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Figure 1 Hierarchical accuracy evolution of wavefunction and functional methods. (a) “Magic cube’

39 depiction of hierarchies of correlated

wavefunction approaches; (b) “Jacob ladder™™*! depiction of hierarchies of Kohn-Sham density functional theory (DFT) approaches
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B LB RIG AR B BRSO
T RE T oA R TR R HER AL 3, RE AR 4 b s
JE R AR A 5 2% s 0 P 245 A g FR B3 25 F Bl 12
B 5K
426 HMEITEF &

R R T B B o R T AEAN R B e
WG A EE T BRI o R AT 3l Ty 25 Sl X K
WIRITIR, IHRKIED R 282 s A T 53,
AT DAMERSRAT SO R 2 8. BT, WRBE 0 r3h
*%(ab initio molecular dynamics, AIMD)® 3= fudH
Born-Oppenheimer43¥-3/] 712#(BOMD) fllCar-Parrinello
3 F8) J124(CPMD). BOMD¥4H, 5 I T4 1932 5h 43
TR, a2 RIS — L %2 T, PR
HRARZ 3 7 B R I A% iz 3, PR H T 4s
P 1 SCRIA 2 [ ¥4 1%, CPMD I [a] ik b 3 e, 7 Fii%
(13 By, 383 = A A B - A RN, 35 T
B R A TR A IR R,

W 25 BB 28 757 15 (quasi-classical trajectory,
QCT)TEW it X T S B vl b W ik 8 . 5% sl +
A, PN A it B R Bl . FEdEE B S ae T L,
fit 1] 28 it 5z 2 5 A& 0 B8 AR 43 O vk AR AL R ik
PR AR FUr 401 8 J12# (path integral molecular
dynamics, PIMD)#K# 9% 2 2 R0 B8, ik
T A A% WS B 24 JE SU0RE - 2H B 28 3 R G2 LA
BEIAZ 00, 3 6 ffg FUURT - 380 2o 185 i 5 REAH B
B, A SO AR A SR R

i, TR TR K, 28 R R KA A

JUASSICR G i 22, %07 AT B M W 37
i 5 R,

5 Syl Mg

5.1 Higim

FHETH (PES) BB A R B 5T AR R 1
PREL, R E O BN 15 . RO B L Ky f
DGR, TEATS, FRATEEA 43 URE W0 = 4EHae
THIAE )5 ¥

B AL LT (permutational invariant polyno-
mial, PIP)™): PIPF IR RS RELEAH IR T 2C i B T
TREEAE R FRME, 8 — TR B T AR
Z I A I pR B GE HH I Morse s B AU M R F 1A
R BB A LTI T B DR B - RE s LA B — e 4
S50 |00

BIRAE Z I -2 2% (permutational  invariant
polynomial neural network, PIP-NN)"l: 7EPIPfYJLRl
I, PIP-NNJ5 0l B4 A2 2 T (PIPs )y i 22 )
KA, It ARSI S SR A PR AR A T
TR R BRI, P2 4% O A IE 5L HAT 58 K Y R SGE I
REJT, EATTRERE I 1 A% PE K A BE SR T AT AT A
HISAE Z 4R, I H R Rk IR 2R B
7K,

FLAAAR B P 22 4% (fundamental invariant neural
network, FI-NN)!*%!%%): FLNN{i Fj 5 AR A8 2 (FIs)fE
P2 L8 BRI, X S EEAR AR 2 PIPs Y e /NAE A
R, XEWEFIsHets Ll e/ b i A8 it A A AN A
2T, I I b T R S T I A ]
YR, (AR A ERA K ZR G 5 R 3 A O,

JEL P41 25 () 2% (atomiistic neural network, AtTNN)!'%:
Jir 1 28 DO 4% 368 20 Sy R 96 R A A D B fefE T T A
2 W 4% (feedforward neural network, FFNN)A4 £ #
RET. RN R I 1 e et DT kA R A2 2R
BEr) phk, SRIE I RO A R B i DT R 3RS
RGN SRR, 2RO Iz N T O [R] R
TR Z B AL F T HUR A4 U 3 A g R o)

BT B BRA BT AR TC RN, (R RS B SRR T A
R TIRAFR SN LA 23 X, REAEW &
AL AL B KEREWIWITRIYRON. K2EG
B A I RN AR B A 7R 1 g
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Table 2 The full dimensional potential energy surfaces for some interstellar medium reactions

HR THRIKF Bl Y5 MR 2% (keal/mol)
OH + SO CCSD(T)-F12a/AVTZ 39200 0.18
OH + co!'™ CCSD(T)-F12a/AVTZ 74443 0.12
CO + collol AE-CCSD(T)/CBS 16000 0.01
HO + HO,!'"" CCSD(T)-F12a/AVTZ 108000 0.29
OH + H,0!'*! CCSD(T)-F12a/AVTZ 48000 0.12
HO, + HO,!!'™! CCSD(T)-F12a/AVTZ 75300 0.17

CH;NC=CH;CN!"" CCSD(T)-F12a/AVTZ 30974 0.06
H + NH;! CCSD(T)-F12a/AVTZ 10000 0.08

H, + NH, % UCCSD(T)/AVTZ' 98154 0.03
OH + CH;OH!*! A-ML DFT + CC 140000 DFT + 5% CC 0.47
(H,S),!2 CCSD(T)-F12a/AVTZ 106952 0.02
(HF),!" CCSD(T)-F12a/AVTZ 42540 0.04

5.2 AR

O SRR S VB AL T R Y 4 A5 R AL
P FEITCRVARE . RV R AN H A AR
TSRO 3 R R T STk L S S U A T
T HIFRA TR Z3 LA E LA PR FIR SO 5

KIDA!': KIDA (Kinetic Database for Astrochem-
istry B PEAL 5 1 KA ™ i e A SR S o
HBORUAS 5 1, 508 7 26 1 18 B Y AL 10 K#1300 K,
T TN S A AR AR PR G v i A2 S

BASECOL!""l: BASECOLK 4Rt T 75
T NS BN B AR SR Al A R R AR, LA TE H AR A
EZ RS, 1T T A A dese, IS AT
T S RN A2 R iR ) 27 P Al (local - thermal - equili-
brium, LTE)Z&FRH T, GERARASM), TR KSR
FER BRA

UMISTH'l: UMISTHY 5B A -UDFA  (UMIST
Database for Astrochemistry)fERi— A ) 5EAl_F i1 T
TERTH, SN T TR RN A SO R R AL, I
B T 17U BB RO, X U A5 88 PEAE R
BE S b —RRARIS0%LL |, A8 787674 I R AL,
WRIBTAYRANTATCER.

LAMDA!"': LAMDAME RS AE T I F R SCFIR
AL AR SR TR OIS . AR BRTLE . Rl
R R S AELTER A S

EMAA: EMAA (https://emaa.osug.fr/) 2t T KK
Py P OGRS Ao O IR T RS, Xk

5082

BARIRRERKF . TR L 2 AT HA R B K
il 883 AR AR 2K H TR 7R T/ S T RS O
Iy, JFHIERBE TR RO R FIRACRA.

X BN IR HE AR P A RARAL AW S gy i
HEREREEMMEO, ENTOVRPRR ., 172K
M RARIREE Bl i R RN A P I T
TR A5

6 Agises

AR ST X B2 R A 5 AR i A TR AT R PR 58 1) kR
FREEAE, XA 8l )2 B REA BRIE 5 o it e itk
TT &G, 23Ch T WS AT B REE L RE
RN A (R IEHIE R . T S ) . BT A
Ty B SN 8l 1 2 A5 R 34 R T # A 5 N R
J#E R A AN 2 G AN . SCEE T e o FlE
FAGRERIAEYIA, Wk T 2R A FrEiGzE
SINWESh . ks, FahERe L, DA
SHOFRE RSB, BT, 1 LA HAAR R 5245
X BEBRZS 0] 32 AF A 0 = A S SRR AT T AR,
TERTHE T WRE S E A . el . B AR LLGE F-
O3 TR - 2 0 A5 RS SR A A |, SC
TR ARG RGE T T A A R A TR R
FH. D pREO 1 A A F5 0% BE B9 KA 22K
AR A 1 TR, JEHIECCSD(T) ikt b e 4 hn
WETETT NG B ORI B B e e
12 PR ERS P AR A T B AR R A mT 4 R,
KIS T 22 ) S N WL RN B g 2 s 443t T A 30 F
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EMAASEA ILBR 2R H S 0 25 IR IR 2. X iX
B[] B IR AR RS 5L T A B PR M S5 45 14 T
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In interstellar space, there exists an abundance of chemical molecules accompanied by a range of fascinating physical and
chemical phenomena. In light of this complexity, astrochemistry has naturally emerged as a vibrant interdisciplinary
science that explores the chemical properties, composition, and evolutionary processes of matter in the universe. Its scope
encompasses celestial bodies of all scales, ranging from planets and stars to interstellar and intergalactic media. A
fundamental aspect of astrochemistry is the study of interstellar molecular clouds, which are crucial to understanding star
formation. These clouds act as nurseries for stars and contain an intricate network of chemical reactions that govern the
diversity and abundance of molecules within them. The field of molecular reaction dynamics is central to decoding these
processes, as it investigates the rates and mechanisms of chemical reactions under the extreme conditions found in space.
Molecular reaction dynamics provide insights into how various molecular species interact, form, and dissociate. This
understanding is not only essential for unraveling the chemical pathways within interstellar clouds but also for interpreting
the formation and evolution of planetary atmospheres. For example, in studying the atmospheric composition and climatic
shifts of planets, accurately determining molecular reaction rates and mechanisms is critical. This knowledge allows
scientists to model processes such as the production and consumption of greenhouse gases in Earth’s atmosphere, helping
to address challenges like climate change. Similarly, unique chemical processes in the atmospheres of other planets, such as
the dense sulfuric acid clouds of Venus or the methane cycles of Titan, are illuminated through the application of molecular
reaction dynamics. Theoretical advancements and computational techniques have expanded the ability to simulate and
predict gas-phase reactions relevant to astrochemistry. Techniques such as quantum chemical calculations, molecular
dynamics simulations, and kinetic modeling have enabled researchers to explore reactions that occur under a wide range of
astrophysical conditions, from the frigid temperatures of interstellar space to the high-energy environments near stars.
These methods also complement experimental studies, which are often limited by the difficulty of replicating space-like
conditions in laboratories. A significant contribution of molecular reaction dynamics is the creation and refinement of
reaction kinetics databases. These datasets catalog the reaction rates, cross-sections, and other parameters for key chemical
processes, forming the backbone of astrochemical modeling efforts. They enable simulations of the chemical evolution of
molecular clouds, protostellar environments, and planetary atmospheres, allowing scientists to test hypotheses and validate
observational data. This review provides a comprehensive overview of gas-phase reaction types, theoretical
methodologies, and practical applications of molecular reaction dynamics in astrochemistry. It highlights the
importance of integrating theoretical and experimental approaches to build a more complete understanding of space
chemistry. By emphasizing the interplay between reaction kinetics and astrophysical phenomena, this study underscores
the significance of molecular reaction dynamics in addressing broader questions about the origin and evolution of the
universe. In conclusion, the study of molecular reaction dynamics serves as a cornerstone for astrochemical research,
linking fundamental chemical processes to large-scale cosmic phenomena. Its continued development will not only deepen
our understanding of the universe but also provide practical insights into pressing issues on Earth, such as atmospheric
chemistry and climate dynamics. Through such research, the field aims to bridge the microscopic world of molecular
interactions with the macroscopic behavior of celestial systems, fostering a holistic understanding of the cosmos.

astrochemistry, reaction kinetics, rate coefficient, potential energy surface, kinetic approaches
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