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We have calculated the equilibrium geometries of the ground electronic state of Al3O and Al3O- using Hartree-
Fock, density functional, and coupled-cluster doubles methods. These molecules are nominally equilateral
triangles of Al atoms with an oxygen in the center which distort due to the Jahn-Teller effect. The calculated
global minima hadC2V symmetry with (b2)1 2B2 and (b2)2 1A1 configurations, respectively. The global minimum
of the lowest triplet state of Al3O- was found to haveD3h symmetry with an (e′)2 3A2′ electron configuration.
While this was the lowest energy state of the molecule amongD3h symmetry points, this triplet minimum had
slightly higher energy than the1A1 state at itsC2V global minimum. The1A1 (a1)2 and the1B2 (b2)1(a1)1

configurations of Al3O- and the2A1 (a1)1 configuration of Al3O lead to transition states ofC2V symmetry on
the respective potential energy surfaces for pseudorotation. Using the CCD geometries of (b2)2 1A1 and (e′)2

3A2′ Al3O-, configuration interaction calculations have been performed to determine the low-lying vertical
excited states of Al3O, and those results have been utilized to interpret the recently reported experimental
photoelectron spectrum of Al3O-. On the basis of the present CI results, new assignments have been made
for some of the peaks.

Introduction

Electron correlation plays an important role for a detailed
understanding of the electronic structure of atoms and molecules.
The correlation energy, defined as the difference between the
nonrelativistic exact energy and the Hartree-Fock energy, is
very small compared to the Hartree-Fock energy. The change
in correlation energy in a chemical process is usually of the
same order of magnitude as the energy differences of chemical
interest. Apart from the effect on energy, electron correlation
effects are also manifested in the intensity of the photoelectron
spectrum of atoms and molecules.

One direct experimental method for obtaining electron binding
energy for each orbital is photoelectron spectroscopy (PES).
The interpretation of photoelectron spectra has benefited
tremendously from simple molecular orbital (MO) models like
Hartree-Fock theory, which has been successful in accounting
for the main features of photoelectron spectra, especially in the
outer valence region. Generally, there is a one-to-one cor-
respondence between the valence molecular orbitals and main
ionization peaks. However, simple MO theory cannot account
for the lower intensity “extra” peaks that are very often
observed.1 These extra peaks are called “correlation peaks”
(although they are also referred to as satellite peaks, shake-up
peaks, or many-body peaks), and have zero intensity in the
Hartree-Fock model. It is precisely from the effect of electron
correlation in atomic or molecular systems that these peaks gain
intensity and appear in the photoelectron spectra. Recent
benchmark configuration interaction (CI) calculations2-6 have
been able to interpret and predict the electron binding energy
spectra of a number of molecular systems. Besides CI, Green’s

function methods have also been used extensively7 to explain
the observed photoelectron spectra of molecules.

In recent years, metal clusters have been the subject of several
experimental and theoretical investigations8,9 to understand the
electronic structure and bonding, not only for the ground
electronic state but also for the low-lying excited electronic
states. Due to the likely presence of a large number of closely
spaced excited states, it is rather a challenging job to provide a
list of the excited states in correct energy order. “Hypermetallic
molecules” involving metal stoichiometries exceeding normal
valence expectations are now well documented experimentally9

and have been extensively studied theoretically.10-12 These
species can be regarded as metal clusters bound ionically to a
centrally located nonmetallic atom.

Within this class of molecules, Al3O has been studied both
experimentally10-12 and theoretically.13-17 Very recently, the
photoelectron spectrum of Al3O- has also been reported18 at
several photon energies. Although the ground state of neutral
Al3O has been studied theoretically before,13 to our knowledge
there is no theoretical report on the ground state of Al3O- or
on excited states of Al3O. In order to understand the features
in the experimental photoelectron spectrum of Al3O-, one
should have reliable theoretical results for many electronic states
of Al3O and also for all thermally accessible states of Al3O-.
The purpose of this work is to calculate the ground-state
geometry of Al3O-, and the electronic structures and the
energies of the low-lying excited states of Al3O in order to
interpret the experimentally observed photoelectron spectrum.
Because of complications caused by Jahn-Teller effects (see
Results section) computational methods appropriate for degener-
ate biradicals must be used.

Theoretical Methods

The geometries of neutral and anionic Al3O were optimized
employing ROHF (restricted open shell Hartree-Fock), TCSCF
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(two-configuration self-consistent field), density functional
theory (DFT) with B3LYP (three-parameter Becke exchange
and Lee-Yang-Parr correlation), and the coupled-cluster
doubles (CCD) methods with the 6-31+G* basis set. For DFT
and CCD calculations, the Gaussian 9419 program was used,
whereas for ROHF and TCSCF calculations, the HONDO20

program was used. Utilizing these optimized geometries, CI
calculations were performed using the MELD21 program. The
basis set used for the CI calculation is aug-cc-pVTZ excluding
the f function and augmentingd function.22 This basis set is
motivated by the need to represent all Al3O states up to an
excitation energy of about 10 eV with CI calculations that are
still computationally affordable. The starting orbitals for CI wave
functions were obtained from ground state Al3O- ROHF
computations. The canonical virtual orbitals are converted to
K orbitals23 to carry out the CI calculations. The 1s, 2s, and 2p
electrons of aluminum and 1s electrons of oxygen were kept
frozen as the core and the remaining valence electrons were
treated explicitly in the CI calculations.

Within a closed-shell Hartree-Fock approximation, anN-
electron molecule can be represented asΨHF(N) (the ground
state wave function). A primary hole configurationΨk(N-1)
(which corresponds to removal of an electron from thekth
occupied orbital) can be written asΨk(N - 1) ) akΨHF(N),
whereak is an annihilation operator that destroys orbitalk in
ΨHF(N). According to Koopmans’ theorem, the position of the
peaks corresponding to then occupied orbitals will be given
by the negative of their orbital energies. However, as mentioned
before, the independent particle model is not adequate to explain
the appearance of correlation peaks in photoelectron spectra.
There can be excitations followed by ionization, like 1p-2h
(one particle-two holes), 2p-3h (two particles-three holes),
etc. Therefore, the wave functions for the ground state of the
neutral,Ψ(N), or any state of the ion,Ψk(N-1), are written as
linear combinations of all possible configurations in the CI
method.

The pole strength or intensity of the transition for thekth
ionic state is defined as

where the integration is performed overN - 1 electrons. The
pole strength of the peak corresponding to the 0p-1h (primary
peak) ionic state configuration will be close to unity and the
pole strengths of the peaks associated with other configurations
(1p-2h, 2p-3h, etc.) are usually very small (Sk

2 , 1). The
photoelectron peak intensities are proportional to the pole
strength multiplied by the squares of transition moments between
the bound orbital and the continuum.

For open-shell initial and final states, the intensities must be
averaged over degenerate initial states and summed over
degenerate final states; i.e., the weightw of the transition in
the system is given by

whereg is the degeneracy of the initial state. For the simplest
possible open-shell wave functions formed by symmetry-
determined linear combinations of Slater determinants using spin
and symmetry-constrained orbitals, the sum ofw would still be
the number of active electrons when summed over all roots of
the CI matrix.

Results

The calculated ground state geometrical parameters and
energies for Al3O and Al3O- are reported in Table 1. Figure 1
shows the orbital energies and labels for Al3O-. Bonding in
these molecules is quite unusual. They are most simply
considered to have three Al+ ions arranged in an equilateral
triangle and attached to a central O2- by coordinate covalent
bonds between oxygensp2 lone pairs and empty Alpσ orbitals.

TABLE 1: Calculated Bond Lengths and Bond Angles of Low-Lying Electronic States of Al3O and Al3O- by Different
Methodsa

method state R1 R2 ) R3 θ1 energy (Eh) ∆E (kcal/mol)

Al 3O
ROHF/6-31+G* 2B2 2.001 1.800 151.6 -800.638 796 0.
ROHF/6-31+G* 2A1 1.764 1.918 96.0 -800.639 073 -0.17
UB3LYP/6-31+G* 2B2 1.992 1.835 163.0 -802.591 550 0.
UB3LYP/6-31+G* 2A1 1.780 1.950 91.9 -802.587 225 2.71
UCCD/6-31+G* 2B2 1.985 1.829 156.8 -800.996 762 0.
UCCD/6-31+G* 2A1 1.780 1.939 91.8 -800.996 542 0.14
UCCSD(T)/6-31+G* 2B2 -801.018 057 0.
UCCSD(T)/6-31+G* 2A1 -801.016 464 1.00

Al3O-

TCSCF/6-31+G* 1A1(b2
2) 1.959 1.811 170.8 -800.652 661 0.

TCSCF/6-31+G* 1A1(a1
2) 1.720 1.948 92.2 -800.642 288 6.51

ROHF/6-31+G* 3A2′(e′2) 1.844 1.844 120.0 -800.649 131 2.21
ROHF/6-31+G* 1B2(a1b2) 1.909 1.833 104.1 -800.638 022 9.19
B3LYP/6-31+G* 1A1(b2

2) 2.012 1.835 177.1 -802.629 547 0.
B3LYP/6-31+G* 1A1(a1

2) 1.735 1.987 87.1 -802.606 521 14.45
UB3LYP/6-31+G* 3A2′(e′2) 1.866 1.866 120.0 -802.612 797 10.51
CCD/6-31+G* 1A1(b2

2) 1.999 1.828 177.5 -801.023 210 0.
CCD/6-31+G* 1A1(a1

2) 1.735 1.970 87.2 -801.006 308 10.61
UCCD/6-31+G* 3A2′(e′2) 1.860 1.860 120.0 -801.012 581 6.67
CCSD(T)/6-31+G* 1A1(b2

2) -801.047 152 0.00
CCSD(T)/6-31+G* 1A1(a1

2) -801.027 830 12.12
UCCSD(T)/6-31+G* 3A2′(e′2) -801.031 559 9.78

a For each method energy difference calculated with relative to the2B2 and 1A1(b2) state energies of Al3O and Al3O-, respectively. CCSD(T)
energies are calculated at the corresponding CCD optimized geometries. All structures haveC2V symmetry with the oxygen near the center of a
triangle formed by the aluminum atoms.R1 is the unique Al1O distance whileR2 andR3 are the Al2O and Al3O distances.θ is the unique Al2OAl3
angle while Al1OAl3 and Al2OAl3 defineθ2 andθ3 which are each 180° - θ/2.

Sk
2 ) ||〈Ψk(N - 1)|Ψ(N)〉N-1||2

w ) ∑
initial

∑
final

Sif
2/g
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The Al is essentially unhybridized. The remaining two electrons
of Al3O- (or remaining one electron of Al3O) are placed in an
e′ (in D3h symmetry) linear combination ofpnAl atomic orbitals
(p orbitals in the plane but orthogonal to the Al-O bond). The
remainingpπ electron pair of O2- participates to some extent
also in coordinate covalent bonding with the emptypπ orbitals
of Al and is the only occupied out-of-plane molecular orbital.

This model predicts that Al3O should have ae′ 2E′ ground
state. This is subject to Jahn-Teller distortion. The simplest
result would be distortion to aC2V shape with distortion in one
direction leading to a minimum and distortion in the opposite
direction leading to a transition state for pseudorotation. That
is, one of these points would have all real frequencies and the
other would have one imaginary frequency for a normal mode
that brokeC2V symmetry. Since Al3O has twoe′ vibrational
modes, one associated with angle bending and one with bond
stretching, the picture is a little more complicated. As is easily
shown,24 one linear combination of these normal modes will
be Jahn-Teller active and the other combination will be
inactive. For the neutral molecule, it turns out that the active
mode simultaneously stretches the Al-O bond to the unique
atom (inC2V symmetry) and opens the angle opposite that atom.
Figure 2 depicts this situation for Al3O. Along the positive phase
of this distortion the ground state wave function is the2B2

component of the2E′ state, while along the negative phase the
lowest state is the2A1 component. It is not possible, a priori, to
say which of these distortions will lead to the minimum and
which to the transition state.

From Table 1, one can see that for Al3O, the2A1 form with
a negative phase of distortion (decrease of the unique bond
length and opposite angle) is predicted to be the minimum with
ROHF calculations. With better methods like UB3LYP and
CCSD(T) (coupled-cluster for single and double excitations and
perturbation treatment of triple excitations), the positive phase
of distortion with a2B2 wave function gives the lower energy.
The nature of these stationary points was confirmed by
frequency calculations. These findings are consistent with earlier

results13 in which UHF/6-31G* gave a negative distortion with
a 2A1 global minimum while UMP2/6-31G* calculations gave
a positive phase and a2B2 wave function at the global minimum.

The valence electron configurations (core orbitals are not
included in the numbering scheme) for the2B2 and2A1 structures
have been found to be ...(4a1)2(2b2)2(3b2)1 and ...(4a1)2(2b2)2-
(5a1)1, respectively. It is to be noted that in the paper by
Boldyrev and Schleyer,13 the electron configurations for both
the2B2 and2A1 states were reported incorrectly as ...(4a1)2(2b1)2-
(2b2)1 and ...(4a1)2(2b1)2(5a1)1. This is just a transcription error,
however, as we have verified their numerical results using the
correct configuration. On the other hand, Wu et al.18 based their
assignment of the photoelectron spectrum of Al3O- on this
mistyped configuration for Al3O.

From Table 1, one can compare the energy difference between
the2B2 and2A1 states of neutral Al3O. With the ROHF method
and a 6-31+G* basis, the2A1 state is found to be more stable
by 0.2 kcal/mol, whereas with UB3LYP, CCD, and CCSD(T)
methods, the2B2 state is found to be more stable by 2.7, 0.1,
and 1.0 kcal/mol, respectively. It is interesting to compare the
present results with earlier reported13 energy differences of 1.4
kcal/mol with2A1 more stable (UHF/6-31G*), compared to 1.1
kcal/mol (UMP2/6-31G*) and 0.5 kcal/mol (UMP4/6-311+G*)
with 2B2 more stable. In the present work, we have not
considered theD3h(2E) structure for the neutral Al3O as it has
been found13 to be a high energy structure.

For Al3O-, so far there has not been any experimental or
theoretical report on the geometry or the electronic structure.
Following the same reasoning as for Al3O, we would expect
four low-energy wave functions at aD3h geometry withe′2
configuration. Hund’s rule suggests the lowest state should be
3A2′. In the notation of the orbitals afterC2V distortion, the next
two wave functions would be the1(a1b2) and (a1

2 - b2
2)

components of a1E′ state. Finally, there would be a higher
energy1A1′ state with configuration (a1

2 + b2
2). Notice that none

of these singlet states can be properly described by one Slater
determinant. All are biradicals and require a multireference

Figure 1. Orbital energy (eV) diagram for Al3O- 3b2
2 1A1 and 3e′2

3A′2 states.

Figure 2. Plot indicating the regions of different electronic wave
function symmetry on the ground state potential energy surface of
Al 3O-. Location of minima (MIN) and transition states (TS) are
indicated along with the monkey saddle (MS). The stationary points
for neutral Al3O are also indicated by+. The TSs are each a relative
minimum in this plane with an imaginary frequency for ab2 normal
mode.
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starting point. The minimum description is a two-electron/two-
orbital CASSCF (complete active space SCF). For the1(a1b2)
wave function this is an open-shell singlet ROHF function, while
for the (a1

2 - b2
2) function a TCSCF (two configuration SCF)

calculation is required. No single reference method such as DFT
or CCD is appropriate for these states.

As before, the1E′ state is subject to Jahn-Teller distortion.
Using the TCSCF and ROHF methods, we have calculated
several points of the lowest energy potential energy surface of
Al3O- and plotted the results in Figure 2 as (R1-R2) vs (θ1-
θ2), whereR1 is the bond length of the unique Al-O bond (in
C2V symmetry) andθ1 is the unique bond angle, andR2 andθ2

are the other bond lengths and bond angles, respectively. Figure
2 divides theC2V distortion plane into a region where the lowest
singlet state is1B2 and a region where it is1A1. In the case of
Al3O-, the Jahn-Teller active mode is now stretch of the unique
bond with simultaneous compression of the opposite angle. The
positive phase of this distortion leads to a1B2 wave function
for the lowest energy singlet state while the opposite phase leads
to 1A1. Along the dividing line between the1A1 and1B2 regions
the energy is degenerate. This line is the locus of a branch cut
in the potential energy surface.24 When all six internal coordi-
nates are considered, this branch-out is seen to be four-
dimensional.

We have found that the1A1 configuration gives the global
minimum of Al3O-. This is found to haveC2V symmetry and
the TCSCF wave function is mostly ...(4a1)2(2b2)2(3b2)2 with
only a small amount of ...(4a1)2(2b2)2(5a1)2. As Figure 2 shows,
this 1A1 minimum is not simply the opposite phase distortion
from the1B2 transition state. This is an interesting illustration
of a so-called pseudo-Jahn-Teller effect. AfterC2V distortion,
the (a1

2 - b2
2) and (a1

2 + b2
2) D3h wave functions have the

same C2V symmetry and can be strongly mixed byC2V
distortions. This effect is often invoked to explain the existence
of broken symmetry double minima, as in the rectangular
distortion of cyclobutadiene.25 In the case of Al3O-, it appears
that this mixing is strongest in the combination of bond
stretching and angle distortions orthogonal to the one that is
Jahn-Teller active. After distortion in this mode, there are two
1A1 stationary points. At one, the wave function is predominantly
a1

2 and at the other it isb2
2. Theb2

2 stationary point is found
to be a true minimum while thea1

2 stationary point has one
imaginary frequency for a normal mode that breaks theC2V
symmetry. Based on these TCSCF results, it appears that a single
reference SCF or DFT calculation should produce a reasonable
result in the neighborhood of theb2

2 1A1 minimum. It is
interesting to note that the Al3O- 1A1 (b2)2 and 1A1 (a1)2

stationary point geometries are close to the corresponding neutral
Al3O 2B2 (b2)1 and 2A1 (a1)1 stationary point geometries,
respectively. These two1A1 stationary points in Figure 2 are
connected by a monkey saddle which has two imaginary
frequencies. One of these frequencies is for theb2 normal mode
that destroysC2V symmetry while the other is for ana1 normal
mode connecting thea2 and b2 1A1 stationary points. At the
monkey saddle, the wave function is nearly (a1

2 - b2
2).

We have also considered the first triplet state of Al3O- and
have found that it has a global minimum at aD3h geometry
with the ...(2e′)4(3e′)2 3A2′ configuration. All the calculated
vibrational frequencies are real for this triplet minimum. This
triplet minimum is slightly higher in energy than theb2

2 1A1

minimum energyC2V structure. This is not a violation of Hund’s
rule since the triplet state is the lowest energy state at itsD3h

minimum. It can be noticed from Table 1 that for Al3O-, the
relative energy order at the stationary points is1A1(b2

2)[C2V] <

3A2′ (a1
1 b2

1)[D3h] < 1A1(a1
2) [C2V] < 1B2 (a1

1 b2
1)[C2V]. With

the TCSCF method, the difference in energy between the global
minimum singlet and triplet structures (i.e.,1A1(b2

2)[C2V] and
3A2′ (e′2)[D3h]) is small (2.2 kcal/mol) compared to UB3LYP
(10.5 kcal/mol), UCCD (6.7 kcal/mol), and UCCSD(T) (9.8
kcal/mol) methods.

In Table 2 we have reported the results of 2h-1p CI
calculations for different excited states of Al3O. Here only the
vertical transitions from the1A1 (b2

2)[C2V] minimum of Al3O-

to various states of Al3O have been considered. The energy of
all roots has been shifted by a constant so the lowest energy
root (2B2) agrees with the corresponding 1.68 eV vertical
ionization peak in the experimental spectrum. For the negative
ion of Al3O- (1A1 state) a small CI calculation was done and,
using both the negative ion wave function and neutral wave
functions, pole strength values were calculated for different
states. In addition to the binding energies, this Table 2 also
includes the calculated pole strength values (Sj

2) and the leading
terms in the wave function for each state. For each symmetry
the lowest 20 roots are considered and only those states whose
calculated pole strength value is greater than 0.05 have been
listed in the table. From Table 2 it can be seen that the primary
hole states associated with ionization from the 3b2, 4a1, 2b2,
3a1, and 1b1 orbitals can be easily identified. It is harder to
identify the primary or parent hole states corresponding to the
ionization of the 2a1 or 1a1 orbitals since the CI coefficients
for these configurations are small in all states due to the high
correlation effects.

If one considers only the allowed transitions from the1A1

state of Al3O- to different states of neutral Al3O, all the features
in the experimental spectrum cannot be explained. In order to

TABLE 2: Calculateda Line Positions and Intensities for the
Photoelectron Spectrum of Al3O-

state

binding
energyb

(eV)
intensityc

(Sj
2) important configurationsd

2B2 1.68 0.89 0.93(3b2)-1

2A1 3.51 0.76 0.84(4a1)-1; 0.30(3b2)-2 (5a1)1

2B2 3.94 0.79 0.85(2b2)-1; 0.21(3b2)-1 (4a1)-1 (5a1)1

2A1 4.61 0.15 0.73(3b2)-2 (5a1)1; 0.27(4a1)-1

2A1 5.22 0.56 0.71(3a1)-1; 0.39(2b2)-1 (3b2)-1 (5a1)-1;
0.26(3b2)-2 (5a1)1

2A1 6.01 0.07 0.51(3b2)-2 (8a1)1; 0.36(3b2)-2 (na1)1;
0.24(3b2)-2 (7a1)1

2B1 6.76 0.06 0.35(4a1)-1 (3b2)-1 (2a2)1;
0.28(2b2)-1 (3b2)-1 (3b1)1

0.28(2b2)-1 (3b2)-1 (2b1)1;
0.26(3b2)-2 (2b1)1

2B1 6.81 0.76 0.86(1b1)-1

2A1 7.73 0.07 0.43(2b2)-1 (3b2)-1 (5a1)1;
0.28(4a1)-2 (5a1)1; 0.21(3a1)-1

2A1 8.07 0.25 0.49(2a1)-1; 0.41(4a1)-2 (5a1)1;
0.28(2b2)-2 (5a1)1

2A1 8.18 0.10 0.37(2b2)-1 (3b2)-1 (5a1)1;
0.35(3b2)-2 (na1)1

0.30(3b2)-2 (n′a1)1

2A1 8.65 0.31 0.50(2a1)-1; 0.31(2b2)-2 (5a1)1;
0.30(2b2)-1 (3b2)-1 (5a1)1

2B2 9.74 0.06 0.38(3b2)-1 (3a1)-1 (5a1)1;
0.27(2b2)-1 (4a1)-1 (5a1)1

0.24(1b2)-1; 0.23(3a1)-1 (2b2)-1 (5a1)1

a For each symmetry, the 2h-1p wave functions were used for the
anion and neutral molecule. The transitions from1A1 state of Al3O-

(C2V) have been considered.b The first 2B2 state energy was adjusted
to experimental data (1.68 eV) and the same constant shift used for all
other states.c The values less than 0.05 were not listed.d The absolute
values for the CI coefficients were taken. All molecular orbitals of
higher energy than 8a1 were denoted asna1 or n′a1.
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test whether there might be transitions originating from the3A2′
state of Al3O- to different states of Al3O, we have calculated
the vertical binding energies and pole strength values for those
transitions also. In Table 3 we have presented the results using
the 3A2′ state geometry (D3h symmetry) of Al3O- in the
calculation of the Dyson orbital. Similar to the calculations using
1A1 geometry, we have calculated 20 roots for each symmetry
states of neutral Al3O and the ground state for Al3O-. Since
energetically the3A2′ state has been found to be slightly higher
than the1A1 state, we have assumed that the lowest energy peak
with very small intensity in the observed photoelectron spectrum
of Al3O- is probably a hot band due to the transition from the
3A2′ state of Al3O- to the ground state of Al3O. On the basis of
this, we have adjusted the lowest energy transition from this
calculation using the3A2′ geometry to match the low intensity
1.22 eV vertical ionization peak of the spectrum. All other
binding energies have been shifted by the same constant. In
this table, the states having pole strength values 0.05 or larger
have been reported. From this table it can be seen that the low-
energy primary hole states are mainly due to the ionization from
3e′, 2e′, 2a1′, and 1a2′′ orbitals. All other states are 2h-1p states.

The next level of calculation was MRSDCI calculations for
the lowest few roots of the CI matrix of each symmetry to cover
the range up to binding energies of approximately 8 eV. For
each symmetry, the dominant configurations from the 2h-1p
CI calculations (coefficient greater than 0.05) were used as the
reference space and perturbation theory was used to select
approximately 120 000 to 170 000 configurations for each
symmetry. MRSDCI calculations were done for both1A1 and
3A2′ geometries. Similarly for the negative ion of Al3O,
MRSDCI calculations provided the ground-state wave function
for computing the Dyson orbitals and the corresponding pole
strength. The calculated negative ion ground states energies were

-801.054 371 and-801.053 557 au for the1A1 and3A2′ states,
respectively.

Our best interpretation of the binding energy spectrum of
Al3O- using the 2h-1p and MRSDCI results obtained in the
present work have been reported in Figures 3 and 4, respectively.
In these plots, the energy differences from the lowest peak have
been scaled to agree with the next peaks and the remaining
energy differences have been scaled by the same factor.
Qualitatively, both of the calculated spectra are similar. The
peak positions and intensities corresponding to the line spectrum

TABLE 3: Calculateda Line Positions and Intensities for the
Photoelectron Spectrum of Al3O-

state

binding
energyb

(eV)
intensityc

(Sj
2) important configurationsd

2E′ 1.22 0.91 0.94(3e′)-1

4E′ 3.30 1.03 0.87 (2e′)-1; 0.21(2e′)-1(3e′)-1(4e′)1

2E′ 3.77 0.12 0.87(2e′)-1; 0.22(2a1′)-1(3e′)-1(4e′)1

2E′ 4.23 0.26 0.76(2e′)-1; 0.41(2a1′)-1

4A2′ 4.59 0.90 0.84(2a1′)-1; 0.37(2e′)-1(3e′)-1(4e′)
2E′ 5.35 0.19 0.69(2e′)-1; 0.36(2a1′)-1;

0.25(2e′)-1(3e′)-1(4e′)1

2A2′ 6.70 0.05 0.723(2e′)-2(3e′)1;
0.40(2a1′)-1(2e′)-1(3e′)1; 0.28 (2a1′)-1

4A1′′ 6.80 1.10 0.90(1a2′′)-1

2A1′′ 6.90 0.55 0.90(1a2′′)-1

2A2′ 7.02 0.42 0.77(2a1′)-1; 0.20(2a1′)-1(2e′)-1(3e′)1

4E′ 8.37 0.17 0.36(1e′)-1; 0.30(2e′)-1(3e′)-1(5e′)1;
0.23(2e′)-1(3e′)-1(4e′)1

4A2′ 8.63 0.11 0.63(2e′)-1(3e′)-1(4e′)1; 0.29(2a1′)-1

4E′ 8.67 0.35 0.53(1e′)-1; 0.32(2a1′)-1(3e′)-1(4e′)1

4E′ 9.39 0.18 0.36(1e′)-1; 0.36(2e′)-2(4e′)1;
0.29(2e′)-1(3e′)-1(na1′)1

4A1′ 9.58 0.05 0.42(2e′)-1(3e′)-1(na1′)1;
0.24(2a1′)-1(3e′)-1(na1′)1

0.28(2e′)-1(3e′)-1(n′a1′)1

a For each symmetry, the 2h-1p wave functions were used for the
anion and neutral molecule. The transitions from the3A2′ state of Al3O-

(D3h symmetry) have been considered.b The first 2E′ state energy was
adjusted to experimental data (1.22 eV) and the same constant shift
used for all other states.c The values less than 0.05 were not listed.
For quartet states calculatedSj

2 values were multiplied by a factor of
4/3 due to symmetry reason.d The absolute values for the CI coef-
ficients were taken. All molecular orbitals of higher energy than 2a1′
were denoted asna1′ or n′a1′.

Figure 3. (a) Theoretical spectrum obtained using the calculated
energies and pole strength values from 2h-1p calculations. The energies
have been shifted and scaled to make the first two peaks agree with
experiment. (b) Comparison between the experimentally observed and
theoretically derived photoelectron spectrum of Al3O-. The dashed line
represents the experimental spectrum and solid line represents the
theoretically simulated spectrum.

Figure 4. (a) Theoretical spectrum obtained using the calculated
energies and pole strength values from MRSDCI calculations. The peaks
have been shifted and scaled to make the first two peaks agree with
experiment (b) Comparison between the experimentally observed and
theoretically derived photoelectron spectrum of Al3O-. The dashed line
represents the experimental spectrum and solid line represents the
theoretically simulated spectrum.
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of Figures 3a and 4a have been utilized to generate a pseudo-
spectrum, based on equal width Gaussians with heights pro-
portional to the calculated weights, and are plotted as Figures
3b and 4b, respectively. For the purpose of comparison, the
experimental spectra18 are plotted in Figures 3b and 4b as dashed
lines. It is interesting to note that after exact matching of the
first two calculated peaks with the experiment, the calculated
peak positions and intensities for the rest of the spectrum are
found to agree very well with the experimental spectrum
considering that no transition moment factors and no vibrational
effects have been included.

In the calculated spectrum, the very low intensity features
shown in the stick spectrum of Figures 3a and 4a are not visible
in the smoothed spectrum in Figures 2b and 3b due to the
Gaussian widths of the more intense peaks. On the basis of the
present theoretical results, it is evident that there are two
different geometries (1A1 and3A2′ state) of the negative ion of
Al3O involved in the photoelectron spectrum. The very first low
intensity peak was not assigned to any electronic state by Wu
et al. In our results, it is assigned as (3e′)-1 2E′ r 3A2′. There
is no ambiguity regarding the second peak which has been
correctly assigned by Wu et al. as (3b2)-1 2B2 r 1A1. The third
peak, which was assigned by Wu et al. asA 2B1 r 1A1 on the
basis of the typing error in the Boldyrev and Schleyer paper,13

has been found to be (4a1)-1 2A1 r 1A1. Some low-energy
satellite structure between the second and third peak (not
assigned by Wu et al.) is due to the (2e′)-1 4E′ r 3A2′ transition.
The fourth peak, which was previously assigned as2A1, has been
found to be (2b2)-1 2B2 r 1A1 in our assignment. After the fourth
peak position, there are some shoulders which we find to be
due to the (2a1′)-1 4A2′ r 3A2′ and (3b2)-2(5a1)1 2A1 r 1A1

transitions. The fifth peak has been assigned as (3a1)-1 2A1 r
1A1 by both us and Wu et al. The photoelectron peaks around
5 eV energy were not well resolved experimentally and were
not assigned to any transition. We predict that these are due to
low-intensity satellites originating from1A1 as well as a (1a2′)-1

4A1′′ r 3A2′ primary hole transition. At around 5.8 eV energy,
we expect intensity due to the (1b1)-1 2B1 r 1A1 transition.

Summary

The equilibrium geometries of the low lying electronic states
of Al3O and Al3O- have been calculated using CASSCF,
UB3LYP, and CCD levels of theory. Within theC2V symmetry,
the calculated global minimum for Al3O and Al3O- were found
to be 2B2 and 1A1 with respective highest occupied molecular
orbital occupations (3b2)1 and (3b2)2. The 3A2′ state of Al3O-

was found to haveD3h symmetry and slightly higher energy
than the correspondingC2V symmetry1A1 state. It has been found
that the1A1 configuration (5a1)2, the 1B2 configuration (3b2)1-
(5a1)1 and2A1 with a (5a1)1 configuration are all transition states
on the respective potential energy surfaces for pseudorotation.
Using the calculated geometries of Al3O- at CCD level of
theory, configuration interaction (CI) calculations have been
done to determine the low-lying vertical excited states of Al3O,
and those results have been utilized to interpret the recently
reported experimental photoelectron spectrum of Al3O-. Some
of the previous assignments for the photoelectron peaks in the

observed spectrum were found to be incorrect and new assign-
ments have been made for those peaks.
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