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Table 1 Dissociation relationships of the A-S states of ShS.
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Fig. 1. Potentiakenergy curves of A-S states of SbS: (a) doublet and sextet states; (b) and (c)

quartet states.
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Table 2 Spectroscopic constants of the A -S States of SbS.

A-SAS Re/A  DeleV Belem?  welem?  weye lem™ TeJem™ RMS/em™ i 7445 (414 250
NG 2.2199 344 01348  479.8 151 0 0.57 156" 7m, P, P8 (72.77)
1°11 24481 184 0.1108 3436 Y17 12884  0.65 156" 7m, "8, (84.83)
2] 2.4388 2.60 01117  356.3 0.89 16721 0.64 156" 7m, %, P8, (52.26)
3711 2.4513 216 01106  341.8 0.97 20306 0.88 15671, "8m,%, (31.90)
145~ 2.3354 188 0.1218 _361.t 2.54 21870 1.53 156" 7m P, P8, (83.08)
A4°T1 24554 149  0.1109 \ 3411 1.97 25796  2.85 156" 7m,", 81, (59.44)
123838 24699 045  0.1089% x 254.4 0.88 26185  3.64 156"166"7m ", (52.15)
125" 2.3735 117  0AL79/<*340.1 6.30 28350  7.03 156“7m, %, 8m, " (61.23)
12A 2.3545 1.04 / '0.1198\." 3435 2.51 29271 1.80 156" 7m %, P8P (60.01)
0 25497 14501022  265.1 1.96 32508  6.63 156"7m,%,"8m,,7(50.92)
225+ 2.3678 Q.63 0.1185  337.0 1.73 33250  2.19 156“7m, “Bsnyaﬁ (38.05)
156" 7m P, P8, (38.05)
14 A 2.8462 7 0.84» 00820 1883 2.40 34389  0.84 156"*166"7m,,"8m," (35.39)
156"166"7m,%, P 8m,* (35.39)
211 3.3555 0.28 0.0590  134.1 1.52 34791 0.38 156"166"7m,",P8m,%,* (27.31)
Pzt 3.0478 032 00715  189.7 4.99 36554  3.79 156“7m, %, 8m, (16.85)
156" 7m %, P8, (16.85)
24y+ 34574 0.09 00556  87.1 1.80 37047 0.84 156" 7m", P 8m %, (14.08)
156" 7m P, "8 (14.08)
24P 28356  0.06  0.0826  184.4 6.87 37260  1.01 156"166"7m,%,"*8m," (35.84)
156"166"7m,," 8" (35.84)
24 A 39570 0.05 0.0424 953 7.03 37339 0.96 156"166"7m,8m,* (17.70)

156*166"7m, ™, "8m," (17.70)
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Table 3 Spectroscopic constants of the ground A-S state of XS(X=N,P,As,Sb,Bi) radicals.

Re /1A D. leV we lcm™ B./cm™
NS
B [35] ° 1.515 - 1220.5 0.7542
Pt {E[40] ° 1.5058 - 1202.4 0.742
P K [46] © 1.4962 4.8504 1216.17 0.77323
BB (E[47] ¢ 1.498 - 1220.9 07715
SRR 9] 1.495(7) - - 0.7736(4)
S [11] 1.4938(2) - - -
PS
B [36]° 1.944 - 7356 0.2836
i [40] ° 1.9148 - 7280 0.292
HipE[43]" 1.879 - 732.0 0.2936
H i K [48]° 1.8972 45272 14%.0 0.2979
i (E[52]" 1.918 - 708 -
SR [15] 1.92 - 739.5 0.29
SEI6{H[18] 1.900(7) - - -
SEIG{E[21] 1.8977405(45) - 739.13(42) 0.2975216(14)
AL TAE 1.9014 4.41 739.5 0.2960
. AsS
HiR{E[53]" i 415(13) - :
H {2 [40] ° 2.0395 - 559.2 0.181
i [44]] 2.045 3.94 - -
i {E[49] ¢ 20480 4.0554  565.19 0.18472
S (28] 2.0174 g 567.94 0.18476
AL TAE 2:0208 3.83 564.4 0.1839
ShS
ASCANE 2.2199 3.44 479.8 0.1348
BiS
PNV (S 2.3118 3.12 424.9 0.1135

# MRSDCI/modified basis sets.
® CAS-ACPF/cc-pVQZ.

¢ MRCI+Q/AV5Z+CV+DK.

Y MRCI+Q/aug-cc-pV5Z.

® MRSDCI/modified basis sets.
"MRCl/aug-cc-pV5Z.

9 MRCI+Q/56+CV+DK.

" MRCI/modified basis sets.

' Obtained from the RKR method.
I MP2(full)/6-31G(d).

K MRCI+Q/Q5+CV+DK.
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Fig. 2. Potential energy‘curves of Q states of ShS.
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Table 4 -, Dissociation relationships of the Q states of SbS.

AE (3f7: cm™)

iy, i, KR A S
Sh(*Sy ) +SEP,)  7/2,512(2).3/2(3) 1/2(4) 0.0 0.0
Sh(*Sy5) +SCP)  5/2.3/2(2),1/2(3) 396.055 410.46
Sh(*Sy )+SCP,) 32,112 573.640 605.81
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Table 5 Spectroscopic constants of the Q states of SbS.

[oFS Re/A  DeleV Belem' welem™ weelom®  Telem®  RMS/em™
X(1/2) 22195 3.62 01348 4763 1.36 0 2.36
SCERAA[7] - - - 480 1.2
X(3/2) 22201 336 01348 4773 1.97 2025 2.25
AT g - - 470 1.6 I
2(1/2) 24527 193 01104 3414 0.43 13646 2.70
3(1/2) 24538 1.90 01103 3422 0.62 13888 2.28
2(3/2) 24503 1.86 0.1106 3465 1.17 14123 0.30
1(5/2) 24537 1.83 01103 3446 1.16 14346 0.38
3(3/2) 24428 256 01113  364.7 1.46 17632 2.94
4(112) 24467 248 01110 367.3 2.46 18340 9:74
4(312) 24524 218 01105 3397 0.41 21413 3.17
5(1/2) 24560 213 01101 3428 1.03 24610 2.17
6(1/2) 23462 1.95 01207 3523 1.41 22947 6.01
5(3/2) 23476 191 01205  356.6 2.74 23268 8.04

FESOCIER R, A-SHEZS X1 R AX(L2) 5X(312), i A B F AL, 7
AR — 2 7] g 8 22 T WL E 3 A e -0 A A 2025 em™ 14T r A
2(1/2)~ 3(1/2)+ 2(3/2)F11(5/2), ZLPEEIN/PFHAQZS [A] 1R PE R A B EE 1)
11%. 2211 43 2N RBRZIT00 em™ #3(3/2)F14(1/2) T . 55 14 £~ A 3°TT X B2 Q2
BHBEIMLEEL2.25 Adbr=A 7 TGS XA EE R 2 A-SZS S 3253 BLQA [ 5k
P, R B ARG RS IESE T JATZ BT . ARSABI, QEEZX(1/2)
55 X(312)AH FL A-SHEZs KI5 4k 43 3l 0.029%F10.01%, 763 1 T4l v 725 v 2
B /NI, TR T TR P A 2 22 ) A BROE 23 UK I 96 22 - FRE 8 PRl F R L R
BRI ZB(IR)M5(3/2), At = Rl 1t s 98/ 7 0.46%F10.52%. M /&
TR FF, SOCHUN X L B 1A 6 i W U SE BN Ak, T QRS SRS
RAZEIEE] 7 0.2A, IR LeQA [ BRIT 1 30 22 52 - BE B R T340/

ROHIH T BT R EALY) H HFEQFE KT W, ASCHIRAE T 545 Rl

F T AT AR S SR S SRR AR AR AT ABIS N B, ASCiHRIX(L2) 5

X(3/2)25 MIRH) H 5 S B A8 PV AR 2 /N T°0.2%,  coc U i i T 5% 2% /6 A7 B A8
9
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Table 6 Spectroscopic constants of the ground Q state of XS(X=N,P,As,Sh,Bi) radicals.

QzE Re 1A De/eV  welcm? B./cm™ Te lom™
NS
X(1/2) #HigAE[46]° 1.4962 4.8562 1216.43 0.77320 0
BB [51] ° 1.4976 4.7586 1213.30 - 0
SEIGAE [12] 1.4955 - 1219.14 0.7730 0
SEIE [13] 1.4955 - 1218.97 0.7730 0
SEEE[14] 1.4931 - 1218.1 0.7758(11) 0
X(3/2) HEigfH[46]° 1.4962 4.8446 1215.93 0.77326 223.64
g E[51]° 1.4975 47412 1213.02 - 221.67
SCEE[12] 1.4901 - 1218.90 0.7777 223,15
SEEGE[13] 1.4901 - 1218.90 0.7777 222.98
S fE[14] 1.4884 - 1218.0 0.7807%(2) 220.4
PS
X(1/2)  SZEHE[19] 1.899 - 739.54(2)  029724(5)./ 0
AL TAE 1.9015 440  738.8 0,2960 0
X(3/2) SzIeAE[19] 1.897 4566  739.45(2) 50.29765(5)  321.93
A TAE 1.9014 437 7386 0.2960 324.8
AsS
X(1/2)  szIeAE[24] - - 567.9(4) 0.18476 0
AT A 2.0206 389 5656 0.1839 0
X(3/2)  SEEGAi[24] 2.0174 - 566:1(3) 0.18492 -
SZI6 {1 [25] 2.0216(3) - 562/40(16)  0.18408(4) -
A TAE 2.0210 3.78, \/563.3 0.1838 893.3
Sbs
X(1/2) AL TAE 2.2195 362 4763 0.1348 0
X(3/2) AL TAE 2.2201 336 4773 0.1348 2025.0
BiS
X(1/2) HiME[45]° 2.365 - 407 - 0
SEEAE[29] 2.3194 - 408.71 0.11301 0
SIS AE[30] 2:3122(10) - 404.68(8)  0.11371(10) O
SEEGAA[31] 2:3188(1) - 408.67(7)  0.113063(10) O
SEEGA[32] \ - 408.66(3) - 0
A TAR 2.3131 358 4295 0.1134 0
X(3/2) FiLAA[45]¢ 2.361 - 404 - 7076
SEE A 3] 2.31525(13) - 403.95(21)  0.113411(13) 6905.02(18)
S AAT82] 2.31489(11) - 404.501(94) - -
KL THE 2.3191 287 4138 0.1128 5781

* MRCI+Q/AV5Z+CV+DK+S0.
® MRCI+Q/56+CV+DK+SO0.
¢ MRDCI+Q/modified basis sets.

3.3 A-SEEQERIIRBNHE R 5 H K
T2, 153 7 SbSHI X 21T ~ 1411~ 2211~ 3°I1.

ML SR ARAZIZ B AR [ e

/2 ag

ETVs T

1y S L H MO M 2 iR aIA&S R T T v=0-5[ 4R . Fesh H A

5]

5 o MRy A2 H A 32 SOCRUN FE M, - QS HH6(1/2) A5 (3/2) iR 2 BEZUAH ELA-SZS 34 F#

10



% 7 15% /e A, IR AREUR A T AL I KN AZ LGRS 2570 51 5 5(1/2)
ANA(3/2) FERe PRI A= ith £ 8E S 52 S, {3 453-6(L/2) F15(3/2) ) H5 e ith L AE R AL AH EL
1°Y A-SE 4Rt E R AR 7291300 em™ ik B, SOCHKKR Xt ShSPY & A5 41411
AN FEMRATGS B OS2, X — EE A (1 5 i JU A B

£ T SbS I A-S KR Q AIIRBNEES . Heal i BOM B O AR % B (AR em™).
Table 7 Vibrational energy levels, rotational constants and centrifugal distortion constants for the
Q and its respective A-S states of SbS (in cm™).

v G, B, 10°D, G, B, 10°D, G, B, 10°D,
X(1/2) X(3/2) X2[1

2053 0.1350 4.30 200.7 01349 4.37 212.4 ;0.1351 . 4.18

682.7 0.1345 4.32 673.6 0.1344  4.39 696.4< 0344~ 4.38

0
1
2 11569 0.1340 4.32 1143.1 0.1338 4.40 1171.8” "0.1339 4.40
3 1628.2 0.1334 4.33 1609.4 0.1332 441 1642.2% 0.1334 4.32
4
5

2096.6 0.1329 435 20726 0.1327 444 2110.0 '0.1328  4.28
25619 0.1323 4.39 2532.6 0.1321 4.48 2575.77 0.1323 431

3(312) 4(1/2) 22T
0 1605 0.1118 4.32 1655 0.1113 444 153.7 01119  4.42
1 5195 01114 431 517.2 01109 _ 4.44 508.8 0.1114  4.38
2 8768 0.1109  4.29 866.9  0.1104 /442 8623 0.1108  4.37
3 12325 01105 4.29 1214.7  0.11000/443 12141 01104 433
4 15864 01101 4.32 1560.6  0.1095.<, 4146 1564.3 0.1099  4.34
5 19383 0.1097 4.34 1904.3 0090 _ 4.49 1912.9 0.1095  4.35
4(312) 5(32) 311
0 169.7 0.1106 458 170.6  0.1103 459 1634 01108 4.73
1 5123 01101 459 511.8 01098  4.60 5011 01102  4.54
2 8526 0.1096 459 850.7 0.1093  4.60 839.6 0.1096  4.57
3 11907 0.1091  4.60 1187.4%0.1089  4.61 11767 01091  4.58
4 15265 01086 4.62 1521.9 0.1084  4.63 1512.0 0.1086  4.61
5 18600 0.1081 4.62 18540 0.1079  4.64 18450 0.1081  4.64
6(1/2) 5(3/2) 1y~
0 1316 0.1204 /573 1283 01203 5.80 1511 0.1215 533
1 4794  0.1197° 5.60 4736 01196 572 517.9 01214  5.42
2 8262 0.1190/ 5.66 8170 01189 5.75 881.0 0.1204  6.22
3 11702 0.1183 <585 11577 0.1182 5.6 1230.6 01194  6.24
4 15102 01477 5.91 14949 01175 591 15717 01186  5.89
5 1846.6/ 01171 ' 5.66 1828.6 0.1169  5.82 1909.2 01179  5.87
2(12) 3(1/2) 111
0 1701 01106 455 1703 01106 455 1602 01111  4.73
1 5143 01102 455 5140 01101 456 499.2 01104  4.56
2 8563 0.1097 456 8555 0.1096 457 8387 01099  4.63
3 11960 01092 457 11947 01091  4.58 11762 01094  4.65
4 15335 0.1087 4.58 1531.6 0.1086  4.59 1511.4 01089  4.67
5 1868.7 0.1082 458 1866.2 0.1081  4.60 1844.2 01084  4.69
2(32) 1(5/2)
1688 0.1108 456 1704 0.1105 457
513.4 01103 457 5132 01100 458
855.6 0.1098  4.58 8536 0.1095 458

11955 0.1093 4.59 11917 0.1090 4.60

1533.0 0.1088 4.60 15275 0.1085 4.61

1868.2 0.1083 4.61 1860.8 0.1080  4.62
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Table8 Vibrational energy levels, rotational constants and centrifugal distestion.constants for the
ground Q state of XS(X=P,As,Bi) radicals (in cm™).

Gy B, 10D, Gy B, 10D, V< G, B, 10°D,
PS X(1/2) PS  X(3/2) AsS  X(3/2)
368.4 0.29550 1.91 368.2 0.29551 1.01 371952.3 0.18108 7.90
- 0.29649* 1.85° - 0.29695* 1.9° - 0.18116(8)°  8.6(5)°
1101.3 0.29394  1.92 1100.8 0.29394 1,92 4 2501.2 0.18024 7.93
- 0.29469% 1.7% - 0.29543* /8% - 0.18033(4)" 8.7(8)°
1828.2 0.29237  1.92 1827.2 0.29237  1.92 5 3046.0 0.17939 7.93
- 0.29333* 1.9° - 0.29385% ,2.0° - 0.17950(4)°  8.8(7)°
2549.0 0.29078  1.92 2547.6 0.29078. 192 6 3587.0 0.17853 7.89
- 0.29161* 1.85° - 0.29223% »195° - 0.17865(5)°  9.1(9)°
3264.0 0.28918 1.92 3262.2 0.289177 1.93 7 41241 0.17765 7.85
- 0.29015* 1.9° - 0.29065% 1.8° - 0.17782(4)° 9.7(8)°
3973.2 0.28756  1.93 3971.0 0.28755 1.93
- 0.28855* 2.0° - 70.28933* 1.8° BiS X(1/2)
4676.7 0.28595 1.94 4674,0 ~0.28594  1.94 0 2139 0.11344 3.19
- 0.28710* 1.9° - 0.28740* 2.0° - 0.112764(5)° 3.34(4)°
53742 0.28434  1.95 5371.0 0.28432 1.95 1 641.0 0.11302 3.19
- - - - 0.28653% 1.7° 2 1065.6 0.11260 3.19
6065.7 0.28273 196 6061.9 0.28271 1.96 3 1488.0 0.11218 3.20

- - & - 0.28416% 2.0°
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Fig. 3. Vibrational transition bands of SbS. (a) 2(1/2)—X(1/2); (b) 4(1/2)—X(1/2) and
5(1/2)—X(1/2); () 6(1/2)—X(1/2); (d) X(3/2)—X(1/2).
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Theoretical study of the potential energy curves and
vibrational levels of low-lying electronic states of SbS™
Wang Xin-Yu Wang Yi-Lin Shi Qian-Han Wang Qing-Long Yu Hong-Yang

Jin Yuan-Yuan Li Song"

(School of Physics and Optoelectronic Engineering, Yangtze University, Jingzhou
434023, China)

Abstract

In this paper, highly correlated ab initio calculations have been‘performed
for an accurate determination of electronic structures -and.spectroscopic
features for the A-S and Q low-lying electronic states of SbS for the first
time. Potential energy curves for 27 A-S+isStates~of the first three
dissociation asymptotes are constructed;»Spectroscopic constants and
vibrational states for all bound states are’well determined. The calculated
atomic states for both atoms are consistent with experimental data quite
well. Several low-lying Q electronic states are also been investigated, and
their respective spectroscepic constants and vibrational states are obtained
and compared with/those of corresponding A-S states, which indicates the
spin-orbit coupling effect has introduce a minor impact on the electronic
states of//SbS.. To verify our computational accuracy, analogous
calculations for the low-lying electronic states of PS, AsS and BiS are also
carried out. Our derived results are in reasonable agreement with available
experimental data. In addition, vibrational spectra of the excited Q states
to the ground one of SbS have been simulated, including bands of
X(312)—=X(1/2), 2(1/2)->X(1/2), 4(1/2)=X(1/2), 5(1/2)—>X(1/2) and

18



6(1/2)—X(1/2). The X(3/2)—X(1/2) band is found in the mid-infrared
region, while the others are located in the visible region. The predictive
results provided in this paper are anticipated to serve as guidelines for
further researches such as assisting laboratorial detections and analyzing

observed spectrum of SbS.

Keywords: SbS, electronic structure, spin-orbit coupling effect, spectroscopic
constants
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