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Fig. 1. Schematic diagram of the displacement coordinate
system of water molecule. 1 represents oxygen nuclei and 2,

3 represent the two hydrogen nucleus.
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Fig. 2. Potential curve of of HyO molecule for B, vibration-

al mode.
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Fig. 3. Schematic diagram of SF; molecular structure. 1

represents Sulfur nuclei and 2—7 represent Fluorine nucleus.
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Table 1. Ay, E,, Ty, and T,, vibrational modes of SF molecule.
fiFg AR Alg Eq Eq Tag Tag Tag Tou Tou Tou
Az, Ayr, Az 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0 0,0,0
Azxo, Aya, Azo r,0,0 r,0,0 —r,0,0 0,7,0 0,0,7 0,0,0 0,7,0 0,0,0 0,0,7
Ax3, Ays, Azs —7,0,0 —-7r,0,0 r,0,0 0,—r,0 0,0, —r 0,0,0 0,7,0 0,0,0 0,0,7
Axg, Ays, Azy 0,7,0 0,0,0 0,2r,0 r,0,0 0,0,0 0,0,7 0,0,0 r,0,0 0,0, —r
Axs, Ays, Azs 0,—r,0 0,0,0 0,—2r,0 —r,0,0 0,0,0 0,0, —r 0,0,0 r,0,0 0,0,—r
Axg, Ays, Azg 0,0,7 0,0,—r 0,0, —r 0,0,0 r,0,0 0,7,0 0,—7r,0 —r,0,0 0,0,0
Axy, Ayr, Azy 0,0, —r 0,0,7 0,0,r 0,0,0 —7r,0,0 0,—r,0 0,—r,0 —r,0,0 0,0,0

093101-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 71, No. 9 (2022) 093101
a b
—995.26 (@) Auy —995.26 | (P) E,
—995.27 | —995.27 |
5
i —995.28 —995.28
S~
W
—995.29 | —995.29 |
—995.30 | —995.30 |
—0.12 —0.08 —0.04 0 004 0.08 0.12 —0.12 —0.08 —0.04 0 004 0.08 0.12
—995.26 |-(¢) —995.26 (D)
995.26 Tas T
—995.27 | —995.27
B
s —995.28 —995.28 |
~
w
—995.29 | —995.29 -
—995.30 -\—/ ~99530f —MmM === 0@

—0.12 —0.08 —0.04 0 0.04 0.08

r/a.u.

0.12

Bl 5 SFe AR S 2 B 3 th 26

—0.12 —0.08 —0.04 0 0.04 0.08 0.12

r/a.u.

(a), (b), (c) Al (d) ST ARSI Ay, By, Tog Fl Ty, HRENBLL

Fig. 5. Potential curves of different vibrational modes of SFg molecule: (a), (b), (c) and (d) correspond to Ay, Ey, Ty, and Ty, vi-

brational modes respectively.
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Table 2. Vibrational frequencies wy, w,, ws and w, of the vibrational modes Ay,, E,, Ty, and Ty, of SF.
MRCI/6-311G* HF/6-311G* MP2/6-311G* CISD/6-311G* CCSD(T)/6-311G*  B3LYP/6-311g* Expt/'2
wl/cm’l 809 824 726 806 719 706 787
c;.}g/cm’1 650 697 625 684 627 611 655
wg/cm_1 542 588 502 541 500 467 524
c;.}4/cm’1 362 377 335 364 334 311 355
lp/ (1071 m) 1.558 1.547 1.586 1.557 1.586 1.593 1.565
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Fig. 6. Relative errors to the experimental values of the four
vibrational frequencies obtained by different methods and
same basis set 6-311G*.
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Abstract

Quantum calculation of molecular vibrational frequency is important in investigating infrared spectrum and
Raman spectrum. In this work, a low computational cost method of calculating the quantum chemistry of
vibrational frequencies for large molecules is proposed. Usually, the calculation of vibrational frequency of a
molecule containing N atoms needs to deal with the Hessian matrix, which consists of second derivatives of the
3N-dimensional potential hypersurface, and then solve secular equations of the matrix to obtain normal
vibration modes and the corresponding frequencies. Larger N implies higher computational cost. Therefore, for a
limited computational hardware condition, higher-level computations for large N atomic molecule’s vibrational
frequencies cannot be implemented in practice. Here we solve this problem by calculating the vibrational
frequency for only one vibrational mode each time instead of calculating the Hessian matrix to obtain all
vibrational frequencies. When only one vibrational mode is taken into consideration, the molecular potential
hypersurface can be transformed into one-dimensional curve. Hence, we can calculate the curve with high-level
computational method, then deduce the expression of one-dimensional curve by using harmonic oscillating
approximation and obtain the vibrational frequency by using the expression to fit the curve. It should be noted
that this method is applied to vibrational modes whose vibrational coordinates can be completely determined by
equilibrium geometry and the molecular symmetry and be independent of the molecular force constants. It
requires that there exists no other vibrational mode with the same symmetry but with different frequencies. The
lower computational cost for a one-dimensional potential curve than that for 3N-dimensional potential
hypersurface’ s second derivatives permits us to use higher-level method and larger basis set for a given
computational hardware condition to achieve more accurate results. In this paper we take the calculation of B,
vibrational frequency of water molecule for example to illustrate the feasibility of this method. Furthermore, we
use this method to deal with the SFg molecule. It has 7 atoms and 70 electrons, hence there exists a large
amount of electronic correlation energy to be calculated. The MRCI is an effective method to calculate the
correlation energy. But by now no MRCI result of SF vibrational frequencies has been reported. So here we use
MRCI/6-311G* to calculate the potential curves of Aj,, E,, Ty, and Ty, vibrational modes separately, deduce
their expressions, then use the expressions to fit the curves, and finally obtain the vibrational frequencies. The
results are then compared with those obtained by other theoretical methods including HF, MP2, CISD,
CCSD(T) and B3LYP methods through using the same 6-311G™* basis set. It is shown that the relative error to
experimental result of the MRCI method is the least in the results from all these methods.
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