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5



PO A I R B A5 I SR ERAE AT S SR A 46 5 AR R et A v BAT B 1Y)
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O'(E) = 4_7.[60?6_3;211’]’]vE],v’]’S]]’ME],v’]’ ’ (3)

Heh, ENMLBERERE, e, = 8.85X1072 Fim N E A/ B %L, c= 299792458 m/s
HNETHHE, k2 = %?ﬂ*ﬁﬁi@iﬂ?)ﬁ&, PR R, vy o R G S (AT il
i icMRCI+Q 7575 M PECs H3RHL), S, NERIT Hanl-London [ (L3 1), Mg, 1y
NG R . WA T AR Ouilimin stk B,

_ (28'+1)(2-804) 4)
T (2La+1)(254+1)(2Lg+1)(255+1)

Hrf, o Lag M1 Sag 73508 A, BIRTIIHTHIEMSIES BiefMzhE; S
THBERETHG Soa N AT & K% HLBIRERIEAE:

ME],v’]’ = fooo ¢E](R)D(R)1/Jv’]’(R)dR ’ (5)

HAr, ogy(RYF Wy (RY 73 INHIZS JETHIRES) BARZS (IR ISR L,

MMWﬁ%AE¥&%¥Wﬁﬁm“¥&%¥“¥m¢H FIEEE, EAENA
o8 HUR A BRIT B RS s BRI e, Btk TAE il icMRCI+Q J5vkit
H3RA3H) EDTMs.

# 1. AFEPIEIALE Hanl-London (A7

Table 1. H&nl-London factors for different transition types

Transitions R branch Q branch P branch
Mo J+1 2 +1 J
4 4 4
T3 Ji 0 J+1
P R 2 RN PSS
Krot(T) = Xaroa Kpr54(T) 5 (6)
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RNERFCIE R S S G A B T . 2B, THE T XY 1T, 2T, 21t
Z A B EARAR R R, VPl 7RO SR ST Re k. 4, R T H-FEERIT
SR, WA E TR, SRR T XISV AT, 2 0. 21 AR I g A i S R R
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Fig.1. The potential energy curve of the A-S electronic states of the SiS molecule.
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AR B RBR SiCPg)+S(Pg). FET IR RIRHAE 4k, 8 LEVEL 27 KifE—
RIS T RE, SRIF T R E R AR R A TS IR R . R 2 5 T ARG
HAR U5 Z AR SEIR MR 5 R, HARRES : IRENANE we. FRIETEH 2L
weer LINBIR BE Tes fRBIAE Do HBNIH L Ben “FHTIZIAIEE Reo

F T BB AR Fo VP ERIT (AS=0) Rt 4F A i A B B m M R R AW E
ERETESESHAHRAZ BENBR TR SIXHEE XIS, K UH15 201 i i
K R.=1.9408 A, 55:56(H (1.9293 A)E8 39 % FH 9 (H (1.9294-1.9570 A) [27:40. 41134y 5L
PLRIFMVIA B, BRI ZEIN~0.6%. REIE »=733.67 cm?, BEKTLIHE
749.64 cm 381 749,645 cm™ 39, (HL L5 B 15 (E (733 em )UK S B . B
¥ B,=0.2999 cm™, 5525 {H 0.303528 cm™t 38 SN 0.3050 cm™ P —%,
BE—DIOAE T T TR AT R

# 2 SiS 43 FARAEA-S A6 5 4L

Table 2. Spectroscopic constants of the bound A-S states of the SiS molecule.

State Te/cmt Re/A welcm?  wexe/cm®  Be/ecm'? De/cmt Ref
Xzt 0 1.9408 733.67 2.3373 0.2999 49051.1 This Work
0 1.9293 749.64 2.5770 0.303528 51619 Expt!3e]
0 1.9293 749.645 2.58623 0.303528 Expt 39
0 1.9294 749.54 2.3923 0.3035 50828 Calcf?™
0 1.9570 733 Calcl*a
1.9319 Calcl#l

113 28548.5 2.2122 460.45 1.8116 0.2309 20883.0 This Work

28972.8 2.1970 472.33 2.11 0.2341 Expt#2]
29463 2.1964 470 1.7305 0.2342 21567 Calcl?"
28235 2.2540 467 Calct

1'A 28907.9 2.2185 454.22 1.7238 0.2295 20500.9 This Work

29349.2 2.1970 465.84 2.02 0.2340 Expt#2
29787 2.2014 464 1.7232 0.2331 21271 Calcl?"
28532 2.2620 445 Calcl*d

11 35202.6 2.0809 502.70 2.4217 0.2609 13876.5 This Work
35026.84 2.0595 513.17 2.94 0.26637 Expt#2

35589 2.0633 520 2.5997 0.2654 15552 Calcl?"



35385 2.1120 485 Calcl4o]

1% 425525 2.2900 418.29 4.1084 0.2152 6875.4 This Work

41915.8 2.2591 405.6 1.60 0.22137 Exptl“2
43230 2.2546 423 1.9024 0.2223 8253 Calct?"]
41383 2.2860 418 Calct
21 52257.4 2.6489 55.02 9.8372 0.1602 29.2 This Work

ST 1022, tFE A4 G R fit T.=28548.5 cm™, 552561 28972.8 cm™42
FELIR(E 28235 e M fR 2= 7E 1L.5% AN, Pk R=2.2122 A, 55LKH
(21970 A) VAR 18 4 (2.1964 AYFN2 I —Sidt, IXRIIIZAL 10 LATEH15
B 7AEERIA . HAFERE, HHEE B.=0.2309 cm™, 55250{H(0.2341 cm™)
2075 18 4.(0.2342 cmY) P i #245

A ZS 00 A S 00 H 2R . 7.=28907.9 cm™, 5 SEEG{H 29349.2 cm™
M2 Fn P81 35385 cmt MO 2 /N T 1.53%, R,=2.2185 A, 5S2iG1{H(2.1970 A)
2R R 1 {1 (2.2014 A)PEA — 3tk . #8h% B.=0.2295cm™, 55250 {#(0.2340
cm™) PRI 48 (0.2331 emh) P ) 4

¥ 1M &, ATARER 1,=35202.6 cm™, 5525614 35026.84 cmH2 ) 2=
SV 0.5%, AHET EIFE S T 35589 cm ™27 Al 35385 cm Oy {2, Bl
BEMH . R=2.0809A, 5z 2.0595 AFFIFE (1 2.0633 AL —%, &
1T AR S 2R HER 3 . 3% 30 % B.=0.2609 cm™, KT 5404H 0.26607
cm™ BURIBRS{E 0.2654 cm™71,

'S T.=42552.5 cm™, 55030 {E 419158 emt P 2= 40y 1.5%:;
R:=2.2900 A, 55:50{H 2.2591 AP 2y 0.0309A: FRENINZE 0.=418.29cm™,
5HER{E 423 cm™M2TA1 418 em U m W, Besh B B.=0.2152 cm™, 5L
0.22137 cm™ PRI 0.2223 em 27 22 5743 7124 0.00617 A1 0.0071 cm™.

JENEARRVE )2 21T 25 R I : AR 8 T 1 %25 1R~ A% 8] R R.=2.6489
A TR NIAR NN 0.=55.02 cm?,  JF H A &3 AR M (w0.=9.8372 cm ) Al
AR IR S BE(D.=29.2 cm™), IXLEHREIL[FIR I Z A T HER ARG, L3
RE M 2R A7 7E W M ARE AR SRS, BT E TS0 SIS 78 FIREA-S &
1 2505 SO A A PR (A R I R4 i — 2 o IR M T A 5T Si
'S Ji¥KH aug-cc-pwCVTZ-DK A AT F45HE, 5 Li SAFHE
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SIS AT EE . METHIEIE A, R P AT A R EE AT B IO RE, B TR N FR R
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Fig. 2. Electric dipole transition moments of the SiS molecule as a function of internuclear
distance.
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F, AP E G RIS B % . (EATE R, XIZ-212 ) EDTM {H %
BERT X2/ EDTM fH. X -2UI[Af#) EDTM 7£ R=1.9 AR 174E ¢ KMl
(=0.4281 a.u.), XT*-23*E][ EDTM 7£ R=2.0 A I 7 7E 4 K18 (~0.8885 a.u.). —
HH) EDTM S KAESITERES I PATEE KT (~1.94A) , GX Ut TE P e K fft
g, A XIETE 2L 2SR SRR, XIZE-2MT. 2IS I ERIT M R ik
BIRKAE, XA 5 F T R B SRR & RN 25 DA G o o6 A% ]
R, BT mESMEERK, XIT-2U1. 256 EDTM W2 N, 245 7i%
T MR B B BRI, XE2*-2MT. 212 /a] ) EDTM #1238, £ Wi i 725 XAzt 2T,
U IR A O o XAt -1 (A] ) EDTM i35 A% [ P FF) 38 DK 0t/ o 1 B30T At B A
BRI KAZIAEE T, H EDTM A% . =% EDTM &S T E 17— B8R
W], IXSCRRITXT SR B T T, SRR I S i 45 ARV & . AT
FitHAAEK) EDTM 2R {baHONER SIS 2 F e S 4 Al FiG SR I E B
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Fig. 3. Radiative association cross section as a function of collision energy for the SiS molecule.

K 3 2ILT SIS 4r T X1, 2'M1. 2" BRI A% A 4 5 A8 T i Rt e e
AR LS . =2k ih gk EIMA s TR IR A, K e T2 1kt EAR
U 2 S A PR SRR AR . B UL IR T RIREIE RE RS 0 AW T IORES
P B — DR IR RE B AR UL O, SRR 46 A A b 2 IR B 3t
PRIE . UTIA 2'S B S A BORS P, W LSO — RAIE R H75 B 3k
JRAEH, FEOXE-IMIFEREE 25y 0.0167-0.709 eV FI XIS 21 S 7E Rl AE &
0.244-1.000 eV I, BRITARNS I H) 48 5T 45 A i LSRR RS, RO . B4t
XUE-1TTL 2P BRIT 4 S 4 45 A A2 — eI e AL 3 DX It R I 17 2R AL 1L

2UTH TSR A BRI BPE, ME RO EI A2 BB K i3tk e
9, FEC XIS 2 TR (15 5 4 A AT 72 I BE b 428 [X 39(3.78x104-2.05x 103e V) i}
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Fig. 4. Radiative association rate coefficients of the SiS molecule as a function of
temperature.

B 4 EZAH T SIS 4 Filid XIE-1T1. 2'1. 215 R S 4 A 7E 10-20000
WL FEE DX 8] P T R TR R R A 7EIRBE T~300 K B, XIS*-11, 2'T. 2'=* e
25 AR R B AE 10718, 1024, A1 102 e A M E R b XIS R S 46 &

R AR K 6-7 MR, X ERER Y] XIS -U TR R 7R =i
A A R A 4 o [AI, FERENEFEVERIN, X -L IR A 4 &
ALK T X2 2T a4 A d R AR . B, BT Rl 2%
IINE, XISV AR A M 4 A T R rh AR 6 2 = AR T

XISV XPR -2 S BT A A o 3 A B i P2 P v T 98K, 2R 2408
Bl e, R A A AR R HOR A BRI R T g . X TR
T—3000 K I, %@ 44l 5 R E0L 3 107w g, 4@ i a6l 5 2501 F b
IR ETSE  WTJ5%#, £ T->5000 K I, Faiff 4k i R E0EF) 1019 %
BRG, WHIERERED . XIS -2 S BRAT (K 5 46 Z 800 b6 5 T 2 1
M RFEEI R AEARIR TS OU T, 48 5 2 & TR RN G I A LUAHR, il i Ot
T, MLEEZRNE . FIN, BEEIRE T T &, XIE-2IS R 4 A i R R RA
F] 6.0x1018 cm?® s (T220000 K), » X Z* -2 3 * (1) R IE iok R 70 #/N  4f  ad R vp
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E TIOR8, BIERITERIX MR 4 Gl 5 A, AT
W IR BRI 2 AN A% X )43 Bo R R B = 2230 Arrhenius—Kooij A0 (3K 8) Kt
W&, MEIE, FiREIFRE 25 R-square (COD). A%k E 2% Adj. R-square
BB AE 0.999-1.000 JEFE A, RMMG ML 5Pt EE8E S&aEwE, FIH
Arrhenius—Kooij 227 B G RS W et gk . BANES 8L 3. A,
a, B orAIARER TR R EIRR L AR S REEE 22 . AR 3 R AN, XTIZ*-
1M1 BT AR (~1.24404X102 cm® 1), X S5ERTAI M — 8, BliZiE
EARA BORERIT A, 2 H N oA R0 S 4 G il AR AR S K. 52 AL,
XITH-ISERIT I A B/ (~8.06181<107Y em® s) |, BRI R K

# 3 SiS 7 TAR M A S R R A S S

Table 3. Fitting parameters of Radiative association for SiS molecule.

T(K) A(cm® st o B
XIz+-11
10-100 3.07738%10Y7 2.53854 0.94979
110-200 2.14211x107 -5.71038 942.00588
210-300 6.29076 %107 -28.83214 7883.7994
310-400 1.03156x1023 10.88305 -3826.46222
410-500 4.80408%1014 -6.12352 3155.08501
510-1000 2.26759%1018 4.46489 1402.3467
1010-1500 3.74483%101 -2.96377 9098.16034
1510-3500 1.21948x10712 -1.48299 7572.40075
3510-5000 12666310712 -1.49448 7606.69414
5010-10000 1.26138x10712 -1.49345 7600.39816
10010-20000 1.24404>1012 -1.49034 7570.57289
NORS |
10-100 7.11114x10% 0.01461 -0.29932
110-200 1.14332x102 4.71965 -179.11081
210-300 2.98112x102%5 6.83533 -922.8248
310-400 7.10655%10-2 12.76791 -2737.33022
410-500 2.16720>10% 8.54649 -931.12543
510-1000 3.62168x10° 1.03697 3204.91976
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1010-1500 3.29323x10% 1.04347 3116.07782

1510-3500 2.57487x1022 2.84663 172.98059
3510-5000 1.83474x1020 1.61444 4522.90077
5010-10000 8.08251x10%° 0.64351 0837.93221
10010-20000 1.35720%1016 -0.48132 21726.39847
Xiz*- 213t
10-200 1.26066>102° -0.21792 -4.94432
210-300 6.86827>1027 4.07143 -957.49033
310-400 7.43902x10%2 18.44542 -4341.11839
410-500 2.89717x102 3.73934 1878.54138
510-1000 1.64931x102¢ 7.77199 -852.17915
1010-1500 6.67433%1020 1.14495 6407.70754
1510-3500 4.65304>10Y -1.33958 10259.19727
3510-5000 7.11894x10Y7 -1.46650 10658.71135
5010-10000 7.80565%107 -1.49050 10782.07419
10010-20000 8.06181x10Y -1.49780 10849.90265
4 45 #

AT TR RARTE (SIS) 43T W FE S 4 A i AR HEAT T R ML BB B 7T, IR %4
AN T O T I AL BB R, IO A RARAG b N PR Bt 1 AT 5E R
SE B .

B, A IcMRCIHQ J7iEMIIHIE T SIS 7 3 R BR T 5 1K AR 28 1 PR
Si(Pg)+S(Py)I5E%E A-S A FAREINLE, STl AT 2 1 s A b e 5 B S BEA 5L
RIS RIE A 5 Xy 1M, 200, 2t% 2 A A AR R BRI AR HEAT T
Ao, o, XTrhg 2N, 21 A 1 AR AR RO A A ST A% 1) B B AU B )
KAE, Bl BRI R Tk XE2 5 1M 2 JA] F) e AR B R  — Bt 45 B B
SERTRAN e ZANRIT A R I AR R AR R, R T B4
NIRRT, GBS LT B S ROEE 1 56 4 B A A

HR, AR AR R IR7R T SIS 314 i 45 - A8 e il 42 g
BIEAREE A THE AR BRI A IR R T, RS 5 TS BB AR
FERARI A R R Blin, T 1M1 A 210X K A BIRABH B T4, L3R

14



AR R Re g, 5 3R S 4 A BT 7R 98 1Y) RE =V Rl PN (40 0.244-1.000
eV) BIELL, BRI R G k2, T 2T X BAPHRIERIIAE, R
MEJUAN L) BB ILIRAE R, T AE MR AE A 2 X 3k (~102eV) = 4=
AT IS R FL R I

A&, AR TR RBIm YL, 5 7 %R (10-20,000 KD HI4E 4
HIHRRE, FE LA A FRRR X B ) = S5 e Je 5 Wi-FE £ (Arrhenius-
Kooij) e X« iZ Sk A 20T B UMIST . KIDA 45 323 B BRAb 27 SN M 2%,
SEAN T 12K A7 TR 1) SRR A Bk o 3 S Bl R g B A 7 7 P RE- B G
B AEAL AL R SRS 10 B PR Al 2 AT SR AL IR S R SO, IR AT RE AR G
S 2 S5 B AR AL BOMDRH I % T FE SR AL I R R

Bt TR MO VKR I 218 BRI LS B S T AR AT R B
B SRR 2 R BT 0 62 ) A5 )
SR
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Abstract

In the present study, the radiative association mechanism of interstellar silicon
sulfide (SiS) was systematically investigated via high-level quantum chemical
calculations. Specifically, the icMRCI+Q method combined with the aug-cc-pwCVTZ-
DK basis set was employed to compute the potential energy curves (PECs) for 18 A-S
states of SiS correlated to the Si(3Pg)+S(3Pq) dissociation limit. From these PECs, the
spectroscopic constants of the SiS molecule were derived, and the calculated results
showed excellent agreement with available experimental data and referenced theoretical
values, thereby validating the reliability of the adopted computational approach.

Furthermore, the electric dipole transition moments (EDTMs) between the ground
state (X'=*) and three low-lying excited states(1'I1, 2'I1, 2!>*) were characterized, and
they were observed to exhibit a decay trend with increasing internuclear distance—a
characteristic that is consistent with the neutral dissociation pathway of SiS, providing
key insights into the molecular dissociation dynamics.

A core innovation of this work lies in the comprehensive quantum mechanical
characterization of the resonance structures in the radiative association cross-sections of
SiS. The resonance characteristics were explicitly correlated with the depth of the
potential wells of the electronic states, and the microscopic formation mechanism of
these resonance structures was fully elucidated from the quantum level. Specifically,
deep potential well states (11, 2'%+) were found to induce resonance envelopes in the
energy range of 0.244-1.000 eV, whereas the shallow- potential well state (2I1)
generated sharp resonance peaks around 107 eV.

To facilitate its application in astrochemical modeling, the radiative association rate
coefficients of SiS were calculated over a broad temperature range (10-20000 K) and
fitted to a three-term Arrhenius-Kooij parameterized formula, which can be directly
embedded into mainstream astrochemical reaction networks. Collectively, this study
fills the long-standing data deficiency of this key interstellar reaction, provides a
comprehensive guantum mechanical understanding of the SiS radiative association
process, and offers crucial thermochemical and dynamical data that are indispensable
for simulating silicon-sulfur chemical processes in interstellar clouds and circumstellar
environments.
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