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Fig. 2. Error trend figure of CCSD(T)/cc-pVQZ.

Rk, ik RFRA 2% >] CCSD(T) J7 ik 1%
EMATBE B (o), FELAIEIE MK R R 21
WIS R B, I A5 3 58 S RS 09 000 {4
EP (a):

Ey () = E)™ () + B}, (5)
Horh a R XU T3 72k,

2 #R 536
21 MELEFE

i1 Gaussian 09 F0f4 B3 RHL T K407k
W CCSD(T)/cc-pVTZ Hl CCSD(T)/ce-pVQZ
M REN L, JFH5 TR RS BE R B . JE
SRS A SR P08 P (R EdE Wk 1),
b S TR B IR 22 B €. s SORIR
(H-5 SR (B A XS 825 4 6
E) —E,
Hop, EyAFMIBMH, B ARLRME. RFRA 1Y
i NEHE S A NS B X M EbRER Y (B0 2
[ Liy), He X fff:

1)CCSD(T) /cc-pVTZ WRsIHES:: ET

2)CCSD(T)/cc-pVQZ INIRSIRES: ER.

RFRA HYAE: 55 sl 4 1 X 86705 ok 5 3R 53¢ g 2
Z IR S 2R

5:

x 100%. (6)

X 2 W Liy B CCSD(T) /cc - pVQZ HIHR
BIREGUR SR [59) ek 5 APR B BELL, 7T LA A B
BAEA AL RSN REGAR AR F 40k . IF HEE IR 2 &
FHUEI, IRSFESIE IEFAAR]. 2P XT 2
H AR SCHIN BE S A SCHR [59], AT L& B # &4
45, A& fE— L RE RS IR 22 B/, il v =20
mf, AR SCIR 254 0.135 cm Y, 1 SCHK [59] AR 2 A
38.701 cm . IXBLIAASCHY CCSD(T) Jrikitiads
Rl

2.2 TuilZs5gR

PBHREE €50 RN (38 ¥ ) A4
(44500 F) PR A3 B R R 5 2 i 2N 2R
20 K, LA RFRA 15 2| — MBS 45 5 — kil 25,
e 2R A T (B A B N B A 2.

RFRA 193000 P 58 tHAH X iR 22 (200 (6) )
PEE. YL HF, HBr, H35CL Fll Na3sCl 4], T 2%
RAYXHEINF (BE W R 3). U ZR4E 1Y 7 A X
2R 0.785%, B RKAHRTIRZE A 12.471%, e/ INHXT
B 25 0 0.000548%; T 4 1) ~F 34 A0 XT iR 22 8
1.136%, f KAHXF 1R 254 6.601%, f5/MH X 15222
4 0.00964%.

2.3 ERESH

BT IR TN 2 S5 2 5 A Al SR SR T
% (CCSD(T)/cc-pVb Z) FhiR 225 Hu A i UL 1A 3.
M 3 ATLIE ), 454 THlas% I E3: RFRA 5
MSRIR CCSD(T) J5 ik 1) T 8 SROKG 22 i 2 1A
F CCSD(T)/ce-pV5 Z, I H A A i e X AT
RECRASFR AT IS B2 . 9T 5 Tk i T BB SR 25 R 4 K
AN T ER L CCSD(T) HyiR 22/, RIEAEdR3h
AR, BT AT AR T B iR P B
BUE ., T LAFELEA I s i TP e T B (ELAS 1
R, YRS T BRI, BTk i AR IR
PETE. BN, H3CL, v = 128, CCSD(T) Wik
171000 em ™, TET A AR 22 AUAE O BEiE. Y
R, B L, WARTEHABFIH CCSD(T)/cc-pVTZ
Fl CCSD(T) /cc-pVTZ W45 B AT A M T ) 5
2, il CCSD(T) /CBS. ZA3CHIH CCSD(T)/CBS
773157 HEF, HBr, H¥C1 fil Na®*Cl i figis, H
SEA AR X R KRN 1.830%, 4.090%, 7.489% F

073101-3


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

) 3B £ 3R Acta Phys. Sin. Vol. 72, No. 7 (2023)

073101

F 1 EES TR LEARNFER (cm )

Table 1.  Partial experimental vibrational energy levels of molecules in the ground state (cm!).
v H, HF DF H*Cl LiH Liy
0 2179.69 2050.77 1490.30 1483.88 705.08 175.032
1 6341.75 6012.19 4396.97 4369.86 2078.45 521.26
2 10268.40 9801.57 7212.12 7151.86 3406.08 862.26
3 13694.54 13423.60 9937.66 9830.66 4688.81 1198.00
4 17433.22 16882.45 12575.33 12406.71 5927.55 1528.41
H”Br N, BF CIF NO CN
0 1314.65 1175.77 742.00 191.77 948.50 1031.20
1 3873.57 3505.69 2208.00 573.06 2824.50 3073.60
2 6341.99 5806.93 3651.00 951.35 4627.30 5089.70
3 8719.91 8079.47 5072.00 1326.60 6491.90 7079.50
4 11007.01 10323.28 6470.00 1698.90 8283.50 9042.80
Br, BCl CP CS SiCl 0O,
0 162.38 416.83 618.19 709.00 267.25 664.69
1 485.53 1242.63 1844.32 2117.00 798.54 2326.53
2 806.51 2058.80 3056.76 3515.00 1325.50 3968.09
3 1125.29 2865.49 4255.53 4902.00 1847.50 5589.60
4 1441.88 3662.85 5440.62 6278.00 2365.50 7191.32
120116() 1BCI6O) 1160 120170 B0 [Eelire)
0 1081.77 1057.72 1036.74 1068.03 1043.66 1022.39
1 3225.04 3153.79 3091.61 3184.32 3112.11 3049.05
2 6341.83 5224.54 5122.15 5274.81 5155.92 5052.07
3 7432.21 7270.04 7128.44 7339.54 7175.14 7031.50
4 9496.24 9290.35 9110.52 9378.60 9169.83 8987.38
SO SiC SiN HMgl0 Na*Cl NaLi
0 576.94 475.47 574.06 391.14 181.90 127.83
1 1740.42 1416.67 1712.46 1165.88 543.05 381.22
2 2916.75 2344.87 2837.85 1930.32 900.70 631.10
3 4105.98 3260.07 3950.20 2684.16 1254.89 877.79
4 5308.16 4162.27 5049.47 3427.11 1605.65 1121.12
MgH AlO AlF Al Cl Si0 BH
0 739.11 488.00 394.60 246.60 619.20 1171.06
1 2171.09 1453.40 1180.00 734.10 1848.90 3440.30
2 3539.79 2404.76 1956.10 1217.30 3066.50 5614.11
3 4841.14 3342.19 2722.30 1698.00 4272.30 7694.16
4 6070.50 4265.42 3480.20 2175.20 5466.10 9684.16

4.004%, A ST IPFIAR R ZEHICH 1.468%,
1.955%, 0.899% 11 0.761%. nJ WL, 3 J5 ¥ 4= 1 £
T CCSD(T)/CBS Ji%.
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PV5 Z I EAE MR & T 45 1.

BT SRR 7 P AT, AR SO
P I TR RIEAT T B0, IR 11 FR
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TR SRR T AR 2 | 406 b T
R OCSD(T)/ec-pV5 Z (TR 525, 7 L,
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# 2 Lip BYR AR S BINESE (cm )
Table 2. Input data and predicted data of Li, (cm™).

ALY HERER T : B, k(50 s vor
E} E}

171.702 172.1623 175.03 174.059 178.903
511.410 513.631 521.26 518.255 531.853
846.059 849.982 862.26 857.832 878.969
1175.599 1181.177 1198.00 1191.397 1173.096
1499.987 1507.169 1528.41 1519.330 1496.133
1819.161 1827.906 1853.46 1841.991 1906.993
2133.063 2143.328 2173.07 2159.852 2106.362
2441.620 2453.368 2487.19 2471.991 2438.853
2744.753 2757.954 2795.74 2778.334 2693.961
3042.368 3057.002 3090.64 3072.703 3102.89
3334.377 3350.421 3395.80 3373.920 3369.871
3620.669 3638.108 3687.11 3663.159 3630.759
3901.126 3919.951 3972.43 3946.618 4009.308
4175.619 4195.927 4251.73 4223.997 4297.662
4444.003 4465.597 4524.78 4495.270 4487.998
4706.126 4729.113 4791.43 4760.610 4530.406
4961.805 4986.210 5051.53 5018.559 4962.152
5210.858 5236.706 5304.93 5270.268 5225.061
5453.074 5480.402 5551.4 5514.831 5506.045
5688.224 5717.081 6790.71 5753.539 5701.189
5916.059 5946.503 6022.66 5983.959 6022.425

VE: SCHR[59] B A Ethis work SR iy AN

% 3 HF/HBr/H*Cl/Na®Cl BFIRZIFES ( cm)
Table 3.  Predicted vibrational energy levels of HF /HBr/H*Cl/Na*Cl (cm ).

HF E, Othis work Eipis work EpS I254
0 2050.771 0.04093 2134.714 0.01200 2075.378
1 6012.194 0.05485 6341.983 0.01562 6106.099
2 9801.566 0.03044 10099.884 0.01694 9967.644
3 13423.603 0.001166 13407.950 0.01797 13664.780
4 16882.448 0.004083 16951.383 0.01893 17202.024
5 20181.824 0.0005710 20193.347 0.01990 20583.515
6 23324.620 0.008118 23135.267 0.02093 23812.920
7 26313.146 0.01637 25882.423 0.02205 26893.357
8 29148.927 0.01435 28730.690 0.02327 29827.322
9 31832.367 0.01963 31207.435 0.02464 32616.648
10 34362.909 0.004397 34211.806 0.02618 35262.441
11 36738.405 0.01714 36108.527 0.02794 37764.995
12 38954.943 0.01769 38265.658 0.03000 40123.716
13 41006.593 0.01487 40396.799 0.03244 42337.026
14 42884.443 0.01483 42248.544 0.03539 44402.227
15 44576.005 0.01264 44012.508 0.03902 46315.354
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2% 3 (4%) HF/HBr/H¥Cl/Na®Cl [ FMIRZIHES (cm )
Table 3 (continued). Predicted vibrational energy levels of HF /HBr/H*Cl/Na*Cl (cm !).

HF 174 El/ 6this work E}/his work 68 ES
16 46064.207 0.009428 45629.921 0.04357 48071.083
17 47325.663 0.006234 47030.644 0.04938 49662.648
18 48328.541 0.0003463 48311.807 0.05697 51081.932
19 49026.508 0.005459 49294.146 0.06717 52319.807
HBI‘ 14 El/ 6this work E}/his work 68 ES
0 1314.653 0.02080 1341.993 0.01314 1331.929
1 3873.566 0.06601 4129.243 0.01762 3941.805
2 6341.990 0.01130 6413.868 0.01935 6464.682
3 8719.913 0.01104 8816.207 0.02093 8902.436
4 11007.012 0.01316 11151.888 0.02259 11255.684
5 13202.585 0.01387 13385.700 0.02437 13524.341
6 15305.471 0.01795 15580.146 0.02630 15707.958
7 17313.970 0.002268 17274.704 0.02841 17805.806
H¥Cl o E, Othis work Ethis work 63 B}
0 1483.881 0.01052 1468.276 0.01050 1468.294
1 4369.857 0.01009 4413.952 0.003299 4384.273
2 7151.864 0.009209 7217.724 0.006637 7199.330
3 9330.658 0.01910 10018.462 0.008566 9914.869
4 12406.710 0.004748 12465.616 0.01028 12534.187
5 14880.156 0.002706 14839.892 0.01250 15066.200
6 17250.746 0.002461 17208.284 0.01563 17520.446
7 19517.778 0.003098 19457.320 0.01906 19889.759
8 21680.003 0.01529 21348.516 0.02231 22163.716
9 23735.517 0.01306 23425.579 0.02561 24343.381
10 25681.608 0.005119 25813.072 0.02871 26418.895
11 27514.609 0.009392 27256.180 0.03154 28382.336
12 29229.647 9.641 E-05 29226.829 0.03378 30217.072
13 30820.291 0.008591 30555.509 0.03507 31901.224
14 32278.144 0.004052 32408.930 0.03476 33400.117
Na®Cl E, Sthis work E;this work 59 EQ
0 181.899 0.008954 180.270 0.04204 174.252
1 543.050 0.01550 534.633 0.03299 525.138
2 900.702 0.007215 894.204 0.03107 872.718
3 1254.890 0.01144 1240.538 0.03014 1217.063
4 1605.649 0.005573 1596.700 0.02955 1558.204
5 1953.013 0.008120 1937.155 0.02912 1896.150
6 2297.016 0.005233 2284.995 0.02877 2230.937
7 2637.692 0.001172 2640.784 0.02847 2562.592
8 2975.075 0.01092 2942.574 0.02821 2891.142
9 3300.198 0.001195 3305.243 0.02798 3216.614
10 3640.093 0.01084 3600.653 0.02776 3539.057
11 3967.795 0.001966 3959.992 0.02755 3858.485
12 4292.334 0.002171 4283.017 0.02735 4174.918
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3 (42)
Table 3 (££).

HF /HBr/H¥Cl/Na®Cl B BIREH 8L (cm )
Predicted vibrational energy levels of HF /HBr/H%Cl/Na®*Cl (cm™?).

Na®Cl v Eu (Sthis work Egﬁs work 68 ES
13 4613.743 0.01077 4564.070 0.02717 4488.398
14 4932.054 0.002617 4919.147 0.02699 4798.950
15 5247.298 0.01274 5180.428 0.02681 5106.596
16 5559.506 0.009977 5504.042 0.02665 5411.364
17 5868.710 0.02119 5744.339 0.02648 5713.289
18 6174.940 0.003747 6198.078 0.02632 6012.398
19 6478.226 0.007659 6428.612 0.02617 6308.719
20 6778.599 0.0008396 6772.914 0.02601 6602.272
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Fig. 3. Comparison of the errors of the new method and CCSD(T)/cc-pV5 Z: (a) HF; (b) HBr; (¢) H¥Cl; (d) Na*CL
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Combining machine learning algorithm to improve prediction

performance of ab initio method for vibrational energy
spectra of HF /HBr/H**Cl/Na*Cl"
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Abstract

Halides play an important role in atmospheric chemistry, corrosion of steel, and also in controlling the
abundance of Oj;. Moreover high-precision vibrational energy spectra contain a large amount of quantum
information of molecular system and are basic data for people to understand and manipulate molecules. At
present, ab-initio methods have achieved many calculation results of the potential energy surfaces and
corresponding vibrational energy of molecules, but they still face challenges in terms of accuracy and
computational cost. Recently, data-driven machine learning methods have demonstrated very strong capability
of extracting high-dimensional functional relationships from massive data and have been widely used in
spectrum studies. Therefore, a theoretical approach to combining ab-initio method and machine learning
algorithm is presented here to predict the vibrational energy of diatomic systems, which improves the accuracy
and simultaneously reduces the computational cost. Firstly, the vibrational energy levels of 42 diatomic
molecules are obtained by using different CCSD(T) methods to calculate the configurations from simple to
complex and the corresponding experimental results are also collected. A machine learning algorithm is then
used to learn the difference between the CCSD(T) method calculated vibrational results and the experimental
vibrational results, and a high-dimensional error function is finally constructed to improve the original
CCSD(T) computational accuracy. The results for HF, HBr, H®Cl and Na*Cl (they did not appear in the
training set) and other halogen molecules show that compared with the CCSD(T)/cc-pV5Z calculation method
alone, the present method reduces the prediction error by more than 50% and the computational cost by nearly
one order of magnitude. It is worth noting that the method proposed in this paper is not only limited to the
energy level prediction of diatomic systems, but also applicable in other fields where data can be obtained by ab
initio methods and experimental methods simultaneously, such as the energy spectrum properties of

macromolecular systems.

Keywords: vibrational spectrum, ab initio, machine learning, halogen molecules
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