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Molecular properties and potential energy function model of BH
under external electric field*
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Using the density functional B3P86/cc-PV5Z method, the geometric structure of BH molecule under different external
electric fields is optimized, and the bond lengths, dipole moments, vibration frequencies, and other physical properties
parameters are obtained. On the basis of setting appropriate parameters, scanning single point energies are obtained by the
same method and the potential energy curves under different external fields are also obtained. These results show that the
physical property parameters and potential energy curves may change with external electric field, especially in the case of
reverse direction electric field. The potential energy function without external electric field is fitted by Morse potential, and
the fitting parameters are obtained which are in good agreement with experimental values. In order to obtain the critical
dissociation electric parameter, the dipole approximation is adopted to construct a potential model fitting the corresponding
potential energy curve of the external electric field. It is found that the fitted critical dissociation electric parameter is
consistent with numerical calculation, so that the constructed model is reliable and accurate. These results will provide
important theoretical and experimental reference for further studying the molecular spectrum, dynamics, and molecular

cooling with Stark effect.
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1. Introduction

Diatomic hydride BH is the most typical neutral polar
molecule and an important candidate molecule in molecular
AC and DC Stark effect cooling, which has a large permanent
electric dipole moment, and will be affected by the electric
dipole force under external electric fields. In previous years,
there have been abundant studies of the BH molecule. Us-
ing the SAC-CI method, the spectrum data of ground state
and many low-lying excited states of BH were calculated by
Ishida!!! in 2001. Xie er al.”?! scanned single-point energy of
the ground state (X'Z*), first excited state (A'7x), and sec-
ond excited state (B'X*) using the SAC-Cl/cc-PVTZ GSUM
module, and obtained its molecular potential energy functions
and spectroscopic constants in 2005. Zhu et al.l®! calculated
the single-point energy of ground state (X'X*) and two ex-
cited states (B'Z*, C’A!) by the same method and cc-PVDZ
basis, and obtained the potential energy functions and spec-
troscopic constants in the ground state and excited state in
2006. The following year, Zhu et al.'* obtained the spec-
troscopic constants and potential energy function expression
of two excited states A3 and C’A! using the same method.
In 2009, Wang et al.!>) used the multi-reference configuration
interaction method with aug-cc-PV5Z, and gained the poten-
tial energy curves and spectrum constants in the ground state
(X'Z*) and six electronic excited states (A3x, Alzx, BIZ*,
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B3rt, b3~ and C’A!) of the BH molecule. Zeng et al.!%
studied the electron structure of BH under an external electric
field by B3LYP/6-311++g** method in 2009. However there
has been no study on the potential energy function and criti-
cal dissociation electric field of BH under an external electric
field.

Due to the effect of the external electric field, the molec-
ular Hamiltonian system energy based on no external electric
field increases the interaction Hamiltonian of external electric
field and molecular systems, and then the problem becomes
more complicated, but in the dipole approximation, the energy
of the molecular system can be divided into zero-field poten-
tial energy and the interaction potential of the external field
with the molecule.”~! In this paper we perform the optimum
calculating of molecular structures and physical properties by
adopting B3P86/cc-PV5Z method, scan the single-point ener-
gies by the same method, and obtain potential energy curves of
the BH molecule under different external electric fields. The
corresponding potential energy curves under external electric
fields are fitted by the constructed potential model in the dipole
approximation, and the critical dissociation electric parame-
ters are obtained. The critical dissociation electric parameters
are compared with numerical calculations and theoretical anal-
yses, further confirming the rationality and reliability of the
potential energy function model.
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2. Theoretical details

In the present work, we perform the optimum calculat-
ing of the ground state geometry structure and energy of the
BH molecule in the zero-field using different methods and
basis sets. By comparing the calculations with experimental
data and the relevant minimum energy principle,!! the B3P86
method with cc-PV5Z basis set is elected. Along Z axis (H-B
direction) with different external electric fields (—0.04 a.u.—
0.04 a.u., the unit a.u. is the abbreviation for atomic unit), we
analyze the relations of geometry, dipole moment and the vi-
bration frequency of the BH molecule to the magnitude and
direction of the external electric field. Using the same method
and basis set, the single-point energies of the BH molecule are
scanned under different external fields; afterwards the poten-
tial energy curves are obtained through the drawing software.
All calculations are carried out using Gaussian03.

After the potential energy curve is obtained, the potential
energy function in zero-field is fitted to Morse function, and
the potential parameters are obtained. On this basis, we use
the constructed model of molecular potential energy function
to fit the potential energy curve under external electric field.
By comparing the fitting parameters with numerical calcula-
tion data, the rationality and reliability of the model are judged
and the critical dissociation electric parameters are obtained.

3. Analytical potential energy function model

At zero-field, the potential energy curve is fitted by Morse
potential model. The Morse potential is applied to the three-

parameter function of a stable diatomic molecule!!?!

V(r) =De[l — e k)2, (1)

where D, is the dissociation energy, a is the Morse parame-
ter, R is the inter-nuclear distance, and R, is its equilibrium
distance.

Under an external electric field, the Hamiltonian of
molecular system energy will increase the interaction between
the external electric field and the molecular system, and H is

where Hj is the Hamiltonian at zero-field, and H;, is the inter-
action Hamiltonian between the external electric field and the
molecular system. Thus the problem will become more com-
plicated, but under the dipole approximation, the Hamiltonian
of external field £ and molecular system interaction can be
expressed as

Hing = —u-E. 3

Here, p is the dipole moment and E is the external electric
field. Therefore, the molecular potential energy under an ex-
ternal field can be divided into zero-field potential energy and
the interaction potential of the external field with the molecule,
and the scalar expression is

V(r) =Dc(1—y)*+br, 4)

where y = e "Re) b = —E(q+ aE) is the related quan-
tity to external electric field (equivalent to the electric field
force). When no external electric field exists, the potential en-
ergy minimum point is at R, D, is the dissociation energy if
zero point vibrational energy is not considered, a is the Morse
parameter, r is the nuclear space, ¢ is the dipole charge corre-
sponding to the intrinsic dipole moment, and « is its polariz-
able parameter, which is the induced dipole moment under an
external electric field corresponding to molecular polarization.

4. Results and discussion

4.1. Molecular properties of BH without an external elec-
tric field

The BH molecule is a linear diatomic molecule, which
belongs to C.y. The calculated results show that the elec-
tronic state is X' 2T obtained by different methods and basis
sets. The equilibrium geometries and energies from this paper,
literature, ! and experiment!!3) are all listed in Table 1. It can
be seen from Table 1 that the calculation results obtained with
B3P86 method and cc-PV5Z basis set are close to experimen-
tal values, and the energy is lowest. Hence, both the structural

given asl!314] ,
parameters and potential energy are calculated at the level of
H = Hy + Hiy, 2) B3P86/cc-PV5Z in this paper.
Table 1. Equilibrium structural parameters of BH obtained with different methods.
B3LYP/6-311g B3LYP/cc-PV5Z  B3LYP/6-311++g#*[01  B3P86/6-311g B3P86/cc-PV5Z  B3P86/6-311++g**[01  Exp.
R./nm 0.1242 0.1230 0.12349 0.1247 0.1233 0.124 0.12327
Ela.u. -25.2901 -25.3016 —25.297561 —25.3862 —25.3962 —25.392416 -

4.2. Molecular properties of BH under different external electric fields

When different external electric fields, namely positive electric field (0 a.u.—0.04 a.u.) and reverse electric field (—0.04 a.u.—

0 a.u.), are applied along the Z axis, the optimum calculation of stable geometrical structures of BH is conducted by B3P86/cc-
PV5Z. The results indicate that the BH molecular ground state is still X!¥* under different external electric fields, its bond

123101-2



Chin. Phys. B Vol. 22, No. 12 (2013) 123101

lengths, dipole moments, and vibration frequencies are shown in Table 2. According to Table 2, the calculated values are
in accordance with the literature data,® the bond length of BH decreases with the increase of the positive electric field, but
increases with negative electric field increasing, the dipole moment and vibration frequency increase with the increase of positive

electric field, but decrease with reverse electric field increasing. Therefore the positive electric field changes gently, while reverse

electric fields change greatly.

Table 2. Bond lengths, dipole moments, and vibration frequencies under different external electric fields.

E/a.u. -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
Re/nm 0.1415 0.1337 0.1289 0.1258 01233 0.1222 0.1212 0.1206 0.1204
(0.12565) (0.12349) (0.12201)
u/Debye 0.9760 1.2385 1.3938 1.4925 1.5580 1.6024 1.6326 1.6488 1.6538
flem™! 1436.4 1793.6 2036.6 2211.2 23372 2428.8 2426.1 24245 24222
(2212.059) (2340.569) (2431.141)

4.3. Potential energy function of BH under external elec-

tric fields
4.3.1. Potential energy function of BH without exter-

nal electric field

Without an external electric field, the single-point energy
of the BH molecule is scanned by the same method, in which
the nucleus distance changes in steps of 0.005 nm, and cal-
culated 50 ab initio potential energies. Firstly, the potential
energy curve without an external electric field is plotted in
Fig. 1 by adopting Origin7.0 software; afterwarda, it is fitted
to the Morse potential function and potential parameters are
obtained. The parameters, literature data,® and experimental
data!’! are all given in Table 3, the fitting curve is shown in
Fig. 1. It can be seen from the table and figure that the fit-
ting parameters are accordant with experimental data and the
relative errors are only 0.02% and 0.08%. These results show
that the model can be reliably used to fit the potential energy
function under an external electric field.

Table 3. Potential fitting parameters of BH without external electric

field.
Calculation value  Fitting value  Literature value Exp.
R./nm 0.1233 0.1233 0.1254 0.12327
D./eV 3.749 3.562 3.74 3.565
a/nm™! - 13.663 - -
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Fig. 1. Potential energy curves without external electric field.

4.3.2. Potential energy functions of BH under different
external electric fields

Applying different external electric fields, namely pos-
itive electric fields (0.01 a.u.—0.04 a.u.) and reverse electric
fields (—0.04 a.u.—0.01 a.u.) along the Z axis, the single-point
energies are scanned using the same method. The nucleus dis-
tance changes in steps of 0.01 nm, and calculated 55 and 30 ab
initio potential energies at positive and reverse electric field,
respectively. The potential energy curves under external elec-
tric fields are all shown in Fig. 2, where the insets exhibit the
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Fig. 2. Plots of potential energy versus nucleus distance under different
external electric fields.
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curves of potential energy near equilibrium bond length. Ac-
cording to Fig. 2, the dissociation energy declines slowly and
the equilibrium nuclear distance changes gently with the grad-
ual increase of positive electric field, but as reverse electric
field increases, the dissociation energy decreases sharply and
equilibrium nuclear distance increases gently. The potential
energy curve has a stable minimum and an unstable maximum

12.16] the barrier decreases

point, similar to the volcano state, !
between minimum and maximum points and equilibrium bond
length increases. When a critical electric field is reached, the
stable point of the potential energy curve disappears, the bar-
rier tends to be 0 and the molecule dissociates, which explains
the fact that the dissociation energy decreases as external elec-
tric field increases, but decreases obviously in reverse elec-
tric field, that is to say, the molecule will more easily dissoci-
ate. These analyses are consistent with the variety of physical
properties. Therefore the critical dissociation electric parame-
ters should be identified from the reverse electric field.

In order to find the critical dissociation electric field from
numerical calculation, the molecular structure of the reverse
electric field (—0.05 a.u. and —0.06 a.u.) is optimized. When
the reverse electric field arrives at —0.06 a.u., the optimization
will not be carried out any more, so it must make a new start
of optimization as the reverse electric field decreases slightly.
The results show that the optimization will not be carried out
any more if the reverse electric field is more than —0.056 a.u.
Through scanning the single energies of the reverse electric
field (—0.05 a.u, —0.055 a.u., and —0.056 a.u.), the potential

energy curves are obtained as shown in Fig. 3. It can also be
seen from the figure that the stable point disappears when the
reverse electric field reaches —0.056 a.u., which shows that
the molecule dissociates. Consequently, the critical dissocia-
tion field of the BH molecule is —0.056 a.u., the corresponding
dissociation bond length is 0.1773 nm, and dipole moment is
4.9745 Debye.
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Fig. 3. Potential energy curves under critical dissociation fields.

4.3.3. Potential model fitting parameters of BH in re-
verse electric field

Using the constructed model, the different potential
curves in reverse external electric fields are fitted, and then the
parameters of potential energy function analytical expression
are obtained as listed in Table 4, where D, and a are the pa-
rameters for the case of no external field and b is the parameter
under external field.

Table 4. Potential fitting parameters of BH under different external fields.

E/a.
bleV-nm~!

-0.01
-1.313

-0.02
-5.101

-0.03
-7.652

-0.04
-12.858

-0.05
—-18.547

—-0.055
—22.457

-0.056
-23.617

In order to calculate the critical parameters, z = b/2aD, is
introduced. According to the potential energy extremum con-
dition, the critical dissociation bond length can be obtained as

R.=R.+1/aln2 =R.+0.6931/a. (5)

Due to the fact that the BH molecule is a heteronuclear
diatomic molecule, the molecular polarization is ignored in
external fields, then o = 0, the critical dissociation field E.
can be obtained by dissociation conditions as

E.=aD./2q. (6)

The critical dissociation electric field and bond length are
calculated by the above two formulas under different exter-
nal electric fields. The results indicate that when the external
electric field is —0.056 a.u., the critical dissociation electric
field E. and bond length R. are —0.057 a.u. and 0.1739 nm,
respectively, which are close to numerical calculations, with

the relative errors being only 1.79% and 1.91%. These results
show that the constructed model is reasonable and reliable.

5. Conclusions

The optimum calculation of BH molecular geometries
and physical property parameters is conducted by B3P86/cc-
PV5Z method under different external electric fields, at the
same time single-point energy is scanned with the same
method and basis set. The results show that the equilibrium
bond lengths, dipole moments, and vibration frequencies are
all changed with an external electric field, and the changed am-
plitudes of reverse electric fields are larger than those of pos-
itive electric fields. The barrier of the potential energy curve
between minimum and maximum point decreases and equilib-
rium bond length increases. The potential energy curves with-
out an external electric field are fitted using the Morse model,
and potential parameters are obtained which are in good agree-
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ment with experimental values. The different reverse electric
potential energy curves are fitted by the constructed potential
model under external electric fields, and the corresponding fit-
ting parameters are obtained. On the basis of the above data,
the calculated critical dissociation electric field parameters are
compared with numerical calculations, with the relative errors
being only 1.79% and 1.91%, which explains the fact that the
constructed model is reasonable and reliable. These results
will provide important theoretical and experimental reference
for further investigating molecular spectrum, dynamics, and
Stark effect cooling.
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