
Chemical Physics 399 (2012) 23–27
Contents lists available at ScienceDirect

Chemical Physics

journal homepage: www.elsevier .com/locate /chemphys
Theoretical study of the XP3 (X = Al, B, Ga) clusters

Leonardo T. Ueno a, Cinara Lopes b, Thaciana Malaspina c, Orlando Roberto-Neto d, Sylvio Canuto e,⇑,
Francisco B.C. Machado b,⇑
a Faculdade de Ciências Integradas do Pontal, Universidade Federal de Uberlândia, Av. José João Dib, 2545, 38302-000 Ituiutaba, MG, Brazil
b Departamento de Química, Instituto Tecnológico de Aeronáutica, 12228-900 São José dos Campos, SP, Brazil
c Instituto de Ciência e Tecnologia da UNIFESP, Rua Talim, 330, 12231-280 São José dos Campos, SP, Brazil
d Divisão de Aerotermodinâmica e Hipersônica, Instituto de Estudos Avançados, 12228-840 São José dos Campos, SP, Brazil
e Instituto de Física, Universidade de São Paulo, CP 66318, 05314-970 São Paulo, SP, Brazil

a r t i c l e i n f o a b s t r a c t
Article history:
Available online 23 June 2011

Keywords:
Molecular clusters
Semiconductor clusters
Ab initio calculations
Geometrical and spectroscopic
characterization
Complete basis set limit
0301-0104/$ - see front matter � 2011 Elsevier B.V. A
doi:10.1016/j.chemphys.2011.06.004

⇑ Corresponding authors. Tel.: +55 11 30916805 (S
E-mail addresses: canuto@if.usp.br (S. Canuto), fm

do).
The lowest singlet and triplet states of AlP3, GaP3 and BP3 molecules with Cs, C2v and C3v symmetries were
characterized using the B3LYP functional and the aug-cc-pVTZ and aug-cc-pVQZ correlated consistent
basis sets. Geometrical parameters and vibrational frequencies were calculated and compared to existent
experimental and theoretical data. Relative energies were obtained with single point CCSD(T) calcula-
tions using the aug-cc-pVTZ, aug-cc-pVQZ and aug-cc-pV5Z basis sets, and then extrapolating to the com-
plete basis set (CBS) limit.
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1. Introduction

Clusters have been receiving a great deal of attention since they
are important intermediates between isolated molecules and bulk
material. Understanding their physical properties may allow better
design of systems of potential technological interest. For these rea-
sons clusters formed by III–V semiconductor have been subjected
to both experimental and theoretical studies [1–7]. These studies
were undertaken to understand their structures, spectroscopy,
chemical reactivity and the changes of properties when these
materials are reduced to the nanometer scale.

A series of aluminum clusters doped with phosphorus have
already been observed in a few experimental works [1,2,8]. Liu
et al. [1] synthesized and studied the mass distribution of alumi-
num phosphide clusters in the gas phase by laser ablation of solid
samples of aluminum compound in high vacuum. Anion photoelec-
tron spectra was used by Gomez et al. [2] to measure electron
affinities, vertical detachment energies, and vibrational frequen-
cies of the corresponding neutral and anion of AlxPy (x, y 6 4) clus-
ters. De Maria et al. [8] determined the dissociation energy of the
gaseous AlP molecule with Knudsen-cell-mass-spectrometer.
There are substantially more theoretical works related to Al and
P clusters [9–21]. Specifically for the AlP3 system, the first theoret-
ll rights reserved.
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ical work was made by Feng and Balasubramanian [3], using
MCSCF, CASSCF and MRSDCI methods, with the ground state
(3A2) presenting C3v symmetry. This conclusion changed with the
work of Archibong et al. [4] using the B3LYP, MP2 and single-point
CCSD(T) methods in which two singlet states, 1A1 (C2v) and 1A0 (Cs)
are found more stable and almost degenerate, while the triplet 3A2

(C3v) lying at least 0.5 eV higher. Guo et al. [22,23] calculated the
adiabatic electron affinities and vertical detachment energies of
several AlnPm (n + m = 3–6) neutral and anionic isomers, with the
AlP3 isomer ground state related to a singlet C2v structure. More re-
cently, Guo et al. [24] have characterized the AlmPn (m + n = 2–5)
clusters, neutral and anions, using DFT methodology with several
functionals. The relative stability of the two lowest singlet states
with C2v and Cs symmetries were studied by Malaspina et al. [25]
using ab initio (MP2 and CCSD(T)), DFT (B3LYP and B3PW91 func-
tionals) and Brueckner orbital methods, with cc-pVXZ (X = 2, 3, 4
and 5) basis set. The C2v structure was found to be more stable than
the Cs one, with their best results calculated at the CCSD(T)/CBS//
B3LYP-cc-pVTZ level and differing by only 1.57 kcal mol�1. The rel-
ative abundance and interconversion ratio of these two lowest
structures were also analyzed by Malaspina and Canuto [26].

Experimentally, there are some works related to clusters con-
taining gallium and phosphorus elements. Li et al. [6] prepared
GaP, Ga2P and GaP2 clusters by laser vaporization and observed
the vibrational spectra of these clusters at 4 K. Taylor and cowork-
ers reported photoelectron spectroscopy of gallium and phospho-
rus anion clusters [27–29] to determine adiabatic electron
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affinities and vertical detachment energies. Ga3P nanocrystals un-
der solvothermal conditions in benzene were studied by Gao et al.
[30]. Theoretically, the structure, stability and melting point of
small GaP clusters were first studied by Andreoni [31] using molec-
ular dynamics. Feng and Balasubramanian [32–35] characterized
the geometry and the energy stability of the low-lying states of
several GaP clusters employing CASSCF and MRSDCI. Archibong
et al. [36–39] computed the geometry, vibrational frequencies
and electron affinities of small gallium clusters doped with phos-
phorus employing MP2, CCSD(T) and DFT methods. The geometry
and vibrational frequencies of several isomers of small (MX)n clus-
ters (n = 1, 2, 3; M = Al, Ga, In; X = P, As) were investigated using
DFT method by Costales et al. [40]. Using B3LYP/6-31G(d) method-
ology, Jia and Wu [41] studied the structure and photoelectron
spectra of some GanPm (n < 5, m < 5) clusters, and Li et al. [7] have
examined the GanP and GanP2 (n = 1–7) clusters. The structure,
electron affinities and vibrational frequencies of GamPn (m + n =
2–5), neutral and anion clusters were studied by Guo and Wu
[42] using four different DFT functionals.

There are significantly less works related to boron and phospho-
rus clusters in comparison to aluminium and gallium clusters
doped with phosphorus. Experimentally, the only cluster studied
is the boron monophosphide, BP, in which Gingerich applied
Knudsen mass spectrometry [43] to determine its dissociation en-
ergy. Theoretically, the dissociation energy and other molecular
parameters were reported by Boldyrev et al. [44,45], Gan et al.
[46] and Chan and Handy [47]. Also, Bruna and Grein calculated
the electron-spin g-shifts, ground state equilibrium geometry and
vertical excitation energies of BP [48], while Miguel et al. [49] used
MRDCI to study the ground and excited states of the BP molecule.
For small clusters, Burrill and Grein investigated the geometries
and electronic states of B2P2 [50]. Linguerri et al. [5] studied the an-
ion and cation structures of BP and B2P2 using MRCI and RCCSD(T)
methods. The stability and structure of (BP)n (n = 2–4) clusters have
been calculated by Qu et al. [51], and Ončák and Srnec [52] studied
the electronic structure of various IIIa–Va clusters, including (BP)n

(n = 1–3), using ab initio and DFT methods. To the best of our
knowledge, there are no data related to BP3 molecule, and this
work is the first study of the relative stability of its lowest states.

This work aims at providing accurate data related to electronic
and structural parameters of AlP3, BP3, GaP3 clusters using the
B3LYP functional and the CCSD(T) method, with the use of the
aug-cc-pVTZ, aug-cc-pVQZ and aug-cc-pV5Z correlated consistent
basis sets. More accurate determination of the energetic parame-
ters was obtained with extrapolation to the complete basis set
(CBS) limit. In this way, this article provides improved information
and a detailed and unified study of these clusters now computed at
the same level to facilitate comparison.
Fig. 1. Structures of XP3 (X = B, Al, Ga) clusters.
2. Methodology

The geometrical optimization and vibrational harmonic fre-
quencies of all isomers and electronic states of AlP3, BP3, GaP3 clus-
ters were calculated employing the B3LYP density functional
[53,54]. The relative energies were calculated with the B3LYP func-
tional and also employing single-point coupled cluster calculations
at the level of coupled cluster with single and double excitations
and perturbed triple excitation (CCSD(T)) [55] using B3LYP opti-
mized geometry.

Relative energies, including extrapolation correction and ZPE,
were calculated with B3LPY/aug-cc-pVXZ (X = T, Q) and CCSD(T)/
aug-cc-pVXZ (X = T, Q, 5)//B3LPY/aug-cc-pVQZ, for the lowest sin-
glet and triplet energy states with Cs, C2v and C3v symmetries.
The basis sets used in this study were the correlated consistent
aug-cc-pVTZ, aug-cc-pVQZ and aug-cc-pV5Z of Dunning and col-
laborators [56,57]. Total energies were extrapolated to the com-
plete basis set (CBS) limit by using an extrapolation procedure
developed by Halkier et al. [58],

ECBS ¼
½EðnÞ � n3� � ½Eðn� 1Þ � ðn� 1Þ3�

n3 � ðn� 1Þ3
;

where n is equal to 5 for the aug-cc-pV5Z basis set.
All calculations were carried out with Gaussian03 [59] suite of

program.
3. Results and discussion

3.1. AlP3 cluster

The AlP3 is a relatively well studied molecule where the main
objective has been related to the relative stability of the different
isomers. The geometrical parameters of the lowest singlet and trip-
let states with Cs, C2v and C3v symmetries were obtained with the
B3LYP functional using both the aug-cc-pVTZ and aug-cc-pVQZ
basis sets. The structures related to these symmetries that were
optimized for BP3, AlP3 and GaP3 are displayed in Fig. 1. All struc-
tural and vibrational frequencies data are available in the Support-
ing material.

The increase in atomic basis set size leads to a small decrease in
the bond length distances by about 0.007 Å, while the angles re-
mained almost the same. The geometry optimization using
B3LYP functional were also carried out in the previous works
[4,22,24,26]. Malaspina and Canuto [26] have also optimized both
singlet Cs and C2v lowest energy structures using the B3LYP/aug-
cc-pVTZ method obtaining the same geometrical parameters, as
expected. Archibong et al. [4] and Guo et al. [24] investigated sev-
eral electronic states using the 6-311+G (2df) basis set with similar
geometrical parameters. The geometry of the C2v (1A1) ground state
were also optimized by Guo et al. [24] using BHLYP, BP86 and BLYP
functionals and 6-311+G (2df) basis set, and the results show that
the BHLYP method predict smaller bond distances. Ab initio MP2
optimizations were made by Malaspina and Canuto [26] and
Archibong et al. [4]. The post-HF CASSCF and MRSDCI methods
were employed by Feng and Balasubramanian [3] in the study of
singlet and triplet C3v states, but in all cases these states do not cor-
relate to our optimized states.

The values of the vibrational frequencies calculated at the
B3LYP/aug-cc-pVXZ (X = T, Q) levels present, in general, a slight
increase with the basis sets changing from aug-cc-pVTZ to aug-
cc-pVQZ. The frequencies calculated by Malaspina and Canuto
[26] for the singlet Cs and C2v states are identical to the present re-
sults, as expected. The vibrational frequencies were also calculated
by Guo et al. [24] and Archibong et al. [4] using the B3LYP func-
tional with different basis set, and their values differ no more than
5 cm�1, compared to the present results. The Cs electronic states
(3A0 and 1A0) and the C2v states (3A2 and 3B2) were characterized
as transition states with one imaginary frequency, as already calcu-
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lated by Archibong et al. [4]. The previous results using different
functionals (BHLYP, BP86, BLYP) were calculated only for the sin-
glet ground state with symmetry C2v (1A1) [24], with BLYP and
BHLYP giving, respectively, smaller and greater values compared
to the present results. Compared to the present B3LYP frequencies,
the inclusion of correlation effects with MP2/6-311+G (2df) [4,26]
lead to similar frequencies for the singlet Cs and C2v states,
although there is a small tendency to give higher values. However,
for the triplet C2v and C3v states all MP2 frequencies present con-
siderable differences to our optimized states.

As mentioned before, the question of the relative stability of the
electronic states has been the main objective of several works
related to AlP3 molecule. In Table 1 are presented the relative ener-
gies of the lowest energy states with Cs, C2v and C3v symmetries.
The data presented in Table 1 indicate clear presence of two states
of lowest energy, C2v (1A1) and Cs (1A0) which are almost degener-
ate. In all cases the C2v state is the ground state, and the separation
energy gets larger increasing the basis set. The B3LYP/aug-cc-pVQZ
separation energy is equal to 1.10 kcal/mol and the single point
CCSD(T)/aug-cc-pV5Z and CCSD(T)/CBS results are respectively
equal to 1.73 and 2.01 kcal/mol. These results are in good agree-
ment with previous works [4,22,25]. Archibong et al. [4] using
B3LYP, MP2 and single-point CCSD(T) methods with the 6-
311+G(2df) basis set, concluded that singlet the C2v (1A1) is the
ground state, but almost degenerate with the Cs (1A0) state with
an stability of only 0.23 kcal/mol (CCSD(T)//MP2) or 0.46 kcal/
mol (CCSD(T)//B3LYP) higher than the C2v state. Guo et al. [22]
using the B3LYP/6-311G⁄ method also obtained the singlet C2v

state to be the ground state, but the singlet Cs state located only
1.84 kcal/mol above. Malaspina et al. [25] employing ab initio
and DFT methods also studied the relative energy of the lowest
states C2v (1A1) and Cs (1A0), presenting in all cases the C2v (1A1)
state as ground state. In their best results calculated using the
geometries optimized at B3LYP/cc-pVTZ level, the Cs state is
1.55 kcal/mol above the ground state at CCSD(T)/cc-pV5Z level,
and is 1.57 kcal/mol calculated at CCSD(T)/CBS. These values can
be compared with the present results at CCSD(T)/aug-cc-pV5Z le-
vel, equal to 1.73 kcal/mol, while, at the CCSD(T)/CBS it is equal
to 2.01 kcal/mol. However, the CBS results are calculated using dif-
ferent extrapolation schemes. Using the Halkier et al. extrapolation
procedure [58], the Malaspina et al. [25] result changes to
Table 1
Relative energies (in kcal/mol) of AlP3 low-lying states. The B3LPY/aug-cc-pVXZ
(X = T, Q) results include ZPE and CCSD(T)/aug-cc-pVXZ (X = T, Q, 5)//B3LPY/aug-cc-
pVQZ results are without ZPE.

State aug-cc-pVTZ aug-cc-pVQZ aug-cc-pV5Z CBS

Cs (1A0) 0.73ª 1.10ª 1.73b 2.01b

0.50b 1.46b

Cs (1A0) 11.75ª 12.19a 13.11b 13.54b

11.30b 12.70b

Cs (3A0 0) 12.43a 12.80a 18.66b 19.23b

16.87b 18.12b

Cs (3A0) 18.51a 18.83a 17.87b 17.87b

17.51b 17.87b

C2v (1A1) 0.00a,b 0.00a,b 0.00b 0.00a,b

C2v (3A2) 19.23a 19.71a 26.49b 27.15b

24.31b 25.86b

C2v (3B2) 24.96ª 25.39a 30.85b 31.47b

35.89b 30.26b

C3v (1A1) 40.37a 40.62a 36.61b 36.37b

37.10b 36.84b

C3v (3A1) 11.37a 11.81a 15.22b 15.64b

13.26b 14.82b

a This work results obtained with B3LYP/aug-cc-pVXZ (X = T, Q). Ground state,
C2v (1A1), total energies: T = �1266.6117626 au; Q = �1266.6263573 au.

b This work results obtained with CCSD(T)/cc-pVXZ//B3LPY/aug-cc-pVQZ. Ground
state, C2v (1A1), total energies: T = �1264.7458098 au; Q = �1264.7870134 au; 5 =
�1264.8026899 au.
1.81 kcal/mol, and our result using the extrapolation proposed by
Varandas [60], as used by Malaspina et al. [25], changes to
1.76 kcal/mol. One could also use the exponential expression pro-
posed by Peterson and Dunning [61], to obtain an extrapolated va-
lue of 2.01 kcal/mol for our results and 1.90 kcal/mol using
Malaspina et al. results. From these works, one can note that the
separation energy increases with the basis set quality, as well as
with the use of highly correlated method. Thus all considered we
conclude that the Cs state should be higher than the C2v state by
1.5–2.0 kcal/mol.

As characterized by Archibong et al. [4], the next excited struc-
ture is also a Cs (1A0) state, which is 13.54 kcal/mol above the
ground state using the CCSD(T)/CBS method. Note that this struc-
ture has an imaginary frequency and it is only 2.10 kcal/mol below
the triplet C3v structure at the CCSD(T)/CBS level, but at the B3LYP
level the C3v structure presents the lowest energy. Next in the en-
ergy ordering are the Cs (3A0) and Cs (3A00) structures, respectively
17.87 and 19.23 kcal/mol above the ground state, followed by
two C2v triplet states, but both states present an imaginary fre-
quency. Note that the singlet C3v (1A1) structure is located very
high energetically.

3.2. GaP3 cluster

Although there are several studies related to gallium phos-
phides, there are no experimental data related specifically to
GaP3 cluster and scarce theoretical works. The B3LYP geometrical
parameters and vibrational frequencies for the ground and low
-lying states of GaP3 are available in the Supporting material.

As observed for AlP3, the change in the basis set from aug-cc-
pVTZ to aug-cc-pVQZ gives, in general, a small reduction of inter-
nuclear distances, and small variation of angles. The ground state
Cs (1A0) was also optimized by Archibong and Mvula [39] and
Guo and Wu [42] using MP2 and B3LYP, BLYP and BP86 functionals
and with the 6-311+G(2df) basis set. In general the results are sim-
ilar, although the BHLYP predicts smaller distances and the BLYP
greater ones. The first excited C2v (1A1), C3v (3A2) and the second
Cs (1A0) states were also optimized by Archibong and Mvula [39]
using the DFT B3LYP and the MP2 method. The C3v (3A2) state
was also optimized by Feng and Balasubramanian [35] with the
use of CASSCF and MRSDCI methods. The two latter methods give
computed bond lengths which are, in general, very close, but with
the MP2 [39] and MRSDCI [35] results presenting the smallest val-
ues, as expected. As calculated for AlP3, we have also optimized
several other structures of Cs, C2v and C3v symmetries not previ-
ously characterized.

The change in basis set did not alter substantially the calculated
values of frequencies. The Cs (1A0), C2v (1A1) and C3v (3A2) states
were studied theoretically by Archibong and Mvula [39], with
B3LYP giving frequencies results that are very similar to our data
and MP2 frequencies, in general, greater than those calculated with
B3LYP. The frequencies of GaP3 were also calculated by Guo and
Wu [42] using four different functionals, with similar data, differ-
ing no more than 40 cm�1. As obtained for AlP3, the second singlet,
Cs (1A0), and the two triplet, C2v (3A2 and 3B2) states have one imag-
inary frequency.

In Table 2 are presented the relative energies of the low-lying
states calculated using the B3LYP functional and single-point
CCSD(T). All calculations clearly indicate the singlet Cs (1A0)
structure is the ground state, in agreement to Archibong and Mvula
[39] and differing from the results obtained by Feng and Balasubr-
amanian [35], which indicated the 3A2 (C3v) structure as the ground
state. At the B3LYP level, the three low-lying states, C3v (3A1), C2v

(1A1) and Cs (1A0) are respectively 7.41, 7.53 and 8.54 kcal/mol
above the ground state and they are almost degenerate. However,
at the CCSD(T)/CBS single point calculations the first excited



Table 2
Relative energies (in kcal/mol) of GaP3 low-lying states. The B3LPY/aug-cc-pVXZ
(X = T, Q) results include ZPE and CCSD(T)/aug-cc-pVXZ (X = T, Q, 5)//B3LPY/aug-cc-
pVQZ results are without ZPE.

State aug-cc-pVTZ aug-cc-pVQZ aug-cc-pV5Z CBS

Cs (1A00) 0.00a,b 0.00a,b 0.00b 0.00a,b

Cs(1A0) 8.52a 8.54a 9.96b 9.71b

9.70b 10.20b

Cs(3A0 0 0) 16.63a 16.77a 21.16b 21.76b

19.67b 20.59b

Cs(3A0) 31.61a 31.76a 25.98b 26.68b

24.91b 25.31b

C2v(1A1) 7.68a 7.53a 4.56b 4.66b

4.37b 4.46b

C2v(3A2) 23.10a 23.34a 29.38b 29.90b

27.76b 28.88b

C2v(3B2) 32.27a 32.53a 33.91b 43.60b

31.62b 33.25b

C3v(1A1) 57.85a 57.96a 48.08b 48.95b

46.96b 47.25b

C3v(3A1) 7.44a 7.41a 11.36b 11.59b

11.26b 11.14b

a This work results obtained with B3LYP/aug-cc-pVXZ (X = T, Q). Ground state, Cs

(1A0), total energies: T = �2949.1094252 au; Q = �2949.1238158 au.
b This work results obtained with CCSD(T)/cc-pVXZ//B3LPY/aug-cc-pVQZ. Ground

state, Cs (1A’), total energies: T = �2946.1966255 au; Q = �2946.3012999 au;
5 = �2946.3989298 au.

Table 3
Relative energies (in kcal/mol) of BP3 low-lying states. The B3LPY/aug-cc-pVXZ (X = T,
Q) results include ZPE and CCSD(T)/aug-cc-pVXZ (X = T, Q, 5)//B3LPY/aug-cc-pVQZ
results are without ZPE.

State aug-cc-pVTZ aug-cc-pVQZ aug-cc-pV5Z CBS

Cs(1A0) 28.87a 29.07a 24.41b 24.36b

24.30b 24.46b

Cs(3A00) 31.90a 32.02a 31.68b 31.59b

31.53b 31.76b

C2v(1A1) 0.00a,b 0.00a,b 0.00b 0.00a,b

C2v(3B2) 9.95a 10.33a 15.86b 16.51b

13.89b 15.24b

C3v(1A1) 25.12a 25.33a 23.24b 23.29b

23.30b 23.19b

C3v(3A1) 67.72a 68.39a 68.61b 68.67b

67.52b 68.55b

a This work results obtained with B3LYP/aug-cc-pVXZ (X = T, Q). Ground state,
C2v (1A1), total energies: T = �1048.9712998 au; Q = �1048.9837314 au.

b This work results obtained with CCSD(T)/cc-pVXZ//B3LPY/aug-cc-pVQZ. Ground
state, C2v (1A1), total energies: T = �1047.4905403 au; Q = �1047.5307427 au;
5 = �1047.5457698 au.
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structure is the C2v (1A1), which is 4.66 kcal/mol above the ground
state followed by the Cs (1A0) (9.71 kcal/mol) and C3v (3A1)
(11.59 kcal/mol) states. These results are in agreement with the
previous assignment of Archibong and Mvula [39], calculated at
CCSD(T)//MP2 level with the C2v (1A1), Cs (1A0) and C3v (3A1) states
lying at 6.47, 8.76 and 10.15 kcal/mol above the ground state,
respectively. The other excited states are very high energetically
and were not studied previously.

3.3. BP3 cluster

In the literature, there are substantially less studies of clusters
of boron with phosphorus in comparison with the combination
of aluminium and gallium with phosphorus. To the best of our
knowledge, there are no experimental data and theoretical works
on BP3 cluster for comparison. In the Supporting material are
presented optimized geometrical parameters using the B3LYP
functional with aug-cc-pVTZ and aug-cc-pVQZ basis sets for the
low-lying singlet and triplet states at the Cs, C2v and C3v symme-
tries, together with the harmonic vibrational frequencies.

There is a small effect on the geometrical parameters when the
basis set is increased from aug-cc-pVTZ to aug-cc-pVQZ, as already
observed for the other clusters. The distances decrease, but no
more than 0.017 Å, and the angles also present a small decrease.
The harmonic frequencies also do not change substantially with
the basis set increase.

The relative energies of the lowest states are presented in Table
3. The ground state of the BP3 cluster is determined to be a singlet
C2v (1A1) as calculated at both B3LYP and single point CCSD(T)
methods. Calculations at the CCSD(T)/CBS level also show that
the first excited state is the triplet C2v (3B2) lying at 16.51 kcal/
mol above the ground state. The next excited structures are the
C3v (1A1) and Cs (1A0) states, which are almost degenerate, lying
23.29 and 24.36 kcal/mol above the C2v (1A1) ground state. The
next state, C3v (3A1), was characterized as a transition state and
the C3v (3A1) state is very high energetically.

3.4. Comparison between BP3, AlP3 and GaP3 cluster

As previously discussed, the ground state structure of BP3, AlP3

and GaP3 have singlet C2v, C2v and Cs symmetries, respectively,
which reflect the change in the atomic radii of the IIIA elements.
For the BP3 cluster, at the CCSD(T)/CBS level, the singlet C2v struc-
ture is more stable than the Cs by as much 24.4 kcal/mol in clear
distinction with the AlP3 cluster where the two singlet structures
are very close in energy, (C2v more stable by about 2.0 kcal/mol).
For the GaP3 cluster the relative stability changes and the singlet
Cs structure becomes more stable than the C2v structure by
4.7 kcal/mol. The change from B to Al doped atom in the XP3

(X = B, Al, Ga) clusters lead, as expected, to a considerable increase
in the X–P distance (1.810–2.296 Å), a small increase in the P2P3

distance (3.410–3.624 Å) and the angle PXP decreases from
140.8�–104.2�. The other P2P4 distance decrease (2.161–2.091 Å)
and there is a considerable increase in the PPP angle (104.1�–
120.1�). The change to Ga atom increases even more the metal-P
distance (2.512 Å in GaP3) and reduce the PPP angle to 71.7�, which
leads the three P atoms structure close to a P3 molecule [62,63].

4. Conclusions

Geometrical parameters and vibrational frequencies of AlP3,
GaP3 and BP3 molecules were obtained using the B3LYP functional
and correlation consistent basis sets of Dunning, and the results are
compared to other results when possible. The main issue related to
these species is the question of the relative energy of their various
isomers. The AlP3 cluster has two lowest C2v (1A1) and Cs (1A0)
states which are very close in energy. In all calculations the C2v

state is found to be the ground state, which is in agreement to most
recent works, while the Cs state, calculated with CCSD(T)/aug-
ccpV5Z and CCSD(T)/CBS methods are located above by, respec-
tively, 1.7 and 2.0 kcal/mol. In relation to GaP3, the singlet Cs

(1A0) is clearly the ground state, followed by C2v (1A1), which is
4.7 kcal/mol above the ground state followed by the Cs (1A0)
(9.7 kcal/mol) and C3v (3A1) (11.6 kcal/mol) states computed at
the CCSD(T)/CBS level. The electronic ground state of BP3 molecule
was unambiguously characterized by the first time as a singlet C2v

(1A1) in both B3LYP and single-point CBS calculations using the
CCSD(T) method. The first excited electronic state is the triplet
C2v (3B2) lying at 16.5 kcal/mol above the ground state. The next
excited structures have symmetries C3v (1A1) and Cs (1A0), which
are 23.3 and kcal/mol above the ground state. Other excited states
were also characterized.
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