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Computational Studies of Gas-Phase Ca;P, and Ca¢P,
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The electronic and molecular structures of Ca;P, and CagP, are investigated using high-level ab initio methods.
The lowest energy structure for CasP; is found to be a Jahn—Teller distorted triplet. An excited-state singlet
is found with various post HF methods; however, DFT incorrectly predicts a closed shell singlet to be the
ground state. For the CagP4 system, both DFT and ab initio methods give consistent relative energies. The
computational results demonstrate that the energetics are very sensitive to the size of the Ca basis set. Enhancing
the Ca basis sets with additional s and p valence functions significantly affects the calculated energies.

Introduction

Compounds containing alkaline earth metals and group V
elements are of interest for a variety of reasons. These com-
pounds are generally referred to as pnictides.'> Mg;N, and
Ca;N, are well-known as nontoxic semiconducting pigments
and are also thermoelectric materials.>~'° Bulk CasP, and CazAs,
are also widely used in commercial applications.'!"?

To date, theoretical studies on these systems have been mainly
limited to studies of the nature of the solid-state electronic
structure. To our knowledge, there are no electronic or molecular
structure studies, experimental or theoretical, for individual
molecules or small clusters of these systems in the literature.
In this article, we extend our previous work on the relationship
between the molecular and solid-state structures of simple main
group systems such as (AgBr),,'”* (PbS),,'* and (CdS)," by
exploring the molecular and electronic structures of Ca;P, and
CagP,. We identify two energetically competitive electronic
states for Cas;P, and find that the ground state can be thought
of as a Jahn—Teller distorted triplet. We also report the
calculated molecular structures for various CagP, clusters.

Computational Details

All calculations were performed using the Gaussian 03 suite
of programs.'® To locate multiple local minima on the potential
energy surface, many possible starting geometries were con-
sidered. Initial geometries were obtained at the HF/Ca: 3-21G,
P: 3-214+G level. Final geometries were calculated using a
hybrid basis set as follows: we modified the Gaussian basis set
6-311G* for Ca'”"" and utilized the Gaussian basis set
6-3114+G* for P.!” The Ca basis set was enhanced by decon-
tracting the valence d function from 3/1 to 2/1/1 (denoted
6-311G*’). This basis set combination was found to yield
reasonable results and was less computationally demanding for
these systems when testing against several combinations of
different basis sets. These structures were then reoptimized at
the HF, MP2, MP4, CISD, CCSD, QCISD, and DFT levels
(B3LYP functional) using the above-mentioned hybrid basis
set.?0722 The core orbitals in the MP2, MP4, CCSD, and QCISD
calculations were assigned according to G2 convention (i.e.,
only the 1s, 2s, and 2p orbitals were frozen). Additional basis
set combinations such as I Ca: 6-311G*", P: 6-3114+G*, II Ca:
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Figure 1. Lowest energy structures of Ca;P;, at the MP2/Ca: 6-311G*’
P: 6-311+G* level.

6-311G*, P: 6-31+G*, III Ca: 6-31G*, P: 6-311+G*, IV Ca:
6-311G*”, P: 6-311+G*, V Ca: cc-PVTZ, P: 6-311+G* were
used to verify the accuracy of the above basis set using the
MP2 method for the Ca;P, system. The basis set 6-311G*” was
constructed by expanding the valence functions of the 6-311G*’
basis set from (14s, 11p, 4d) to (17s, 14p, 4d). The additional
s and p exponents were optimized for the CaS system at the
MP?2 level using the gauopt utility.?® In addition, single-point
energy calculations were performed for all the optimized
geometries using the MP4, CCSD, CCSD(T), QCISD, and
QCISD(T) methods with Ca: 6-311G*” and P: 6-3114G*.20-22
Wave function stability was tested for all ground-state geom-
etries when possible. Analytical frequency calculations were
performed when available, and geometries that did not cor-
respond to a minimum were distorted along the imaginary
frequency and reoptimized until a true minimum was found.
Natural bond orbital (NBO) analysis was performed for the
Ca3P, system using the CCSD density.?*

Results and Discussion

Structures of the CazP, System. Figure 1 illustrates the
lowest energy structures found for CasP,. Structure A is a triplet,
and structure B is a singlet. The lowest energy structure at all
levels except DFT (see below) is A. Structure A has C,,
symmetry and may be viewed as a distorted trigonal prism, while
structure B possesses exact D3, symmetry (Tables 1 and 2).
Structure A was obtained by initially optimizing to a triplet Ds;,
geometry, which was unstable at the HF level. Breaking the
symmetry then resulted in a minimum with a stable wave
function and C,, symmetry.

Descriptive Electronic Structures of the Ca;P, System. To
understand the electronic structures of these systems, NBO
analysis was performed at the CCSD level. The analysis shows
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TABLE 1: Relative Energies of Structures A and B after
Geometry Optimization Using Different Levels of Electron
Correlation and the Ca: 6-311G*" P: 6-3111+G* Basis Sets
(AE TIs the Relative Energy of the Two Species with the

Energy of the Triplet Taken as 0.0)

method AFE (kJ/mol) system P—P distance A) point group
HF 0.0 triplet 2.450 Cy,
117.2 singlet 3.959 D3,
MP2 0.0 triplet 2.500 Cy,
28.3 singlet 3.916 D3,
MP4 0.0 triplet 2.500 Cy,
40.5 singlet 3.956 Dy,
CISD 0.0 triplet 2.448 Cy,
55.2 singlet 3.991 Dy,
CCSD 0.0 triplet 2.511 Cy,
44.0 singlet 3.958 D3y,
QCISD 0.0 triplet 2514 Cy,
37.2 singlet 3.968 D3y,
B3LYP 0.0 triplet 2.481 Cy,
-18.1 singlet 3.865 Dy,
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Figure 2. Schematic electronic resonance structures for the triplet state
of CasP, derived from an NBO analysis at the CCSD level.

TABLE 4: NBO Analysis for the Ca;P, Singlet-State
Structure’

hybrid (%)

TABLE 2: Bond Lengths and Angles for the Ca;P, Systems
from the MP2 Optimized Structures

pP—P CaD—P Ca?Ca Ca—P—Ca P—Ca—P
system (A) (A) (A) (deg) (deg)
structure A 2.500  2.763 4.036 97.51 53.80
2.603 4414 106.02 57.38
structure B 3.916  2.789 3.317 74.53 91.26
TABLE 3: ®NBO Analysis for the Ca;P, Triplet-State
Structure®

hybrid (%)

orbital CasP, occupancy % S p d
Triplet Alpha
BD(Ca—P) 0.7 Ca 10.64 0.68 93.65 5.73
P 8936 811 91.89
BD(Ca—P) 0.768 Ca 50.00 96.9 3.02 0.08
Ca 50.00 96.9 3.02 0.08
LP(P) 0.979 94.8 52
LP(P) 0.919 1.4 98.6
LP(P) 0.911 0 100
LP(P) 0.64 6.35 93.65
LP(P) 0.979 94.79 5.21
LP(P) 0.919 142 98.58
LP(P) 0.911 0 100
Beta
BD(P—P) 0.956 P 50.00 44 95.6
P 50.00 44 95.6
LP(P) 0.944 87.96 12.04
LP(P) 0.935 0 100
LP(P) 0.933 773 9227
LP(P) 0.944 87.96 12.04
LP(P) 0.935 0 100
LP(P) 0.933 773 9227
Atom Natural Charges
Ca 0.886
Ca 0.908
Ca 0.908
P -0.851
P -0.851

“BD = two-center bond; LP = lone pair.

that the triplet-state molecule is quite ionic (Table 3). There is
a P—P bond (with a calculated distance of 2.50 A, compared to
2.23 A for the P—P bond in P,H, at the MP2/6-31G** level).?
Taking the pseudo threefold axis as y, each P atom has a pure
3s lone pair and two lone pairs derived from p, and p,. The
P—P bond is formed by overlap of the p, orbitals. The driving

orbital CasP, occupancy % S p d
Singlet

BD(Ca—P) 1.853 Ca 8.00 48.82 936 41.81
P 9200 4.11 9566 0.23

BD(Ca—P) 1.909 Ca 8.00 48.82 936 4181
P 9200 4.11 9566 0.23

BD(Ca—P) 1.909 Ca 8.00 48.82 936 4181
P 9200 4.11 95.66 0.23

BD(Ca—P) 1.909 Ca 8.00 48.82 936 4181
P 9200 4.11 9566 0.23

BD(Ca—P) 1.909 Ca 8.00 48.82 936 4181
P 9200 4.11 9566 0.23

BD(Ca—P) 1.909 Ca 8.00 48.82 936 4181
P 9200 4.11 95.66 0.23

LP(P) 1.947 88.07 1191 0.02

LP(P) 1.947 88.07 1191 0.02

Atom Natural Charges

Ca 1.462

Ca 1.462

Ca 1.462

P -2.193

P —2.193

“BD = two-center bond; LP = lone pair.
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Figure 3. Summary of the NBO results for the singlet state of CasP,.

P

force for the formation of the triplet is the formation of the
P—P bond. The electrons from the lone pairs and the bonding
electrons complete the octet around each P atom. The remaining
two electrons reside on Ca orbitals and are most easily described
in the symmetry basis. One electron occupies a Ca—Ca pseudo
a’ bonding orbital in D3, symmetry. The remaining electron
could also occupy the same a’ bonding orbital, or it could occupy
one of the two pseudo e” orbitals, leading to a Jahn—Teller
distortion. The latter configuration turns out to be the ground
state. The NBO analysis yields a schematic representation of
the resonance structures for the triplet-state structure as sum-
marized in Figure 2. The details of the NBO results are shown
in Table 3.

The NBO analysis of the electronic structure of the singlet-
state structure is straightforward. Each P atom has a single 3s
lone pair and three Ca—P bonds. The details of the NBO results
are shown in Table 4. The structure has perfect trigonal
bypyramidal geometry and a long P—P distance, consistent with
the absence of a P—P bond. Figure 3 summarizes the NBO
results for the singlet.

Energy Discrepancy at Different Levels of Theory. As
shown in the Table 1, the relative energies (AE is defined as
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TABLE 5: Relative Energies Calculated Using Different
Levels of Electron Correlation®

method AE (kJ/mol)
HF 117.2
MP2 28.3
MP3 53.5
MP4 40.5
CISD 55.2
QCISD 37.2
QCISD(T) 34.1
CCSD 44.0
CCSD(T) 37.7
B3LYP -19.2
BLYP -35.4
BP86 -31.2
B3P86 -20.0

@ Method/(Ca: 6-311G*’, P: 6-311+G*)//MP2/(Ca: 6-311G*’, P:
6-311+G*) (AE = EsigLer — EtripLen)-

TABLE 6: Relative Energies Calculated Using Various
Basis Set Combinations at the CCSD Level (AE = EgingLET

—E TRIPLET)

basis set AE (kJ/mol)
1. Ca: 6-311G*’, P: 6-311+G* 55.2
2. Ca: 6-311G*’, P: 6-31+G* 54.2
3. Ca: 6-311G*’, P: 6-311+G(2d) 16.1
4. Ca: 6-311G*¥, P: 6-311+G(2df) 22.5
5. Ca: 6-31G*, P: 6-311+G* 834
6. Ca: 6-311G*”, P:6-311+G* 20.9
7. Ca: cc-PVTZ’,* P: 6-3114+G* 13.2

@ cc-PVTZ basis set was used without f functions.

ESINGLET - ETRIPLET) for the singlet and trlplet are Signiﬁcantly
different, especially at the HF and DFT levels (117.2 and —18.1
kJ/mol are clear outliers). Both structures were fully geometry
optimized at the HF, MP2, MP4, CISD, CCSD, QCISD, and
DFT levels to evaluate energies. All HF and post-HF methods
predict that the triplet is the ground state. However, at the DFT
level, the singlet state was identified as the lowest energy
structure, 18.1 kJ/mol lower energy than the triplet. However,
the optimized geometries at all levels are similar. Table 2 shows
the optimized geometries at the MP2 level.

To understand this discrepancy, while eliminating effects due
to variations in optimized geometries at different levels, all
energetic were recalculated using the same MP2 optimized
geometries (Table 5) with Ca: 6-311G*”, P: 6-311+G*. The
calculated energy differences remained consistent with the
energies of the fully geometry optimized structures, and all non-
DFT methods predicted the triplet to be the ground state, with
AFE’s in the range ~28—55 kJ/mol. Higher degrees of electron
correlation tend to lower the energy difference between the two
species. However, the DFT (B3LYP) approach predicts the
singlet to be ~19 kJ/mol more stable that the triplet. Given that
high-level ab initio methods such as CCSD(T) should be
significantly more accurate than DFT, it seems very likely that
DFT makes an erroneous prediction for the ground state of this
species. As seen in Table 5, other commonly used DFT
functionals yield results similar to that of B3LYP.

Sensitivity of the System to Size of the Ca Basis Set. We
checked the sensitivity of the system to different basis set
selections. All calculations were performed at the CCSD level
with different basis set combinations using the MP2 optimized
geometries. As indicated in the first four lines of Table 6,
increasing the size of the phosphorus basis set generally lowers
the calculated AE. However, increasing the Ca basis set size
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Figure 4. Lowest energy structures of CagP, at the MP2/Ca: 6-311G*’
P: 6-311+G* level.

TABLE 7: Relative Energies of the Different Geometries of
CagP4 (Energy of Structure C Is Taken as 0.0)

AE (kJ/mol)

structure MP2 B3LYP
structure C 0.0 0.0
structure D 59.2 62.8
structure E 85.8 75.7

TABLE 8: Single-Point Energy Calculation with Various
Methods Using Method/Ca: 6-311G*, P: 6-311+G*//MP2/Ca:
6-311G*, P: 6-311+G* (Energy of Structure C Is Taken as
0.0)

AE (kJ/mol)

structure CCSD QCISD
structure C 0.0 0.0
structure D 60.6 60.2
structure E 74.1 75.8

has a much greater effect. The small basis set 6-31G* gives a
relative energy much higher than that calculated with the larger
basis sets. Our results suggest that the choice of Ca basis set is
crucial to the calculation of reliable energetic and that small to
medium size standard Ca basis sets commonly found in the
literature should be used with caution.

CagP4 System. For the CagP, system, three structures were
found as minimum energy candidates as shown in Figure 4.
The relative energies of the fully geometry optimized structures
were obtained using MP2 (DFT results are also shown for
comparison in Table 7). More interestingly, for the dimer
system, the post HF methods and DFT gave consistent relative
energies, unlike the Ca;P, system. All structures were tested
for stability, and it was found that, for all three structures, the
singlet-state wave functions were stable. The single-point
energies of these systems were also calculated using higher
levels of theory such as CCSD and QCISD and the larger basis
sets Ca: 6-311G*” and P: 6-311+G* (Table 8). The relative
energies obtained at the CCSD and QCISD levels are consistent
with both MP2 and DFT results. This is not surprising, given
that the dimers are more coordinatively saturated, with larger
HOMO—-LUMO gaps and thus fewer low-lying excited states.
This phenomena has been discussed in detail in our previous
work on AgBr clusters."?

Structure C was found to be lowest in energy (the bond
distances and angles are listed in Table 9). This structure has
C,, symmetry. Structure D is a boat-shaped molecule with C,,
symmetry. Structure E has a relatively high energy. The
formation of the dimer from the ground-state monomer

2CasP, — CagP,

is very exothermic: —536.1 kJ/mol at the MP2/Ca: 6-311G*’
P: 6-3114+G* level.
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TABLE 9: Bond Lengths and Angles for Optimized
Geometries Using the MP2 Method

system P-P (A) Ca—P (A)

structure C 3.432 2.655

3.435 2.803

3.517 2.833

structure D 3.335 2.665

3.438 2.731

2.765

2.840

structure E 2.686

Summary

In this study, we computed electronic and molecular structures
for the CazP, and CagP, systems using high-level ab initio
methods. For Ca;P,, we found two minimum energy structures:
the minimum is a triplet-state Jahn—Teller distorted structure
with C,, symmetry and the other one is a singlet-state structure
with Dy, symmetry. CasP, is sensitive to the level of the theory
applied, especially the quality of the Ca basis set and the
methodology for electron correlation (post HF or DFT).
Particularly noteworthy is the failure of DFT to predict the
correct ground-state multiplicity for CasP,. Three structures were
found for the [CagP4] system, and they were all singlet state.
Ab initio and DFT methods yielded consistent results for
the dimer.
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