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BB, THEAR R P AN I AN A BLAE Y RE
T, R T T B0 TR B ) A R B T B
H BTk, 2014 4F, Abbiche 25 Bli@nt 2 2% H M
HAE A (multi-reference configuration interaction,
MRCI) +CV+SR 77X} CP 73 ) X2X T Fll A%I1
T AR T AT T

2) 7% B

7 3 R 800G 6 I e 45 B 153X P AN ELAE Y
FERR A, TH S A FR 0 I AL X S RN Y L RE
. 2014 4F, Li% @it aug-ce-pwCVnZ-DK FE4
THE T GeH™ 1) 8 2% HiL 135 1 % & il 2k (potential
energy curves, PECs) FI 1 £ 5.
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aug-cc-pVHZ AT H T CO 7 FHAR M S EH AN =
HA (AFEXIST M AUIE 6 MHTE) (1 PECs Al
EEXISTERSE T v = 20 AR - HEHR
gk, it S IF B R CV M SR AUNABIE. [
£E, Shi %% 23] & ] 3t 4H aug-ce-pV5Z T8 T MRCI
IKF B CO 431 8 2 UK HL T 25 [ PECs FHHR -#%
T[] 4 9 SR B R 2H N ce-pCVQZ Al ce-pVbZ %
J& T CV RBLAT SR &AM T PECs FIFZHA (aug-ce-
pV5Z+CV+DK). @i A7 5, tHE T R RN
X CO 731 RE& ML, BET 204 1 7 1 B IR -
W BT AR IR A S B ORI R - i
HIHEL, JTikBiE G CO 78 TS — B &R
IR - B RS AT A

A E T

R TR EPRE A CO 73 1 1 PECs AR -4 1%,
7 molpro2012 P BAFELTH LT 4 TN HL T 45
P, N T SRR ARG I BE IS4, B STk S HF
TTVEIRAT 5> 11K 2 U oK 2 SR 5 (E G BR Al R
FHAS P 21 58 205 1 2% 18] 5 ¥8 3 (complete active
space seif-consistent field, CASSCF) J5¥Z [29:20] 5k

T L2 B PR 0 5 AH OGN B e R T MRCT
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IEHRLE Cooy IITHE Cop HHEAT. Cocyy F1 Cop HIANH]
LYRIN IS R R R BT-Aq, T1-B1+Ba, A-
Aj+Ay, X-Ay FEIFEIX AN K PECs I,
T — RN SRR, THAE R A PR X 3k R
ME)BE AR IR = 0.8—2.5 A, AR = 0.01 A;
R=25-52A AR=01A (1 A=0.1nm). &%
PRI, o, AR AT HE B
Wb, fEHF tHE R, RA 7 5445 Slater 1741 5K
A CO M THE, b RFET HR X FATH
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YE NI IE, 34T CASSCF it 5, 435343 CO
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Reit 5. f)a, #H4T MRCIHHE, (Hii Tk —3
PR Z A7 78, 7E MRCI 1 il A\ T Davidson & IE
(+Q) B fhit T BT I EERAS IE, IR
WE T 95 F RIS RE RIS F it 5 C
O JEF R Z .

X CV RS AT SR RN A& T 385 7 o
AT, T AE R EHA aug-ce-pVnZ (n = T,
Q, 5) B33 i HF, CASSCF 1 MRCI J5 i it &
CONTANRAEBNPECs. ATIHENERT
FHSCRBL IR, fE MRCLHS A, T CMO
JE 1 152 N 522 10 B XU IR P2 AR 1 CV 3K
Ni. FEATE RS CV U TR, o R L X
B IR RIRBLIE R 4. iR SR, AT
HA OV RS IEE, FEL R ce-pCVQZ. FIH
MRCI J5 ¥ FHEU 4R aug-ce-pVQZ FEH. it i 5
= Douglas-Kroll *2] fl Hess [*%] B o1 7 #1 4> 3515
SR ARz, RIS E 7 ot & 3 R IUFN Darwin I P AH
XPVR AL, SR S F P ANE TE RS BT ik T4 2 BRI AE X
BE RN B & X PR M RE = B fEJ5VEB
T TR aug-ce-pwCVnZ-DK (n = T,
Q, 5) @it HF, CASSCF 1 MRCI J5 %15 CO 4
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FAEIE T RIIEA (n = T, Q, 5) SMER| 58 4= 341
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a’Il, /3%t il AMTI A1 PECs, @it LEVEL B4 2
FHLE K CO 7 1 11— 4842 17 Schrodinger 77 2,
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Fig. 1. PECs of ground state X! X and excited states
aSIl, A and a’3X™ calculated by method A.

BT AN GBI T R 15 B
XIS Rk &a’, a5t F AT [ PECs,
AU E AR B G, KR E B R
HTRVE T HRESXISTAE ok SaTH
214G, WERIFLLE M, R T7EA, £
v = 0100 (%3 & TH8J = 0), R3hBEX
G, B TH 5 25 B3 B 4 1082.75—21354.78 em ™!,
A3 X R 2 N 0.97—23.63 em ™!, A X W £ AR
b 35 B M 0.09%0.11%. {HIEv > 10K, J

EAM R ERK, IRENEEHRG, 1R 2 1R
1k Y8 Bl N 26.56—157.15 em™t, I H H 77 kA
T E B IR B e G, 1 35 J7 fi R 22 (root mean
square error, RMSE) N 0.17%. Rz 7B, 18
v = 0—100 (J = 0), IRANBEXG, M54
T8 8 1082.11—21344.55 cm ™, X 2N
0.33—13.41 cm ™, AHXT R ZE FEIN 0.03%—0.06%.
ERARIEZ S HEBH T iEAR 5 4 R
B ir s EME Py > 108, Hi%kB
Mt EE REERA G it HE 4 REE AN
23228.85-39143.40 cm™t, Xt N A X e 25 R
15.67—144.53 cm™'. @ HEBIFHE NG, K
RMSE 40.13%.

T R AL Sz B0 | H 2
TSRS MR GEL (v = 0—7) N &
. WETEAUTE T ZNIRI e RS WM
76 [ N 870.587212302.4342 cm ', AH X W % N
2.43—56.43 cm™', RMSE 40.37%. J7i%Bit %
T ERIIR BN BE S VG H A 870.06—12296.18 cm !,
AH R 229 1.9—50.1 cm™', RMSE 50.32%. i
o LRI, T RESXIST S —BAS
a3l J5ik B L7 A THE IR -3 15 5 157 S5
=1H.

B EANM T BRI RS 28T f
AT PECs )l & H AT 21 MRS RE K 51 T % 2.
22 [FIRR B T R ) S B A 0L X ety
B, EAN R ARG g PO A 13
B, tHE A RV N 615.4681—21161.94 cm ™!,
AR X 25 4 2.89-—129.16 cm ™!, RMSE 4 0.54%.
J7iEB MRS RGN 615.63—21172.16 cm !,
AH % i 22 9 3.05—139.38 cm ', RMSE 5 0.57%.
M FE, X FAULE, H kA H 4 R
N 755.3099—23926.31 cm~t, M X W E N
1.82—164.31 cm~t, RMSE 4 0.49%; 77 % B it
gk B A 755.2961—23938.30 cm L, AH X 1
#:N1.81—182.27 cm™ ', RMSE 5 0.53%. il 4
B iR g5 BT gn, X TR A &3S T AL U7
EA T R LT S

N T R AE M L R T B R 1R B R -
T THRORE B, AT B, RS SR A5 R A X
w22, K2 s, MWE 2 /T LUE H, BRI
()4 2 Be O 5 S0 R AR O BEAR R /N T 1%, (H2& X
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WO 2211, T7VE A BT RAS R ZE KT
JiVEB, X FRURAS AL aBYY, Jrik AiE
SR T ITEB. X — - AT CLHE 2 5
WO A, Bk G R e, 7k B
FEPRF A B N, A G i & T,
O TNy TSR DR 2T 6. TR TR )
T, ATRARL TR A, R BAAE RN TSR SR AR
PSR BHEM R 45 R A SCRAANFRR T Rt 5
T SRABLE CVAZIE, I H 5 & 0 H & i 5o A

*1

AR, X T RARIIIAS TS, R T AR R
XS TS A L O (7% B), KBRS -
EMTHERE AR T, AT, XX B A
L ORI SR ZOR B, M TSR T A, i
T AR AR, S i R B 2 4
BRAG T R IBEA 1E B B 1 2 AH L PR - S5 AE A 1
2R, IR -FE R TS S VA AR e
PR, X LA T AN [ L7 25 W1 SR IR SO AR
THRAE.

Tk A U B IR CO 4 T XIST Ml al I &MIRENEES G (v = 0—20, J = 0)

Table 1. Vibrational energy levels G, of X131 and a3II state of CO molecule calculated by method A and

method B (v = 0-20, J = 0).

Gl,/cm*1
Xzt alll
v
ENYEAE S HRRZE /% ENYEAE S X RZE /%o
LB 1939 g 30—
JEA B HEA TEB HEA S JEB kA B
0 1082.75 1082.11 1081.78 0.09 0.03 870.59 870.06 868.16 0.28 0.22
1 3227.99  3226.16 3225.05 0.09 0.03 2590.21  2588.74 2582.77 0.29 0.23
2 5346.87 5343.84 5341.84 0.09 0.03 4281.01  4278.65 4266.7 0.34 0.28
3 7439.43  7435.23 7432.21 0.10 0.04 5942.99 5939.74 5921.2 0.37 0.31
4 9505.70  9500.39 9496.24 0.10 0.04 7576.09 7572.04 7546.8 0.39 0.33
5 11545.70 11539.37  11534.00 0.10 0.05 9180.29 9175.54 9143.3 0.40 0.35
6 13559.52 13552.26  13545.54 0.10 0.05 10755.75 10750.24 10710 0.43 0.38
7 15547.22 15539.11 15530.96 0.10 0.05 12302.43 12296.18 12246 0.46 0.41
8 17508.90 17500.06  17490.31 0.11 0.06 13820.27 13813.35
9 19444.69 19435.16  19423.68 0.11 0.06 15309.41 15301.80
10 21354.78 21344.55 21331.14 0.11 0.06 16769.75 16761.54
11 23239.34 23228.45 23212.78 0.11 0.07 18201.40 18192.58
12 25098.66 25087.16  25068.67 0.12 0.07 19604.31 19594.96
13 26933.10 26921.14  26898.90 0.13 0.08 20978.54 20968.68
14 28743.34 28731.09  28703.54 0.14 0.10 22324.06 22313.77
15 30530.27 30517.92  30482.68 0.16 0.12 23640.91 23630.21
16 32295.05 32282.73  32236.41 0.18 0.14 24929.03 24918.00
17 34038.91 34026.71  33964.81 0.22 0.18 26188.37 26177.08
18 35763.12 35750.97  35667.96 0.27 0.23 27418.87 27407.38
19 37468.65 37456.36  37345.95 0.33 0.30 28620.38 28608.79
20 39156.01 39143.40  38998.87 0.40 0.37 29792.74 29781.13
RMSE 0.17 0.13 0.37 0.32
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#2 BT ARMEBWHARN CO 4T a3t AT &MIRNEER Gy (v = 020, J =0)
Table 2. Vibrational energy levels G, of a’3%1 and A1 state of CO molecule calculated by method A and
method B (v = 0-20, J = 0).

Gl,/cm’1
a’3%t AT
4 i ok i
‘ ‘ZKS'C,H% et 3 ‘fﬁﬁwf%‘/‘% _ ZISI,H%‘ e 361 ‘*‘H%ﬁ%(%
FikA JiEB FiEA JTEB HEA JiEB FHEA B
0 615.47 615.63 612.58 0.47 0.50 755.31 755.30 753.49 0.24 0.24
1 1829.65 1830.17  1821.44 0.45  0.48 2240.55 2240.48 2242.3 0.08 0.08
2 3022.69 3023.56 3008.83 0.46 0.49 3691.46 3691.42 3685.2 0.17 0.17
3 4194.97 4196.18 4175.16 0.47 0.50 5108.14 5108.24 5097.9 0.20 0.20
4 5346.76 5348.39 5321.31 0.48 0.51 6490.77 6491.12 6476.1 0.23 0.23
5 6478.36 6480.37 6446.32 0.50 0.53 7839.54  7840.22 7818.2 0.27 0.28
6 7590.05 7592.48 7552.31 0.50 0.53 9154.66 9155.77 9125.0 0.33 0.34
7 8682.12 8684.91 8638.11 0.51 0.54 10436.35 10437.99 10401.8 0.33 0.35
8 9754.77 9757.95 9705.57 0.51 0.54 11684.83 11687.08 11641.0 0.38 0.40
9 10808.2 10811.8  10751.15 0.53  0.56 12900.24 12903.22  12846.9 0.42  0.44
10 11842.6 11846.6 11779.26 0.54  0.57 14082.69 14086.47  14018.8 0.46  0.48
11 12858.1 12862.6  12788.37 0.55  0.58 15232.14 15236.83  15155.6 0.51  0.54
12 13854.9 13859.8 13778.58 0.55 0.59 16348.42 16354.11 16262 0.53 0.57
13 14833.1 14838.5 14750.12 0.56 0.60 17431.13 17437.87 17333 0.57 0.61
14 15792.8 15798.7 15703.24 0.57 0.61 18479.52 18487.39 18371 0.59 0.63
15 16733.9 16740.4 16637.78 0.58 0.62 19492.46 19501.46 19366 0.65 0.70
16 17656.6 17663.8 17554.01 0.58 0.63 20468.19 20478.29 20330 0.68 0.73
17 18560.8 18568.7 18451.41 0.59 0.64 21404.16 21415.24 21257 0.69 0.75
18 19446.5 19455.1 19330.47 0.60 0.65 22296.6 22308.44 22138 0.72 0.77
19 20313.6 20323.0 20190.91 0.61 0.65 23140.04 23152.27 22970 0.74 0.80
20 21161.9 21172.2 21032.78 0.61 0.66 23926.31 23938.30 23762 0.69 0.74
RMSE 0.54 0.57 0.49 0.53
0.5
**I * Method A
04 1 ¥ % Method B
[k T
0.3 i* 14
*
0.2 1
§ Xizt -*-i* asll
R e SR
3 **********
£ 08 . . . **I*
% ii** * 5 %%
*
= 06 iii* 1 iiiiiiiiiiii***
o4 pEEF
0.4 £ 1
*¥ AUl
** aByn+
0.2] 4% 1
o , , , , , , , ,
5 10 15 20 5 10 15 20
14 v

2 BT A R BAMEES XIS MR o811, AMI A /35t RBNAEH G, MIAHXTHEZERE v 1R 4L
Fig. 2. Relative error of the vibrational energy level G, of ground state X!31 and excited states a3II, Al and
a/3% 7 calculated by method A and method B varies with v.
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LB B SN E, R N3RS SR R 1
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Abstract

Accurate calculation of molecular energy is of great significance for studying molecular spectral properties. In this
work, the potential energy curve and rovibrational spectrum (G,) of the ground state X!3* and the excited states a®II,
a’3% " and AT of carbon monoxide molecule are calculated by the multi-reference configuration interaction method. In
the calculation, the core-valence correlation correction (CV) effect and scalar relativistic (SR) effect are included.

In order to obtain an accurate energy of molecule, two computational schemes are adopted. In the first scheme, i.e.
(MRCI+Q/CBS(TQ5) 4+ CV +SR), the molecular orbital wavefunction is obtained from the Hartree-Fock self-consistent
field method by using the basis set aug-cc-pVnZ. The wavefunction is first calculated by the state-averaged complete
active space self-consistent field approach. Then the multi-reference configuration interaction method (MRCI) is adopted
to calculate the dynamic correlation energy in the potential energy curve. Finally, we use the basis set cc-pCVQZ and
aug-cc-pVQZ to calculate the CV effect and SR effect by the MRCI method. In the second scheme (aug-cc-pwCVnZ-DK
(n =T, Q, 5)), the potential energy curves (PECs) of these four electronic states are calculated by the MRCI method
whose basis set (aug-cc-pwCVnZ-DK) contains the CV effect and SR effect. Finally, in order to reduce the error caused
by the basis set, we extrapolate the basis sets of the two computational schemes to the complete basis set. On the basis
of the PECs plotted by the different methods, we obtain the spectroscopic parameters of the X'XF, a3TI, a/*S+ and
AT states of the carbon monoxide by solving the internuclear Schrodinger equations through utilizing the numerical
integration program “LEVEL”.

In this paper, we calculate the SR effect and the CV effect by using different schemes, and the latter is indispensable
for accurately calculating the molecular structure. For the lowest two electronic states, we consider the dependence of the
two effects on the calculation of the Gaussian basis group (Method B), and find that the accuracy of the rovibrational
spectrum is improved. It can be seen that these electronic states have higher requirements for electronic correlation
calculation. For higher electronic states, the electron cloud distribution is relatively loose, and the electronic correlation
obtained by a single Gaussian basis group can achieve the corresponding calculation accuracy. Of course, since the
calculation of the rovibrational spectra is essentially only the relative energy, the offset effect of the electronic correlation

effect of different electronic states is also included here in this paper.
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