c) and P1(f )) is clearly observed between the peaks α2

and b0 in the experimental spectrum at 700 K. The peak P1

(1002
1
13

1
1) is the combination of the bending and asymmetric-

stretching modes in both vibrational states before and after the
transition.

At 700 K, the two peaks with a strong intensity appear
between the peaks B0 and A1. The lower one is due to x1(c) and

N0(e), and the higher one is due to the α3(d). The N0 (1202
0
2) is

the transition from the first overtone bending mode of NO2
− to

the first overtone symmetric-stretching mode of NO2. Due to
the temperature increase, the intensity increases to 0.00113

Table 7. Notation of the peaks used in text, Figures, and Tables.

Vibrational ground and excited state of NO2
−*

0th (ground) An Bn Cn Dn En Fn Gn

1002
n
03

0
0 1102

n
03

0
0 1202

n
03

0
0 1302

n
03

0
0 1402

n
03

0
0 1502

n
03

0
0 1602

n
03

0
0

1st an bn cn dn en fn gn

1002
n
13

0
0 1102

n
13

0
0 1202

n
13

0
0 1302

n
13

0
0 1402

n
13

0
0 1502

n
13

0
0 1602

n
13

0
0

2nd xn yn

1002
n
03

1
1 1102

n
03

1
1

3rd αn βn γn δn εn ζn ηn

1012
n
03

0
0 1112

n
03

0
0 1212

n
03

0
0 1312

n
03

0
0 1412

n
03

0
0 1512

n
03

0
0 1612

n
03

0
0

4th Ln Mn Nn

1002
n
23

0
0 1102

n
23

0
0 1202

n
23

0
0

5th Pn Qn

1002
n
13

1
1 1102

n
13

1
1

6th Rn Sn Tn Un

1012
n
13

0
0 1112

n
13

0
0 1212

n
13

0
0 1312

n
13

0
0

7th pn qn

1002
n
33

0
0 1102

n
33

0
0

9th rn

1012
n
03

1
1

10th sn

1022
n
03

0
0

12th un vn

1012
n
23

0
0 1112

n
23

0
0

13th wn

1202
n
43

0
0

*In1j1i1 2
j2
i2 3

j3
i3 , 1, 2, and 3 denote υ1, υ2, and υ3, respectively, and the subscript and superscript represent the vibrational modes of NO2

− and NO2, respectively.
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from the 0.00007 for the peaks x1 and to 0.00407 from 0.00024
for the α3. However, the intensity (0.00164) of the peak N0 at
1.110 eV is stronger than that of the peak x1. Therefore, the two
peaks are distinctly observed between the peaks B0 and A1 in
the experiment at 700 K.

The peak b1(b) is observed as a shoulder peak of the peak B0

at 350 K. However, at 700 K, since the intensity of the peak
b1(b) becomes stronger than that of the peak B0, the peaks B0

and b1 are observed like one peak in the experiment.
At 700 K, there is no experimental data in the lower electron

kinetic energy side of the peak A2. Two peaks α4(d) and
c0(b) are calculated with a small intensity at 350 K but have
some intensity at 700 K. Furthermore, the peaks x2(c) and

N1(e,1202
1
2) with some intensity exist in the right-hand side of

the peak c0. Therefore, two peaks must be clearly observed
between A2 and B1 in the experiment at 700 K.

As shown in Table 6, many peaks exist in the higher electron
kinetic energy region than the peak A0. The peaks α1(d), a0(b),
and α0(d) are also calculated with the stronger intensity than
those at 350 K by one order of magnitude. Additionally, five

peaks (M0(e,1102
0
2), r

1(1012
1
03

1
1), s

3(1022
3
0), P

0(f,1002
0
13

1
1), and w0(1202

0
4))

are calculated between the peaks a1 and α1. However, there
seem to be two peaks in this region of the SAC-CI spectrum,
because the first two peaks (M0 and r1) and the last three peaks
(s3, P0, and w0) are calculated to be within 0.001 eV or 0.005 eV,

respectively. The peak M0 (1102
0
2) is the ionization to the

symmetric-stretching mode of NO2 from the first overtone
bending mode (the fourth vibrational excited state) of NO2

−.

The peak P0 (1002
0
13

1
1) is the ionization to the asymmetric-

stretching mode of NO2 from the combination of the bending
and asymmetric-stretching modes (the fifth vibrational excited
state) of NO2

−. The peaks r1, s3, and w0 are the ionizations from
the 9th, 10th, and 13th vibrational excited states. The experi-
mental spectrum is not smooth and flat by the existence of
these peaks form the higher vibrational excited states.

The R2(g,1012
2
1) and u3(1012

3
2) are calculated to be near the

peak α1 and the S0(g,1112
0
1), v

1(1112
1
2), and L1(e,1002

1
2) are situated

to be near the peak a0. However, these peaks with a weak
intensity are hidden by the peaks α1 and a0 with a strong
intensity.

Two peaks exist between the peaks a0 and α0 in the experi-
ment. The peaks q0 and s2 are calculated to be 1.382 eV and
1.401 eV that are the ionizations from the 7th and 10th vibra-
tional excited states, respectively. The peak α0 is very weak at
350 K, but becomes strong at 700 K due to the increase of tem-

perature as well as the contribution of the R1(g,1012
1
1). The peak

R1 (1012
1
1) is the ionization from the combination of symmetric-

stretching and bending modes of NO2
− to the bending mode

of NO2.
The experimental spectrum at 700 K is not flat in the region

of higher electron kinetic energy than the peak α0. The peaks

v0(1112
0
2), L

0(e,1002
0
2), s

1(1022
1
0), R

0(g,1012
0
1), and p0(1002

0
3) are calcu-

lated to be in this region. In addition, the s0 (1.593 eV) and u0

(1.623 eV) are calculated in the SAC-CI spectrum. Therefore, the
peaks may be observed in the range higher than 1.55 eV.

Thus, at 700 K, since the peaks from the higher vibrational
excited states (4th–13th) get some intensity, many peaks
appear in the photoelectron spectrum.

Rotational Effect on Photoelectron Spectra

As shown in Figures 2 and 3, the SAC-CI photoelectron spectra
of NO2

− show excellent agreement with the experimental pho-
toelectron spectra[1] at both 350 K and 700 K. However, when
we closely examine the shape and the intensity of the experi-
mental and SAC-CI theoretical photoelectron spectra, we notice
the difference: the left-hand side of each peak is broad in the
experimental spectra but the SAC-CI spectra do not have such
tails of the peaks in both Figures 2 and 3. In addition, the
experimental spectra have some intensity in the valleys
between the peaks, but the intensities between the peaks, A0

and A1, A1 and B0, A2 and B1, A3 and C0, A4 and C1, and An + 5

and Dn, are almost zero in the SAC-CI spectra. We examine here
the rotational effects based on eqs. 7 and 8 as the origins that
explain these differences between the experimental and theo-
retical photoelectron spectra.

The rotational effects accompany each vibrational peak and
depend on the molecular shape at each vibrational level and
the surrounding temperature. In Figure 4, we show the spectral
shape with and without the rotational effects for the SAC-CI
photoelectron spectra of NO2

−. Many rotational levels exist in
the left-hand side of the peak and the effects affect the region
away by about less-than 0.1 eV from the peak. Therefore, the
spectra with the rotational effects are different in the left-hand
side of each peak from the ones without the rotational effects.
When there are some small peaks in this region, that peak
becomes larger by the addition of the rotational effects. The
rotational effects become slightly larger at high temperature
than at low temperature.

Figures 5 and 6 show the SAC-CI photoelectron spectra of
NO2

− including the rotational effects at 350 K and 700 K,
respectively. Due to the inclusion of the rotational effects, the
shape of each peak becomes closer to the experimental spectra
for both 350 K and 700 K.

In Figures 5 and 6, we used the different scale from Figures 2
and 3 because of the change of the relative intensity by the
rotational effect. In Figure 5, we show in Figure 5a the spectrum
from the 102030 state with the ratio unity, Figure 5b the one
from the 102130 state with the ratio 25, Figure 5c the one from
the 102031 state with the ratio 250, and Figure 5d the one from
the 112030 state with the ratio 250. The SAC-CI spectrum (Total)
of Figure 5 is the sum of the contributions as expressed by

Fig:5 totalð Þ¼ Fig:5 að Þ+ 1
25

Fig:5 bð Þ+ 1
250

Fig:5 cð Þ+ 1
250

Fig:5 dð Þ:
ð13Þ

In Figure 6, we show in Figure 6a the spectrum from the
102030 state with the ratio unity, Figure 6b the one from the
102130 state with the ratio 2, Figure 6c the one from the 102031
state with the ratio 10, Figure 6d the one from the 112030 state
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with the ratio 5, Figure 6e the one from the 102230 state with
the ratio 10, Figure 6f the one from the 102131 state with the
ratio 50, and Figure 6g the one from the 112130 state with the
ratio 50. The SAC-CI spectrum (Total) of Figure 6 is the sum of
the contributions as expressed by

Fig:6 totalð Þ¼ Fig:6 að Þ+ 1
2
Fig:6 bð Þ+ 1

10
Fig:6 cð Þ+ 1

5
Fig:6 dð Þ

+
1
10

Fig:6 eð Þ+ 1
50

Fig:6 fð Þ+ 1
50

Fig:6 gð Þ:
ð14Þ

Rotational Effect on the Photoelectron
Spectrum at 350 K

Due to the rotational effects, the SAC-CI spectrum at 350 K has
a tail in the left-hand side of each peak. The tail includes some
rotational peaks and sometimes the ionization peaks due to the
vibrational excited states. For example, the peaks αn + 2(d) are
in the tails of the peaks An.

Three rotational peaks are calculated in the tail of the peak
A0. The lowest rotational peak includes the peak α2(d). The peak
x0(c) with a very weak intensity is hidden in the rotational peaks
of A0.

Three rotational peaks are also calculated in the tail of the
peak A1. The peaks α3(d) and x1(c) slightly strengthen the inten-
sities of the rotational peaks.

In the tail of the peak A2, the peak α4(d) strengthens the
intensity of the rotational peaks. The peak at 1.027 eV is com-
posed of the peaks c0(b) and x2(c) as well as the rotational
peaks of the peak A2. The peak α5(d) is hidden in the rotational
peaks of the tail of the peak A3.

Thus, the peaks αn + 2(d) were assigned in the tail of the
peaks An in Figure 2, but the intensity of the rotational
peaks of the peaks An are stronger than those of the
peaks αn + 2.

We assigned the peak at 0.855 eV to the peak d0(b) in
Figure 2. However, the intensity of the rotational peaks of the
peak A4 is much stronger than that of the peak d0.

Only two rotational peaks are calculated to be in the tails of
the peaks A5, A6, and A7, because the other rotational peaks are
hidden in the peaks D0, D1, and D2.

The rotational peaks of the peaks Bn, Cn, and Dn are not
distinguished from the other peaks, because they are hidden
by the peaks An + 2, Bn + 2, and Cn + 2. However, in the inten-
sity and the shape of photoelectron spectra, the SAC-CI spec-
trum with the rotational effects (Fig. 5) is in better
agreement with the experimental one than that without the
rotational effects (Fig. 2), due to the overlap between the
rotational peaks and the peaks originating from the vibra-
tional excited states.

Rotational Effect on the Photoelectron
Spectrum at 700 K

The rotational effects at 700 K are added to the SAC-CI photo-
electron spectrum shown in Figure 3 and obtained in Figure 6.

The rotational effects affect much the shoulder peaks in the
lower-energy side of each peak. When we compare the SAC-CI
theoretical spectrum with the experimental one, the agreement
is certainly very much improved. The photoelectron spectra at
700 K drastically change in the left-hand side of each peak by
the rotational effects in comparison with those at 350 K. As
seen from Figure 4, the number of the distinct peaks due to the
rotational effects is larger at 700 K than at 350 K.

The shoulder peak of the left-hand side of the peak A2 was
assigned to the peak α4(d) in the Figure 3. However, the
intensity is stronger for the rotational peaks than for the
α4 peak.

In Figure 3, we assigned the peak at 1.121 eV to the peaks
x1(c) and N0(e), and the peak at 1.139 eV to the peak α3(d).
However, the rotational peaks of the peak A1 have about the
same intensity as the peaks x1 and N0 at 1.121 eV and as the
peak α3 at 1.139 eV. Therefore, in the range of 1.1–1.5 eV, the
rotational effects are very important to reproduce the shape of
the experimental spectra.

We assigned the peak at 1.213 eV to the peaks x0(c) and
P1(f ) above. However, the rotational peaks of the peak α2(d) is
stronger than the peaks x0 and P1. The peak at 1.295 eV was
assigned to the peaks s3 and P0(f ) above but can be assigned
to the rotational peak of the α1(d) in Figure 6. The peaks at
1.375 eV and 1.388 eV assigned to the peaks q0 and s2 include
the rotational peaks of the peak α0(d).

The experimental spectrum at 700 K is not flat in the range
of 1.43–1.55 eV because of the existence of the peaks v0, L0(e),
s1, R0(g), and p0 with a small intensity and their rotational
peaks. Thus, the rotational peaks as well as the peaks from the
vibrational excited states explain the complicated shape of the
experimental spectrum at 700 K.

The SAC-CI photoelectron spectra with the rotational effects
are in better agreement with the experimental ones at both
350 K and 700 K. Therefore, the vibrational structures as well as
the rotational effects are necessarily considered to reproduce
the fine photoelectron spectra.

We showed the photoelectron spectra with the aug-cc-pVTZ
basis sets in this article. However, the results with the cc-pVTZ
(−f) basis sets were almost the same as those with the aug-cc-
pVTZ basis sets, as can be seen from Figures S1–S4 in Support-
ing Information. Thus, the basis set dependence is small for the
photoelectron spectra of NO2

−.

Summary

In this article, we have studies how well the three-dimensional
potential energy surfaces of the ground and ionized states of
NO2

− calculated by the SAC/SAC-CI theory explain the fine
structures of the photoelectron spectra of NO2

− observed by
Ervin et al. at the two temperatures, 350 K and 700 K. We used
the analytical energy gradient code of the SAC/SAC-CI program
in Gaussian.[38] Therefrom, we have calculated the equilibrium
geometries, electron affinity, and harmonic and anharmonic
vibrational frequencies in reasonable agreement with the
experimental values.
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The SAC-CI photoelectron spectra calculated at 350 K and
700 K reproduced well the experimental ones, and the
agreement with the experimental spectra is refined with
inclusion of the rotational effects. The SAC-CI study showed
that at 350 K the ionizations from the lower vibrational
levels of the bending and symmetric-stretching modes are
almost enough to explain the fine photoelectron spectra.
However, in the photoelectron spectrum at 700 K, new con-
tributions from the higher vibrational excited states of all
three vibrational modes become important, because their
ratios by the Boltzmann distribution rise at high tempera-
ture. Though the contribution of the asymmetric-stretching
mode is small, its contribution could certainly be identified
in the experimental spectra. This point must be added in
future to the analyses of Ervin et al.[1] who thought that
their fine photoelectron spectra could be described by con-
sidering only the two totally symmetric vibrational modes
of the ground electronic state of NO2

−.
The rotational structures gave important effects on the

shape of the SAC-CI photoelectron spectra: they appear
mainly on the shoulder peak in the lower-energy side of
each peak. The SAC-CI photoelectron spectra with the rota-
tional effects could reproduce well the experimental ones at
both 350 K and 700 K. The rotational effects remarkably
appear in the SAC-CI spectrum especially at 700 K. Thus, the
experimental photoelectron spectra were finely reproduced
when both vibrational and rotational contributions were
considered properly. The present results may also serve as a
guide for proper selection of methods that serve as a pre-
diction tool for photoelectron spectra of molecules pres-
ently not available from experiments. If further accuracy is
necessary, the SAC-CI general-R method helps to improve
the accuracy of the present theoretical photoelectron
spectra.
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