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Complete active-space self-consistent field (CASSCF) method followed by multireference singles+ doubles
configuration interaction (MRSDCI) calculations that included up to 4 million configurations were carried
out on the electronic states of Al3P2, Al2P3 and their anions and cations. Our computed results explain the
recently reported anion photoelectron spectra of Al2P3

- and Al3P2
- by Neumark and co-workers.1 We find

that both the Al2P3
- and Al2P3 species haveD3h undistorted trigonal bipyramidal structures consistent with

the sharp and intense ground-state peak in the observed spectra. But the neutral Al3P2 cluster was found to
be Jahn-Teller distorted in contrast to the Al3P2

- anion, which has aD3h undistorted trigonal bipyramidal
structure, consistent with the observed extended vibrational progression of the X state of the spectra. Our
computed electron affinities agree well with the onsets of the observed X peaks in both spectra. We assign
the partially resolved vibrational structure in the observed spectra to the totally symmetric stretch mode than
to symmetry lowering of Al2P3, which is found to be in a2A2′′ (D3h) state and cannot undergo Jahn-Teller
distortion. Seven electronic states of Al3P2 are computed, among which the2A1(C2V) state is the ground state
with a distorted trigonal bipyramid structure. The distorted2A1 and 2B1 (C2V) states are identified as Jahn-
Teller components of the undistorted2E′ and2E′′ (D3h) states, respectively. Properties of four electronic states
of Al2P3, Al3P2

+, and Al2P3
+ are also reported. The ground states of both Al3P2

+ and Al2P3
+ are undistorted

3A2′ and 1A1′, respectively (D3h symmetry). The atomization energy, adiabatic ionization potentials, dipole
moments, and other properties for the electronic states of Al3P2 and Al2P3 are calculated and discussed.
Comparisons are made with the Ga and In analogues of these species.

I. Introduction

The present theoretical study on the low-lying electronic states
of the Al3P2 and Al2P3 clusters and their anions was motivated
by a recent and the first experimental work by Gomez et al.1

on the anion photoelectron spectroscopy of aluminum phosphide
clusters including mixed pentamers. A striking contrast between
the observed spectra of Al2P3

- and Al3P2
- is that the former

exhibits a sharp single band corresponding to the neutral ground
state of Al2P3, whereas the latter exhibits an extended progres-
sion in the ground state followed by a few other peaks
attributable to the excited states of Al3P2

1. In fact, an excited
state of Al3P2 exhibits a more intense peak compared to the X
ground state. The Al2P3

- spectrum exhibits partially resolved
vibrational structure (separation of 465 cm-1), and it is not clear
if this is due to symmetry lowering of the ground state of Al2P3

or due to Franck-Condon activity from the lower frequency
Al-Al stretch. Gomez et al. have reported the adiabatic electron
affinities of these species on the basis of the observed onsets
for the X peaks. It is interesting that both Al3P2 and Al2P3 have
similar electron affinities although the observed spectra are

different suggesting geometry differences and excited states with
different energies for the two clusters.

The group 13-15 clusters have been the topic of many
studies2-38 in recent years not only due to their intrinsic merit
but also due to their technological importance, as group 13-
15 materials find applications in high speed and high luminosity
semiconductor devices and light-emitting diodes. Smaller
clusters are intriguing in that they do not evolve smoothly as a
function of their sizes to the bulk, as they exhibit dramatic
variations in their properties, spectra and relative abundance.

There have been many experimental studies2-24 on group 13-
15 clusters after an inspiring experimental work by Smalley
and co-workers9 on GaxAsy. This was the first work that
demonstrated that smaller clusters of GaxAsy are substantially
different from larger ones in that smaller clusters exhibit
remarkable deviation from the anticipated binomial distribution
while larger ones followed the binomial distribution. It was also
predicted by one of the authors26 that clusters of GaxAsy would
exhibit isomers. Spectroscopy of 13-15 clusters has been made
possible with the advent of the supersonic beam method in
which a source material of the group 13-15 compound is laser-
evaporated and passed through a supersonic nozzle, which
results in cooling and copious amounts of clusters of different
compositions.6 A variety of spectroscopic techniques have been
invoked to study these clusters with the intent of probing the
low-lying electronic states of these clusters.
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Neumark and co-workers1-7,13-15 have obtained the anion
photoelectron spectra and zero-electron kinetic energy (ZEKE)
photodetachment spectra of 13-15 anions such as GaxPy

-,
InxPy

-, and GaxAsy
-, AlxPy

- clusters. In this method, they obtain
the photoelectron spectra starting with the size-selected anions
by photoexciting the anion to probe the ground and excited states
of the neutral species. The technique yields both electronic and
vibrational information on the neutral species, while the ZEKE
spectra have considerably higher resolution. Experimental
studies of other 13-15 clusters such as AlxAsy, etc., are in
progress.3 These experiments have yielded not only electron
affinities but also the term values for the low-lying electronic
states of neutral clusters through the measured vertical detach-
ment energies of various peaks. In addition, for certain clusters,
the vibrational frequencies of the neutral and anionic clusters
have been reported if the spectra had sufficient resolution.

The aluminum phosphide clusters are particularly attractive,
as they have higher vibrational frequencies (due to lower masses)
and, thus, as noted by Gomez et al.,1 could result in vibrational
progressions in the spectra compared to heavier clusters. To
the best of our knowledge, Gomez et al.1 were the first to report
the spectra of aluminum phosphide clusters including Al2P3 and
Al3P2. Taylor et al.15 have recently reported high-resolution
vibrationally resolved anion photoelectron spectra of GaX2

-,
Ga2X-, Ga2X2

-, and Ga2X3
- anions for X) P and As.

Weltner and co-workers11,12have employed matrix-isolation
techniques in combination with the ESR or far-IR spectroscopic
methods to study a few 13-15 clusters. These techniques have
yielded the ground-state geometries and spin multiplicities of
some of these species from the observed hyperfine patterns.
These authors11 have obtained the far-infrared spectra of Ga/P,
Ga/As, and Ga/Sb clusters in rare-gas matrixes at 4 K. Van Zee
et al.12 have obtained the hyperfine interaction and structure of
Ga2As3 using the matrix-isolated ESR spectra of these species.
The hyperfine pattern exhibited a doublet ground state with a
trigonal bipyramid structure (tbp) in a probable ground state of
2A2′′.

Duncan and co-workers19-22 have employed photoionization
and photodissociation techniques to extract important informa-
tion on the photofragmentation patterns and spectroscopic
properties on the excited states of the cations of such clusters.
At present, these techniques have been used to study mixed
heavier cations such as InxSby

+.
Theoretical studies on the electronic states of larger 13-15

clusters have often been restricted to the ground states, although
smaller ones up to five atoms have been investigated for the
excited states.25-41 As demonstrated by our past work,30-32,39-41

investigation of the excited states of these species is quite
challenging. We have utilized ab initio CASSCF and MRSDCI
techniques to compute the properties of the excited electronic
states. Although we and others have studied other five-atom
clusters such as Ga3As2, the current theoretical study is the first
of its kind to focus on the ground state and several low-lying
excited electronic states of the mixed pentamers containing Al
and P. We have studied before other smaller AlxPy clusters39

both in the ground and excited states, and Raghavachari and
co-workers33 have studied the ground states of (AlP)n clusters
using the MP4 and QCISD(T) methods. There have been DFT
studies on (AlP)n clusters,35 and smaller AlxPy clusters34 have
been studied by a number of other techniques. The diatomics
of 13-15 elements have also been studied, and potential energy
curves of many excited electronic states have been obtained.27,38

In the current study, we compute the low-lying electronic states
of Al3P2 and Al2P3 and their positive and negative ions using

high-level relativistic ab initio CASSCF and MRSDCI tech-
niques that included up to 4 million configurations. We consider
full geometry optimization for both ground and excited states,
including the possibility of Jahn-Teller distortions.

II. Method of Computations

We have employed state-of-the-art computational techniques
to study the electronic states of Al2P3, Al3P2, and their ions (both
cations and anions). The theoretical techniques included a
complete active space self-consistent field (CASSCF) technique
followed by multireference singles+ doubles CI (MRSDCI)
computations. All of the computations were made using
relativistic effective core potentials (RECPs) that retained the
outer 3s23p1and 3s23p3 shells of Al and P, respectively, in the
valence space replacing rest of the electrons by RECPs. The
RECPs, together with valence Gaussian basis sets, were taken
from the work of Pacios et al.42 These basis sets were augmented
with a set of 3d polarization functions with exponent of 0.3084
for Al and two sets of 3d functions (R1 )1.20,R2 ) 0.3) for P.

In the CASSCF technique, energetically low-lying 3s orbitals
of the Al and P atoms were kept inactive in the sense that
excitations were not allowed, but they were allowed to relax as
a function of geometry. All of the remaining orbitals were
included in the active space, and all possible excitations among
these orbitals were allowed to generate a full CI space for the
CASSCF. This choice yielded an active space comprising three
a1, two b2, three b1, and two a2 orbitals for Al3P2, Al2P3, and
their ions. Nine active electrons for Al3P2 (or eight electrons
for Al3P2

+ and 10 electrons for Al3P2
-) and 11 active electrons

for Al2P3(or 10 electrons for Al2P3
+ and 12 for Al2P3

-) were
distributed among all possible orbitals at the CASSCF stage.
Subsequently, multireference singles+ doubles configuration
interaction (MRSDCI) calculations that included all configura-
tions in the CASSCF with absolute values of coefficientsg0.07
were carried out. This generated a large configuration space
that included up to 4 million configurations. After the MRSDCI,
multireference Davidson correction to the MRSDCI energy was
invoked, and the resulting computed energy separations were
labeled as MRSDCI+ Q.

Analogous to the previous study31 on Ga3P2 and Ga2P3, we
started with geometry optimization for the low-lying electronic
states of Al3P2 and Al2P3, using a quasi-Newton-Raphson
procedure within the CASSCF level of theory. For this purpose,
the GAMESS43 package of molecular computational codes was
employed to generate the optimized geometry in theC2V
symmetry. Two electronic states, namely,2A1 and2B1 of Al3P2

(or 2A2 and 2A1 for Al2P3), are found to be formed from2E′
and 2E′′ (D3h). Since the2E′ and 2E′′ states are in doubly
degenerate irreducible representations, they undergo Jahn-Teller
distortions through EXe coupling. The geometries of all possible
low-lying doublet and quartet electronic states for Al3P2 and
the low-lying doublet states of Al2P3 in theD3h symmetry were
searched and optimized.

The knowledge of the electronic states of the Al3P2
+ and

Al2P3
+ positive ions would be useful for experimental photo-

ionization spectroscopic studies of the neutral species. Further-
more, it is critical to obtain the ground-state information on the
anions so that the anion photoelectron spectra can be interpreted.
For example, Gomez et al.1 have recently measured the electron
affinities of the anions of the aluminum phosphide AlxPy (x, y
) 1-4) clusters. Consequently, in the current study, we have
pursued theoretical calculations on the electronic states of the
Al3P2

+, Al2P3
+, Al3P2

-, and Al2P3
-. The atomization energies
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to dissociate the Al3P2 and Al2P3 clusters into aluminum (2P)
and phosphorus (4S) atoms were computed as supermolecular
calculations.

The CASSCF/MRSDCI calculations were made using one
of the authors44,46 modified version of ALCHEMY II codes45

to include relativistic ECPs (RECPs).

III. Results and Discussions

A. Electronic States of Al3P2. Table 1 lists the optimized
geometries and energy separations together with dipole moments
for the distorted2A1 and2B1(C2V) states of Al3P2. The equilib-
rium geometries and energy separations for all undistorted
doublet and quartet electronic states of Al3P2 in the trigonal
bipyramid structure (D3h) are shown in Table 2. Table 3 shows
our computed vibrational frequencies of the ground states of
the various species. The actual locations of the atoms for both
distorted and undistorted Al3P2 are shown in Figure 1. As seen
from Table 2, the first two undistorted low-lying electronic states
of Al3P2(D3h) are2E′ and2E′′ and would thus undergo the Jahn-
Teller distortion. So the distorted2A1 and 2B1(C2V) states of
Al3P2 in Table 1 are the Jahn-Teller components of the2E′
and 2E′′ (D3h), respectively. The2A1(C2V) state is 0.33 and

0.23 eV lower than its corresponding state2E′(D3h) due to Jahn-
Teller stabilization, while the2B1(C2V) state is 0.17 and 0.04
eV lower than the2E′′(D3h) state at the CASSCF and MRSDCI
levels of theory, respectively. The2A1 state prevails as the
ground state of Al3P2 at all levels of theory, and the2B1 state
is 0.48 and 0.60 eV above the ground state at the CASSCF and
MRSDCI levels, respectively. As mentioned before, the2A1 and
2B1 states (C2V) could be envisaged as derivatives of the2E′
and2E′′( D3h) states arising from Jahn-Teller distortion. This
can be shown by their geometry parameters, which present an
interesting relationship between various states. As can be seen
from Table 1, there are two contracted Al1-Al2 and Al1-Al3-
(3.529 Å) bonds together with an elongated Al2-Al3 (4.023 Å)
bond in the2A1(C2V) state. Likewise, the P-P bond lengths in
the 2A1(C2V) and 2E′(D3h) states of Al3P2 are 2.443 and 2.516
Å, respectively. These features suggest that the Jahn-Teller
effect primarily moves the three Al atoms from their idealD3h

equilateral triangular locations in the Al3P2 cluster and brings
the two axial P atoms closer forming a more stable distorted
structure (C2V). The P-P bond length of the diatomic P2 is 1.893
Å in its 1Σg

+ ground state51, while the P-P bond length in the
2A1(C2V) state of Al3P2 is 2.44 Å. On the other hand, the Al-
Al bond lengths in the2A1 ground state of Al3 are around 2.54
Å47 and are much shorter compared to the Al-Al bond lengths
(3.62-4.03 Å) in Al3P2. Evidently, the bonds among the three
Al atoms in Al3P2 are dramatically weakened by the Al-P
bonding and the interaction between the two P atoms. All the
quartet states in the undistortedD3h structure were also
computed. These states, namely,4A2′′, 4E′′, and 4E′, are well
above the ground state.

B. Electronic States of Al3P2
+, Al3P2

-, Ionization Energy,
Electron Affinity, and Binding Energies. Four low-lying
electronic states of Al3P2

+(D3h) were computed, and their energy
separations are shown in Table 2. We kept the geometry of the
positive ion fixed at the neutral2E′ geometry because we do
not expect the geometry relaxation to make a significant impact
on the computed ionization energy. The excited electronic states
of Al3P2

+ can be visualized as arising from the removal of an
electron from the HOMO 2e′ or 2e′′ in the 2E′ or 2E′′ states of
the neutral Al3P2 cluster. This yields four states, viz.,1A1′, 3A2′,
3A2′′, and1A2′ for the Al3P2

+ ion. The energy needed to remove
an electron from the open-shell 2e′ HOMO in 2E′(D3h) is 6.85
eV, resulting in three possible electronic states with the same
configuration: a3A2′ state, a1E′ state, and a1A1′ state, among
which the3A2′ state becomes the lowest in energy. Thus, the
positive ion does not undergo Jahn-Teller distortion and retains
its idealD3h structure. At the CASSCF level, the lowest state
of Al3P2

+ is 1A1′, while 3A2′ is only 0.04 eV above1A1′.
However, this energy separation is sensitive to higher-order

Figure 1. Geometries of distorted and undistorted mixed pentamers.

TABLE 1: Geometries and Energy Separations for the
Electronic States of Al3P2 and Al2P3 in C2W Structure

state (C2V)

state 2A1
2B1

Al3P2 Al2-Al1-Al3 (deg) 69.5 70.9
P1-Al1-P2 (deg) 64.8 48.0
P1-Al2-P2 (deg) 57.3 50.7
Al1-Al2 (Å) 3.529 3.801
Al2-Al3 (Å) 4.023 4.409
Al1-P1 (Å) 2.279 2.680
Al2-P1 (Å) 2.547 2.543
P1 -P2 (Å) 2.443 2.178
dipole moment (D) -2.69 -1.34
E (CASSCF) (eV) 0.00 0.48
E (MRSDCI) (eV) 0.00 0.60
E (MRSDCI + Q) (eV) 0.00 0.51

2A2
2A1

Al2P3 P2-P1-P3 (deg) 53.8 58.0
Al1-P1-Al2 (deg) 141.9 115.8
Al1-P2-Al2 (deg) 111.0 114.1
P1-P2 (Å) 2.315 2.302
P2-P3 (Å) 2.093 2.232
P1-Al1 (Å) 2.506 2.425
P2-Al1 (Å) 2.874 2.448
Al1-Al2 (Å) 4.736 4.110
dipole moment (D) -0.99 -0.26
E (CASSCF) (eV) 0.19 2.10
E (MRSDCI) (eV) 0.48 1.96
E (MRSDCI + Q) (eV) 0.64 1.93
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electron correlation effects which stabilize the3A2′ state, and it
prevails as the ground state of Al3P2

+ at the highest level with
the1A1′ state 0.22 eV above the3A2′ state at the MRSDCI level.
It would need more energy (>1.94 eV) to remove an 1e′′
electron from2E′ forming 3A2′′ and1A2′′ states, but these are
well above the3A2′ state.

As seen in Table 2, a closed-shell1A1′ is the ground state of
Al3P2

- with a regular trigonal bipyramid (D3h) geometry, and
the electron affinity of Al3P2 is 2.33 eV at the MRSDCI level.
The comparison of geometries of the neutral and anion reveals
that both Al-Al(3.707 Å) and Al-P(2.454 Å) bonds in the1A1′
state of Al3P2

- become longer, whereas the P-P(2.400 Å) bond
length is contracted compared to the corresponding Al-Al
(3.608 Å), Al-P(2.430 Å), and P-P(2.503 Å) bond lengths in
the 2E′ state of Al3P2. This suggests that the attached electron
is mainly shared by the P atoms resulting in stronger P-P bonds
in the 1A1′ state of Al3P2

-. The attached electron occupies the
2e′ orbital, which becomes fully occupied in Al3P2

-. Since the
P(py), P(pz), and Al(s) are influential components for the 2e′

orbital, the Mulliken populations for1A1′ of Al3P2
- are Al

(s1.741p1.057), P (s1.811p3.696); both P (p) and Al (s) populations
are larger than Al (s1.625p0.919) and P (s1.807p3.569) in the2E′ state
of Al3P2.

The atomization energy was computed in two steps. The
dissociation energy for

is computed as 6.77 eV at the MRSDCI level. We also computed
the atomization energy needed to separate Al3 into three Al
atoms (2P) as 3.32 eV at the same level. By combining the two
values, the atomization energy of Al3P2 is computed as 10.09
eV at the MRSDCI level. These values support our conclusion
that the Al-P bonds play a more decisive role than the Al-Al
bonds for the energy and geometry of the electronic states of
Al3P2.

C. Comparison with the Observed Spectra of Al3P2
-. The

only available spectra of Al3P2 are due to the work of Gomez
et al.1 The authors have obtained the photoelectron spectra of
Al3P2

- at 266 nm. In contrast to Al2P3, the Al2P3 spectra exhibit
a less intense and extended progression in the ground state and
followed by some activity and a more intense peak around an
eV above the ground state. The authors have located the onset
of the X peak from which the adiabatic electron affinity of Al3P2

is measured as 2.58 eV. As seen from Table 2, our computed
adiabatic EA for Al3P2 is 2.42 eV at the highest level. We
consider this as a very good agreement considering the compu-
tational difficulties in computing the EAs of such clusters.

As seen from Table 2, whereas the ground state of Al3P2
- is

a 1A1′ closed-shellD3h state with a trigonal bipyramidal
geometry, the ground state of the neutral Al3P2 is a Jahn-Teller
distorted2A1 state arising from the2E′ state of the neutral cluster,
which undergoes Jahn-Teller distortion. Thus, the geometries
of the neutral and anionic species differ: the latter exhibits a
more symmetric structure, while the former undergoes Jahn-
Teller distortion to a less symmetric structure. The geometry

TABLE 2: Geometries and Energy Separations of Al3P2, Al2P3 with tbp- D3h Structuresa

state CASSCF MRSDCI

system C2V D3h Al-Al (Å) Al -P (Å) P-P (Å) E (eV) Al-Al (Å) Al -P (Å) P-P (Å) E (eV)a

Al3P2
2A1,

2B2
2E′ 3.619 2.439 2.516 0.33 3.608 2.430 2.503 0.23 (0.20)

2B1,
2A2

2E′′ 4.032 2.585 2.248 0.65 4.007 2.568 2.229 0.64 (0.54)
4B1

4A2′′ 2.963 2.483 3.599 2.47 2.907 2.451 3.572 2.11 (1.94)
4A2

4A1′ 3.961 2.549 2.252 2.97 3.929 2.532 2.250 2.44 (2.47)
4A1,

4B2
4E′ 3.412 2.499 3.075 2.73 3.398 2.489 3.064 2.58 (2.38)

Al3(2A1) + 2P(4S) 6.32 6.77 (7.04)
3Al(2P) + 2P(4S) 9.02 10.09 (10.62)

Al3P2
+ 3B2

3A2′ 3.608 2.430 2.503 6.58 3.608 2.430 2.503 6.85 (6.86)
1A1

1A1′ 3.608 2.430 2.503 6.54 3.608 2.430 2.503 7.07 (7.26)
3B1

3A2′′ 3.608 2.430 2.503 8.43 3.608 2.430 2.503 8.37 (8.33)
1B1

1A2′′ 3.608 2.430 2.503 9.01 3.608 2.430 2.503 8.91 (8.85)
Al3P2

- 1A1
1A1′ 3.737 2.474 2.420 2.14 3.707 2.454 2.400 -2.33 (-2.42)

P-P (Å) P-Al (Å) Al -Al (Å) E (eV) P-P (Å) P-Al (Å) Al -Al (Å) E (eV)a

Al2P3
2B1

2A2′′ 2.300 2.434 4.080 0.00 2.304 2.431 4.070 0.00 (0.00)
2A2, 2B1

2E′′ 2.218 2.700 4.754 0.65 2.209 2.672 4.697 0.76 (0.95)
2A1

2A1′ 2.274 2.447 4.130 2.09 2.272 2.431 4.093 1.94 (1.91)
2A1, 2B2

2E′ 2.274 2.653 4.610 2.11 2.257 2.632 4.573 2.18 (2.25)
P3(2A2) + 2Al(2P) 7.74 7.90 (7.38)
3P(4S) + 2Al(2P) 14.01 14.17 (13.85)

Al2P3
+ 1A1

1A1′ 2.304 2.431 4.070 6.16 2.304 2.431 4.070 6.79 (6.96)
3B1

3A2′′ 2.304 2.431 4.070 6.86 2.304 2.431 4.070 7.67 (7.98)
3B2

3E′ 2.304 2.431 4.070 8.01 2.304 2.431 4.070 8.24 (8.25)
1B1

1A2′′ 2.304 2.431 4.070 8.87 2.304 2.431 4.070 9.15 (9.19)
Al2P3

- 1A1
1A1′ 2.263 2.523 4.317 -2.10 2.250 2.518 4.313 -2.30 (-2.03)

a The values in the parentheses are the Davidson corrected energies.

TABLE 3: Vibrational Frequencies and IR Intensities of the
Ground States of Al2P3, Al3P2, and Their Ions

species
vibrational mode, frequency, and

IR intensity in parentheses

Al2P3
a A1′: 481.5 (0), E′: 378.8 (1.05), A1′: 338.5 (0),

A2′′: 308.6 (15.3), E′′: 303.1 (0), E′: 175.2 (5.6)
Al3P2

a A1: 446.8 (5.0), A1: 345.2 (15.9), B1: 338.4 (4.4),
A1: 257.6 (1.0), B1: 212.5 (13.2), A2: 192.2 (0),
B2: 159.1 (0.42), A1: 93.8 (0.4), B2: 66.2 (22.1)

Al2P3
+ a A1′: 478.0 (0), E′: 367.9 (3.7), A2′′: 352.6 (4.0),

E′′: 345.8 (0), A1′: 328.5 (0), E′: 195.4 (11.4)
Al3P2

+ a A1′: 397.2 (0), E′: 319.5 (5.5), A2′′: 295.7 (24.4),
A1′: 262.8 (0), E′′: 237.0 (0), E′: 26.7(3.6)

Al2P3
- a A1′: 504.1 (0), E′: 393.8 (0.1), A2′′: 366.8 (83.5),

A1′: 303.6 (0), E′′: 245.0 (0), E′: 146.0 (0.8)
Al3P2

- a A1′: 410.8 (0), E′: 367.8 (0.1), A1′: 268.4 (0),
A2′′: 240.9 (7.2), E′′: 217.1 (0), E′: 115.6 (2.0)

a Zero-point corrections for Al2P3 ) 5.3, Al3P2 ) 3.0, Al3P2
+ ) 3.0,

Al 2P3
+ ) 4.2, Al2P3

- ) 3.9, and Al3P2
- ) 3.3 kcal/mol.

Al 3P2 f Al3(
2A1) + 2 P(4S)
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differences between the two ground states cause a slightly
extended vibrational progression in the X peak of Al3P2. A
comparison of the actual bond distances of the anion with neutral
distorted geometry (2A1 state) reveals that the axial P-P
distances are nearly the same. The contrast is in the Al-Al
equatorial distances and thus the Al-P distances: the Al1-Al2

distance becomes shorter than the anion, while the Al2-Al3

distance becomes longer. Thus the progression in the X state
of the observed spectra is due to an equatorial stretch than an
axial stretch.

Gomez et al. find ca ouple of short peaks within 0.5-0.75
eV of the X state followed by a prominent peak that is even
more intense than the X peak at about 1.3 eV higher than the
ground state. As seen from Table 1, we compute the2B1 Jahn-
Teller component of the2E′′ state at 0.5-0.6 eV above the
ground state, depending on the level of theory. This explains
why the observed peaks in this region and the similarly of the
intensity of this peak to the ground-state X peak is consistent
with our finding in that both the X2A1 and A2B1 states are Jahn-
Teller distorted and thus have similar features in the spectra. In
contrast, the next peak is sharp and more intense than the ground
state. As seem from Table 2, we compute the4A2′ excited state
of Al3P2 at 1.94 eV above the ground state. This state cannot
undergo Jahn-Teller distortion and could thus explain the
intensity of the observed peak as this state has the same
symmetry as the anion’s ground state. However, the P-P axial
bond is considerably stretched relative to the anion, and the
Al-Al equatorial bond distances are contracted. We, however,
do not find any other excited state in this region to assign the
spectra. Our computations could also have greater errors for
the excited states. Thus, the most probable candidate for the
observed a peak near 1.3 eV above the ground state is the4A2′
excited state of Al3P2.

D. Nature of Bonding. We describe the composition of the
various molecular orbitals (MOs). The 1a1′ (or 1a1 in C2V) orbital
is a bonding combination of P1(s) + P2(s). The 2a1′ (3a1 in C2V)
orbital is composed of Al1(s) + Al2(s) + Al3(s). The 3a1′ (4a1

in C2V) orbital is a combination of P1(px) - P2(px) and P1(s) +
P2(s). The 1a2′′ (1b1 in C2V) orbital is an antibonding orbital
which is composed of P1(s)- P2(s). The 2a2′′ (3b1 in C2V) orbital
is predominantly P1(px) + P2(px). The two degenerate compo-
nents of the 1e′ (2a1 and 1b2 in C2V) orbital are 2Al1 (s)- [Al 2(s)
+ Al3(s)] and Al2(s) - Al3(s). Likewise, the two components
of the 2e′ (5a1 and 2b2 in C2V) orbital are composed of 2Al1(s)
- [Al 2(s) + Al3(s)] + [P1(py) + P2(py)] and [Al2(s) - Al3(s)]
- [P1(pz) + P2(pz)]. The two parts of the 1e′′ orbital (2b1 and
1a2 in C2V) are P1(py) - P2(py) + Al1(px) - [Al 2(px) + Al3(px)]
and P1(pz) - P2(pz) + [Al 2(px) - Al3(px)]. The principal
difference between the2A1 and 2B1 (C2V) states is in the
occupancies for the 5a1 and 2b1 orbitals. The 5a1 orbital is a
combination of two parts: the first part is 2Al1(s) - [Al 2(s) +
Al3(s)] and the second part [P1(py) + P2(py)] is like aΠ bonding
interaction between two P atoms. The 2b1 orbital is a combina-
tion of [P1(py) - P2(py)] + Al1(px) - [Al 2 (px) + Al3(px)],
suggesting bonding interactions between the Al1 and P atoms
together. The 5a1 orbital is singly occupied in2A1 but fully
occupied by2B1, while the 2b1 orbital is fully occupied in2B1

but singly occupied in2A1. The2A1 state has a doubly occupied
2b1 orbital, resulting in a shorter Al1-P bond length (2.279 Å)
and longer P-P bond length (2.443 Å) compared to the
corresponding values in the2B1 state. The P1-Al1-P2 and P1-
Al2-P2 angles in2A1 are 64.8° and 57.3°, respectively. These
bond angles are considerably larger than the corresponding
values of 48.0° and 50.7°for 2B1, implying that the P-P bonding

in 2B1 is stronger than that in2A1. This is consistent with the
P-P bond length in the2B1 state of 2.178 Å, caused by a doubly
occupied 5a1 orbital in 2B1.

The main distinction between the2E′ and2E′′ states of Al3P2

(with D3h symmetry) is in the electron occupations for 2e′ and
1e′′. As described earlier, the 1e′′ (2b1 and 1a2 in C2V) orbital is
composed of Al-P bonding, while the 2e′ orbital contains
antibonding interactions among the three Al atoms and a P-P
bonding. The 1e′′ orbital is fully occupied by2E′ (four electrons),
resulting in a contracted Al-P bond length (2.430 Å) and a
longer P-P bond length (2.503 Å), while the 2e′ orbital is fully
occupied in2E′′ (four electrons), leading to a short P-P bond
length (2.229 Å) and longer Al-P bond length (2.568 Å) at
the MRSDCI level. The 2a2′′ orbital is perpendicular to the Al3

plane with the p orbitals of the P atoms overlapping with
opposite lobes along thex-axis. Thus, there exists a repulsive
interaction with respect to the P atoms. The2E′ and2E′′ states
do not have an occupied 2a2′′ orbital. The 4A2′′ state has a
doubly occupied 2a2′′ orbital, while 4E′ has a half-filled 2a2′′
orbital, thus resulting in noticeably longer P-P bond lengths
(3.572 and 3.064 Å) in the4A2′′ and4E′ states, respectively, at
the MRSDCI level. These features explain the higher energies
of all quartet states (D3h)of Al3P2.

The total Mulliken populations of Al are substantially smaller
than 3.0, whereas the total P populations are uniformly larger
than 5.0 for all of the electronic states of Al3P2. The depletion
of the Al population compared to an isolated Al atom and
enhancement of the P population compared to the P atom are
consequences of charger transfer from the aluminum atoms to
the P atoms leading to ionic Al+ P- bonding in the Al3P2 cluster.

The lowest 2A1(C2V) state of Al3P2 is composed of Al1
(s1.204p1.228), Al2 (s1.817p0.749), and P (s1.814p3.601) Mulliken
populations, where we have omitted the d populations as they
are smaller than 0.17. The corresponding populations for the
2B1(C2V) state are Al1 (s1.859p0.635), Al2 (s1.841p0.735), and P
(s1.847p3.554). The difference between the two states in theC2V
symmetry mostly rests with the s and p populations of the Al1

atom. As discussed before, the primary difference between the
two states lies in the occupations and compositions of the 5a1

and 2b1 orbitals. The 5a1 orbital, which has considerable Al1(s)
character, is fully occupied in the2B1 state, resulting in a large
Al1(s) population of 1.859. The 5a1 orbital is singly occupied
in 2A1, leading to a smaller Al1(s) population of 1.204 in the
2A1 state. On the other hand, the 2b1 orbital, which contains
Al1(px) together with P1(py) and P2(py) contributions, is doubly
occupied in2A1 but singly occupied in2B1. Consequently, this
increases thep populations on Al1 to 1.228, whereas the2B1

state has a singly occupied 2b1 orbital resulting in smaller Al1

(p) population of 0.617. Similarly, the nature of the 2e′ and
1e′′ orbitals and their occupation numbers lead to smaller s
(1.625) but larger p (0.919) populations on the Al atoms in2E′
(D3h) in comparison with the corresponding populations in2E′′
(D3h). As seen in Table 1, the dipole moment of2A1 (C2V) is
2.69 D, which is larger in magnitude than 1.34 D for2B1.

A critical comparison of the Mulliken populations of the
neutral cluster and the positive ion reveals that the ionization
particularly causes depletion of the charge density on the 3s
and 3p orbitals of Al rather than the P site. It agrees with the
fact that the ionization potential of Al is lower than that of P.

The 3A2′ and 1A1′ states have the same configuration, and
thus, their Mulliken populations are very close. The2E′ state is
composed of Al (s1.625p0.919) and P (s1.807p3.569), in which both
Al (s) and Al (p) are noticeably larger than the corresponding
values in the3A2′ and 1A1′ states. Since the 2e′ orbital is
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predominantly Al(s)+ Al(p), removal of a 2e′ electron decreases
the Al populations.

E. Electronic States of Al2P3. The computed properties of
two distorted2A2 and 2A1 electronic states of Al2P3 in C2V
symmetry are listed in the second half of Table 1. In contrast
to Al3P2, Al2P3 has2A2′′ (D3h) as its ground state. Though the
two distorted states2A2 and2A1(C2V) are derived from the2E′′
and2E′ (D3h) states, the Jahn-Teller stabilization is smaller than
the energy separation between2A2′′ (or 2A2′) and2E′′ (or 2E′).
Thus,2A2′′ (D3h) prevails as the lowest state of Al2P3. It can be
expected that the Al2P3 cluster possesses an idealD3h symmetry
with a trigonal bipyramid equilibrium geometry. The2A2 (C2V)
state is 0.19 eV above2A2′′ at the CSSCF level. The electron
correlation effects make this energy separation even larger (0.48
and 0.64 eV at the MRSDCI and MRSDCI+ Q levels). The
2E′′ (D3h) state is 0.65 eV above the2A2′′ ground state, while
the2A1′ and2E′(D3h) states are much higher in energy, as both
states are about 2.0 eV above the2A2′′ state.

The Jahn-Teller effect in Al2P3 can be illustrated by a
comparison of the geometrical parameters for the2A2(C2V) and
2E′′(D3h) states. As seen from tables, three equilateral P-P bonds
(2.218 Å) in 2E′′ (D3h) are changed into two elongated P1-P2

and P1-P3 bonds (2.315 Å) and a contracted P2-P3 bond (2.093
Å) in 2A2(C2V) by the Jahn-Teller distortion. However, the
average P-P bond length in the2A2(C2V) state is 2.241 Å, which
is very close to the P-P bonds in2E′′. The Al-Al bond length
in the2E′′(D3h) state is 4.754 Å which is nearly the same as the
average Al-Al distance (4.736 Å) in the2A2(C2V) state, implying
little contribution to the Jahn-Teller distortion from the two
Al atoms. Thus, the Jahn-Teller effect moves the three P atoms
from their ideal equilateral triangular locations in the distorted
states (C2V) of Al2P3.

F. Electronic States of Al2P3
+, Al2P3

-, Ionization Energy,
Electron Affinity and Binding Energies. Table 2 displays the
energy separations for four electronic states of Al2P3

+. The
calculated energy to remove a 2a2′′ HOMO electron from
2A2′′(D3h) of the neutral Al2P3 cluster is 6.79 eV, resulting in a
1A1′ state as a result of the ionization process. Greater energy
would be needed to remove an electron from the 3a1′ orbital of
the2A2′′ ground state of Al2P3, resulting in two excited electronic
states, namely,3A2′′ and1A2′′. Their ionization energies are 7.67
and 9.15 eV, respectively. The calculated energy to remove an
1e′′ electron from the2A2′′ ground state of the neutral Al2P3 is
8.24 eV, resulting in the3E′ state. Among these states, the lowest
state is the1A1′ state, while the3A2′′ state is 0.88 eV above at
the MRSDCI level. We thus conclude that the Al2P3

+ ion would
have a closed-shell1A1′ ground state and it cannot undergo
Jahn-Teller distortion.

The ground state of the Al2P3
- anion is1A1′ with a regular

trigonal bipyramidD3h structure. Table 2 shows the geometrical
parameters. As seen from the table, the electron affinity of Al2P3

is 2.30 eV at the MRSDCI level. The P-P (2.250 Å) bond
length in the1A1′ state of Al2P3

- is contracted, while the Al-
Al (4.313 Å), Al-P (2.518 Å) bond lengths are elongated
compared to the corresponding bond lengths of Al-Al (4.070
Å), Al -P (2.431 Å), and P-P (2.304 Å) in the neutral ground
state2A2′′. It can be concluded that the attached electron in the
anion is shared among three P atoms in1A1′ of Al2P3

-. This is
consistent with the fact that P has greater EA than Al. However,
it should be noted that the calculated EA of Al2P3 is smaller
than that of Al3P2 which is 2.33 eV. Thus, the theoretical value
is underestimated. It is estimated that the actual EA of Al2P3

should be more than 2.4 eV, and our result is a lower bound.
The attached electron in the anion of Al2P3

- leads to a doubly

occupied 2a2′′ orbital. The1A1′ state of Al2P3
- is composed of

P (s1.835p3.361) and Al (s1.744 pp1.059) Mulliken populations. The
corresponding populations for the2A2′′ state of the neutral Al2P3

are P (s1.845p3.232) and Al (s1.510p0.964). Hence, both s and p
populations on the Al site in the1A1′ state are enhanced by the
attached electron. This agrees with the nature of the 2a2′′ orbital,
which is predominantly Al (s) and Al (p) orbitals.

The dissociation energy for the process

was computed to be 7.90 eV at MRSDCI level. Combining this
with the atomization energy of P3

48 to yield three P (4S) atoms
which is 6.27 eV, we have obtained the atomization energy of
Al2P3 as 14.17 eV at the MRSDCI level.

There is significant decrease in the 3s and 3p Mulliken
populations on the Al atoms caused by the ionization. The
removed electron comes from 2a2′′, which has Al (s) and Al
(px) as its principal components. Thus, charge depletion of the
Al site appears in the1A1′ state of Al2P3

+.
G. Assignment of Observed Spectra of Al2P3

-. The anion
photoelectron spectra of Al2P3

- have been obtained at 266 nm
by Gomez et al.1 The observed spectra differ from Al3P2

- in
having a very sharp and intense X band followed by a weaker
set of peaks. As seen from Table 2, our computations are
consistent with this contrast in that both the anions and neutral
Al2P3 haveD3h structures due to their1A1′ and X2A2′′ ground
states, both of which cannot undergo Jahn-Teller distortion.
As seen from Table 2, the geometries of the two species are
remarkably similar, except that the Al-Al axial distance is
shortened upon removal of the electron from the anion and the
P-P distances are elongated. Moreover, as seen from Table 3,
we find a totally symmetric stretch vibrational mode to have a
frequency of 481 cm-1 for the X ground state. This is in close
agreement with the observed vibrational progression with a
frequency of 465 cm-1. Furthermore, the ground state of Al2P3

cannot undergo Jahn-Teller distortion, and we thus assign this
to the totally symmetric (A1′) breathing mode of Al2P3, which
is not IR active but Franck-Condon active in the anion
detachment spectrum, as it has totally symmetric A1′ representa-
tion, as seen from Table 3. The lowering of symmetry was
suggested as a possibility by Gomez et al., but we rule out this
on the basis of our computations. This is because the neutral
cluster in the X2A2′′ ground-state cannot undergo Jahn-Teller
distortion.

We attribute the peaks near 0.6-0.8 eV to the Jahn-Teller
distorted2A2(C2V) state arising from the distortion of the2E′′
state. We have calculated this state at about 0.5-0.6 eV above
the ground state at higher levels of theory. Above this state, we
find only the2A1′ undistorted state, which is 1.9 eV higher than
the ground state, and it is thus an unlikely candidate for the
spectra observed by Gomez et al.

Our computed adiabatic EA is 2.3 eV in reasonable agreement
with the experimental value of 2.739 eV deduced by Gomez et
al. from the observed onset. Again, considering the difficulties
in computing EAs, we believe that this is a reasonable
agreement.

H. Nature of Bonding in Al 2P3 and Ions. The 1a1′ orbital
(1a1 in C2V) is made of P1(s) + P2(s) + P3(s). The 2a1′ (3a1 in
C2V) orbital is [P2(pz) - P3(pz)] + [ Al 1(s) + Al2(s)]. The 3a1′
(5a1 in C2V) orbital is predominantly [Al1(s) + Al2(s)] mixed
with [P1(s) + P2(s) + P3(s)] + P1(py) - [P2 (py) + P3(py)]. The
1a2′′ (1b1 in C2V) orbital is Al1(s) - Al2(s). The 2a2′′ (3b1 in
C2V) orbital is a mixture of Al1(s) - Al2(s) and Al1(px) + Al2-
(px), which is an antibonding orbital because the two Al atoms

Al2P3 (2A2′′) f P3 (2A2) + 2Al (2P)
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not only have s orbitals but also p orbitals overlapping with
opposite lobes along thex axis. The 1e′ orbital (2a1 and 1b2 in
C2V) possesses two parts: 2P1(s) - [P2(s) + P3(s)] and [P2(s)
- P3(s)]. The 2e′ orbital (4a1and 2b2 in C2V) is a combination
of [P2(py) + P3(py)] + [P2(pz) - P3(pz)] and [P2(py) - P3(py)]
+ [4P1(pz) + P2(pz) +P3(pz)]. The 1e′′ (2b1 and 1a2 in C2V)
orbital, which is made of 2P1(px) - [P2(px) + P3(px)] together
with [P2(px) - P3(px)] and the [Al1(pz) - Al2(pz)], is non-
negligible.

The difference between for the first two low-lying2A2′′ and
2E′′ (D3h) states is in the occupancies of the 2a2′′ and 1e′′
orbitals. The 1e′′ orbital is bonding between the Al and P atoms,
and it is fully occupied (four electron) in the2A2′′ state, resulting
in shorter Al-P bonds (2.431 Å). The 2a2′′ orbital consists of
a repulsive interaction between two the two Al atoms in which
not only s orbitals but also p orbitals of the Al atoms overlap
with opposite lobes along thex axis. This explains the higher
energy of2E′′, which has a doubly occupied 2a2′′. Hence, the
2E′′ state has a more elongated Al-Al (4.697 Å) bond than
that (4.070 Å) of2A2′′, which has only one electron in 2a2′′.

Likewise, the difference in the properties for the distorted
2A2 and2A1 states in theC2V symmetry arises as a consequence
of the occupancies of the 5a1 and 1a2 orbitals. The 5a1 orbital
is bonding not only between the three P atoms but also two Al
atoms. However, the 1a2 orbital contains aπ antibonding
between the P2 and P3 atoms. Thus, the 5a1 orbital exhibits
enhanced bonding, and it is fully occupied in the2A2 (C2V) state,
resulting in lower energy than2A1 (C2V), which has only an
electron in 5a1. On the contrary, the 1a2 orbital is fully occupied
by 2A1 (C2V) leading to a longer P2 -P3 bond (2.232 Å)
compared to the P2-P3 (2.093 Å) bonds in the2A2 (C2V) state.

The Mulliken populations suggest Al+P- polarity of bonds
for all the electronic states of Al2P3. It is notable that the P (p)
populations are smaller than the corresponding values for Al3P2.
This is consistent with the fact that the charge transferred from
the two Al atoms to P is shared by three P atoms in Al2P3,
while the charge transferred from the three Al atoms is shared
by two P atoms in the case of Al3P2. The Mulliken population
differences between the first two undistorted2A2′′ and2E′′(D3h)
states of Al2P3 depend on the Al site, consistent with the nature
of the 2a2′′ and 1e′′ orbitals. The 1e′′ orbital has a nonnegligible
Al (p) participation and is fully occupied in2A2′′. This would
result in enhanced 3p population on Al (0.964) in2A2′′, which
is larger than that (0.672) of2E′′. But the 2a2′′ orbital has Al(s)
as its main component, and it is fully occupied by2E′′, leading
to a higher 3s population on Al (1.854) in2E′′ than that (1.510)
of 2A2′′.

Among the distorted states of Al2P3 (C2V symmetry), the
populations of Al(s), P1(s) and P2(s) for the2A2 state are 1.859,
1.848, and 1.873, respectively. They are larger than the
corresponding values in the2A1 state (1.314, 1.837, and 1.834).
Since the 5a1 orbital is composed of Al(s), P1(s), and P2(s), it
includes the contributions from the 3s orbitals of the Al and P
atoms, and it is doubly occupied in the2A2 state but singly
occupied in2A1. It introduces larger s Mulliken populations on
the Al and P atoms in the2A2 state. The 1a2 orbital is composed
of 3p of the Al atoms, and it is fully occupied in the2A1 state,
resulting in a larger Al(p) population (1.140) in2A1 than in2A2

(0.660).
I. Comparison of M3P2 (M ) Al, Ga, and In). The isovalent

Ga3P2 and In3P2 clusters were previously investigated by the
authors,31,32 and thus, comparison of the electronic states for
the M3P2 (M ) Al, Ga and In) clusters is warranted. Table 4
lists the energy separations and geometries of the distorted states

(C2V), while Table 5 shows the corresponding values for the
undistorted electronic states (D3h). There are many similarities
among the three clusters. For example, all the three species have
two closely spaced low-lying electronic states,2E′ and2E′′, in
theD3h symmetry, and all the quartet states are well above the
lowest state. It is expected that2E′ and2E′′ (D3h) would undergo
the Jahn-Teller distortion. Consequently, the2A1 and2B1 states
in C2V symmetry shown in Table 4 are the Jahn-Teller
components of the2E′ and2E′′ states. Analogous to Al3P2, the
Ga3P2 and In3P2 clusters undergo the Jahn-Teller effect, as
demonstrated by comparing the geometries of the distorted and
undistorted states. As shown in the tables, the averaged M-M
bond lengths of the ground states (C2V) for Ga3P2 and In3P2 are
3.714 and 4.351 Å, respectively. These are comparable to the
bond lengths between the three metal atoms that form an
equilateral triangular base in the corresponding undistorted states
of M3P2 (M ) Ga, In): 3.665 and 4.450 Å respectively.
However, the actual M-M bonds differ. The P-P distances in
the ground states (C2V) of M3P2 (M ) Ga, In) are 2.575 and
2.204 Å, respectively. These values are close to the P-P bond
lengths in the undistorted states (D3h): 2.587 and 2.226 Å,
respectively, at the same level. The metal bond lengths in the
ground states of M3 are 2.521, 2.51, and 2.97 Å47-49 for M )
Al, Ga, and In, respectively. They are clearly much shorter than
the M-M bonds in M3P2 shown in Tables 4 and 5. It is
concluded that the M-M bonds in M3P2 are dramatically
weakened by the interaction between M and P.

On the other hand, there exist differences among the three
clusters. As seen from Table 4,2A1 (C2V) is relatively stable
ground state of Al3P2, while 2B1 is definitely the lowest state
for In3P2 at all levels of theory. For Ga3P2, the lowest state is
2B1 at the CASSCF level. However, it is noticed that the energy
separation between the2B1 and 2A1 states is only 0.07 eV at
the CASSCF level and it is sensitive to the electron correlation
effects, which influence the ordering of these two states. Finally
the2A1 state becomes the ground state of Ga3P2 at the MRSDCI
and MRSDCI+ Q levels.

The P-P bond lengths of the2A1 (C2V) ground states in Al3P2

and Ga3P2 are 2.443 and 2.575 Å, respectively, and both of
them are longer than the P-P bond length (2.204 Å) in the2B1

(C2V) state of In3P2, implying a stronger P-P bonding in In3P2.
This can be understood as indium is more metallic than gallium
and aluminum. Since the P-P bond is shorter in In3P2, the P1-
In1-P2 and P1-In2-P2 angles in the ground state of In3P2 are
45.2 and 47.2°, respectively, compared to the corresponding
angles of 64.8° and 57.3° of In3P2 and 68.2° and 59.3° of Ga3P2,
respectively.

All 2A1 states of M3P2 have enhanced M1 (p) populations,
while all 2B1 states exhibit larger M1 (s) populations. This is a

TABLE 4: Comparison of Geometries and Energy
Separations for the Electronic States of M3P2 in C2W
Structure (M ) Al, Ga, In)

system Al3P2 Ga3P2 In3P2

state 2A1
2B1

2A1
2B1

2B1
2A1

M3P2 M2-M1-M3 (deg) 69.5 70.9 67.8 72.8 73.6 67.2
P1-M1-P2 (deg) 64.8 48.0 68.2 49.1 45.2 64.0
P1-M2-P2 (deg) 57.3 50.7 59.3 51.4 47.2 56.7
M1-M2 (Å) 3.529 3.801 3.576 3.812 4.081 3.872
M2-M3 (Å) 4.023 4.409 3.991 4.527 4.890 4.285
M1-P1 (Å) 2.279 2.680 2.296 2.713 2.867 2.467
M2-P1 (Å) 2.547 2.543 2.603 2.599 2.753 2.753
P1-P2 (Å) 2.443 2.178 2.575 2.256 2.204 2.613
E (CASSCF) (eV) 0.00 0.48 0.07 0.00 0.00 0.64
E (MRSDCI) (eV) 0.00 0.60 0.00 0.15 0.00 0.21
E (MRSDCI + Q)
(eV)

0.00 0.51 0.02 0.10 0.00 0.16
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consequence of different occupancies for the 5a1 and 2b1 orbitals
in these two states. The 2b1 orbital, which contains M (p) as its
main component, is doubly occupied by2A1 but singly by2B1,
resulting in M (p) populations in the2A1 states of the three
clusters. On the contrary, the 5a1 orbital is predominantly M
(s), and it is fully occupied in2B1 but singly occupied in2A1,
leading to enhanced M (s) populations in the2B1 states of the
M3P2 species.

The Mulliken populations indicate other differences among
the three clusters. The gross P populations in the ground states
of Al3P2 and In3P2 are 5.574 and 5.624, respectively, implying
that there is more charge transfer from the In to P atoms in
In3P2. This is consistent with the fact that the indium atom is
more electropositive than Al.

J. Comparison of M2P3 (M ) Al, Ga, and In). There are
some striking differences among the three clusters of M2P3

compared to M3P2. Table 6 displays the geometries and energy
separations for the electronic states of M2P3 in theD3h trigonal
bipyramid structure. As seen from the table, the2A2′′ and2E′′
(D3h) states are the first two low-lying electronic states in all
three M2P3 clusters, and they are comparatively close in energy
while the other doublet states (2A1′ and2E′) are well above the
ground state (>1.64 eV). In the case of Al2P3, 2A2′′ (D3h) is the
ground state. But for Ga2P3, the 2E′′ (D3h) state is the lowest
state in at the CASSCF level and would undergo the Jahn-
Teller distortion. However, the2A2′′ state is 0.15 eV immediately
above the2E′′ state at the same level and this energy separation
is sensitive to the electron correlation effects and thus the energy
order of these two states changes. The Jahn-Teller distortion
energy is 0.11 eV at the MRSDCI level, and finally, the distorted
2B1 (C2V) state turns out to be the ground state of Ga2P3. The

undistorted2A2′′ (D3h) is nearly-degenerate with the distorted
2B1 (C2V) because the energy separation between2B1 and2A2′′
is only 0.05 eV at the MRSDCI level. In the case of the In2P3

cluster, the2E′′ (D3h) state is 0.64 and 0.40 eV above the2A2′′
state at the CASSCF and MRSDCI levels, respectively. It is
expected that the2E′′ (D3h) state would undergo the Jahn-Teller
distortion; thus, the distorted2B1 (C2V) state is naturally the
ground state of In2P3.

As can be seen from Tables 5 and 6, the M-M bond lengths
in the ground state (D3h) of M2P3 are even longer compared to
the M-M bonds in the ground state (D3h) of M3P2, implying
that the M-M bonds in M2P3 are further weakened in the
clusters M2P3. It can be concluded that the P-P and P-M bonds
play a more important role in M2P3 compared to M3P2.

Following the periodic trend, the In-In bond length in In2P3

is longer than the corresponding Al-Al and Ga-Ga bonds in
Al2P3 and Ga2P3. The P-P bond length (2.229 Å) in the ground
state of In2P3 is the shortest among the three clusters considered
here. The reason can be easily understood by the fact that the
In atom is located below the Al and Ga atoms within the same
column in the periodic table, and thus In is more metallic than
the Al and Ga atoms. With shorter P-P but longer In-In bonds
in In2P3, the In1-P-In2 angle in the ground state of In2P3 is
127.7°, and it is more open compared to 113.9° for Al2P3 and
112.9° for Ga2P3.

We note that the gross In (s) In2P3 is 1.901, which is
significantly larger than the corresponding value for Al (1.510)
in 2A2′′ (D3h) and Ga (1.624), respectively. This should be
mainly due to the relativistic mass-velocity stabilization50 of
the 5s2 shell of the indium atom in comparison to the 3s2 and
4s2 shells of aluminum and gallium atoms, respectively. This

TABLE 5: Comparison of Geometries and Energy Separations for the Electronic States of M3P2 in the D3h Trigonal
Bipyramid Structure (M ) Al, Ga, in)

state CASSCF MRSDCI
system C2V D3h M-M (Å) M -P (Å) P-P (Å) E (eV) M-M (Å) M -P (Å) P-P (Å) E (eV)

Al3P2
2A1, 2B2

2E′ 3.619 2.439 2.516 0.33 3.608 2.430 2.503 0.23
2B1, 2A2

2E′′ 4.032 2.585 2.248 0.65 4.007 2.568 2.229 0.64
4B1

4A2′′ 2.963 2.483 3.599 2.47 2.907 2.451 3.572 2.11
4A2

4A1′′ 3.961 2.549 2.252 2.97 3.929 2.532 2.250 2.44
4A1, 4B2

4E′ 3.412 3.075 3.075 2.73 3.398 2.489 3.064 2.58
Ga3P2

2B1,
2A2

2E′′ 4.150 2.650 2.264 0.12 4.097 2.620 2.253 0.12
2A1, 2B2

2E′ 3.665 2.480 2.587 0.45 3.661 2.472 2.564 0.28
4A2

4A1′′ 3.183 2.450 3.241 1.63 3.188 2.450 3.234 1.05
4B2

4A2′ 2.758 2.425 3.658 1.75 2.754 2.416 3.638 1.08
4A1

4E′ 3.575 2.620 3.228 2.57 3.511 2.577 3.182 2.18
4B1

4E′′ 3.069 2.578 3.745 2.72 3.009 2.527 3.670 2.22
In3P2

2B1, 2A2
2E′′ 4.450 2.800 2.226 0.15 4.354 2.760 2.279 0.00

2A1, 2B2
2E′ 4.000 2.650 2.599 0.93 4.000 2.650 2.599 0.40

4A2
4A1′′ 3.500 2.650 3.429 2.00 3.468 2.624 3.392 1.24

4B2
4A2′ 3.089 2.631 3.869 2.17 3.050 2.600 3.826 1.58

4A1
4E′′ 3.901 2.817 3.384 2.76 3.839 2.775 3.339 2.04

4B1
4E′ 3.414 2.795 3.963 3.15 3.334 2.728 3.866 2.37

TABLE 6: Comparison of Geometries and Energy Separations for the Electronic States of M2P3 in the D3h Trigonal
Bipyramid Structure (M ) Al, Ga, In)

state CASSCF MRSDCI
system C2V D3h P-P (Å) M-P (Å) M-M (Å) E (eV) P-P (Å) M-P (Å) M-M (Å) E (eV)

Al2P3
2B1

2A2′′ 2.300 2.434 4.080 0.00 2.304 2.431 4.070 0.00
2B1,

2A2
2E′′ 2.218 2.700 4.754 0.65 2.209 2.672 4.697 0.76

2A1
2A1′ 2.274 2.447 4.130 2.09 2.272 2.431 4.093 1.94

2A1,
2B2

2E′ 2.274 2.653 4.610 2.11 2.257 2.632 4.573 2.18
Ga2P3

2B1
2A2′′ 2.373 2.479 4.132 0.15 2.315 2.464 4.140 0.05

2B1,
2A2

2E′′ 2.257 2.760 4.866 0.00 2.215 2.725 4.813 0.11
2A1,

2B2
2E′ 2.310 2.716 4.732 1.80 2.269 2.685 4.687 1.64

In2P3
2B1,

2A2
2E′′ 2.229 2.921 5.244 0.35 2.218 2.898 5.199 0.25

2B1
2A2′′ 2.350 2.652 4.557 0.99 2.323 2.639 4.546 0.65

2A1, 2B2
2E′ 2.290 2.885 5.128 1.99 2.272 2.861 5.085 1.97
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is also the primary factor for the weakening of the metal-metal
bond in the electronic states of In2P3 in comparison to that of
Al2P3 and Ga2P3.

The matrix-isolated ESR spectra of Ga2As3 in Ar and Kr
matrixes were observed by Van Zee et al.12 Comparing their
results with those for the isovalent M2P3 is of interest. The
matrix ESR of Ga2As3 reveals that it is in a doublet spin state.
The hyperfine structure consistent with three equivalent As
atoms arranged in a regular trigonal bipyramidal structure. As
seen from Table 6, the regular2A2′′ (D3h) state prevails as the
ground state of Al2P3, and it would not undergo the Jahn-Teller
distortion. Although the distorted2B1 state is the lowest state
for the Ga2P3 cluster at the MRSDCI level, the undistorted2A2′′
(D3h) state is nearly degenerate with the2B1 state. Therefore,
either state can be favored in the matrix, but high-order
correlation effects seem to favor theD3h structure. The In2P3

cluster definitely has a distorted2B1 ground state. Thus, we
expect some similarity among Ga2As3, Al2P3 and Ga2P3, but
In2P3 differs from the lighter analogues.
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