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The globally accurate potential energy surface for the ground state of Li2F and Na2F systems was
presented using the coupled-cluster singles and doubles excitation approach with perturbation treatment
of triple excitations. Mixed basis sets were applied, aug-cc-pCVQZ for the lithium and sodium atoms
and aug-cc-pCVDZ for the fluoride atom, with midbond functions (3s3p2d). In total, about 2080 points
were generated for three-dimensional surfaces. Both the Li2F and Na2F molecules were confirmed to
be bent at equilibrium. For Li–F–Li with an angle of 90◦, the depth of the potential well is 3.87 eV at
R = 2a0, and the height of the barrier required to linearity with 0◦ angle equals 285.76 eV at R = 5.6a0.
For Na–F–Na with an angle of 90◦, the depth of the potential well is 5.289 eV at R = 3a0, and the height
of the barrier required to linearity with 0◦ angle equals 721 eV at R = 2.6a0. Our ab initio calculations
of potential surface and potential energy surface were compared with the experimental results.
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1. Introduction

Since the 1990s, the technology of laser cooling
and trapping neutral atoms has been greatly devel-
oped, which provides conditions for the realization
of the miracle of Bose–Einstein condensation (BEC)
and sets off the upsurge in the research of ultra-
cold atomic and molecular physics. Encouraged by
the BEC experiments of alkali atomic gases, stud-
ies of cold collisions between alkali and metal have
developed rapidly [1–5]. Because Li and Na atoms
are light alkali metal atoms, it is of great signifi-
cance to study the cold collision characteristics of
Li2 and Na2 associated with alkali metal diatoms
for the research and application of cold molecu-
lar physics [6–8]. Using ab initio quantum mechan-
ics, scientists have obtained more accurate spec-
tral data of alkali metal diatomic molecules, which
provides a basis for further study of the poten-
tial energy functions of triatomic and polyatomic
molecules [9–11].

On the other hand, fluoride is a mostly symmetri-
cal structure, with minimal intermolecular coupling,
a small molecular weight of fluoride itself, and low
intermolecular attraction. Such a small intermolec-
ular force makes the interaction between fluorine
atoms and other atoms relatively weak, which cre-
ates difficulties for experimental detection and the-
oretical research.

The Li2F and Na2F systems belong to super va-
lence compounds containing odd electrons, and they
have good nonlinear optical properties, so the scien-
tific study of the supermolecular structure of alkali
metal fluoride has always shown a strong interest in
Li2F and Na2F system [12–15].

In the past years, the reaction kinetics of Li2F and
Na2F systems have been researched using many dif-
ferent methods. For example, there are quite a few
experimental data about the ground state and ex-
cited state energy surface of Li2F and Na2F sys-
tems [16–19]. In this work, we first analyzed the
dissociation limit of the ground state of Li2F and
Na2F molecules and then calculated the interaction
potential. Finally, we produced the full-dimensional
(3D) global potential energy surface (PES) for Li2F
and Na2F systems.

2. Method of Calculation

2.1. The limit of ground state
of X2F molecular dissociation

In order to obtain the X2F molecular potential
energy function of the ground state, first of all, we
need to make sure that the system has a reasonable
dissociation limit. Both the X and F atoms belong
to SO(3), and their ground state electron states
are 2Sg and 2Pu, respectively. The XF molecules
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belong to the C∞v group, and their ground state
electron state is 1Σ+. The X2 molecule belongs to
the D∞h group, and its ground state electron state
is 1Σ+

g . The Li2F and Na2F molecules belong to
the C2V group. By the microscopic reversibility
principle of the process and the optimal energy
principle, we have the X molecular dissociation
limit A, as follows from

X2F(X2A1)→


F(2Pu) + X2(X1Σ+

g )

XF(X1Σ+) + X(2Sg)

X(2Sg) + X(2Sg) + F(2Pu)

(1)

2.2. Sampling of ab initio points
and analytical the PES

We calculated the energy of correlated valence
electrons and all correlated electrons. The calcula-
tions have been performed using the Gaussian 09W
package [20]. We used the coupled-cluster singles
and doubles excitation approach with the pertur-
bative treatment of triple excitations [CCSD(T)]
method.

The single point energy calculation and geomet-
ric optimization (including optimization to transi-
tion states) are the most common types of tasks.
The sensitivity of geometric optimization to the ba-
sis group is much lower than that of the calcula-
tion of single point energy, and the time of geomet-
ric optimization is ten times, dozens of times, or
even hundreds of times longer than that of the sin-
gle point calculation, so the geometric optimization
absolutely does not need large basis group. In this
study, we adopted the basis set aug-cc-pCVQZ for
the lithium and sodium atoms and aug-cc-pCVDZ
for the fluoride atom. It is well known that mid-
bond functions are necessary to improve the basis
set convergence, so we placed the mid-bond func-
tions (3s3p2d) (for 3s 0.9, 3p 0.3, and 2d 0.2) in
the center of the origin of coordinates and fluo-
rine atom, which trajectory as a hemispheroid is
shown in Fig. 1. We performed our quantum analy-
sis in the framework of the Jacobi coordinates sys-
tem (r,R, θ, φ).

In Fig. 1, r is the distance of X–X (X = Li and
Na), R is the length of the vector connecting the
X–X center of mass and the F atom, and θ is the
angle between this vector and the X–X bond, φ is
the angle between r and z axis. For a given value
of R, the angle θ and φ change from 0◦ to 180◦ in
steps of 10◦.

We have to add diffuse augmentation functions
on X (X=Li and Na) when calculating to ensure
that the basis permits polarization by X. We use
the experimentally determined equilibrium value of
rLi = 2.604a0 and rNa = 3.228a0 [21]. In the barrier
and the well range (0.2a0 ≤ R ≤ 5.8a0), we fixed
in steps of ∆R = 0.2a0. In the long range (6a0 ≤
R ≤ 12a0) we used equally spaced grids with ∆R =
1a0. The interaction energy is calculated for 2080
geometries.

Fig. 1. Geometric configuration of the system.

We used the standard definition of the direct
product of irreducible tensors. The system of multi-
body expansion for the potential energy function is
the following expression
V (r,R, θ) = Vw(r,R, θ) + Vl(r,R, θ) + Vb(r,R, θ).

(2)
We define r by r = ri − re. The function contains
location of the potential well range Vw, the long
range Vl, and the barrier range Vb. The well range
and the barrier range include a damped-dispersion
expansion.

The well part consists of the exponential func-
tional form, which is as follows

Vw(r,R, θ) =

9∑
n=6

∑
l=0,2...
l=1,3...

f6
(
D(θ)R

)
Cl

Rn
P 0
l

(
cos(θ)

)
.

(3)
The long distance part is

Vl(r,R, θ) = G(r,R, θ) e

(
B(r,θ)−D(r,θ)R

)
. (4)

We described the barrier range as

Vb(r,R, θ) =
f6
(
B(r, θ)R

)
R6

[
C0 + C2 P1(cos(θ))

]
+
f8
(
B(r, θ)R

)
R8

×
[
C0 + C2P1(cos(θ)) + C4P2(cos(θ))

]
, (5)

where the term fn(x) defined by

fn(x) = 1− e−x
n∑
k=0

xk

k!
. (6)

Note that B(r, θ), D(r, θ) and G(r,R, θ) all denote
expansions in Legendre polynomials Pl(cos θ) and
they are defined as follows

B(r, θ) =

L1∑
l=0

bl(r)Pl
(

cos(θ)
)
, (7)

D(r, θ) =

L1∑
l=0

dl(r)Pl
(

cos(θ)
)
, (8)

G(r,R, θ) =

L2∑
l=0

[
gl0(r) + gl1(r)R+ gl2(r)R2

+gl3(r)R3
]
Pl
(

cos(θ)
)
.

(9)
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TABLE IMolecular parameters for the analytic PES.

l bl dl gl0 gl1 gl2 Cl

Parameters for Li2F system
0 2.2522× 10−5 −4.449× 10−4 9.285267× 10−7 −5.8051× 10−6 3.4281× 10−5 7.7472× 10−8

2 −3.0255× 10−6 −8.42097× 10−6 −4.20639× 10−7 6.5759× 10−6 −1.4252× 10−7 5.92125× 10−8

4 4.15075× 10−7 −3.6756× 10−6 1.03688× 10−7 −6.84453× 10−7 3.35458× 10−6 −8.0021× 10−8

6 4.3641× 10−2 −5.42471× 10−2 5.25331× 10−3 −1.20245× 10−4 −5.3535× 10−2 −3.6555× 10−8

8 6.1569× 10−5 −8.54675× 10−4 2.2534× 10−3 −8.98207× 10−5 2.455× 10−4 −1.15453× 10−8

Parameters for Na2F system
0 −5.142× 10−7 4.0311× 10−6 −1.15453× 10−6 −9.7212× 10−6 −4.5542× 10−7 4.93967× 10−8

2 −1.1411× 10−5 6.6443× 10−5 −4.047× 10−4 2.8005× 10−6 5.12415× 10−5 −1.09223× 10−8

4 9.56585× 10−5 −2.1053× 10−7 1.1054× 10−6 −7.5056× 10−6 −7.56855× 10−5 −6.46893× 10−8

6 3.7099× 10−6 2.50525× 10−7 1.6505× 10−5 −9.6142× 10−5 3.956.9× 10−6 3.11746× 10−8

8 −4.0257× 10−6 2.457× 10−5 −1.0056× 10−4 2.7143× 10−7 −2.54747× 10−6 −4.72743× 10−8

Ab initio potential energies were fitted using the
analytical symmetry-adapted representation (8)–
(10) and represent a Legendre polynomial of order
l. Considering the symmetry, only odd orders are
allowed with L1 = 8, L2 = 8.

We present all the molecular parameters for the
analytic PES in Table I. All the 2080 ab initio points
on the two PESs are fitted respectively to a 30-
parameter algebraic form. The maximum error for
the Li2F system is 0.0645% and the average abso-
lute error is less than 0.00758%. And the maximum
error for the Na2F system is 0.0736% and the aver-
age absolute error is less than 0.00553%.

3. Results and discussion

Figure 2 presents the ground state potential en-
ergy curves of two systems at different angles. The
potential energy curves of the two systems have the
same general trend. As the angle increases, the peak
values of the potential curves shift in the direction
of R. The peak values decrease with the increase
of the angle, and there is no obvious peak value at
90◦. At every angle, the peak of the Li2F system is
always higher than the peak of the Na2F system.
There is no minimum value for the two systems in
the 0–40◦ curve graph.

Valleys begin to appear from 50◦, and the min-
imum values of the two systems all increase with
the increase of angle. Both systems have a mini-
mum value at 90◦, which is the potential well. The
potential well of the Na2F system is a little deeper
than that of the Li2F system. It is because Na2 di-
atoms bind fluorine atoms more strongly than Li2
diatoms. The potential energy curves as a whole
show strong anisotropy. For Li–F–Li with an angle
of 90◦, the depth of the potential well is 3.87 eV at
R = 2a0, which is close to that obtained from the
experiment. The height of the barrier required to
linearity for Li–F–Li with 0◦ angle equals 285.76 eV
at R = 5.6a0, which is also close to that obtained

Fig. 2. Orientational features of the potential en-
ergy surface of Li2F and Na2F systems. Here, PE
is potential energy, and panels (a–j) show the curve
comparison of different angles.

from the experiment [22]. For Na–F–Na with an an-
gle of 90◦, the depth of the potential well is 5.289 eV
at R = 3a0, and that as well is in agreement with
the experimental data [22]. The height of the bar-
rier required to linearity for Na–F–Na with 0◦ an-
gle equals 721 eV at R = 2.6a0. Meanwhile, in the
range, as the minimum values increase, the shifts
towards the direction of the R decrease.
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Fig. 3. 3D potential energy of 0–90◦ for (a) Li2F
and (b) Na2F system.

In Fig. 3, we show the three-dimensional poten-
tial energy surface of the two systems with angles of
0–90◦. From the three-dimensional surface diagram,
we find that those two systems have many common
characteristics. The whole potential energy surface
has strong anisotropy in the short-range region,
which indicates isotropy in the long-range region.
The Na2F system has a bigger peak and a deeper
valley, which may be related to molecular collisions
and van der Waals forces.

In Table II, we present the results of Li2F
and Na2F system calculations, along with the ex-
perimental data and previous computational re-
sults obtained for PESs [21–25]. The comparison
of the characteristics of our fitted PES with the
previous ones indicates that our theoretical re-
sults are in good agreement with the experimental
data.

In Fig. 4, we show the new 3D view of the in-
teraction potential for Li2F and Na2F systems of
the ten angles θ = 0–180◦ and φ = 0–360◦ for
the Li2F and Na2F systems. The comparison of the
two systems shows that the overall trend of change
is the same. We can clearly see that the saddle
point is at θ = 0◦, and the barrier point is located
at θ = 90◦.

Fig. 4. 3D view of the interaction potential for (a)
Li2F and (b) Na2F systems at r = re.

TABLE II

Results of the calculations compared with the exper-
imental data.

Li2F system

Parameters
Exper.

data [23]
Ref. [22] Ref. [24]

Our
results

RLi−Li [a0] 2.722 2.644 2.67 2.696
D [eV] 3.8± 0.2 3.89 4.82 3.87

Relative error − 2.37% 26.8% 1.58%
Na2F system

Parameters
Exper.

data [25]
Ref. [21]

Our
results

Relative
error

RNa−Na [a0] 3.30 3.224 3.292 2.42%
D [eV] 5.3 5.72 5.289 0.21%

We can see that the PESs are smooth over the
whole configuration space. There are two valleys
on the surface, the left valley and the right val-
ley, which correspond to the product of F+Li(Na)2
and the reactant of Li(Na)–F–Li(Na), respectively.
We can easily see the mainly isotropic interaction
and the well-defined molecular core identified by the
repulsive regions, which show vanishing angular de-
pendence for this very weakly bound Van der Waals
complex.
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4. Conclusions

The ab initio calculation and equilibrium ge-
ometrical parameters of the X2A1 ground state
of Li2F and Na2F systems are performed by
CCSD(T) method using the aug-cc-pCVQZ/aug-
cc-pCVDZ+332 basis set. The 3D PESs diagram
clearly shows the equilibrium structure and charac-
teristics of the radical molecules of Li2F and Na2F
systems. We can get some common features, and
by using these features, the correctness of the new
function expression and parameters can not only be
evaluated to develop new potential energy function
models but also provide more information. Our cal-
culations will provide the theoretical basis for cold
collision between alkali metal diatomic molecules
and halogen atoms.
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