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Abstract. Manifestation of descent symmetry phenomena induced by pseudo Jahn–Teller interactions is reported for the
P4 dicationic tetrahedral structure and its As4 and Sb4 analogues. The symmetry descent phenomena in the dicationic
tetrahedral structure for the series is caused by the pseudo Jahn–Teller effect (PJTE) where the unstable (high Td
symmetry) configuration distorts to the equilibrium geometry with a lower, C2 symmetry. State averaging six low-lying
electronic states via CASSCF(8,8)/cc-pVTZ–(PP) computations determined the adiabatic potential energy surfaces along
the distorting normal coordinate. The (E(I) ? A1 ? E(II))  e for the M42? (M = P, As, Sb) series has been formulated
accordingly. Subsequently, the coupling constants were estimated by fitting energies obtained from the PJTE equations.
Moreover, to understand how removing or adding electrons affects the PJTE in the M42? series, electronic configurations
were analysed for M4(0,2?,4?) analogues in which the M4(0,4?) are stable in their tetrahedral structure.
Keywords. Symmetry descent phenomena; pseudo Jahn–Teller effect; Ab initio calculations; ground-excited states
interactions.

1.

Introduction

The tetrahedral (TH) configuration is a well-known structure constructed by four atoms as the apexes of a triangular
pyramid. White phosphorus (P4) is the most famous
stable phosphorus allotrope and it is a popular example of
TH tetra-atomic structure. Due to the inoccupation of d and
f atomic orbitals in nitrogen, it possesses drastically different properties with the other elements within Group 15.
Thus, nitrogen as the N4 allotrope does not form a TH
structure under current experimental environments. Evidenced by the appearance that yellow arsenic (As4) and Sb4
in the TH structure display similar properties to P4 analogues in the group. The P4 equilibrium structure was
compared with the difference in size of the valence orbital
radii and reported by Kutzelnigg [1]. Although the valence
orbitals in the nitrogen TH structure have a similar radius
with P4, the nitrogen TH equilibrium configuration is
unstable due to the repulsion between atomic orbitals on
each N atom is much larger than that for P4 [2]. The stability of P4 in a TH structure has been investigated theoretically via a dimerization reaction of the P2 to P4 allotrope
[3] and Schmidt and Gordon [4] has computed phosphorus
in linear, TH and cubic forms to compare the stability in the
respective configurations. The thermochemical properties

and photolytic decomposition pathway from P2 to P4 with a
TH structure have also been accurately calculated [5,6].
Recently, the C2v thermal decomposition pathway of the TH
was investigated by Oakley et al [7]. Additionally, the TH
structural instability of P4 in high temperature has been
traced experimentally [8] and the first two bands of the P4
photoelectron spectrum with TH structure were experimentally reported by Wang et al [9,10]. This instability is
reminiscent of the E  e Jahn–Teller effect (JTE), which is
the most well-studied JT problem and a wide range of the
literature has documented the exploration of different
aspects of it [11–14]. Here, the particularly strong 2T2  (t2
? e) JTE observed belongs to TH structure P4? cation [15].
Since the pseudo Jahn–Teller effect (PJTE) theory is the
only source of spontaneous symmetry breaking and symmetry descent phenomena (SDP) in compounds with nondegenerate states and it also explains the origin of the
structural instability in polyatomic systems [16], the PJTE
has been employed to explain the reason for non-planarity
in several unstable two dimensional hetero-cyclic compounds [17–30]. Due to the unique features and specific
physical and chemical properties of two-dimensional (2D)
materials, such as graphene, the application of the PJTE was
an important approach demonstrating the origin of puckering in sheets and explored the reason for non-planarity in
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quasi-2D systems with similar expected properties [31–35].
Moreover, manipulation of the puckered cyclic structure by
coordinating cationic and anionic forms of atoms and rings
can adjust the energy interval between states that are
involved in the PJTE. Consequently, the effect is either
suppressed, or its intensity decreased [36–39]. Environmental and cooperativity effects in crystalline phases could
also provide an essential role to quench the triggers for PJT
distortion in 2D-systems [40]. According to new applications of the TH structure in the field of drug delivery [41],
investigating the pyramidal tetrahedral structure and the
factors that may affect the TH structure is necessary for
researchers working in the field of drug delivery.

2.

Computational methods

Geometry optimization and following frequency calculations for the ground state of the TH with Td symmetry and
distorted (C2) configurations of the M42? (M = P, As, Sb)
analogues were performed at the DFT (B3LYP) level of
theory [42]. Subsequently, energy levels of low-lying
excited electronic states were state-averaged by the state
average–complete active space self-consistent field (SA–
CASSCF) wave-function method [43–45] to characterize
the adiabatic potential energy surfaces (APESs) along the
e distortion normal coordinate. For the P42? and As42?
analogues in all calculations, a triple-f basis set, cc–pVTZ
[46–48], was employed. According to basis set limitations
for Sb atom, the pseudopotential cc–pVTZ–PP basis set
[49–51] was instead used in the Sb42? analogue calculations. Due to the M42? analogue’s electronic configurations,
the (8,8) active space, which is composed number of electrons (8) in active orbitals (8), was selected on account of
rationalizing molecular orbital properties in CASSCF
computation for the M42? series. To maintain a consistent
active space in the TH structure for all M4(0,2?,4?) series,
the (10,8) and (6,8) active spaces which add and remove
pair of electrons in the highest occupied molecular orbital
(HOMO) has been used for the M4 and M44? series,
respectively. All calculations were carried out using the
MOLPRO 2015 quantum-chemistry program packages [52].

3.
3.1

Results and discussion
Tetrahedral and distorted M42? analogues

The frequency calculations demonstrate that the TH configuration of M42? (M = P, As, Sb) analogues have an
imaginary frequency possessing e symmetry revealing
instability in the TH structure. Indeed, the TH in the considered series is not at a minimum and the transformation to
the stable C2 lower-symmetry structure is realized by a
e-type nuclear distortion. The SDP occurrence in the M42?
analogues are demonstrated in figure 1 and atoms in
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different positions are displayed by numbers. The atomic
displacements from X or Y axis induced by the distortion
are shown by red line.
For the TH (Td-symmetry) and distorted (C2-symmetry)
configurations of the M42? (M = P, As, Sb) analogues,
imaginary frequencies correspond to the instability (in
cm-1), dipole moment (in 10–5 Debye) and calculated
geometrical parameters in the form of bond lengths (in Å),
angles and dihedral angles (in degrees), respectively. These
values are presented in table 1 for both TH configuration
and distorted C2 equilibrium structure.
According to the magnitude of the imaginary frequency
in the TH configuration in table 1, instability in the considered analogues corresponds to the size of the atoms. The
TH configuration is more distorted in P4 than other analogues in transferring to its C2 equilibrium structure with
strained triangular rings. In other words, the TH configuration for P42? is the most unstable analogue and the
instability decreases from P42? to Sb42?.
Comparing geometrical parameters, the analogues under
consideration display changes in all parameters. Some
include the 1–4 and 2–3 bonds that undergo a *14–16%
stretch and that the 1–3–4 and 2–4–3 angles increase
by *25-29% from the TH configuration to the distorted
equilibrium structure. Furthermore, 4–3–2–1 and 3–4–1–2
dihedral angles raise by 3.4, 2.3 and 1.3 degrees from Td to
C2 symmetry in the respective P42?, As42? and Sb42?
analogues. Additionally, comparing the dipole moment of
the dication analogues shows an increase from P42? to
Sb42? in both TH and distorted configurations. Consequently, the polarity of the distorted (C2 symmetry) structure increases when compared to the TH configuration.

3.2

Adiabatic potential energy surfaces

Regarding the transformation to the stable C2 lower-symmetry structure, the imaginary frequency possessing e symmetry in M42? analogues and group theory rules, mixing the
E ground state with the negative curvature (E(I)) with one or
more A1 excited states is the reason of the SDP in the series.
Thus, a kind of the (E(I) ? A1 ? _)  e problem should
be formulated and applied for explaining the origin of the
PJTE and determination of their corresponding coupling.
To illustrate the mixed A1 neighbouring excited states in
the PJTE problem, the degenerate E ground and relevant
low-lying excited states of the M42? analogues were presented as adiabatic potential energy surface (APES) crosssections of the energy states around the Qe instability
direction in figure 2.
Observing a negative curvature in the E(I) ground state
proves that the instability exists along with the possibility of
distorting in the TH configuration for all the M42? (M = P, As,
Sb) analogues. Meanwhile, a positive curvature of the A1
excited state devises the PJTE (E(I) ? A1)  e problem which
was predicted before by the group theory rules. However, any
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Figure 1. The symmetry descent phenomena occur in M42? (M = P, As, Sb) analogues from
(a) the unstable tetrahedral Td configuration to (b) a stable distorted C2 structure.
Table 1. Geometry parameters, imaginary frequencies, normal modes and dipole moments of M42? (M = P, As, Sb) analogues in
unstable tetrahedral configurations (Td symmetry) and equilibrium structures with C2 lower symmetry along Qe deformation normal
coordinate.
Analogues
P42?
Tetrahedral
(Td)

Geometry parameters
Bond length (Å)

Angle (deg.)

Dihedral angle
(deg.)

1–2
3–4
1–4
2–3
1–3
2–4
1–2–3
2–1–4
1–2–4
2–1–3
1–3–2
1–4–2
1–3–4
2–4–3
1–4–3
2–3–4
3–1–4
3–2–4
1–3–4–2
3–1–2–4
2–3–1–4
1–4–2–3
4–3–2–1
3–4–1–2

Imaginary frequency
(cm-1)
Normal modes in
Cartesian X and Y
Dipole moment 9 10–5
(Debye)

2.321

As42?
Equilibrium
(C2)
2.169
2.170
2.704

Tetrahedral
(Td)
2.570

2.171
60.00

70.53

2624.6
±0.0898
2.61

51.45

Sb42?

Equilibrium
(C2)
2.403
2.403
2.971

Tetrahedral
(Td)
2.975

2.404
60.00

51.83

Equilibrium
(C2)
2.798
2.798
3.412
2.799

60.00

52.42

77.09

76.34

75.16

51.46

51.84

52.43

77.09

76.34

75.16

51.45

51.83

52.43

51.46

51.84

52.42

70.39

70.53

70.45

70.53

70.51

67.24

68.33

69.23

73.88

72.79

71.84

—
—
6.36

1765.0
±0.0578
5.18

—
—
9.21

1165.4
±0.0453
9.16

—
—
11.2
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Figure 2. The adiabatic potential energy surface for the M42? (M = P, As, Sb) analogues in the Qe instability puckering direction
(Note I, II and III subscripts denote the first, second and third states in the same symmetry, respectively).

low-lying states with E and A1 symmetries should also contribute to the problem and modify the (E(I) ? A1 ? E(II))  e
PJTE problem (see figure 2). Moreover, the difference
between the T1 symmetry and the C2 distortion structures’
effective symmetries (E or A1) shows that the triply degenerate
T1 (T1ðIÞ , T1ðIIÞ , T1ðIIIÞ ) excited states do not emerge in the
(E(I) ? A1 ? E(II))  e PJTE problem in the considered M42?
analogues. In other words, the coupling in the above problem
only emerges between the E(I), E(II) degenerate ground states
with the low lying A1 excited states along e vibrational mode.

3.3

Electronic configuration in M4

(2?,0,4?)

Electronic calculations were computed for the doubly
degenerate E(I) and E(II) ground state and A1 and triply
degenerate T1ðIÞ , T1ðIIÞ , T1ðIIIÞ , low-lying excited states
related to M4(2?,0,4?) analogues in TH configuration. The
main electronic configurations and their weight coefficients
for all mentioned states are given in table 2.
From table 2, we can see that the highest weight coefficient
in the E degenerate ground state belongs to the (a12 e(II)2 t1(I)2
t1(II)2, a12 e(II)2 t1(I)2 t1(II)2 e(I)2, and a12 t1(I)2 t1(II)2) electronic
configurations for the E(II), E(I) states and A1 excited state, as
well as (a1a e(II)2 t1(I)22t1(II)2 e(I)b, a12 e(II)a t1(I)2 t1(II)2 e(I)2 t2(III)
b
, a1a t1(I)2 t1(II)2 e(II)b), and their conjugate configurations in
M42?, M4, and M44? analogues, respectively. Note the a, b and
2 superscripts in the electronic configuration indicate the
electron with different spin orientations and pair-electron.
Additionally, subscripts (I, II and III) denote the first, second
and third orbitals in same symmetry. According to the highest
contributing electronic configurations, the excitation from the
E(I) ground to the A1 excited state requires an electron to
transfer from the a1 HOMO to the e(I) lowest unoccupied
molecular orbital (LUMO) of the respective states. This shows
a a1 ? eðIÞ electron excitation in M42? analogues.

3.4

PJTE problem methodology

To figure out the details of the (E(I) ? A1 ? E(II))  e
PJTE problem, the wave functions of two E degenerate
ground states, E(I) and E(II), and an A1 excited state were

proposed as jEðIÞ i, jEðII Þi, and jA1 i with the energy gap
between the ground states and contributing excited states
are indicated by D. First and second mathematical derivatives of H (electronic Hamiltonian) with respect to instability direction of Q were applied to specify the relations
between K 0ð1Þ , K 0ð2Þ and K 0ð3Þ primary force constants in
equation (1).
K0ð1Þ ¼ hEðIÞ jo2 H=oQ2 jEðIÞ i;
K0ð2Þ ¼ hEðIIÞ jo2 H=oQ2 jEðIIÞ i;

ð1Þ

K0ð3Þ ¼ hA1 jo2 H=oQ2 jA1 i:
F EðIÞ A1 and GEðIIÞ A1 are the vibronic coupling constants
which, for simplicity, are called F and G here, as given by
equation (2):
FEðIÞ A1 ¼ hEðIÞ joH=oQjA1 i;
GEðIIÞ A1 ¼ hEðIIÞ joH=oQjA1 i:

ð2Þ

Based on the PJTE theorem [13,16], the secular matrix
equation of the perturbation theory for the three-level (EðIÞ ?
A1 ? EðIIÞ )  e PJTE problem can be formulated as follows (K 0ð1Þ , K 0ð2Þ , K 0ð3Þ primary force constants are denoted
by K 1 , K 2 , K 3 ):

K

 1 2
0
FQ

 Q e

 2




K2 2


Q
0

e
GQ


2




K3 2



Q þ D  e
FQ
GQ
3


a  e
0
f 



¼  0
be
g  ¼ 0;


 f
g
c  e

ð3Þ

while a, b, c, f and g constants are denotations and the
equation can be re-arranged as equation (4).


e3  ða þ b þ cÞe2 þ ab þ ac þ bc  f 2  g2 e  abc
þ cf 2 þ bg2 ¼ 0:

ð4Þ

-0.631
0.631
-0.220
0.110
0.110
-0.631
0.631
-0.216
-0.216
-0.216
0.605
-0.605
0.000
0.000
0.563
-0.563
-0.325
0.325
0.563
-0.563
-0.325
0.325
0.650
-0.650
-0.191
0.191

Sb42?

0.831
-0.217
-0.132
0.147
-0.144
0.244
0.527
-0.288
-0.186
0.209

P44?

a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
a12
0.941
0.000
-0.000
0.004
-0.004
-0.004
0.577
-0.577
0.208
-0.208
-0.646
0.646
0.148
-0.148
0.572
-0.572
0.318
-0.318
0.554
-0.554
0.358
-0.358
0.156
-0.156
0.626
-0.626

P4

0.836
-0.115
-0.201
0.100
-0.196
0.052
0.643
-0.254
-0.206
0.114

As44?

Weight coefficients

e(II)2 t1(I)2 t1(II)2 e(I)2
e(II)2 t1(I)2 t1(II)2 e(I)a t1(III)b
e(II)2 t1(I)2 t1(II)2 e(I)b t1(III)a
e(II)2 t1(I)2 e(I)2 t2(I)a t2(II)b
e(II)2 t1(I)2 e(I)2 t2(I)b t2(II)a
e(II)2 t1(I)2 t1(II)2 e(I)2
e(II)2 t1(I)2 t1(II)2 e(I)a 3t1b
e(II)2 t1(I)2 t1(II)2 e(I)b 3t1a
e(II)2 t1(I)2 e(I)2 t2(I)a t2(II)b
e(II)2 t1(I)2 e(I)2 t2(I)b t2(II)a
e(II)a t1(I)2 t1(II)2 e(I)2 3t2b
e(II)b t1(I)2 t1(II)2 e(I)2 3t2a
e(II)2 2a1a t1(I)2 t1(II)2 e(I)b
e(II)2 2a1b t1(I)2 t1(II)2 e(I)a
e(II)2 t1(I)2 t1(II)2 e(I)a t2(II)b
e(II)2 t1(I)2 t1(II)2 e(I)b t2(II)a
e(II)a t1(I)2 t1(II)2 e(I)2 t2(I)b
e(II)b t1(I)2 t1(II)2 e(I)2 t2(I)a
e(II)2 t1(I)2 t1(II)2 e(I)a t2(I)b
e(II)2 t1(I)2 t1(II)2 e(I)b t2(I)a
e(II)a t1(I)2 t1(II)2 e(I)2 t2(II)b
e(II)b t1(I)2 t1(II)2 e(I)2 t2(II)a
e(II)a t1(I)2 t1(II)2 e(I)2 t2(III)b
e(II)b t1(I)2 t1(II)2 e(I)2 t2(III)a
e(II)2 2a1a t1(I)2 t1(II)2 e(I)b
e(II)2 2a1b t1(I)2 t1(II)2 e(I)a

Electronic configuration
0.925
0.014
-0.014
0.014
-0.014
0.001
0.572
-0.572
0.198
-0.198
-0.620
0.620
0.193
-0.193
0.561
-0.561
0.303
-0.303
0.502
-0.502
0.406
-0.406
0.205
-0.205
0.605
-0.605

As4

0.825
-0.109
-0.174
0.109
-0.180
0.019
0.387
-0.295
-0.244
0.139

Sb44?

0.918
0.017
-0.017
0.000
-0.001
-0.005
0.575
-0.575
0.207
-0.207
-0.621
0.621
0.172
-0.172
0.497
-0.497
0.402
-0.402
0.552
-0.552
0.302
-0.302
0.184
-0.184
0.597
-0.597

Sb4
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E(I)

a12 t1(I)2 t1(II)2
a12 e(II)2 t1(I)2
e(II)2 t1(I)2 t1(II)2
a12 e(II)2 e(I)2
a12 t1(I)2 e(I)2
a12 t1(I)2 t1(II)2
a12 e(II)2 t1(I)2
e(II)2 t1(I)2 t1(II)2
a12 e(II)2 e(I)2
a12 t1(I)2 e(I)2

-0.638
0.638
-0.207
0.103
0.103
-0.638
0.638
-0.210
-0.210
-0.210
0.612
-0.612
0.000
0.000
0.566
-0.566
-0.327
0.327
0.566
-0.566
-0.327
0.327
0.654
-0.654
-0.179
0.179

As42?

Weight coefficients
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E(II)

State symmetry

T1 ðIIIÞ

T1 ðIIÞ

T1 ðIÞ

A1

Electronic configuration

-0.650
0.650
-0.198
0.099
0.099
-0.650
0.650
-0.212
-0.212
-0.212
0.623
-0.623
0.000
0.000
0.577
-0.577
-0.333
0.333
0.577
-0.577
-0.333
0.333
0.667
-0.667
-0.172
0.172

a12 e(II)2 t1(I)2 t1(II)2
a12 e(I)2 t1(I)2 t1(II)2
e(II)2 e(I)2 t1(I)2 t1(II)2
a12 e(II)2 t1(I)2 e(I)2
a12 e(II)2 t1(II)2 e(I)2
a12 e(II)2 t1(I)2 t1(II)2
a12 e(I)2 t1(I)2 t1(II)2
e(II)2 e(I)2 t1(I)2 t1(II)2
a12 e(II)2 t1(I)2 e(I)2
a12 e(II)2 t1(II)2 e(I)2
a1a e(II)2 t1(I)2 t1(II)2 e(I)b
a1b e(II)2 t1(I)2 t1(II)2 e(I)a
a1a e(II)b t1(I)2 t1(II)2 e(I)2
a1b e(II)a t1(I)2 t1(II)2 e(I)2
a12 e(II)a t1(I)b t1(II)2 e(I)2
a12 e(II)b t1(I)a t1(II)2 e(I)2
a12 e(II)2 t1(I)2 t1(II)a e(I)b
a12 e(II)2 t1(I)2 t1(II)b e(I)a
a12 e(II)a t1(I)2 t1(II)b e(I)2
a12 e(II)b t1(I)2 t1(II)a e(I)2
a12 e(II)2 t1(I)a t1(II)2 e(I)b
a12 e(II)2 t1(I)b t1(II)2 e(I)a
a12 e(II)a t1(I)2 e(I)2 t1(III)b
a12 e(II)b t1(I)2 e(I)2 t1(III)a
a12 e(II)a t1(I)2 e(I)2 t1(III)b
a12 e(II)b t1(I)2 e(I)2 t1(III)a

E(II)

E(I)

P42?

Electronic configuration

State symmetry

Weight coefficients

Table 2. Main electronic configurations and their weight coefficients in M4(2?, 0,4?) (M = P, As, Sb) analogues (a and b denote electron in different orientations and I, II and III
subscripts indicate the first, second and third orbitals in same symmetry, respectively).
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0.612
-0.612
0.132
-0.132
-0.617
0.617
-0.229
-0.229
-0.571
0.571
0.346
-0.346
-0.183
0.183
-0.129
0.129
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Table 3.

2

0.612
-0.612
-0.123
0.123
-0.595
0.595
-0.295
0.295
-0.605
0.605
0.268
-0.268
-0.166
0.166
-0.139
0.139

K1

K2

K3

F

G

D

1.07
0.59
0.35

1.56
1.30
1.17

1.14
0.92
0.90

1.39
1.02
0.87

2.28
1.61
1.33

0.23
0.13
0.09

Note that 2a1 denotes the second orbital with a1 symmetry.

The relations between roots of the 3 9 3 secular equation
(e1 , e2 and e3 ) are given in equation (5):
8
>
< e1 þ e2 þ e3 ¼ a þ b þ c;
e1 e2 þ e2 e3 þ e1 e3 ¼ ab þ ac þ bc  f 2  g2 ;
ð5Þ
>
:
2
2
e1 e2 e3 ¼ abc þ cf þ bg :

*

T1 ðIIIÞ

T1 ðIIÞ

T1 ðIÞ

0.512
-0.512
-0.215
0.215
-0.360
0.360
0.555
-0.555
-0.637
0.637
0.179
-0.179
-0.193
0.193
-0.284
0.284
A1

a1a t1(I)2 t1(II)2 e(II)b
a1b t1(I)2 t1(II)2 e(II)a
a12 t1(I)a t1(II)b e(II)2
a12 t1(I)b t1(II)a e(II)2
a12 e(II)a t1(I)2 t1(II)b
a12 e(II)b t1(I)2 t1(II)a
a12 t1(I)2 t1(II)a e(I)b
a12 t1(I)2 t1(II)b e(I)a
a12 e(II)a t1(I)2 t1(II)b
a12 e(II)b t1(I)2 t1(II)a
a12 t1(I)a t1(II)2 e(I)b
a12 t1(I)b t1(II)2 e(I)a
a12 t1(I)a t1(II)b e(I)2
a12 t1(I)b t1(II)a e(I)2
a1a t1(I)2 t1(II)2 e(I)b
a1b t1(I)2 t1(II)2 e(I)a

As44?
P44?
Electronic configuration
State symmetry

Weight coefficients

P42?
As42?
Sb42?

continued

1

PJTE coupling constants, F and G (eVÅ ), energy gap

D (eV), primary force constants, K 1 , K 2 and K 3 (eVÅ ) of M42?
(M = P, As, Sb) analogues through fitting equation (5) to calculate
the APES cross-sections in figure 2.
Analogues

Table 2.

(2020) 43:293

In equation (4), we face a system of three equations with
five unknowns to solve. To estimate the values of K 1 , K 2 ,
K 3 , F and G, the solution to equation (5) is required.
Solutions for small Q values should coincide with the
ab initio calculated energy profiles in the Qe direction.
Subsequently, the PJTE coupling constants (F and G), and
the primary force constants (K 1 , K 2 , K 3 ) were estimated by
fitting the energies to obtain the APES cross-sections in
figure 2 and displayed in table 3.
The occurrence of the PJTE in M44? (M = P, As, Sb)
analogues affected the stability of the ground state making
the E(I) unstable (E(II) is still stable in all M42? analogues).
The necessary condition for instability in the E(I) ground
sate around the Qe normal coordinate is when
K 1  ðG2 =DÞ\0 [16].
Meanwhile, K 1 characterizes the stiffness of the system
with respect to the distortion, as well as instability for the
E(I) ground state, in the series. Table 3 illuminates that the
above condition occurs for all M42? (M = P, As, Sb) analogues with P42? distorting more than As2?, Sb2? analogues
due to the pseudo Jahn–Teller interactions.

3.5

Stability in M4(0,?4) tetrahedral structures

As revealed by adding and removing a pair of electrons
from the M42?, to simulate the M4(0,?4) analogues, a similarity in the situation of the applied active spaces has been
predicted for the M4(2?,0,?4) analogues. However, geometrical and frequency calculations for the M4 and M44? analogues do not show an imaginary frequency in the
aforementioned series. Hence, the M4(0,?4) holds a high Td
symmetry structure and are stable in their pyramidal tetrahedral structure.
To rationalize the reason of stability TH in M4(0,?4)
analogues, we need to compare the electronic configurations
specifically in the E(I) ground and A1 excited states. From
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table 2, it was demonstrated that (a21 e2(II) t21(I) t21(II) and a21
e2(II) t21(I) t21(II) e2(I)) are the main electronic configuration for
the M4?2 and M4 analogues. Indeed, a pair of electrons are
added to the e2(I) orbital in the M4. Due to the a1 ? e(I)
electron excitation, the M4 analogues’ e(I)2 orbital is particularly occupied and the (E(I) ? A1 ? E(II))  e PJTE
problem, which is the reason of instability, cannot occur in
the M4 analogues. Additionally, a12 t1(I)2 t1(II)2, and a1a t1(I)2
t1(II)2 eðIÞ b being the main electronic configurations for the
E(I) ground and A1 excited states in the M4?4 displays that
an electron from the HOMO, a1, excites to the LUMO, eðIIÞ ,
which is not an appropriate excitation for the (E(I) ? A1) 
e PJTE problem. However, as the E(II) ground state in the
M42? is stable, the a1 ? e(II) excitation does not affect the
TH structure in the M4?4 analogues. In summary, by adding
or removing a pair of electrons to the M4?4 analogues, the
a1 ? e(I) electron excitation is maladjusted and the PJTE is
suppressed in the series. Therefore, TH structure in M4(0,?4)
analogues are stable.

4.

Conclusions

The origin of symmetry descent in the M42? (M = P, As,
Sb) analogues due to pseudo Jahn–Teller interactions is
explored and the secular matrix equation of the (E(I) ?
A1 ? E(II))  e problem, which is the reason of TH configuration instability for considered series, was formulated
according to the perturbation theory. The corresponding
vibronic coupling constants were estimated by fitting the
energies to obtain the APES cross-sections. To rationalize
how the occurrence PJTE in the M42? analogues can be
suppressed, the electronic configuration for the M4(2?, 0, ?4)
analogues were analysed and the electron excitation belongs
to the M4(0, ?4) analogues, which are stable in their TH
structure, were compared with the M4?2 analogues.
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