2 S v
4% b & 4 iR ki
SCIENCE CHINA PRESS

CrossMark

& click for updates

WAL T-RIR AL R N A4S

L T RFL, AT, F
L ILZRBE TR 23 5 06 i TR 4B, U1 255000

2. ZUTSERE RICHHEWFE L, A 311100

* KA, E-mail: changgiang@sdut.edu.cn

2024-10-30 Wk, 2025-01-17 &[0, 2025-01-21 457, 2025-01-22 P48 iR K& 2%
R A RPI2- 34 (12173023) %5 H)

% R RO P4 ¥ R ABE 78 B R4 5 890 k5 VB (AL, 38 340 5 RORE P 48 sk A Ui S 1 /) 2 PR 3R 3%
W FRE R, TUTN S FRFEFRRER. AMS TEERN R FHERZY A K. AL TN RE
% RO W 45 0 & R 4R 45T BRSNS Fo B b 2o, 5k, MEAE RIKUFM R THT RN LR MR S W
At FHAME, &H RS FOUFREMEWRET #— PR, AREANS TELREETRHEFH
FRMmBENRGET £, AXBELERT AR THUFEREMNS, FELEET ERXUFRMERR
BHIHHELAK. FOEAANS FTRUFRENEAR RS FTEERRANAFIERRT —Fov sy, AaR
WAL T oHBEAMT, RN SH RS THAE R FSHATT E4, W5 ENERKARN&H AL
T RO P 4 7T LR T B S0 8 R T AR 5K

K] R, Rfea T, RN %, RuEE R

TERBRA T, SRAEER A A FRATER AL T ¢
T R AE 2GS R E AR, BEE
SR 4 A 125 A R BRAS AR 1) K e, X oAb o 71
WFTHUS T B AP, RSCEZATR F 51 i s
LT AN e e S e R a8, ORI 1) S ik 22 114) Ak
+. 19774E, Guelin®: ANTERE = T ERIIZEIDCO™; 2015
4E, Huang®: NPUE AT 28 BINDT. 2 HETA
1k, B 2SRk FRlaR IR, Ryt —
5% BB B B9 IR AR o3 B9 A 22 A3 A S A A g
HETE B AIIEE. TR AT T DR R B PR A T
S FnERR, B RERT ) Bl 7S (8] S5 A A i AL REAE R
55T B T R T X i Bk R B T
WENER. 0 FaiERES, A EZRIEZEHD,
AT BT S5HDI TR, $iatriEal, i
S5 1 53 5 A A 1Y RONE B A2 2 AR

O3 X NI AR A R R (A i R Ak o T B
Fu, ERRFH AR Y B R R 7
FRIMEH.

FRARA AR 1) et S FAT TR A Ak 20 i T
SR AE T SRy A T RIE Bl
IR, R R PRI A O, AR, 4y
22 ) Al A N Ak SO SO AR, AR T Al T
SERMIIRLIE,  AH G S22 T A 27 SO ) 26 1 45 3]
BLARIGIREL. b2y S 284 S R AA A 2 A Hh—A
BB, IRATHRME TERA T A RN TR Y
HAEE. — e RN 4%, ROzt & AR
DIRF AL F N . FEOSURHE R (R 2 M 7. K27,
http://www.physics.ohio-state.edu/~eric/research.html) ,
UDFAK I P (95 B DUR B IrRE 2 £ R, http://www.
udfa.net)™ ™ LA K KID AKUHE R (7R 20 R0 R AR A 3

SIS Vi, B, ARG, 55 A iAo T IO R AL 2 N [ 2. B2 AR
Sha H, Chang Q, Song Z, et al. Astrochemical reaction network including deuterated molecules (in Chinese). Chin Sci Bull, doi: 10.1360/TB-2024-1152

© 2025 (PIERFE) Atk

www.scichina.com  csb.scichina.com


http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2024-1152&domain=pdf&date_stamp=2025-3-18
emailto:changqiang@sdut.edu.cn
https://doi.org/10.1360/TB-2024-1152
http://www.physics.ohio-state.edu/~eric/research.html
http://www.udfa.net
http://www.udfa.net
www.scichina.com
csb.scichina.com
https://doi.org/10.1360/TB-2024-1152

N I

¥, http://kida.astrochem-tools.org)!' !, FAITm] LA
e i R A o A s T e 3 A S 2 e abE =21
T AR SO T S B RS . AR . IRREE R DA
ST RN R T 2 S8 B

KID A e 8 1 A5 Ak 0 1 i A Ak 2

N2, (EJE B RTBA RIR R AL S 2.
TE@@M%U%M%’M{: 1, FRATEKIDAKHR R
PRALAY & A IR AL 43 19 SO S ) 2% (deuspin.kida.
uva.2016)%Eh I, #E— 2L AR R I & S
B RN 2 AT 1352, 53589 k2
N, HA R BRI 3901, ARV A 4894 X
N TG T ARRIRE AR . . A LA S o i
R, AT ROTERAM T ERIREm 1T
KU REATIZ A A E AR,

1 R

TEALSE TR 46 v, 432 B8 USRI 2% A e LR
R, FRA TR 53 R SR R R, . 2R i 1
SR VR 5 A R R T4 T S i B = k2K, i
T3 1ot A [ SR 1 P 52 B F A 4 T AT AR A
S T BT I A RIS R, FRAIFE L R |- 4
F 1 RIS R 2

Table 1 Examples of reactions in the reaction network

HEASAS BN B o RIS f 6 S R 084 T B AR 402K,
FEXIAS R B S AT T G, FRATTAY S g R 265 vp
R T R— R T &R R Y . AR NS
(o, B y). ARG B (FEIZ A B P R
RBUEA R, 248 1R BRI, (5 BRIA A (—9999,
9999)). TR RETT LR ARXER | KNV 5.
FAPBNH T R g iR o . fEiX AR, RS
bR — A E AT, NS Ea. B, yH
TR RN R, O 2% v i) B o, 2414
MR TR AT HED . 1 A2 3 I GRAIN A
GRAINOZMNF R AR PRI X 7 — T iz
BRI LR 235, TORIZIRP i ERIFh; oH,
FiipH, H o flp s & AR e

FATHE SR 9 26 ol B 1Ak 43 F 142 B etk
HEAEN, ,\EPHZE’JW?/\J%%E’WF?UHW%TI’JE’JE
BEZS. Hy AR H HES Y EL BRI X7 o) F 5 48
EB THEEMMERN. IR, WR PSSR #ﬁ
TEI 4.

1.1 SApid ) v

KARIY B PRI B~ S N R AR A AR, AR

RN R AR ERA2 A3 R4 a B ? e S EEEREIK) AR
HD CR H D 1.5 0 0 1 —9999, 9999 1
HDO CRP D OH 4.85(+2) 0 0 2 —9999, 9999 1
HDCO  Photon H D Co 7.0(=10) 0 1.6 3 —9999, 9999 2
c,.D He" C He D (N 4.6(—1) 3.26(-9) 1.13 4 10, 94 4
DCO"  GRAIN™ D Co GRAINO 3.1(=5)  5.0(=1) 0 -1 —9999, 9999 -1
JH D JHD 325(+2)  3.25(+2) 1 14 —9999, 9999 14
Jo 0 8.0(+2) 0 1 15 —9999, 9999 15
JCD jC D 7.3(+2) 0 0 17 —9999, 9999 1
oD JoD 1.8(+1) 0 1 99 —9999, 9999 99
DCN co’ Co DCN* 3.4(—10) 0 0 5 10, 300 3
CH HD CH,D Photon 3.25(=17) —6.0(-1) 0 6 10, 300 3
D (o CD e 5.0(—10) 0 0 7 10, 300 3
OH" e H 0 6.3(=9) —4.8(-1) 0 8 10, 300 3
JD D 6.5(+2) 0 1 16 —9999, 9999 16
JHDO JOH D 1.64(—10) 0 1.63 19 —9999, 9999 2
JOD oD 1.0(=3) 0 1.0(=3) 66 —9999, 9999 66
pH, oD,H" D D pH;" 3.0(=12) 5.0(=1)  52(+4) 4 10, 800 3

a) a(b)FERa x 10°. TRJETEFE(K)“—9999, 99997 /1% 5 I 1% AT 1t 2 R il


http://kida.astrochem-tools.org

IO PR 245 R R 55 1 ~8 S R A FEAE AR R IR N S
FH O35 0 SR Y LR 4R 177 B A 2
BEECNE. Horh, T ORI B R 4 P CR 3
RUOL S B R — A A G B T SRR 43 i
BN a0 R S R S 23 T
LKL T 3N — AT — A T B —
T —ANET AT, SR A
BT S22 TR S R R HL U R K Y
SIMCTH T T AR R s B R RN, o,
H 30U Je R 38 1 2 50617 S 0 19 v I CRPRR,
TRk B BN AR ST Ay T, R
A3 TR T R R BN A B — 1 B A — A
BT, HAa BB O E T —
FHEG T HI— A1, AR B i s S 2 A Jl— 1~ FH
BT R—ANHES 1. 3N bR R PR SRS I 5
ST 5 PRI BT R AR R B B B OB RN
W HIPhotonk Z s bnifi: 2 PR 585N R 5561, i
B SN AR SR =R R 5 AR gy, i — R R T
Photon &5 4E BP0 1l BT, A B S I ) e A Al
R

IR SR R AR T TR AR T 5
MGy, AR a L, M AR ST I
e 1. AR TSR TR T a2 s
SRR B PIIA BORE,  5 HAl 231 K S IUTUR T B 5%
¥, BEMTRZMA A A A1 05, i g el B 7 A
A ATUR T LRI 7 T iR B ek, a2k
Bk LA S RN i A 1 5.

SRAZE RN AR B PTIAROSE, F p  H :
Ir T R A A BT B R Py T BT SRR TR
A AT B B A — AR R 1 BT S
FH 255 BN A2 LA 8 =S rPorE arF R BOBE, IS IR
IS Ay SR S R H i B ) S . 55 5208 S I Ay L A 52
FRE, F—ABHE TS — A 1RO, AR —4
P PRI —AN IR T, B R i T rh B B T R
FIBHEG 7, (A S A2 R e, TS
Tk TR I . WARTE R B 5 T 7 R, 2k
SRR ISE A TR PR 21 B BB, 5620 S g g i e
TGI8 BIRRE B R4 S5 (P R0 1 B0 T RS
FORE, AR ARG BB, WA F g1 S AR I —
AR TR, SCE i —HER—
P T RO AE I —> BB R —E 1. ST
HRE R BE RS SR, B — P75 BB R, A=

AT, R BN LT SE8FR
NoRBHE TS5 FE A, R8T, WaEHET
S rEASE RGN, B RS
RN, Bl—A~E FHEE AT b, TR — A
B, [FIR R —A T

S A I N 285 8 28 I N T LA A I B 4R ) 3 v,
TSR 8 T A 2 o7 2 B R SR, 45
O3 F 58 R AL g S Al SH R B AR A 32 2R AR A
FH," (H,D'. HD, . D) S5HAMA TN, $masis
BB H AL, B BRI B, WIN,D ",
DCO" M FRRIRAYTEBL T, ¥ KH,D AL R
oA EEN, NH,"5NH,D & 55 M h i s 1
JV A JNH,D 5 NH;, fEBENH; AR 7, Tiidifk
43 F5 CH,D "S55 A b S Ak B4 B4 IS 10 45 7 48 1 1A iR
JE TSR, Hy W 5ifk £ 2 H; S HD(ED,)
Az RS Rk 2 Ah, CH5 5 CoH, 4 5 HD
Bl % A S R R, CH, 43 1E 5 HD YRl h 32
B PR IRk, R IR A B ) A AR AR R
B ERTFSAMTH, D, Hy. HDAID, VLK BT H
BESR AR R E DL S AT DR T = B EROR
FH; WAL RREE, DR Y AR ik 32 B i i I B
H,D' =5 DCO" DR (eS8 R i, Jifks Tt
BEA S DM T AR &, 241 kA
3P A R 15 A S ET1 <10 s e - s 1 LA T 10
IR P (ARG = BT A, 3 el i 3 e A s o A A H
DM S BT R

1.2 SIS ZBR Z IS

WK AR SET . BTN, BT
BB AR AR b, AR,
UIGRAINO + ¢~ — GRAIN . [R]if, HAFE7E T e
ANHHPLR RS AEETFIEN, 6
HWIGRAINO +e — GRAIN +Photon. A K2R
FHES TR AR, AR ~3 T ul i DA AN LY
R, BIINGRAIN + D" — GRAINO+D. 5515252
PRI SN, ZIE RN SRR T LAy B B
DL R B S i e AR, 23537 3] i Y PR R S sl H A
TIPS EH BT, AR E o BRFaSeki s, fad
PGB FEE RS A, 163N T LB R
RN FRE SR LT s R A EAER, 51
EREALIAVER, S B0W B 7 2R R 3R TH Y 53 F 5
TR S, SE66J Ny : Tkt km

3



N I

B = AL ) RO VL5 DR PERE N. —IRUVIE
TG AR IBR R ) 7 F BT B S A, SRe7HR
Nz ANERIE R PR R AN T U VIG5 R RGN
N UG 32 T A0 40— F sl B 7 21 A .

S RS2 7 H S 2 LA T P A R S 7 A e
by = A I S R B RCR T e R N X TR Uy
FRYTALRIF A 2= A, (B Y —Fh oy TS
A TN A7 HLAE AR R T b ) A A 1) R M
TR S IO X0 B SR AL R 27 A B K AR .

S99 I YLRER I, RIS AR A4 Bl JE 1T
FEFIAIR . R HA S B s TS
B, SAHTRE TR T RS ST, S TP IR
JE - DA K A TR AR S F U B 2R R R T, 23X
Fif_ LAY TR —E IR . FERIECORIN, AL
R, Zx[alfEi S 8bREm ENHD,, D,CO%ATHY
TERUS, Y H, e AR 1M, COTETTR
KIS AR T, 2 K KBRS AR Com =+
J&, COXFFH; FIH,D THIEFESIRAL, (R4 i HoAh
I3 F B R A,

13 ZhAam ERyR Y

PR AT DRI REY H. Hik s PR R
KW/ TAHIERE, EATRT AR A2 E RN, X885 A A
IR R AL S BB AR IE N 14, 17~202 k2%
SV

SVA N : IR IR N, SRR R b
2N R 28 v B LR Y S . <R RFE I A PIAA S
T s 5V ) ) 3 ) O 4 R0 3
T A SR A 3 R AL, 43 5] & Langmuir-
Hinshelwood#/Liil . Eley-Rideal#/L#i| LA &zhot atom#/L
22 A S R M 4% N H 2% JE Langmuir-Hinshel-
woodtLifil, RI4r—Fsl i 23 it A 2R B SR L
FIIK [F]— AR S AT RN, 2R b e R
=FR# 4K AHDO . NH,DHICH;D, TfijshkREm I
HDOF %L HHAID 5 O i A= liOHAIOD, OHANIODZ:
i — SHMD Y A R H,0 5HDO ). HE, %
AR LTS8 2] T HAID A WA BEHD. OHAIODZE S
IR RN A H,0 5 HDORY I A rh 2 B
W ER A H, X EEHS 5HDS . HDCO%: 1 [ A il
HD, HDZ W EISAH, e m< A+ ¥ HD
JEP R Ay TR R T BT LGE i HAID S
NG T4 T U B s s A e i H, I AN fE

4

TEARIR R A B R

ST M8 N RIRF I L A FHT Lk
FR BRIV i L o R IR IOR A, R
ST FAHEAER, (A5 ZRm LT 4 A i ~4 1
SFEIEF. S8 R A A T B Sk
BRES A AR R far, B T AR Y P 2 32 |
TR 6 H f B MR TR B IR, e AR e i 1B
Oy TR R, 565 1720 S0 A 1 83 I A0 Ay ik 5
SV

19N AR08 Ry 2RI E o FAEARE
BEPREING R EINETF BIVEF T K& A G SR 5 50,
A2~ TR T B FER2028 5 i i 7= AR 1 HL 7
SRS SR BT R, SO T AR I BE S AR
I AN 0D T N R 7 NG o5, e o T s i1
JRF. UL, RS 1938 N RN 2028 52 1o #5415
SV

AR b ) A7 S P B R N 2 il R A Ak o T
RS e B D . HD., OD%/r 1, ffEs (sl i )
BB AR 53T A5 — 05 4 2 3 o i W 1) stk A
FED/HJEF HAERE I, A HA /T A St T 451

2 RHER R

ASTR) ) S 2 R AE T3 S 3 2% 22 B0 Fr FH 30 1)
WNIERAFEIRY, 78R L& H 3 £ B v BT 2R 2
AT T8 L. HAT R AR 138 2k ey
BRI FE UM FER R P %, BT RA—
A RN S N s 1) T 238 2R 500 F 3R = A [R] 1),
M SRR P IRAETT A WA N 020 R 9 S o7 3k
RAK, BRI R TR R R R A S
fith LB AR 510 A0 B 25 A T — A2 3 Bl ) AR B
o B AR, R R R I v T FH B ) S R R R
Wk, SRR P T B N R R BN K, A
WA SO Z IR R, K = k/ v, Ferw 5153 4
I EME R —AN 235 B Bl (SR IE o 48 g A AR 120):
r=a (1)
Hoh, n R ERBURRE, B0 Nem ™ N BAAHATR
— NIRRT R S AN, AT LB SR S R
() HE AR 2, HEUE— B 10",

21 PRYSE . WM
W YA TGS -1, 3y Fyk o i o



HRHON

k= a(%)ﬁ. ?)
SRR PP ROV R R

K- a( 250 )/f ! 3)

Hp, o pRELERIM P, T RIEEE, Vo
’/Mﬁﬁﬂ’] SE T — AR I AR BT HE A AR

2.2 PHYGMFRENHLE R Y

WA T H . R BRLS5R RS
BT RNR A XAEAHE Y, BIK = &, RVERRECH
k= alcgs 4)
K= oalcg, ()
Hor, aft VM ST I, (A THAHR B R, W
Wl = 1.3 10 s 1027 30 A RIS T T 2 &
V3 A OG5 | S g B R H 2 B g DA R ARk
T 14) 5 R 15 3 1 ik 225 I FL 5 B

2.3 BRERBRE MGG ERINE -5 R e g
A5 I i
RN AR 2. R RIEHZ R RY
T RN A S SRAR R, RN RN

k=ae vy, (6)
K =ae vy, (7
Hi, . pfEROV M E LA T, AVHTICRE, ik

EHE’JFUV%¥LE[2”“ N SRR ] T Ak
TP 52 1165 | R ARG B R 2 MG 5 S

2.4 MBI

AR S N7 ) S 1 28 2R B T T S e s o
FBTe e A 2N (Arrhenius) #1118, A5 M3,
TR RV R R ) RN R R BN

B
k= a(%) T, ®)
SRR P e p B S N R R
5
K- a(3go) 5, )

Hrh, ai300 KYEE‘FE@ELM”E%, PRGN
WK AR AL, RONAEAS RELE T AR AL S p A

KO Ry SN A, BITEALRE, TSR, Vs
OIARBIAAE T — AR A B AT o 4 A AR,
2.5 BT TR

Wakelam 5 A2 M 188 1 15 HAT AE Y
P I3 Z T A i BN B TR R A5, S

M4, 5, —DEM TR, 55— TR
JE, IR EE Y B T S o E
o == (10)

2ak T’
Hrh, up o B, o bR AR, TRHIREE, kphBk
IR%5 R, IREEVE I il 2 8o = 209IR EERI 40
AR T T B SO0 R ROk

o
k=aﬁ062+04767y(300) , (11)

T

72300
10.526 T |

(12)

1
k= ap|1+0.0967 (300) ;

SRR BT EIN
bl

R RN

7 (13)

K = af|0.62+0. 4767y(300) >

1

T 10526 T |7 (14)

h 2
K=aﬂ1+00967y(300) L1300

Hob,a. B pTERBIM T E 2225, o RV SR,
PR IRE SR AR, 2300 Kt HE, THARTERE.

2.6 oS RH R TR ALRAR

Pagani® A\PO7E20094F & ) TAE O H AR 1
FIERS LA BCH 5 1 5T Ak 4 (e 2 S 33001 T T PR
B, FRATTALRE 2280 23 B T P 380 1) e 2 o 20 38 7 o 58]
B b 285 o9, SO AR R ECH
k=a. (15)

SERER 2 T T B Y SOy 33 R ECR

=
=

Horh, oohfif B AR,

2.7 S FRYDIRRR N
UURE S A G599, ATy Rk rh it H £

(16)

5



N I

(14 07 T 25 2R HCh

kpoe =0 <Vv;>ny. a7
SRER L i FH 3 14 S I R R B

K, e =0<v;,>ny, (18)

/H\EP o MR D B AR R UL ) AR T AR

o= (19)
< > ARG FR POz SR

S 0

ny BRI A

na= 10 =7, (1)

b, IR 252 R, m TR, 1 IR 20403
TR, TRSIRE, VRIS T — bR
] Bl ) AR o 40 AR

2.8 ZRIBRFEMTIWIAIR B

PR R BN T R R BT A 5 O 14
AT RRE T RO R RN

keigr (D) T kegige(f )
Sl’ld

SRR BRSO R R R
kaige() + kaigel/ ) 1

Snd Ve
o, ng W AREBORRE, ny
_ Pkdiff(i);_kdiff(j )
Hoh, PO ROV R AR ML, BAAKUE S L 26 gy 2
YO ARSI, RS RO &R, T P=1.
WER BN AR R R PR, P=1/2. X T HATELRER
SN, P BERRYE LA LA 710

k=P (22)

K=P (23)

!
=L

>

(24)

P oy o 2Byt (25)
FOH, WA SEHL, P2 RN B ke .
SRR W) 45 LR, T R — R R4 3
o HMRIR B B T b2 S RE, o 5
BR, B, 0 SV B IR B 4., BV 7 035 L
)Y REIRESE TR k() W S REEA S~
B R, SRR IR 18

_Ew
kg =ve Ta, (26)

6

'43 E(D) AR BRI 4 FRE. WA B %?}”
REMY HLABEAE S 28 T 3 Bl e, BT,
%ﬁﬁﬁt B SRR LLIETE0.3~0.77 2 0], Ty k2 iﬂmr“
VRS AR EIR SR, JLT IR 4 5 AR IR S A5

HHHEE 10" 57

2.9 DRI B
PG sz D7 1 2 N7 T R R BT 3R
R R TR SO R R Bl

Eq

kges = vie Ta. 27)
SRR P ROV R RN

Eg

KdCS = V<e Ty 5 (28)

Horh, v ar T W RHIER SR, 85 B 10" s
E NREAE, N R o’ ELR /RIS IS Xot Rz ) ot
(AR, TyFm AR,

2,10 LTS I R M

Hasegawaft 19934F (1 TAE 1o 517 2k i W S vz 119
R RW], MFi ek i RIRe, S AbRniig]70 K
RT3 N5 AR T B o F R A A R SR .
NI GT R 16, HAR TR T O A R R

YRS M5,

kcrd :fkdes(70 K) (29)
SRR PR ROV R R A
Kcrd 7fkdes(70 K)a (30)

HH, k(70 KR53 FAENRIE 70 KA AOIAIGHER, £
Sy B HV -5 1 A 2 T80 g e B £ A,
HHBCH3 x 107107,

211 SRAMRA:

FRATTHE 2 I R ol 28 AR X T A IR R e A 2 40
FRRAE A e, B R RsEe6 . 6722
Rz N e — AP AR PR R, AR SN
66. SV AR 2K A R FH A S Chang s AP
fEF A2

0.001maX(GFoe 1Mv+Gy
= TGS T Gif) (1)

TESHRE R B a] L Rl R A 2T B B

HOR 2K, Hrh Gy o 2R S 25, Gy =1, Gyl




FHEBFFEUVIE TR, G) =104, Foh 2R
PSR R, Fy=10% em 2 s, a e RIRAEAR, ph
FRATE B T, AR RN P A R A A R T T B L
{8, Ay RHTECREL, SHMBRH A 4L.

3 DMLAES

R DTk F, MEHD, NH,D. N,D 4551
53T B ETHOII 2], A B R PR T T8 iR A
PO T EE AL EE, BRI RN MZ T e T
SRS F AR RN AR B T 563, S H Rk
FLlad Hy SHD WA, RS A T HD A R R
M H; A E R R, JERAH,D 2t —4 5 HAbsy
FERERN, ¥R PRI A7 AP
COZ:HAEH; 5H,DY, CORYFJE MM <A h iRk
RN E. BLBRFE LA EERIANHDO .,
NH,DHICH; D™, F A KIDA K 2 H BT A FF (95 TR
53 F Ak 22 O I 2% A SAE TR AR DG B g, FRATT
FEDCFERE 1722 3R AR 56 B I T it B 2R Ak
137G, B0 2= A SRE I, ) T A AR
RUXEHT I IR AL 5 T 1 Ak 2 B g R 46 64T T Ak 24 B
BT AL 2 N ) 2 BE A AR 4 b i FH T BE 7E 800 KA
I RARAE Y.

A1k I Sipilazs A\ SI7E20164E BT % R0t T &
FRE, WMFR2FTR, PHBHCRAE Any =2 % 10%m >,
Ay =10mag, T, =Ty =10K., E /E;=05" 1

gas

10° 4 -
] —mp
103 — co 3
—— NH,D

3 — DCO*

T T
10° " Time (year) 10 10°

2 MR EEY

Table 2 Initial abundance of material

L7iibi ny/ny
H, 5.00(—1)
He 9.00(—2)
HD 1.60(=5)

e} 2.56(—4)
(o 1.20(—4)

7.60(—5)
St 8.00(—8)
Si* 8.00(—9)

Na* 2.00(=9)
Mg* 7.00(—9)
Fe' 3.00(-9)
p* 2.00(—10)
crt 1.00(=9)

H(0/p)ini 1.00(=3)
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Figure 1 (Color online) Abundance of some gas-phase species and grain surface species over time. (a) The variation of species in the gas phase; (b)

the variation of grain surface species
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Table 3 Comparison of observed D/H ratios of TMC-1 with the calculated data from our model

WyF TMC-1 AR
NH,D/NH; 2.00(=2) 2.76(=2)
DCO*/HCO" 2.00(=2) 1.99(=2)
N,D*/N,H" 8.00(—2) 4.65(=2)
Time? 2.74(+5)

a) Time IR AU {E N 8]

Ham—2chE. K3 R/R T TMC-1 52 PRt Edis 5 w A3 7 B KRR E AU A 2 i N JES R Y
FARCRI TSGR AR LGB0, MFR3TPRTIL, Fefilnose PR, SRAb o3RO Ay S 2% o Je S R Ak

VRPN

[ R . S

~

10
11

13

14
15

16
17
18
19
20
21
22

23

24

25
26

LSRG WM S R 75 BERIHEAT KRR U S it T BRI SR,

Guelin M, Langer W D, Snell R L, et al. Observations of DCO/plus/ - The electron abundance in dark clouds. Astrophys J, 1977, 217: L165-L168
Huang J, Oberg K 1. Detection of N,D" in a protoplanetary disk. Astrophys J, 2015, 809: L26

Schlemmer S, Asvany O, Hugo E, et al. Deuterium fractionation and ion-molecule reactions at low temperatures. IAU, 2005, 1: 125-134
Romero-Mirza C E, Oberg K I, Law C J, et al. Cold deuterium fractionation in the nearest planet-forming disk. Astrophys J, 2023, 943: 35
McElroy D, Walsh C, Markwick A J, et al. The UMIST database for astrochemistry 2012. Astron Astrophys, 2013, 550: A36

Millar T J, Williams D A. Rate coefficients in astrochemistry. In: Proceedings of a Conference Held at Umis, Manchester, UK September 21-24,
1987. Berlin: Springer Science & Business Media, 2012

Le Teuff Y H, Millar T J, Markwick A J. The UMIST database for astrochemistry 1999. Astron Astrophys Suppl Ser, 2000, 146: 157-168
Millar T, Bennett A, Rawlings J, et al. Gas phase reactions and rate coefficients for use in astrochemistry - The UMIST ratefile. Astron Astrophys
Suppl Ser, 1991, 87: 585-619

Woodall J, Agindez M, Markwick-Kemper A J, et al. The UMIST database for astrochemistry 2006. Astron Astrophys, 2007, 466: 1197-1204
Wakelam V, Herbst E, Loison J C, et al. A kinetic database for astrochemistry (KIDA). Astrophys J Suppl Ser, 2012, 199: 21

Wakelam V, Loison J C, Herbst E, et al. The 2014 KIDA network for interstellar chemistry. Astrophys J Suppl Ser, 2015, 217: 20

Flower D R, Pineau des Foréts G, Walmsley C M. The importance of the ortho:para H, ratio for the deuteration of molecules during pre-protostellar
collapse. Astron Astrophys, 2006, 449: 621-629

Majumdar L, Gratier P, Ruaud M, et al. Chemistry of TMC-1 with multiply deuterated species and spin chemistry of H,, H,", H;" and their
isotopologues. Mon Not R Astron Soc, 2016, 466: 4470-4479

Beuther H, Klessen R S, Dullemond C P, et al. Protostars and Planets VI. Tucson: University of Arizona Press, 2014

Millar T J, Roberts H, Markwick A J, et al. The role of H, D" in the deuteration of interstellar molecules. Philos Trans R Soc London Ser A-Math
Phys Eng Sci, 2000, 358: 2535-2547

Harju J, Daniel F, Sipild O, et al. Deuteration of ammonia in the starless core Ophiuchus/H-MMI1. Astron Astrophys, 2017, 600: A61

Rodgers S D, Charnley S B. Gas-Phase Production of NHD, in L134N. Astrophys J, 2001, 553: 613-617

Sipild O, Caselli P, Taquet V. Effect of multilayer ice chemistry on gas-phase deuteration in starless cores. Astron Astrophys, 2016, 591: A9
Sipild O, Harju J, Caselli P. Species-to-species rate coefficients for the H;" + H, reacting system. Astron Astrophys, 2017, 607: A26

Roberts H, Millar T. Modelling of deuterium chemistry and its application to molecular clouds. Astron Astrophys, 2000, 361: 388-398

Caselli P, Sipili O, Harju J. Deuterated forms of H;" and their importance in astrochemistry. Phil Trans R Soc A, 2019, 377: 20180401
Cuppen H M, Karssemeijer L J, Lamberts T. The kinetic Monte Carlo method as a way to solve the master equation for interstellar grain chemistry.
Chem Rev, 2013, 113: 8840-8871

Arasa C, Koning J, Kroes G J, et al. Photodesorption of H,O, HDO, and D,0 ice and its impact on fractionation. Astron Astrophys, 2015, 575:
Al21

Taquet V, Peters P S, Kahane C, et al. Water ice deuteration: A tracer of the chemical history of protostars. Astron Astrophys, 2013, 550: A127
Sipild O, Caselli P, Harju J. HD depletion in starless cores. Astron Astrophys, 2013, 554: A92

Vasyunin A I, Semenov D A, Wiebe D S, et al. A unified Monte Carlo treatment of gas-grain chemistry for large reaction networks. 1. Testing
validity of rate equations in molecular clouds. Astrophys J, 2009, 691: 1459-1469


https://doi.org/10.1086/182562
https://doi.org/10.1088/2041-8205/809/2/L26
https://doi.org/10.1017/S1743921306007113
https://doi.org/10.3847/1538-4357/aca765
https://doi.org/10.1051/0004-6361/201220465
https://doi.org/10.1051/aas:2000265
https://doi.org/10.1051/0004-6361:20064981
https://doi.org/10.1088/0067-0049/199/1/21
https://doi.org/10.1088/0067-0049/217/2/20
https://doi.org/10.1051/0004-6361:20054246
https://doi.org/10.1093/mnras/stw3360
https://doi.org/10.1098/rsta.2000.0666
https://doi.org/10.1098/rsta.2000.0666
https://doi.org/10.1051/0004-6361/201628463
https://doi.org/10.1086/320987
https://doi.org/10.1051/0004-6361/201628272
https://doi.org/10.1051/0004-6361/201731039
https://doi.org/10.1098/rsta.2018.0401
https://doi.org/10.1021/cr400234a
https://doi.org/10.1051/0004-6361/201322695
https://doi.org/10.1051/0004-6361/201220084
https://doi.org/10.1088/0004-637X/691/2/1459

27
28
29

30

31

32

33

34

35
36

Semenov D, Hersant F, Wakelam V, et al. Chemistry in disks. Astron Astrophys, 2010, 522: A42

Draine B T. Photoelectric heating of interstellar gas. Astrophys J Suppl Ser, 1978, 36: 595-619

Wakelam V, Smith I W M, Herbst E, et al. Reaction networks for interstellar chemical modelling: improvements and challenges. Space Sci Rev,
2010, 156: 13-72

Pagani L, Vastel C, Hugo E, et al. Chemical modeling of L183 (L134N): an estimate of the ortho/para H${ 2}$ ratio. Astron Astrophys, 2009, 494:
623-636

Cuppen H M, Walsh C, Lamberts T, et al. Grain surface models and data for astrochemistry. Space Sci Rev, 2017, 212: 1-58

He J, Acharyya K, Vidali G. Binding energy of molecules on water ice: laboratory measurements and modeling. Astrophys J, 2016, 825: 89
Hasegawa T I, Herbst E. New gas—grain chemical models of quiescent dense interstellar clouds: The effects of H, tunnelling reactions and cosmic
ray induced desorption. Mon Not R Astron Soc, 1993, 261: 83-102

Lu Y, Chang Q, Aikawa Y. The chemical evolution from prestellar to protostellar cores: a new multiphase model with bulk diffusion and photon
penetration. Astrophys J, 2018, 869: 165

Tiné S, Roueff E, Falgarone E, et al. Deuterium fractionation in dense ammonia cores. Astron Astrophys, 2000, 356: 1039—-1049

Garrod R T, Wakelam V, Herbst E. Non-thermal desorption from interstellar dust grains via exothermic surface reactions. Astron Astrophys, 2007,
467: 1103—-1115


https://doi.org/10.1051/0004-6361/201015149
https://doi.org/10.1086/190513
https://doi.org/10.1007/s11214-010-9712-5
https://doi.org/10.1051/0004-6361:200810587
https://doi.org/10.1007/s11214-016-0319-3
https://doi.org/10.3847/0004-637X/825/2/89
https://doi.org/10.1093/mnras/261.1.83
https://doi.org/10.3847/1538-4357/aaeed8
https://doi.org/10.1051/0004-6361:20066704

N I

Summary for “BL& RSN F B RAAL 2 B J 257

Astrochemical reaction network including deuterated
molecules

Hao Sha', Qiang Chang'", Ziwen Song', Longfei Chen® & Yang Lu’

' School of Physics and Optoeletronic Engineering, Shandong University of Technology, Zibo 255000, China
2 Research Center for Astronomical Computing, Zhejiang Lab, Hangzhou 311100, China
* Corresponding author, E-mail: changqiang@sdut.edu.cn

Astrochemical reaction networks are one of the tools to study the synthesis and evolution of interstellar molecules. By
simulating astrochemical reaction networks under physical conditions that pertain to specific astronomical sources, the
abundance of interstellar molecules and their temporal evolution can be predicted. This helps to understand the
fundamental laws of interstellar molecular evolution. Deuterated molecules are an important component of the interstellar
medium. The detection and study of deuterated molecules provide critical observational evidence and theoretical
constraints for the development of astrochemical reaction networks.

In recent years, as astrochemical research advanced, an increasing number of deuterated molecules have been discovered
in interstellar space, sparking greater interest in the formation and evolution of these molecules in the universe. These
discoveries have driven further development of the chemical reaction networks involving deuterated molecules, enabling a
better understanding of the synthesis, transformation, and evolution of deuterated molecules in various interstellar
environments. The formation of deuterated molecules is closely linked to low-temperature and high-density physical
conditions. In such environments, the frequency of molecular collisions increases, and chemical reactions occur more
frequently and efficiently, providing the necessary impetus for deuteration reactions. The realization of deuteration is a
complex process, involving multiple reaction pathways, including the incorporation and substitution of deuterium atoms.
Deuteration reactions are not limited to gas-phase reactions; they also include surface reactions on dust grains. On the
surfaces of interstellar dust, molecular processes such as molecular adsorption, synthesis, and desorption significantly
influence the efficiency of deuteration reactions. To better understand the formation mechanisms of deuterated molecules
in different interstellar environments, astrochemical reaction networks must fully account for these complex reaction
processes.

The KIDA database, one of the most widely used gas-phase chemical reaction networks, already includes a significant
number of reactions involving deuterated molecules. The chemical reaction networks for deuterated molecules in this
database mainly focus on gas-phase reactions, so they lack a comprehensive description of surface reactions on dust grains.
Dust grains play an important role in the interstellar medium, acting not only as catalysts for molecular reactions but also as
sites where processes such as adsorption, desorption, and surface chemical reactions can take place. Surface reactions on
dust are crucial for the synthesis of deuterated molecules, making it essential to improve the reaction networks in this area.
To address this gap, we have extended the KIDA gas-phase deuteration reaction network by incorporating key surface
reactions that occur on dust grains. These reactions mainly include molecular adsorption, desorption, synthesis, and
decomposition on the surfaces of dust particles. The updated reaction network allows for a more comprehensive simulation
of the evolution of deuterated molecules in various interstellar environments, providing a more accurate and complete
theoretical foundation for future astrochemical simulations.

Under the classical physical conditions of cold molecular clouds, we used this extended network to simulate the synthesis
of deuterated molecules. Preliminary simulation results indicate that the newly expanded chemical reaction network
involving deuterated molecules can be used for subsequent modeling studies of deuterated species.

astrochemistry, deuterated molecules, chemical reaction network, reaction rate coefficients
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