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The relative stability of the two isomers of AlP3
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Abstract

The relative stability of the two lowest singlet states of AlP3 (C2V and CS symmetries) is studied using high-level ab initio calcu-

lations. Extrapolation to the infinite basis set limit using CCSD(T)/cc-pVXZ (X = 2, 3, 4 and 5) give the energy difference as 1.6 kcal/

mol, with the C2V structure lying lowest. Triple excitation contribution to the electron correlation effect and large basis sets are

found to be very important. The locations of the two states on the potential energy hyper-surface are obtained to show that they

represent well-defined and stable isomers.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Because of the technological interest associated to

III–V semiconductors there has been interest in alumi-
num–phosphorus systems [1–3]. One natural question

has been when the bulk properties emerge from increas-

ing cluster sizes [4–10]. In the course of these theoretical

studies, neutral AlP3 appeared as a very interesting

molecular system. It has been first suggested to have a

triplet ground state in a pyramidal structure (C3V sym-

metry) [11]. Further theoretical studies [12] have sug-

gested that, in fact, the ground state is singlet in a C2V

or CS symmetry lying considerably lower (at least

12 kcal/mol) than the proposed C3V structure. These

two C2V and CS structures (Fig. 1) were found to be very

close in energy with the C2V lying lowest by less than

1.5 kcal/mol [12]. This is the same situation found for

AlAs3 [13] where the C2V state lies lower than a nearby

CS state but is reversed compared to GaP3 [14]. Recent

theoretical studies [15,16] corroborated this picture dis-
carding the C3V structure in favor of a C2V lying lower

than the CS by a slightly larger energy difference of

�2.5 kcal/mol. The precise characterization of the rela-
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tive energy location of the C2V and CS states is still sub-

jected to uncertainty. Hence, high-order and well-

balanced calculations are now timely and relevant. In

this Letter, we aim at obtaining an accurate determina-
tion of the relative energy of these two isomers. We first

analyze the electron correlation effects quantifying the

role of different contributions to the relative energy.

Next, very accurate energy difference is obtained using

the coupled-cluster theory with extrapolation of the

correlation-consistent basis set to the infinite limit. The

locations of the two states on the complex energy

hyper-surface are obtained to show that the two states
are localized and represent stable and independent

isomers.
2. Theoretical methods

Geometry optimizations are performed using MP2/

aug-cc-pVTZ and B3LYP/cc-pVTZ. In every case

reported here true energy minima were obtained. To

systematically analyze the role of the electron correla-

tion effects post Hartree–Fock (HF) methods are used

in the optimized structures ranging from MP2 to
CCSD(T). In addition, to have a supplementary view,

we also use the Brueckner orbital method [17] at the
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Fig. 1. AlP3 in the C2V (left) and CS (right) symmetries. In the CS

symmetry P3 is out-of-the-plane formed by Al1, P2 and P4.
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BD and BD(T) levels. These methods are described

and compared in [18]. Also, DFT calculations using

different exchange-correlation functionals are used

including the B3LYP [19,20] and B3PW91 [19,21].

Hybrid functionals and the nomenclature are ex-

plained in [22]. Different basis sets are used ranging

from conventional to correlation-consistent cc-pVXZ

(X = 2, 3, 4 and 5) gaussian-type basis functions [23].
All calculations are made using the GAUSSIAN 03

program [24].
3. Discussion of the results

We first analyze the role of the different contributions

to the electron correlation effects. Table 1 shows the cor-
responding energies obtained for the two structures using
Table 1

Total energies (hartree) with zero point vibration corrections calcu-

lated with aug-cc-pVTZ basis set over the MP2/aug-cc-pVTZ

optimized geometry, for the singlet states of AlP3 in the CS and C2V

symmetries

E CS C2V DE (C2V � CS)

kcal/mol

HF �1264.1572171 �1264.1565942 0.39

HFS �1257.3213006 �1257.3214092 �0.07

SP86 �1259.8034776 �1259.8043451 �0.54

BVWN �1269.8166008 �1269.8177665 �0.73

B3LYP �1266.6046906 �1266.6057792 �0.68

B3PW91 �1266.4103516 �1266.4108774 �0.33

MP2 �1264.6798919 �1264.6822425 �1.48

MP3 �1264.6956707 �1264.6971417 �0.92

MP4D �1264.7177077 �1264.7178759 �0.11

MP4DQ �1264.6885266 �1264.6876364 0.56

MP4SDQ �1264.6955574 �1264.6952812 0.17

MP4SDTQ �1264.7470860 �1264.7486926 �1.01

CCSD �1264.6946365 �1264.6937698 0.54

CCSD(T) �1264.7400128 �1264.7401730 �0.10

BD �1264.6931970 �1264.6922528 0.59

BD(T) �1264.7400034 �1264.7402057 �0.13

G3 �1265.933553 �1265.9341183 �0.36

G3 uses default method basis set.
the geometry optimized at the MP2/aug-cc-pVTZ after

correcting for the difference in zero-point energy vibra-

tions. At the HF level the CS structure is more stable than

C2V.Accurate results require inclusion of the electron cor-

relation effects. All DFTmethods obtain the C2V as more

stable and this is in agreement withMP2.Nowwe analyze
the highest orders. At the full fourth-order MP4, with

inclusion of all single, double, triple and quadruple excita-

tions, the C2V state is found to be lower by 1.01 kcal/mol.

However, at the CCSD level the opposite is obtained. We

should note the contribution of triple-excitations. In

fourth-order it is obtained from the difference between

the full MP4-SDTQ and the incomplete MP4-SDQ. It is

seen to be important changing the relative stability from
0.17 to �1.01 kcal/mol. The importance of triple excita-

tion can also be seen in larger orders where it is also

decisive. For instance, the CCSD prediction is changed

after including the triple excitation inCCSD(T). A similar

pattern is obtained using the Brueckner orbital method.

The C2V structure is more stable only after including the

triple excitation. The highest-level calculations, e.g.

CCSD(T) or BD(T), give a relative stability of ca.
0.1 kcal/mol in favor of the C2V symmetry. This energy

difference is indeed very small but systematic for all

high-order levels. As another estimate, the result

obtained with the G3 method [25], also shown in Table

1, is similar with a relative stability in favor of the C2V

structure of �0.36 kcal/mol. The B3PW91 value is

�0.33 kcal/mol, close to the G3 estimate. It is difficult to

establish an association between any DFT result and the
hierarchy of the post HF methods. But we note that the

DFT methods favor the C2V structure even in the LDA

approximation.

For higher level resultswe consider the role of basis sets

effects using the correlation-consistent basis sets and

extrapolating to the basis set limit. Table 2 shows the rel-

ative energies between C2V and CS structures obtained by

single point calculations and extrapolations made over
C2V and CS structures optimized at the B3LYP/cc-pVTZ

level. It has been discussed before that this gives very good

approximations to the exact structures [26]. Again, all

results givenwere corrected for the difference in zero point

vibration energies. For all theoretical levels, using the cc-

pVDZbasis set is insufficient for a good description of the

relative energy leading that the CS structure is the lowest

energy state, in contrast with our results presented in
Table 1. Using the cc-pVTZ basis set, the results change

for a negative sign, i.e., the C2V structure is found to be

more stable than the CS structure, except for the CCSD

method. The failure of the CCSD reiterates that triple

excitations are important to decide the issue. It is now

interesting to extrapolate the results obtained for the

cc-pVXZ basis to the infinite limit. For the density func-

tional results we extrapolate the energy directly using
the same scheme successfully used before [27] EX =

E1 + A3X
�3 + A5X

�5. The relative energies are found in



Table 2

Relative energies (kcal/mol), DE ¼ EC2V
� ECS

in various theoretical levels and extrapolated energies including correction to the difference in zero

point vibrations, obtained using the B3LYP/cc-pVTZ optimized geometries

DE (kcal/mol) cc-pVDZ cc-pVTZ cc-pVQZ cc-pV5Z Extrapolation

B3LYP 1.68 �0.48 �1.19 �2.10 �2.45a

B3P86 1.12 �0.77 �1.32 �1.96 �2.22a

HCTX 0.78 �0.94 �1.86 �2.10 �2.56a

B3PW91 1.34 �0.45 �0.64 �1.71 �1.81a

MP2 0.51 �0.97 �2.06 �2.39 �2.43b

CCSD 3.16 0.61 �0.62 �0.90 �0.91b

CCSD(T) 2.15 �0.15 �1.30 �1.55 �1.57b

a Ref. [27].
b Ref. [29].

Fig. 2. Extrapolation to the basis set limit of the relative energy of the

two isomers using CCSD(T)/cc-pVXZ.
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the range between 2.56 and 1.81 kcal/mol depending on

the exchange-correlation functional used. But they all fa-

vor the C2V structure. For theMP2, CCSDandCCSD(T)

there are several prescriptions for extrapolating to the

basis set limit [28–31]. In one, proposed by Truhlar [28],

the basis set limit for the total energy is obtainedusing car-
dinal numbers X = 2 and 3. The values obtained in this

schemewere less then the values obtained using the largest

cc-pV5Z basis set. Another extrapolation scheme,
Table 3

Optimized distances (Å) and angles (degree) and rotational constants (MHz)

pVTZ and B3LYP/cc-pVTZ models

Parameter CS

MP2 B

R (Al–P4) 2.425

R (Al–P3) 3.105

R (P2–P3) 2.118

h (P2–Al–P4) 60.8

h (P2–P3–P4) 70.8

a (Al–P2–P4–P3) 108.4

Rotational constants 3899.5 3

2873.6 2

2170.6 2
Ecor
1 ¼ Ecor

X 1� 2.4X�3
� ��1

, was proposed by Varandas

[29] and allows the use of larger cardinal numbers. The

values obtained using this extrapolation scheme were

based on the cc-pV5Z results and are reported in Table

2. At the highest level considered, CCSD(T), the extrapo-

lation to the basis set limit shows that the C2V state is

lower in energy than the CS state by 1.6 kcal/mol. The

CCSD(T) values, as a function of the cardinal number
X, are shown in Fig. 2. The prescription suggested in

[30] for the extrapolation of the connected triple excita-

tions is in very good agreement with our explicitly calcu-

lated values.

The results presented above demonstrate the exis-

tence of two nearly degenerate structures, corresponding

to C2V and CS symmetries. Table 3 gives, the calculated

geometry and rotational constants of both structures
obtained with MP2/aug-cc-pVTZ and B3LYP/cc-pVTZ

calculations. To obtain a better understanding of the

location of the two states in the energy hyper-surface.

Fig. 3 shows the energy as a function of the Al–P3 dis-

tance and Al–P2–P4–P3 dihedral angle. The two states

do not simply convert into one another by changing di-

rectly the dihedral angle. They have short (C2V) and

long (CS) diagonal Al–P3 distances, with oblate-like
and prolate-like characteristics. The states are well local-

ized and correspond to two independent and stable iso-

mers. The large interconversion barrier and the very
for the CS and C2V singlet states of AlP3, obtained using MP2/aug-cc-

C2V

3LYP MP2 B3LYP

2.453 2.339 2.304

3.154 2.453 2.463

2.107 2.077 2.097

60.1 102.6 104.1

71.4 123.1 120.1

110.2 180.0 180.0

938.0 5777.4 5757.9

822.8 2448.1 2471.0

125.2 1719.5 1729.0



Fig. 3. The location of the two isomers of AlP3.
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small energy difference between the two minima makes

both isomers of interest and likely to be equally
abundant.
4. Summary and conclusions

The relative stability of the two lowest singlet states

of AlP3 (
1A1 in C2V and 1A 0 in CS symmetries) has been

studied theoretically. Using high-level correlated meth-
ods with large basis sets we find a very small energy dif-

ference but systematically in favor of the C2V

symmetry. Extrapolation to the basis set limit using

CCSD(T)/cc-pVXZ (X = 2, 3, 4 and 5) gives the relative

energy difference as 1.6 kcal/mol. Analyzing the differ-

ent contributions to the electron correlation effects we

note that the relative stability crucially depends on

large basis sets and the inclusion of triple excitations
relative to the Hartree–Fock reference state. The loca-

tions of the two states on the energy hyper-surface

are obtained and show that they are independent and

well localized representing stable isomers of similar

interest.
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