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In this paper, the energy, equilibrium geometry, and harmonic frequency of the ground electronic state of PO
are computed using the B3LYP, B3P86, CCSD(T), and QCISD(T) methods in conjunction with the 6-311++G(3df,
3pd) and cc-pVTZ basis sets. A comparison between the computational results and the experimental values indicates
that the B3P86/6-311++G(3df, 3pd) method can give better energy calculation results for the PO2 molecule. It is
shown that the ground state of the PO2 molecule has Cg, symmetry and its ground electronic state is X?Aj. The
equilibrium parameters of the structure are Rp_o = 0.1465 nm, ZOPO = 134.96°, and the dissociation energy is

Eq = 19.218 eV. The bent vibrational frequency v = 386 cm ™!, symmetric stretching frequency vo = 1095 cm~1!

—1

, and
asymmetric stretching frequency v3 = 1333 cm™ -~ are obtained. On the basis of atomic and molecular reaction statics, a
reasonable dissociation limit for the ground state of the PO2 molecule is determined. Then the analytic potential energy

function of the PO2 molecule is derived using many-body expansion theory. The potential curves correctly reproduce

the configurations and the dissociation energy for the PO2 molecule.
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1. Introduction

The molecular potential energy function is the
eigenenergy function of the electron under the Born—
Oppenheimer approximation. From a dynamic point
of view, constructing reliable analytical potential func-
tions, which is the basis for studying the atomic
and molecular collision and the molecular reaction

dynamics,* 3!

will help us understand the dissoci-
ation processes in different reaction channels more
thoroughly. The POs radical is well known, since
it is easily generated by the phosphorus—oxygen re-
action, and it is also an important intermediate in
discharge environments containing POg, P2O5, and
P204.

ing interest in understanding the chemistry of POs,

In recent years, there has been an increas-

and the spectrum of the ground state POy molecule
(X2A1) has been extensively investigated by various
high-resolution spectroscopic methods.[*~19 Besides
the experimental studies, many theoretical investi-
gations have been reported in the literaturel'!—1%!
about the equilibrium geometry of the ground state

of POy (X2A;). Lohr™ calculated the equilibrium
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geometries of X?A; at the UHF/6-31G* level. Later
on, Lohr and Boehm[? calculated the vibrational
frequencies of X?A; at the RHF/6-31g + d level.
Using the self-consistent field (SCF) and the multi-
configuration self-consistent field (MCSCF) methods,
Kabbadj and Lievin!'3) evaluated the equilibrium ge-
ometries, vibrational frequencies, and adiabatic exci-
tation energies for low-lying electronic states of POs.
Jarrett-Sprague et al.'4 reported the structure and
infrared spectrum of POy at the RHF/6-31g* level.
Xu et al.l' obtained the equilibrium geometry and
the vibrational frequencies of PO, to analyze the pho-
toelectron spectroscopic data, and Cai et al.l'0l used
the multi-reference double-excitation configuration in-
teraction (MRD-CI) method to calculate the geome-
tries, adiabatic excitation energies, force constants,
and vibrational frequencies of the ground state and
three lowest-lying POs electronic excited states. By
comparing with the theoretical and the experimental
results listed above, they found their calculations to be
more accurate. However, up to now, to the best of our
knowledge, the potential function and the contours
of potential curves for the POz (X?A;) molecule in
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many-body expansion form, which are of great impor-
tance in molecular reaction dynamics research, have
not been reported in the literature.

In the present work, in order to explore the POo
molecule, we calculate the equilibrium geometry, dis-
sociation energy, and force constants for POy (X2?A;)
at the chosen B3P86/6-311++G(3df, 3pd) level. Us-
ing the atomic and molecular reaction statics,!!”) we
derive a reasonable dissociation limit for the ground
state of the POy molecule. In light of the results, we
extend the many-body expansion to obtain the ana-
lytical potential energy function of POy (X2A;). To
emphasize it, we also depict the contours of the poten-
tial energy function of PO (X?A;). In order to ex-
amine whether the present calculations improve over
the previous results and give the direction for the ex-
perimental research, all the calculations are compared
with the previous theoretical and experimental results.

2. Computational details

2.1. The electronic state and dissocia-
tion limit of PO, (X2%A,;)

The full space potential energy function for a tri-
atomic system is the basis of molecular reaction dy-
namics. Based on quantum mechanical calculation,

the ground electronic state of POy for alpha orbital

occupied is (A1) (A1) (B2) (A1) (B1) (A1) (Bz) (A1)
(Bg) (Al) (Bg) (Al) (B1> (Ag) (Bg) (Al)7 and for beta
orbital occupied is (A1) (Ba) (A1) (A1) (B1) (B2) (Ay)
(A1) (B2) (A1) (Bz2) (B1) (A1) (Az) (Bz). So the
ground electronic state of PO, is X2A;.

According to the principle of microscopic re-
versibility in the atomic and molecular reaction stat-
ics, the possible dissociation processes for the POq
molecule can be expressed as

O(°Py) + PO(X?11),
02(X3%7) + P(*S,), (1)
O(°Pg) + O(°Pg) + P(*Su).

PO, (X2A) —

2.2. Equilibrium geometry of PO,

(X2A,)

All the ab initio calculations are performed us-
ing the GAUSSIAN 03 program package.['8] Quan-
tum chemical methods B3LYP, B3P86, CCSD(T), and
QCISD(T), in conjunction with 6-311++G(3df, 3pd)
and the cc-pVTZ basis sets, are employed to compute
the equilibrium geometric structure and the harmonic
frequencies of the POy (X2A1) molecule. The calcu-
lated results are all listed in Table 1. The results of
the previous theoretical calculations and experimental
results are also given for comparison.

Table 1. Comparison of calculated molecular geometric parameters at equilibrium for the ground state of POy (X2A1).

Method E® /a.u. Rp_o/nm Z0PO/(°) wvi/em™' wp/em™!  w3/cm~!

B3P86/6-311++G(3df, 3pd) -492.431572 0.1465 134.96 1095 386 1333
B3LYP/6-311++G(3df, 3pd) -491.880507 0.1470 135.54 1078 390 1365
CCOSD(T)/6-311++G(3df, 3pd)  ~491.1597577 0.1471 135.94 1073 387 1357
QCISD(T)/6-311++G(3df, 3pd)  —491.1627458 0.1473 135.98 1068 383 1348
B3P86/cc-pVTZ —492.425640 0.1476 133.75 1087 386 1307
B3LYP/cc-pVTZ —491.873384 0.1481 133.32 1069 390 1339
CCSD(T)/cc-pVTZ —491.143276 0.1482 134.67 1067 389 1356
QCISD(T)/cc-pVTZ —491.157210 0.1484 134.72 1053 384 1322
(MRD-CI/TZ+2d+R)") ~491.04208 0.1464 135.14 1052 389 1338
Exp.©) - 0.1467+0.0004 135.3+0.8 1117420 387+20 1278

Exp.d - - - 386.4 1319.1

2)Zero-point energies are taken into account. P)Ref. [16], ) Ref. [4], DRef. [11].

From Table 1, comparing the present compu-
tational results with the experimental values avail-
able, we can find that the B3P86/6-311++G(3df,
3pd) method can be used to produce better results
for the structure optimization and the frequency cal-
culation of the POy molecule. It is noteworthy to

point out that Cai et al.l'® calculated the equilibrium

parameters of the X?A; ground state at the MRD-
CI/TZ+2d+R level and concluded that their results
were in better agreement with the available experi-
mental values¥1Y than the other previous theoreti-
cal calculations.['°=14 Ags can be seen in Table 1, the
calculated results in this work present some improve-

ments over the geometric calculations of Cai et al.[f]
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The computational results show that the ground
symmetry of POy belongs to point group Cs,. The
bond length is Rp_o = 0.1465 nm, and the bond
angle is ZOPO = 134.96°.
cies are as follows: the bent vibrational frequency is

Vibrational frequen-

v1 = 386 cm™!, the symmetric stretching frequency
is 5 = 1095 cm™!, and the asymmetric stretching
frequency is v3 = 1333 cm™!.

In order to determine the dissociation energy of
PO, (X2A;) corresponding to the reasonable dissoci-
ation limit PO2(X2A;) = O(®P,) + O(®Py) + P(*S,)
at the B3P86/6-311++G(3df, 3pd) level, we first cal-
culate the total energy including the zero-point correc-
tion energy of POs to be E(PO3)=-492.431572 a.u.
Then the total energies for the ground states of O(*Py)
and P(%S,) are evaluated at the same level to be
—74.117805 a.u. and —341.489424 a.u., respectively.
So the dissociation energy of POy (X2A;) is Eq =
E(P) + 2E(0) — E(PO3y) = 19.218 eV. All the equi-
librium geometry, force constants, and vibrational fre-
quencies are listed in Table 2.

Table 2. Equilibrium structural parameters and force con-
stants for POz (X2A1).

Rp_o = 0.1465
Ro_o = 0.2706
ZOPO = 134.96

Bond distance/nm

Bond angle/(°)

Dissociation energy/eV FE4q = 19.218
Force constants/a.u. frr = frr = 0.61855
frr = 0.01947
fro = fro = 0.02714
foo = 0.19964

2.3. Analytical potential energy func-
tions and spectroscopic constants
for PO and O, molecules

Geometry optimizations for the ground states
of PO (X2II) and Oz (X3Y7) molecules are con-
ducted at the chosen computational level B3P86/6-
311++G(3df, 3pd). Each optimized structure is con-
firmed by the frequency calculation to be the real
energy minimum with no imaginary vibrational fre-
quency. The whole analytic potential energies for the
ground electronic states of PO (X2II) and O2(X3¥7)
molecules are further scanned using the same method.

The potential energy functions and the relevant spec-
troscopic constants are then obtained by least square

fitting to the Murrell-Sorbie function!*]

V = —Eq(1+ a1p+ ayp” + azp®) exp(—arp), (2)

where p = R — R., with R being the diatomic inter-
nuclear distance, R, being its equilibrium internuclear
distance and regarded as a fixed parameter in the fit-
ting process in this paper; Eq is the dissociation en-
ergy; and a; are the parameters determined by the fit-
ting. For the Murrell-Sorbie function, the quadratic,
cubic, and quartic force constants can be derived from
the following equations:

f2 = Ea(al — 2as), (3)
fa=—6E4 (a3 —aiaz + 16@), (4)

3
f1 = Eq(3a] — 12a3ay + 24a;a3). (5)

And then, the spectroscopic parameters are

B h
¢ 8mcuR?’

. I
¢ 4m2pc?’

2
= 76‘Bc <1+ f3Rc>’

We 3f2

Be f4R2 Welle ?
oXe = —2| — 4% 4 q5( 1 . (9
“eXe Ty { B ( * 633) ®)

where p is the reduced mass of diatomic molecules
PO and Og; c is the speed of light in vacuum; and B,
Qe, We, and weXe represent the rigid-rotational fac-
tor, nonrigid-rotational factor, harmonic vibrational
frequency, and inharmonic vibrational factor, respec-
tively.

The fitting parameters of the potential energy
functions and the spectroscopic parameters for PO
(X2I) and Oy (X*X7) molecules are listed in Tables
3 and 4, respectively. All the available experimental
datal'® of the spectroscopic parameters are also dis-
played in Table 4 for comparison. As can be seen in
Table 4, the spectroscopic parameters obtained in this
paper are in excellent accordance with the experimen-

tal values.[!9]

Table 3. The parameters of the Murrell-Sorbie potential function and force constants for PO (X2II) and Oz (X327)

molecules.

Molecule ~ Re/nm  Eg/eV  aj/nm™! az/nm™2  az/mm™3  fy/aJnm~2  f3/aJnm™3  fy/aJ-Jnm—*
PO 0.1474 6.226 42.75 439.9 2717 945.4153 —59576.334 3152432
O2 0.1205 5.213 60.80 1147.7 11003 1170.3459 —80889.927 5127771

078202-3



Chin. Phys. B Vol. 21, No. 7 (2012) 078202

Table 4. The spectroscopic constants of the ground states of PO and O2 molecules.

Molecule Re/nm we/cm’1 wexe/cm’l Be/cm’1 ae/cmfl Ed/cm’1
PO 0.1474 1233.39 6.54 0.0053 0.0053 1.04x10~6
Exp.®) 0.1476 1233.34 6.56 0.7337 0.0055 1.30x10~6
O2 0.1205 1576.00 9.43 1.4445 0.01416 4.45x1076
Exp.a) 0.1208 1580.19 11.98 1.4456 0.01593 4.84x1076
2)Ref. [19].
2.4. Many-body expansion analyti-  0.2706 nm) as the reference structure. Then, the inter-

cal potential energy function of
PO, (X2%A,)

Sorbie and Murrell®! studied the potential en-
ergy functions of the polyatomic molecules and pre-
sented the many-body expansion theory,??) which
presents many advantages: meeting the requirement
of molecular symmetry, including all possible rele-
Based
on the spectroscopic data, it can accurately present

vant limits, and being reasonable physically.

the potential energy surface, and is widely used in dy-
namical approaches. The potential energy surface of
a triatomic molecule is a hypersurface in the three-
dimensional space.?!=2%] If we choose the energy of
the ground state of the atom or ion as the reference
energy, the many-body expansion analytical poten-
tial energy function of the ground state POo(X2?A;)
molecule is

V(R1, Ry, R3) = Vi_o(R1) + V¥_o(Ra) + V3_o(R3)

+ V3 _p_o(Ri,Ra, R3), (10)
where RlzRQZRP,(), R3 = Rofo, V}?,Q(Rl),
Vi_o(R2), and V3_,(R3) denote the Murrell-Sorbie

potential functions of the PO (X2II) and Oy (X3%7)

molecules. Now, we derive the three-body term
Vi_p_o(Ri, Ry, Ry) = PT, (11)

where P is a polynomial, and T is a range function,
which are given, respectively, by

P = Cy+ C1S1 + CS3 + 353
+C4S3 + 058183 + C S35 + C757

+CsS1(S3 + S3) + C9 5553, (12)
and
T = [1 — tanh(y1.51/2)][1 — tanh(y252/2)]
x [1 — tanh(v3S53/2)]. (13)

According to the structure optimization computa-
tional results of POs, we choose the C5, symme-
tI‘y (RlzRQZRP_o:O.1465 nm, R3 = RO—O =

nal coordinates are p; = R; — Re; (i = 1,2,3), and the
corresponding symmetrical internal coordinates are

S, 1 0 0 p1
Sy |=101/vV2 1/V2 P2
S3 01/vV2 -1/v2 p3

(14)

The linear parameters C; (¢ = 0,1,...,9) in
Eq. (12) can be determined by using the equilibrium
structure and the force constants listed in Table 2,
and the nonlinear parameters (1, 72, v3) in Eq. (13)
can be evaluated by optimizing the potential energy
surface. All the three-body term parameters in the
analytical potential energy function for POy (X2A;)
are listed in Table 5.

Table 5. The three-body term parameters in the analyti-
cal potential energy function for POy (X2A1).

Co 0.977977 Cr 0.428854
C 2.847551 Cs -9.756914
Co 8.525721 Cy —6.600007
C3 —7.317821 Y1 1.5

Cy —2.817432 Y2 1.5

Cs 5.704754 Y3 1.5

Cs —6.917669

3. Results and discussion

In order to analyze the physical significance of the
potential energy function for POy (X?A;) more clearly
and show its structure symmetry, we plot the contours
of the POy (X2A;) potential in Figs. 1-3. These fig-
ures accurately reproduce the equilibrium geometry of
the POy (X2A1) molecule.

Figure 1 shows the O-P and the P-O bond
stretching contours for a fixed angle ZOP0O=134.96°.
From this figure, we can find a potential well
(—=19.218 V) at Ro_p = Rp_o = 0.1465 nm, which
shows that a steady POs molecule can easily form.
Moreover, we can also see that there is no saddle point
in the contour and no evident potential barrier exists
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during the reaction. Therefore, reaction O+PO—PO,
is a non-threshold energy reaction.

1: —19.218 eV 6: —15.0 eV
0.24 5. 185 ev 7. —14.0 oV
3 —18.0 eV )
r4: —17.0eV
0.20
g
~
o
1 016
x
0.12
0‘08 1 1 1 1
0.10 0.15 0.20 0.25 0.30
Rp_o/nm

Fig. 1. The O-P and P-O bond stretching contours for
PO2(X2A1).

Figure 2 shows the contour lines of POy (X2A;)
for the O atom moving around the fixed P-O bond
(Rp_o = 0.1465 nm). We can see that the lowest en-
ergy is at point 1 (—19.218 eV). The contours clearly
reproduce the Oy, symmetry of POy (X2A;). More-
over, POs can easily form if the O atom attacks the P—
O bond from the side and the angle is about 134.96°.
This is in accordance with the ab initio result.

1: —19.218 eV 2: —185eV 3: —17.5 eV 4: —16.5 eV
0.5F5: —15.0 eV 6: —13.0 eV 7: —11.0 eV 8 —9.0 eV
9: —7.0 eV 10: —5.0 eV
0.4
g
S 03f
3
T
o
& 0.2r
0.1
0

0.2 0 ). 0.4

Rp_o/nm

Fig. 2. Contour lines of PO2 (X2A;) for the O atom
moving around the P-O bond.

Figure 3 displays the contour lines of POy (X?A;)
for the P atom moving around the fixed O—-O bond
(Ro—o = 0.2706 nm). The POy can easily form if
the P atom attacks the O—O bond from the direction
perpendicular to the O-O bond.

0.30 1: —19.218 eV 2: —185¢eV 3: —17.5eV 4: —16.5 eV
5: —15.0 eV 6: —13.0 eV 7: —11.0 eV 8: —9.0 eV
N 9 —=7.0eV 10: =5.0 eV 11: =3.0 eV
0.20
g
=}
.
ar L
©]
=
0.10
0 : .
—0.4 —0.2 0 0.2
Ro_o/nm

Fig. 3. Contour lines of POy (X2A1) for the P atom
moving around the O—O bond.

4. Conclusion

The chosen method, B3P86/6-311++G(3df,
3pd), is utilized to calculate the equilibrium geometry,
force constants, and vibrational frequencies of PO
(X2A;). The calculated results show that the geome-
tries and the vibrational frequencies in this work are
in better agreement with the available experimental
values than the previous theoretical results. At the
same level, the analytical potential energy functions
of the ground states for the PO and O molecules are
obtained by fitting the computational energies to the
Murrell-Sorbie function, based on which the spectro-
scopic parameters and the force constants have been
determined. According to the principle of atomic and
molecular reaction statics, we first report the poten-
tial energy function of POy (X2?A;) with the many-
body expansion theory. The contours of the poten-
tial energy function accurately and clearly reproduce
the characteristics of the equilibrium geometry for the
ground state POy molecule.
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