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KHERBZ SH AR EAEAH (explicitly correlated multi-reference configuration interaction method,
MRCI-F12) J5 VLA & — 4L co-pCVQZ-F12 1HE T XUFET43 T SO IFEA X2~ Mg — A& a ' A
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F—J7 M, BEE X SO 7 T I RS X3 M
WK A al A LI AT PR R R, — A S
BRI R A58, 1977 4, Dixon
5 (WLl TR 3A TR 3] TS X3E - flalA %21
AN A-SHLFE. 19794, Swope 25 USRI B4
MHZS A BAE I J5VERT 9T 7 SO 70 T HI X3S~ Al
al ASET MR AT 74, A5 7 e AT &5
2y S . 1981 4, Theodorakopoulos % [17]
A R K RASE B0 20 25 AH ELAE L 5 vk, TR SR IR
THUERA P e T IR R E), 1HE T SO
O 2 THIX3E, al AFIBIEST 2. 1984 4F, Klotz
25 U8 {3 ] 2 2 2 SOMOR A R ELVE L T
T Og, Sz, SO FHIbISH Flal A Z5 (145 4 75 .
1990 4E, Peterson F1 Woods "9 F| Ff — & %1 73 7L
M SR TTERT R TS SO FEN I A3
RS XTI EE M. 1999 4, Borin Al
Ornellas 0V 3 i 58 4= 3 P4 2% 18] V& 3% /7 ¥ (com-
plete active space self-consistent field, CASSCF) Al
WU 4E % 225 M BAE A (internally contracted
multireference-configuration interaction, icMRCI)
798, R A Ok — Bl Ak quadruple-zeta %5 41,
XSO 7 TR = HA P ES (B X332 M
al A% 6 NHLTA) T IH5E. BHJS, Borin %5 21 X
i 1 CASSCF MIMRCL /5 iR ™ e B & g b
B AH 9% — F b AL quintuple-zeta £ 55 7 SO 43
T ASTI—X3S~ BR3E. i, Yu Rl Bian 22 {4
icMRCIJFEWTTE T SO 707 AR 725, Hobxd
FEAS 00 LA F B R0 ' i 5 B v SR P B AL Ah
EY R R T 58 4%, (complete basis set, CBS).

RE K H icMRCI/CBS J7 ¥ 3£ 75 (1 SO 4 1
R T A Pk BB v SORS B, (B Y R
3 784 5= CBS 75 2773 7 K H 2 4 A 7] 1 B 4 o
THERE R, B TRAIMER 2R, XN LART
vk SO R A 2 FE B T H B AT SR T
SO 7> T HIIX A fL 5 A IR B BE R S5 M e )y vy
HEERILA . Kk, T EFRRF, RAE
A RGN — R T B> 7O S R T
%, JEH LSO B mER PN BR A 72 (RE=HE Y
FEXDT ME WK BESA) AW, 1T
RE HH 2R B . A T SRR T 1 2 i R A8 I )
MR TR TG, BLE R 2 25 S BARE 7%
(explicitly correlated multireference configuration
interaction method, icMRCI-F12), ttb75 7% 4% B,

DR T FRATVE IR S, 737 X3~ Mlal A B
R R R O SR T D R B
HERf B2, FATTIE 5 FE T Davidson 18 1F (+Q), FriE
FEXT VR RISE, FHAES - FL - DG IR S Rt SR R 20
Ah, FET RS R HARe M £, 8t KA —4EA% IR -
12 7] Schrodinger 5 72, FATIEH E T IX N
AR TOCIEFH (R Rl A R RE T, P&
[P Re, IRBNH B we, JEVETEIRZN T 2L wexe, T
W HE R Be, IR -FARRE T oo, NIRERE D).
Ja, IR#E MRCI-F12 J7:45 28 SO 7+ 1 X3%
FalA ) PECs, $24t 17 &A1 0 B IR 3 e gt 45
W5 B MR H A (B, D,). £ TRILT P,
2200 g BRIV AT L 45 AN B AL
A RIEE L.

2 i

A SCR SO 43 F AN B A I L A XBE T AN
al A PECs #EAT 75, RSO T AL N
Coovs HIFMOLPRO PR 7 5 & ) BRI, B A
THE W JAE Cooy [ F BF Co, kAT, FRAT S0 3E
Coow Tl Oy, T B A BT 29 R IR B R 43 3] A
YT—Aq, [I-B;+By, A—A+A,, X7 —A,. it
B AN BT A PECs i, FRATE I — R 51
SRR T B (TS A DA BE DX 3R (8] B 4 0 A
R=10-35A AR =005A; R=406.0A4A,
AR = 1.0 A). B2, 345 23T Hartree-Fock
(HF) B it &, EHFFHE S, BRATRA T (1-
7) 02(1-2)m*3n? HLLH S Slater 17 41 XA A SO 1 H
TR, M R F & T B e ST AT HL T A S AE
P AP 35 FE AR G AR H; B IS, LAHF 77377 25 1
o FREAE NV EIE, BT 58 4 0E Ve A B A
% (CASSCF) 226 {15, 43 513k 43 SO 43 T B4
XN~ M WA E AW R, TR FEE
BAE F %A B R A 53 7 i F SR E A,
CASSCF 7K £ T U LM H 5 R RS T
0 FE T bR B, BB M R H T R 5 ) S SR
YER; |5, BT BRI 2 22 A A BLAR F U7
(MRCI-F12) P50 o 73 1) M B 1, 720kt
FHTS, LLCASSCF i bR %5 B XU T UK 2141
BUTE TV ) R HOR e TF A, IX R T DU b 3
LT EE S A DR AN,. £ MRCI-F12 J5 i, i
TR R BRI R BB E T WA BT AR AL RS
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T T A E R E), B R K T it
(¥ HORDRG J RRG s M, S s 7 B il 270,
£ CASSCF it &t #r, %F SO 4311 CASSCF
TR FRATIEEL S J5 1 1s22522p8 A1 O J5 1 182
BUIEAVE N UR S5 HUIE, SRS IR 1~ ) 3s23p* AL AN
O J& 71 2s?2p* BUIEAE NG L2 (A PE (46 44
a1, 2 by, 27> by FREFRAEH) 2 T BUIEAE i
FIRIE). B4, 9 7R R TR RN
YR, £ MRCI-F12 1H 5 R, AR S J71 19 182
MIERSS, T SR Az R 2 AR 51, K
ATTASZE FE e F 7 OR 7 AR B SR IR R, T A 5 &
S JET 1) 2822p% A1 O JR 111 1s? XJ B FR)85 43 1 HiE
AR B L OOUHE - UK B A BT 7 AR B LA
B RIS 5 RS - UTE T ORBR I TR, A
A IC, GERRE - B 7 ORI, EAE S A T
RIREITHE o, AT A B2 7P i
TR, AN HEREAT CASSCF k. 1£ Bk
At AT HEEE-Hr T RECR R, A
BIFKH ce-pCVQZ-F12 (CVQZ). B4bh, NFAEA &
A RK/N—F 1% (size-consistency), A T David-
son ¥ (+Q) B IE, it T U EBR B IE, X
B, U ORIE T AE TG 55 38 7y 1 W e e AR T ML
FLS AN O JE 7 1 g ik 2 A1 R MRCT Jy v 2930
AR 45 1) aug-ce-pVQZ FE4] BL32L il 1 5 =Ry
Douglas-Kroll %3] £ Hess [*4] 8 Bt 7 FH 2> 3k 15 b5 B
FHXHRIEIE (scalar relativistic effect, SR), RIS &
T B -3 TR Darwin T A A X6 12 2508 T
& J&, R # MRCI-F12(+Q)+CV+SR J7 %
T R A X3S MalAZ M PECs, & i
LEVEL ™I f 5 1l & kK S04 ¥ 1 & 1
Schrodinger 77 1%, 73 23X P AN HAH 2 B 06 % 5 4
IR BN Be RAIR BB e 2L

3 & RAtik
3.1 NXiTEH

BATFIH MRCI-F12(4+Q) 77 A1 CVQZ 4,
AR 5] N CV A SR 2N, (MRCI-F12(+Q)/ CVQZ
+ CV + SR), HH T SO 73 FHE X35~ FIEE—#L
KA A PECs, @i L6158 2 R 44 X538
FlalA E(Jﬁ[ﬁljgﬁéﬁ (T67 Re, We, WeXes Bey e, De)

FIT 1. AT, R1Eg T DR B
1//E\‘ [19722,39740,42} %n;% [36738,41] é)ﬂ::% EB%% 1 EI%[],
i MRCI-F12(+Q)+CV+SR 77153 2 K730
W A DU R s 56 PO A I A 4R I, Bl
: XF X3 &, @ e E BT LT K,
A B B B MY 4% 1A BE R, B AR
X iR 24y B N 0.004 cm ! A10.004 A; R, &
MHE R 1 X3~ & R 25 A8 D, 5 506 B758 75 &
BLAE, MR Z A N 0.08 eV (411.5%); 5 &
1 S 56 1 ST A T, AR SC4h I X3S~ & 4R 3)
W we A wexe AR XT3 22 43 AN M 6.634 (£
0.6%) A10.057 ecm™! (£10.9%), FE 5 2 woxe
b £ 3 19 Yu fl Bian 22 (3R Fl MRCI(+Q)/CBS
7515 BA K Borin A1 Ornellas 2%2'] (5% Fif MRCI /cc-
pVXZ (X = Q, 5)J5iE) iH E I B 25 B8 4%
T B I A S B E PO 6.377 em . R M H L
() 535 9 AE B T R S B R il 4R 7R T B
ST 187 o7 B AL B RS, 3X R U T MRCI-F12
J7 6 T A £ A RN E T O Bk AR B
kG E AR, 54, X T alABWE, iHEA 2
[ 6 0 45 8 5 S 56 8 PO W+ o A A, o
F 2 BGRB8 T w, 5 52 56 DO 1 45 3+
o — 8, AN EZ17 (0.3%) F11 em™ (<0.1%);
LS L I U = M O N =
al A DS W ¥ 3)) W B B., ¥ 7 #% 18] BE R 1 AR B
Rt Do 5 52 56 {8 A £ £50.006 cm ™! (£10.8%),
0.006 A (0.4%)F10.02 eV (£10.4%); 5 sz 5 130
FEG, A ST 5B al A ZS HE I T B wexe BT
B Z AN 0117 em~ N (1.7%). AR E 1AW,
I MRCI-F12(+Q)+CV+SR/cc-pCVQZ-F12 5 #|
X303 B 1k W Bwe, AR 1 W Blwexe,
B H A Be VL K1 A% R BE Re #8 £ 3k £ 7 Yu
Bian 3@ i MRCI(+Q)/CBS it 5 KT, %%
Sy AN 7.2297, 0.1804, 0.0084 cm ! £110.0081 A.
B, A HAIABTKEEZELE S B H L
e F L Yu F1 Bian 22 (3R Fl MRCI(4Q) /aug-cc-
pV5 Z) M4 R, P T, we, weXe M D, B3
B4 %838 (FEX R ZER & T 0.7%), 5(0.4%),
0.12 em™* (1.5%) f10.02 eV (£10.5%), R A #
Z)) 5 H Be RV 5 A% 18] BB Re, AR SC 45 5 b Yu
Bian 22 {1 1H 544 0.7162 cm ™~ #11.4860 A 05 i 55
T 0.0036 cm~! (0.5%) 10.003 A (0.2%). & HIK
E, AXHMRCL-F12(+Q)+CV+SR /cc-pCVQZ-
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F12 45 H 11 al A 75 (1) )60 2 55050 RS 1 th B8 7 & S
BoOUMAE. BRIk, AT MRCI-F12 J7 3K 15
[11SO 7 Tk R AR A BT A OL RS # 5
SO g AR A IR AT, TR A e s S 4
(RS B O3k 31 58 42 2 CBS /K F, HEE#E H
CBS 45 B INfF & 92, EAEE KA A
HACK AT QZ 5 E i s 41, #68] MRCI-F12

T3 VEAE AR T SRS P 1 R B e g i ek s T E S
WS, X EEMER T EP R E T ry;
() 5 2 Slater B 28 g6 B 191, 3F B IRATTXF X30— AN
al A K MRCI-F12(+Q) /CVQZ v 572 43 5 fRAIE
TEZ) 1454000 F1 384000 /™ ZH 7S bR £ L il F b 4714,
AL, MRCI-F12 772 2% — P i R0 A 1 1 AR B
Hik.

£1 SOHFMEE XIS HE—HAKE al A MiES 4 (B MRCI-F12(+Q) AT, R cc-pCVQZ-

F12 5:41)

Table 1. Spectroscopic parameters of the ground-state X3X~ and first excited al A states of SO molecule
estimated by MRCI-F12(4+Q) method with cc-pCVQZ-F12 basis set.

State Method Te/cm’1 we/cm’1 we:r:e/cm’1 oze/cm’1 Be/cm*1 Re/A D¢ /eV
X35~ MRCIL-F12(+Q)+CV2+SR 0 1157.3297 6.3204 0.0058624  0.7252  1.4770  5.35
sz (36] 0 1150.695(8)  6.377(3)
s (37) 0 1149.2(2) 5.6(3)  0.005736(7) 0.7208171 1.481087 5.43
sz [38] 0 1148.19 6.12 0.00574  0.72082  1.48108  5.43
Hig 22 0 1150.1 6.14 0.7168  1.4851  5.446
i (21] 0 1153 5.77 1.481
Hig 201 0 1137 5.84 1.493
Hig [39] 0 1127 6.06 1.498
Hig [19] 0 1173.1 5.09 1.481
Hig [10] 0 1200 0.703 1.499
alA  MRCL-F12(+Q)+CV+SR  5862.7127  1114.1237 6.7328 0.0061481  0.7162  1.4860  4.62
525 136] 5880.117(50) 1115.0676(7)  6.8495(5)
sy (37) (6350)P 0.7103383 1.491971
e (41 4.64
i [22] 5936 1120.7 6.63 0.7081 1.4945  4.682
#ig [20] 5883 1099 1.502
Hig [42] 6533 943 1.547
i [40] 7140 1200 0.697 1.506

T T BB A SR AT E

a) MRCI-F12(+Q)+CV iHHEZE T O JET n = 1 M SJETF n = 2 F5R2Z M A 7P 2RIBHR b) AifE EUE.

3.2 ¥R-EERERLEM

T MRCI-F12(+Q)/CVQZ+CV+SR it H
BRI X8 Alal A PECs, BATHLA H R4 &
X35~ Mal A BB A7 A 60 7156 MRS AELK.
F 2R3 oyl gs T AT AT 20 SR B R K

G, (v = 0-19, J = 0) M#EZ ¥ (B, D,)
DA K FH B f) S 56 AR D2 S E R, S
X38T &, SH U A T v = 0—12 MR 3hAEH
AN B, 4 L, AR SC IR B Rl 4 45 1) 5 51
56 1) FF ST, AR 28 4.0—76.1 e~ (X
WE < 0.7%), FHE X3S~ SMESHE B, M D,
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F) 45 22 3 43 531 298 0.4%—0.6% F10.6%—3.3%.
FIRE, Mg 3 Arsl, Xt FalAZs, seie B AT
v = 0—11 RSN AR AT O, 38 EEAL, AT
G, (v = 0—11, J = 0) 55504 U 5 & 1R 47, AR
SR ZEJEE N 8.4—11.7 ecm ™! (0.06%—0.13%).
Fyhbh, WAL E T H e -PUIE R SRR A
X3S~ IR 2 e I e, 28 R 30U 2808 0 iR
AR R MAR AN (INAE 12 em ™! BTG ),

I, AR E R SOCE ETT RAEWN. SR8
Fal AR KOG &, i 12U HRiE T # 3)
WH By M Do E. ARAE R 30 A, RATIHER
Bo 1 Do {85 5256 U204 M4, AR5 2 331
N R#70.0028 (0.39%) F10.015 cm ™~ (1.33%).
I, AT IS MRCI-F12(+Q)/CVQZ+CV+SR 77
FIRAF X A TS OGS SO IR B ie (5
B4 5 B S F A S5 A,

22 SONTFHEA XIS By = 0—19REI AL G, FEEBOLIE A (B, D)L H#EE TR = 0), @it MRCL

F12(4+Q)/CVQZ+CV+SR kit 545

Table 2. Vibrational energy levels G, and rotational spectroscopic constants (B,, D,) of the X3%~ state (where the
rotational quantum number J = 0) estimated by MRCI-F12(+Q)/CVQZ+CV+SR method.

Gy/cm~1!

By/cm™1!

D, /10% cm—1!

AR seh 19 i 22 AICH;

s (193]

i 72 AR seh 19 i 22

577.8  573.8 4.0 (0.69%)
117229 17117 11.2 (0.66%)
2 28551  2837.0 18.1 (0.64%)
3 39744 3949.7 24.7 (0.63%)
4 50809 5049.9 31.0 (0.61%)
5 61747  6137.6 37.1 (0.60%)
6 7255.9 7212.8 43.1 (0.60%)
7 83245  8275.6 48.9 (0.59%)
8 93807 9326.1 54.6 (0.59%)
9 104244 10364.3 60.1 (0.58%)
10 11455.8 11390.2 65.6 (0.58%)

11 124749 12403.9 71.0 (0.57%)

12 13481.6 13405.5 76.1 (0.57%)

13 14476.1 0.64731639
14 15458.4 0.64164519
15 16428.5 0.63597500
16 17386.3 0.63030112
17 18332.0 0.62462660
18 19265.4 0.61894637
19 20186.7 0.61325687

0.71044992 0.706494464

0.70461187 0.700792286

0.69880346 0.69510758

0.69301088 0.689440932

0.68724517 0.683792928

0.68150785 0.678164155

0.67577344 0.672555198

0.67005552 0.666966643

0.65299074 0.650329258

0.72220885 0.71794889 0.00425996 (0.59%) 1.1371 1.1296  0.0075 (0.66%)

0.71631394 0.712213527 0.00410041 (0.58%) 1.1372 1.1279  0.0093 (0.82%)

0.00395546 (0.56%) 1.1374  1.1262 0.0112 (0.99%)
0.00381958 (0.55%) 1.1377  1.1245 0.0132 (1.17%)
0.0369588 (0.53%) 1.1381 1.1228 0.0153 (1.36%)
0.00356995 (0.52%) 1.1376 1.1211  0.0165 (1.47%)
0.00345224 (0.50%) 1.1399 1.1194 0.0205 (1.83%)
0.00334369 (0.49%) 1.1392 1.1177 0.0215 (1.92%)
0.00321824 (0.48%) 1.1401 1.1160 0.0241 (2.16%)

0.00308888 (0.46%) 1.1406 1.1143 0.0263 (2.36%)

0.66435512 0.661399077 0.00295604 (0.45%) 1.1429 1.1126  0.0303 (2.72%)

0.65866606 0.655853087 0.00281297 (0.43%) 1.1444  1.1109 0.0335 (3.02%)

0.00266148 (0.41%) 1.1460 1.1092  0.0075 (3.32%)
1.1478
1.1494
1.1521
1.1552
1.1587
1.1632

1.1678
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£33 Al ATWRINEALE MG, B W K (B, D)H T HEA Mz EETFHI = 0), (BT MRCI-

F12(+Q)+CV+SR Hikit 513 3])

Table 3. Vibrational energy levels G, and rotational spectroscopic constants (B, D, ) of the al A state (for rotational
quantum number J = 0) estimated by MRCI-F12(4Q)/CVQZ+CV+SR method.

Gl,/cm’1

B,,/cm*1

D,,/IO*6 cm™!

AgR e 1) T 22 AR

e [12)

e TN T T

6418.4 6426.8 8.4 (0.13%)

0.71314276 0.71033815(7) 0.71033746(37)

1.18389 1.16846(14) 1.1684(46)

1 7519.3 7528.2 8.9 (0.12%) 0.70695888 1.18490
2 8606.6 8616.0 9.4 (0.11%) 0.70078166 1.18636
3 9680.4 9690.2 9.8 (0.10%) 0.69462774 1.18904
4 10740.6 10750.8 10.2 (0.09%) 0.68849835 1.19239
5 11787.2 117979 10.7 (0.09%) 0.68238210 1.19415
6 12820.4 12831.5 11.1 (0.09%) 0.67625238 1.19662
7 13840.1 138515 11.4 (0.08%) 0.67013528 1.19955
8 14846.4 14858.1 11.7 (0.08%) 0.66399351 1.20050
9 15839.4 15851.1 11.7 (0.07%) 0.65784023 1.20335
10 16819.1 16830.7 11.6 (0.07%) 0.65166898 1.20785
11 17785.3 17796.7 11.4 (0.06%) 0.64549748 1.21382
12 18738.1 0.63931743 1.22173
13 19677.4 0.63313031 1.22983
14 20603.1 0.62693105 1.23957
15 21515.1 0.62070946 1.24988
16 22413.2 0.61446504 1.26117
17 23297.5 0.60818671 1.27394
18 24167.8 0.60186840 1.28700
19 25024.0 0.59550176 1.30119
TR T A P T 80 TR R ARSI 05
4 % V5 R0 B ROR - RS M A, R B 7 R

FEASCH, TATER 5 FH— M /N T &
FREH BT H TR, XK E S HHEMENEH
Tk A — s S IE, Xt SO 2 T AR A P AR
HETAXIS™ MatAM#Aaeth gt T 5. I
HIEET I E ARt 2 &5 2 ek w5 ok
T 0 52 50 A8 AV B A A AR I, FRATTHE W)
KAy 61 2 H 4t AR B R MRCI-F12 5 V52 &
TAE4 MRCI J7 v 5 4 e Sl B A A/ 3
S T DAk B 58 A B I TE SRS FE KPR, 84T
W E IR T XA TSRS - 3 RE (5 .,
TR AR 01% 2. ik, AT MRCI-F12

AT TSR TERE 9 4 I I [R) R AL 70 1 1A L 1 45 4
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Calculations on rovibrational spectra of two lowest
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Abstract
Accurate spectroscopic constants and rovibrational level information are of great importance in molecular physics
and astrophysical field. In this work, a new computational scheme is presented to further improve the accuracy of
spectroscopic constants, and the two lowest electronic states of sulfur monoxide molecule are investigated as a typical

case study. High-level ab initio calculations are carried out to compute the potential energy curves (PECs) of the lowest

s » and the first excited singlet states a'Ag of SO molecule. The explicitly

bound states, the ground triplet states X33
correlated multi-reference configuration interaction method (MRCI-F12) and cc-pCVQZ-F12 basis set are adopted in the
electronic structure computations. The Davidson correction is taken into account to eliminate the size-consistency error.
The core-valence (CV) electron correlations of the n = 2 shell of S atom and n = 1 shell of O atom are estimated by the
MRCI-F12 method, whereas only the 1 s orbital of S atom is excluded in the CV calculations. Moreover, we introduce the
scalar relativistic effect into our study by utilizing the second-order Douglas-Kroll and Hess (DKH) one-electron integrals
by the MRCI method through combining with the uncontracted cc-pCVQZ-F12 basis set. On the basis of the PECs of
the SO dimer, the spectroscopic constants (Te, Re, We, WeXe; Be, e and D) of the two electronic states are determined
by solving the one-dimensional nuclear rovibrational Schréodinger equations. Our spectroscopic constants are found to
be in excellent agreement with previous experimental and theoretical values. Furthermore, the detailed information
about the vibrational energy levels and rotation spectroscopic constants (B,, D,) of the two states is also presented
with a deviation of 0.1% order of magnitude from the available experimental results. Our present computational work is
valuable for future experimental studies on the rovibrational energy levels for the SO molecule and also indicates that the
MRCI-F12 approach is cheap and accurate and expected to have wide applications in the PECs of other small molecular

systems.

Keywords: SO molecule, explicitly correlated multi-reference configuration interaction method (MRCI-

F12), spectroscopic constant
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