#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 14 (2026) 140303

SiS 4 FIEGHA AT RIEIEHT
x?

MAIAYD Y

7 >

iR A

1) (BRI TAR#BE, 2% 314001)
2) (FUMIRTE R 2E PR, BUM 311121)
3) (Y FEA FEE S, JbaT 100088)

(2026 4E 1 A 30 Hk#; 2026 4E 3 A 11 HUEHEHH)

REGR AL AP 1E A 2 B RE R BT P i 4 TR B4, FL 28 ol 5 5 4 5 T I8 1) SO ML o i S B g, E — S R
LRI T KA B A 2 A ) % R AR G X SIS A T AR ST 4R A i R SR B B T L AT, O PR AR A 4R
ML ST PRI R, 708, 12 2 2% A M EAEH 5 i icMRCL+ Q Jr ik Xt SiS 4r F 18 4~ A-S A iy # ik
2R T R BL S AR BR AT A R R il o e T O ik, PR R, SiS 434 S 4 A 8 e il 9 R
R A SRS, O B AR LR AR S A B R B OCIK . Horh, 1T, 20 IR Bk v A 2 A%
Ly FePRIE ) 21T K SR AP A T ARBE 43 L. R SEIR B 10—20000 K Y48 T4 G R R AL, IR LG
A E A TR ARILH A B S A S, RN T 1% S 5 I 7 B B B A% . I 9T LR R 2 B SIS A TR
P ELAT AT S (R IRO0E S N B , 2 — 2 B 0 X B Rk PR R A3 AR 48 BIE R AN, [ SR A 56 £ Ly

TR FR SR G R B IS S A B 151

KRR BUALRE Y T, ST R R, F b4 B0, b 4 13 TR R AL

DOI: 10.7498/aps.75.20260161

1 5 =

FEARRERE | i Re i B B o L 1 A2 DL
TR RSP AL, Kt bR 12
F7AE 130 Horp ) BRAbRE (SiS) PR 7 & Rk e A A2
(4N IRC+10216) Hr 52 B H3 b 3 F BE 1 52 3] 2% S
1R BE SR 19, SIS A3 FANURAE R AL A U R YOG
SRR, HIE RS AR S | RO AE T
AL =R PR A AE TR,

TEF 8 7 WUAE R 5 W S OO AL R T, o)
S Ry — Rl B T DG E Y SOV S LR, A %
O TR B AR, R, TRl A R S 4 SR
J SIS 43 ¥ AR AT 5T B A E AN E. AR

CSTR: 32037.14.aps.75.20260161

MM, AHH T HA 5 A 43+ (40 SiCl8l) Sio+P10))
SiS 4 ¥ EARBIE ALE], RS 4E G — %
S E AR P IOW BN )2 AR, AR SE S Sl
SR BT AEAE BB R . AE R AR 3 5 R BR Ak 24
B, REHRINE SIS 2 RS 4 G SRR T 5
Yy AL A () SC AR TR, H AT, XL B AR R A
JZH SIS = FE rOULIN 25 R 5 B 0 A AR AE Al
P ORRE—3 B EAREE EAAAE— 22, 12
B RARE Gl 2= S ARG HE . I 75 T, Morris
W P IRIEE R AGB & TRC+10216 422 #0 F)
SiS, Podio % 151 ¥ 2017 4F L1157-B1 J{HE 2 8k
DX ORI BN B A R Y SIS, FREZ 2x10°8.
P 1, Willacy 55 M #4 & IRC+10216 & XN
R, AGE I B -4 SN T SiS =

O AR RS (HEUES : LQN26A040015), 5 X4 K FFHIFA 3h B 4 (HEHES: 70525037), [E 5 H AR 34 (LS
12674229) ALY PR 4 EE S80S (S SYSQN2024-05) B Bh IR,

t BIEMEE. E-mail: yying  qi@zjxu.edu.cn
© 2026 FEYIEF% Chinese Physical Society

http://wulixb.iphy.ac.cn

140303-1


http://doi.org/10.7498/aps.75.20260161
https://cstr.cn/32037.14.aps.75.20260161
mailto:yying_qi@zjxu.edu.cn
mailto:yying_qi@zjxu.edu.cn
http://wulixb.iphy.ac.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 14 (2026) 140303

21078, X R IAFRATX I b DB 55 T AEDLET Y IA
I ANAT . JE A O AR TR SIS AR 4
B IRORSEL, BB R A58 B B G
Ty A, TSR VAR HOAR AL SIS 43 7R ) B
WREE T AL, It e A T A g 3 o e 4 2k
DL R AR BIEORA U6 S R IA R,

JUEEXT SIS 435 S 4G i BRI
[ =, (AR A TR R A AT T4 T
TR RS Y B ERAE %. BRIES )2
&, FEREF LR, g MR OIS TR
2GR R A AR 601200 g Aok
2 22 i)y i 454 Breit-Wigner B¢, X 45 41 4h
GBI R T REBSIIIE. FOCHFTEIERIE
IR By TR R, B4 R & MgO, Sio*
CN, AIC1, SiP 2RI 7691216 i, %F MgO
FR 2S5 W OGO 2880 (T AN R R 8N AT
T ARG, R TR MR AT,
P AN [] FL A R 32 R 9 S Ny 38 2 R AR i A H
DA S ERYSERRAE T HEAEH 0O AR5 IR
IR B R BR A BrEl A AT H MgO B AL
TP AL T E RSB . HAR ST, &
O IR W B Ry b s——g
A B 58 A BA iz F % AT Mg 5
S B PR 4 G AU, T R e B4
PR 5 A% A0 7 T B SRR LA 0,

TEAB AR SR, 38 645 & i & R
S0 T B O BN A, 5T, TS BIOE RS %
PR, SN oy AR E R R, SC UG
(<1 mK) R E G4, Bl BEAREmM SR
JR AR T I R e i e e =, R AR
TR ARRE VR BN R PRI Y | HICR S B I
i E T BRI RO o A SR B
FIH 7 34 R4 T EEAR I, AB68 R 1R T AT
5, b B I i A U B R A S BT £, HOAH G
SEES T BOR RIS A BUR O R AR SRR
ARGS9 2P EIUE T iZHOR T IR
3L 1) 2 A 5 N A A, T UL Y,
JUESGER G HOR B B, (B 7R S50 57 K,
LI S T A S A R TR EL R R
filan, TERRE-IR R AT, BFSE N DGR A
ICEARGHAR, B H A3 I 3] T H
ARG AISER P12 SR, SRS 4G G R R BT A Y
TR AR, A5 HAT S o s . I, 2881

SiS 7 B4k A Y B B AR S5 L SEEE, B
TV TG L 1) S ) s 4

HAI, &F SiS MBS K2 RETHE T4
45 4 S R e A 128201, il SR 2 2% 41754
HAEH (multireference configuration interaction
with davidson correction, MRCI+ Q). #§ & #%
(coupled cluster, CC) . FEEZ BRIEIE (density func-
tional theory, DFT) ZBUSTIR I, SKEUrFH
FAS AR e LM R R R 22 - R I
F (Franck-Condon factor, FCF) %24, i1 %}
AR O BRAE AR R HE A T A B XS SiS 43T 1 SE I T
5T, 4R R e OG- R D7 T P78 B e
3 A IR SOULI =8 S 56 2 G SR R NZ o+ i E Ak
JEA.

ZE TR, DR AR BN ) 4 R AFR 5
SiS 73 F HuAR ST 4 At AR, RS TR R Ny e
2 CTE R TR AR S AR SR R, B
SEFRYIEAL AR | AR T 22 5 Ak 1 2%
B, SR Y T2 v AL TR IR R B B
I, G — A9 0 300 1 G B AE T I i A BE T
L2540 5 B R AT, ARG i 1Y S Re th £&
5T, s Ham 1ok, SRITEER
RSN 45 T S R ZAK, W] ] Arrhenius-
Kooij 222k 2 MM 1) a5 246 6 s R R B AL
T T R AR (A BT 2235 2, DA T R 2 4
O E AL | VREUR PR BTAE IR 4R UL
FEAPATEARE . AU RN S R/ R AR 2z A rh
A — D OCHESERS, IR INRIRAT I Z TR R
A2 ) g2 BRI B, O HA AT RE M AH CHIR
I FH R A 4 R RL 27 DL A

ASCE 2 5 E e ISR AT v R T 1]
BRI, w2 | R ARG R DGR R R
B RINESENES; 8 3 XIS R TIR
WSHINT, BIERIRARSCE 458,

2 iTE &
2.1 HEF&EH

iz i T2 R MOLPRO 201262 %
SiS 43 L T A5 BT RGP, AL
P 7 19 SE B4 = T3 80%, MOLPRO #7k H
Oy, (MTAE Cu ) XTLRTEAN T (B SIS 43 F) #4731
F. Coy5 G ZIIBST X RN : 2 = A,

140303-2


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 14 (2026) 140303

Y = Ay, Il = Bi+B,, A = Aj+A,. FIHHIEH
3% (Davidson, + Q) B 1E R IR 255 A5 HH
HAEM (internally contracted multireference con-
figuration interaction with Davidson correction,
icMRCI+Q) J7 ¥ SiS 4 F b A5, i (Si) 5
W (S) TR aug-ce-pwCVTZ-DK F4H, SiS 4
T RS T R XS FRYE 2 A (4, 2, 2, 0), XF BT
Si/S JRF 1Y 3s3p #iA; Si, S RTINS E T4
& 18228%2p0, Hir 1825 B TAZOOHIHE GRBTTERL
HGHEE), 2p HLIE S5 icMRCI HLFAH G
F5Jo I FH A AR B TR A RO — SR 22
FIH ieMRCI+Q 73k, 7HE T SiS 4 F 45—
S ik S AN BRI o 7 FL 1 25 A A BB IZR (potential
energy curves, PECs). ARb55 1, XL 182 1]
HL B ERIT A (electric dipole transition moments,
EDTMs) Witk H T 538G ih ZaAH [ A 3he 7
. TR 4 R R R, W R A B
RTEFAB MK A BN A aeth 2. X TRARX
s, AT S LA R B0 SR A RE M %
M(R = 0)09l:
V(R)= A -exp(BR)+ C, (1)
e, A, BHI COAESA. KRS BEf 2 n]
DA AR AT . X T H A P A B 3
T, HR AR RE N 3Ry 04
V(R):%—%Z+V(R—>oo), (2)
S, Gy DU - DO B S AR AR R AL, G %
TR R A, JET A-S 519 PECS, i
LEVEL F&J7 B3 3K fift— 4% i a2 v 7 F2 LAAR O
T H AL EDTMs 1 icMRCI 7K1y i3 R 80543
2|, ZEE AN TAZ AR AE & 22 5 IR
K, ATk 2R A 0 R A AR A

2.2 EHEEEEIERRY
RS 4 A Rl o A R B A A R
W F R, 1 R 2 kA NSRS ] R4S
ASRRERE, TS BRI 40 & fEmi S B b B
B R R A AR RS R4 A
Il o (E) B4
1 641 p

§ 3 7y \427 7
U(E) 74,“50 3 C k U/J/JI/E v S ( " 3
( )

Hoh, B ARiEEER:, ¢0 = 8.85 X102 F/m NE=S
LB, c= 299792458 m/s T E A5G, k2 =
2Eu/h? RARXT I S IEEL, n M, vese s N
TR (W38 id iceMRCI+Q 5 #: M PECs
AR, Sy, AEREE Honl-London I+ (WL3E 1),
Mg 5 R AR BRI HE . PI46 oL 883 Ot
T3S L) B9):

(25" +1) (2 — don) (4)
2LA+1) (254 +1) (2Lg + 1) (2Sg + 1)’
Horf, Ly, g F1 Sy g 2090108 A, B B HLT-HUIH
fghid 5 HiEfMahi; & AR FAARETEG doa
NIRRT & pRAR. HL AR ERIT

Mgy = /0°° ¢ps (R)D (R) ¢y (R)dR, (5)

P

Hr, opy (R)H by (R) 0 RHIZS (JRTFRE)
HERE (IRE) B9 REL, D (R) E AT
B RIER Y 1 B 4 1 rh R AT G
AR MASTRE Wk S BT 3 S 28 1 i A A R
B, RIIER TAEHE L icMRCTH Q ik ik As
i EDTMs.

%1 AREERFEZEA) Honl-London 1
Table 1. Honl-London factors for different transition

types.

Transitions R branch @ branch P branch
1 2 1
ooy J+ J+ J
4 4 4
Y- X J 0 J+1

U534 S 4 1) S R AL
Kot (T) = Z Knoa (1), (6)
ASA
H N FTAGHIRELESTE, Kyoa (DN
AN — ABRIE R R (cm?s ). ST RIS
S (HLG R 2 U PR A1) T 22 e i 13- 3R 2%
S o3AT, RS ARG B R R AL

S\ 2/ 1 \32
KA/W):(HN) (m)

o E
X Eopn_a(E)exp| ——— |dE, 7
| BB (- 5)eE @)

THE G T 9 i 4R 56 4 6 R R Bk H =S 8000
12 Je Bi-Ef (Arrhenius-Kooij) A U4 B

T «
’ = —_— -B/T
KA SA (T) A(SOO) € , (8)

140303-3


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 14 (2026) 140303

Hor, A, o f1 B RILESH BT RIS S IR
WA T EOH R R AT AR ARG (B 2140
A5 AU I R AR T DX 1) 23 BEEA T

3 EZERE

AW TAER R 5T7 s R 58 s IR A 53
BrT SiS TR R 4549 K 8l )1 2= g 1.
T, AT EKENEZSHASHEER L, M
W2z T 5 — SR B A R O L A I A BB R £,
FEUE R A AR I TSRS AL, SRR AR D
TEREE 2 G A B T A, SEim, THE T XIS
FLML, 211, 2V 22 ] () A AR B, 3FAS T BR
IE R ST REME. R, BT R AR BRAT iR
B, ATk, SRS T XIS HAT 1L, 20, 21
(AR ST 45 5 R S HOR R, RG] T R4S
TN I BE R O 3R, A SRR AL 2= 5
PRAL T SCHE R RO 5 BRIE S

3.1 BEezk T EHIBBRKTE
AFRM ieMRCI+Q JriEITHHE T SiS 43+
181~ A-S Ay heih £, WK 1, X 18 M
HE6NHRES. 6N —EHEM 6 MHES, HYY
SR T IR AR B BR Si(°P,)+S(PP,). 3T s £
f3ARE 4L, @it LEVEL ¥R it —4ei%i2 3y
T, IRAS T AR SR A S O R AR
280 T ARG R L] 52 R S5
MERIE LS, BRMATE: JRAIR w,. BB 5

60000
9311
3 (3
50000 | __SCPy) +5i(Py)
|
40000 | I “
| 155+
g
L
b>)1) 30000 131‘[ b
B
< 13A , N
M 20000} |
135~
10000 -
0 .
1 2 3 4 5 6

R/A

K1 SiS4rF A-SHTFAMHARMNE
Fig. 1. The potential energy curve of the A-S electronic
states of the SiS molecule.
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Table 2. Spectroscopic constants of the bound A-S states of the SiS molecule.
State T,/cm R./A w,/cm ! Wel,/cm ! B,/cm! D,/em! Ref.
X1yt 0 1.9408 733.67 2.3373 0.2999 49051.1 This Work
0 1.9293 749.64 2.5770 0.303528 51619 Exptl7]
0 1.9293 749.645 2.58623 0.303528 Expt?
0 1.9294 749.54 2.3923 0.3035 50828 Calcl?
0 1.9570 733 Calci!
1.9319 Calcl*)
1% 28548.5 2.2122 460.45 1.8116 0.2309 20883.0 This Work
28972.8 2.1970 472.33 2.11 0.2341 Expt4!
29463 2.1964 470 1.7305 0.2342 21567 Calcl?
28235 2.2540 467 Calci!
1A 28907.9 2.2185 454.22 1.7238 0.2295 20500.9 This Work
29349.2 2.1970 465.84 2.02 0.2340 Expt4!
29787 2.2014 464 1.7232 0.2331 21271 Calcl?
28532 2.2620 445 Calci!
1111 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*!
35589 2.0633 520 2.5997 0.2654 15552 Calcl?
35385 2.1120 485 Calci)
215+ 42552.5 2.2900 418.29 4.1084 0.2152 6875.4 This Work
41915.8 2.2591 405.6 1.60 0.22137 Expt*!
43230 2.2546 423 1.9024 0.2223 8253 Calcl?
41383 2.2860 418 Calci)
21 52257.4 2.6489 55.02 9.8372 0.1602 29.2 This Work
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Electric dipole
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—0.25 }/| X12+-2111

—0.50

—0.75
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2 SiS 4k HL MR BRI AR 5 R B BE i OC FR it 2k
Fig. 2. Electric dipole transition moments of the SiS mo-

lecule as a function of internuclear distance.
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Fig. 3. Radiative association cross section as a function of

collision energy for the SiS molecule.
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Fig. 4. Radiative association rate coefficients of the SiS mo-

lecule as a function of temperature.
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K3 SIS TARIMNARE ER RGBS

Table 3.

ation for SiS molecule.

Fitting parameters of Radiative associ-

T/K A/(cm?s™) a 8
PORMNII
10—100 3.07738x10 17 2.53854 0.94979
110—200 2.14211x10""  -5.71038 942.00588
210—300 6.29076x107 -28.83214  7883.7994
310—400 1.03156x10 2 10.88305 —3826.46222
410—500 4.80408x10 14  —6.12352  3155.08501
510—1000 2.26759x107'%  4.46489 1402.3467
1010—1500  3.74483x10 ' —2.96377  9098.16034
1510—3500  1.21948x10°'2 —-1.48299  7572.40075
3510—5000  1.26663x1012 1.49448  7606.69414
5010—10000 1.26138x10'? -1.49345  7600.39816
10010—20000 1.24404x10'2 -1.49034  7570.57289
XIE+-2MI
10—100 7.11114x10%  0.01461 -0.29932
110—200 1.14332x102*  4.71965 —-179.11081
210—300 2.98112x10%  6.83533 922.8248
310—400 7.10655x10 % 12.76791 —2737.33022
410—500 2.16720x10%  8.54649 -931.12543
510—1000  3.62168x1020  1.03697 3204.91976
1010—1500  3.29323x1020  1.04347 3116.07782
1510—3500  2.57487x10%  2.84663 172.98059
3510—5000  1.83474x10%  1.61444 4522.90077
5010—10000 8.08251x10'  0.64351 9837.93221
10010—20000 1.35720x10°'¢  —-0.48132  21726.39847
XY+ 2ty
10—200 1.26066x10 >  —0.21792 —4.94432
210—300 6.86827x10%"  4.07143 -957.49033
310—400 7.43902x107%2  18.44542 4341.11839
410—500 2.89717x10%  3.73934 1878.54138
510—1000 1.64931x102%  7.77199 -852.17915
1010—1500  6.67433x102°  1.14495 6407.70754
1510—3500  4.65304x10 7 —1.33958  10259.19727
3510—5000 7.11894x10'7 -1.46650 10658.71135
5010—10000  7.80565x 1017 1.49050  10782.07419
10010—20000 8.06181x10°'7 —-1.49780  10849.90265
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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(*P,)+S(*P,) 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'X*) and three
low-lying excited states(1'II, 2!II, 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 (1'TI, 2'¥+) were found to induce resonance envelopes in the energy range of 0.244—
1.000 eV, whereas the shallow potential well state (2'II) generated sharp resonance peaks around 103 eV.

To facilitate its application in astrochemical modeling, the radiative association rate coefficients of SiS

were calculated over a broad temperature range

(1020000 K) and fitted to a three-term Arrhenius- o
Kooij parameterized formula, which can be directly N 10~
embedded into mainstream astrochemical reaction T qp
networks. Collectively, this study fills the long-standing g 10-8
data deficiency of this key interstellar reaction, ‘ii -
provides a comprehensive quantum mechanical g
understanding of the SiS radiative association process, © 10 4
and offers crucial thermochemical and dynamical data 10-14F XIStol+
that are indispensable for simulating silicon-sulfur 10,16r_ . . . . .
10-5 10-4 10-% 10-2 10-! 10° 10!

chemical processes in interstellar clouds and o
Collision energy/eV

circumstellar environments.
Keywords: silicon sulfide molecule, spectroscopic constants, radiative association cross section, radiative

association rate coefficient
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