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10 £ 5 AT 72 A 1] I FSCR PR 0. SR D I i) RE 3R
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SR T RATI RS 515 H + HD — Hy(v, j) + DV
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WA BE
() A (b) 43502 ST s R i 45 21

b A A DA A A (1 2 217 A (g L

22 BYRSESTHM: R iR F
T

FERGIANH + Holf) RN LS 8 T i
Ja LI 53 AT T4 B 1) 25 4 B Hx R )
S35 IS WAL 1 o A AT SR TE IR x4k
R SR b Rl S P A= i A Ko 2 U] 1 R
s AE 90 AR, Moore Rl A VR # 70 S R R I 2
975 T 53 1 D' At R B G Ak B 2 1) A2 0 R M A AR SR AL
BE G, A IR BT O A g i A2,
SR — 5L %) 51 T4 T A BRI U 10
SEEOSAL ARG B8 o A A R A g B
PR M, PR D Al 435 25 55010 8 T 2000 25 A~ e I o e
IR R A

EER S ATRVGI R & ORI VAN Inh e By O VAE] S
flf 438 2 IR G vk RN, ol 7 RS it 0 2 O
] P AR 53 SR N AR TR, 2003 41 88 2R A5 A RS Xy F
H-US T AT IN RIS T i T S A T T0°, AR

1091



AR B AE: Ay S N A I S R AN Bl ) 2

0 AR bR A K 160° 77 ) b, ik BE R
0.4eVZE| 1.0eVZ I [JH + D, — HD + D W 56 5h &
SR L P 3 R EH + Dy(v =0, j = 0)
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O k1
s [ e

O k=0 jf
Cotedt | [ +— @

A==£1

B5 D+H,RNA, /A FEEHSHH RN T AN § b ) R

B 4 2 2 LS L GO 2 B TR S
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Hp ) 4% 5 0 LA R TR R SRR il R RS, R T
SEASAN A (R AR 5 1 3940 80 4EAX R Y, AR P T AT
HUNF + Ho R W1 IREEAT T =R 3 & 1 35 2 HEAS
Sy F A i BAAL 3% R — AN b N By g 2 4 sk
FLI LR A IR S, A A S O B, Al
fiE 4 1.84 kal/molif, F + Hy 2 N = IHF (v'=3) {1 5
AT I ET ) HUR U 7EREREBE Y 3.32 keal/mol i, F +
Do N R MIDF (V' = 4)H3 HBIL T i HC 0. e
WA UL 1 1) FT ) B W RTRE R BT B ) g SR
DL A LA (1 45 B THT 1S AS B 70 75 S50 P 10 7= 0 4R 2 4
RS R 1) 50 A, Stark FWerner?E 1996 4 M5 —
JEU R L R M T R B I SWERRE TR A, fHL 7R SW
FBET b AT kAT 1) 8 SR T SR = B O L
X LU A H 1) 41 H 2 S 8 T HF(v'=3) HiF [ iR U6k
T R S ERM4A

2000 4 Liu %5 NFH 2 3% #)ik+¢(Doppler Se-
lected) & 1~ KATHE J70) F + HD RN HEAT T 528
wrgy Aol TR I, FEMIHF + DIEIE K
bR B or(E)EREREREZT R 0.5 keal/molibfg — &
(& 6)2L: T = 4IDF + Hili 38 F) 4 bR 3 on(E) SN
KA G B, fESWHGETH T & 7 3h 1) 24
RIUAT R G5 JE, UESEXAS & B 2 9 Ay B L 4R
fl&s L. AR B V5 I BOR B B ow(E) I & B IR
fEf= T 0.5 keal/mol 4k, T H. “HBY” s 2 SR
SE LA, LiuSE DA I ] BB A2 tH XA MY 1) H Jig-
GRS AR IN SR . MfTTAHF + HD —

HFE(v') + D& M IEH B L H . 5~
Y HF(v'=2) 1774 28k HF-D [19(003) 7 o 45 2 1)
SEPRMLE AT IV, (ERLEF + Hy N, Liu%s

NAESEH: EIFBATRIEELT F + HD 1R NI
e len)

1 F+HD—=HF+D

o (AY)

0.5 4

0.0+

E (kcal/mol)

Bl 6 F+HD — HF + DE4 T b A B2k

LA S 56 40,27 2y ) 24 AT X AR R AT T
—RIVFAESL, HEBBEAA RN BIF + Hy N IR
ATA) 7 % 14849 i, BRS L SWHfE T A7 78 (1 —
L6 i 5 R A R I, A PP IHF (' = 3) IR HH
] liE-HE A A 52 45, 2005 4F Skodjefif 7T 41 4 SW
Fpe Ll BT AN AR I (SWMHS-
PES)PY. (& AR AlifE B X 58, %34 AT L 1) B
BEESWHEET LA AEE KM ZES, JF5E%
N
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32 F+H, RMIEFRSHHR

H T EREF + Ho N L3R 45, 2006 4 I 1
S N ] B A R S RAT I T35 5 VERTF + Hp W
HHAT T A 70 WA X o AR U 5B, | 7
FEREEBE N 0.52 keal/molif F + Hy(j=0) 2 N P~ MIHF ]
AR B — e =L 0] BLE B07E T IR
ST W PR HIHF (v =2) A AN B ORI IR RS
B F BT IRAER + Ho 8o W 21 1 1) 5 e (B 7)),
R ) S 56 B AR A IR B X REAR (1 RIE R e, B
Z R 1) R ABRE DN ARG R R BE R 1 4 S T
I3A . %5206 [ I UL 2 HF (v =2) B BT ) 2> A bt
R (AR A0 AE 3 B 0.52 keal/molit i 7s — MG A
(B 8 W ). N T EREX—H RIS, Bt
ORI NER — SR R R T — AN ORI 1 B e
[l (XXZ-PES)BA, JLTFiZ ¥k IHi ) 4 13 1 24 ik 61
JUTF e LML T S50 i g5 R (B 7(b)FIE 8 i

Bl 7 WEIEAE 0.52 keal/molel F + H, R N = YTHF A 20 HH
ST

() B LER; (b) BHig g REY
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¢  Experiment
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(003) WF (103) WF

S S,

-

| \/ (003)

F+H,(r=0)

Strongly coupled
region

L 9 V=0
HF()") + H

Reaction coordinate
B9 F+ H R HRETH U & RLAR AR ) — 4 B 7R B

k), JEI5 M R T A 0% 1% R N [ Bl ) 2 AR
HLHL. 78 XXZ #6810 b, HF(v'=3)-H (3R sh 4 A A5
TE— MR 5 R N 322 AR A B, ) Ah A7 AE
AR E A LR W (vAW) A BIE. AN B Ay B ILR,
5390 24 (003) M1 (103) L4 A, Wikl R 4hifr HF(v'=3)-H’
(3 sh s AP (B 9). e JlT SW A aE T 1 &
B, U T SWMHS S Ge 1 I EG. I— 4k R £
(R A7 B R 36 O PR A (003) 35 B U2 R 4 7E B VR 1
HF(v'=3)-H #ABfk, Mok 25 (103) 1% bR £ 3 2%
JOAE PR WL R, FELRAS I R ERIER L TAE F +
HD S B ool 2 i SRR AE. i X AN LIRS S
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HF(v'=2) {1l 18 2 B A B R &, A T2 —A
TE R HF(v'=2) 7/ (3838, (771 HF(v'=2) /2 /i 1)
B IR 2 S ) U R (A48 A ) HHF BB A8 AN I
PR AT A] P sz, IS0 A0 B 0 45 L b n) DU 3 45
W AT IR SRS R AW R 528 N 7 )
HF(v'=2), 1fif FL2 AT ORI IE SR ) SO 4
SWERNHUFES®REZ. TEHADMLERSS
HF(v'=0,1) (il 18 2 [R] IR RS G 8 59, AR Jd ik A
JLIREIT T4 HF(v'=0,1) (K318, DA sz b0
N4 HE(v'=1)FHT 0 SO RS9, 5648 A W 2]
PR HF(v'=0). 33X 1E A2 K DLk AT BLAE %
8% 0 SR Ay R SRR, 1T HL S50 A B IR 5

3.3 FALERBPURENL: FEIEHRE B RS RN
e

Kopin Liu%E AXTF + HD O (IR 5% 15 I IX — =
N 5F + Ho WA AR R 2250, B R 25 254K
X LR A G AR KRR, 2 I XXZ 46
XTF + HD R NHEAT 8 J7 24 o s B, R AR T
SWHRETHIRUE, M XXZFAAE T T 5 10 JL 3R 16 1)
JEE 55 Liuf) SE56 85 SRS, (AR B EARARAETE
725, 2008 4, AT SR S G S T R AT I )
W VERTFE + HD RN AT T ks B 1 AC X5 F sk
o wF 9% B3 i 17 J B4 R AE X X AR 4K 0.28
kcal/mol(98 cm™), 1% 5z N 1k 43 A T 3t & 2E T R 2
A4k (P 10). 3 0S40 LA BT oA A 10 06 35 RS 1 (ik
F LA om ™ {RRE 18 ) % X — BB RO ) LR I R AT
T A I, X % RO A SR A e T 3 A B
TR T W R 2K,

B AT R WA XX Z A RE IR RE RS
R IR F 4 Ho N T LR S 3 ) L%, (HXF
+HD RN SRS A A G BAL. B 11 BOR T
LI HIF + HD(j=0) — HF(V', j') + DN
HF(v' = 2, j = 0~3)I¥ )5 In 15 ‘5 Z FI Bl AL 4 fE 1) A2 4L
DL AE XX Z 356t T 4 RE 11 - 3EAT (0 27 B0 8 2%
EEA R ZI& BRI R IR, B
XXZ BRI v 5 45 3 5 500 &5 AR K 200,
TR B LS 4 R W T4 0.2
kcal/mol. A itb K A8 55 N FHCCSD(T) J5 v H 8 i) 4t

JHF(r=2)
HF (v=1)

(d)

10 F+ HD(j=0) > HF(V, j') + D RMNIEAFREEAE T
YD RFHRMS B EE
(a) 0.43; (b) 0.48; (c) 0.52; (d) 0.71 kcal/mol2!

T A% N A TR T R B T (FXZ-PES)PH, M
11 WP LA R T AR T 10 45 R S S A AR
Uf. FXZAE A S Iy 2 PR 507 T 45 Al 5 5006
SRR LIRS MO EXZARE T N TR+ Hp OV A
RN, BEIR TS B 10 45 Al L XX Z 3 B8 1T 47 My
o s g L.

Bl 12(a) 5o 12 FXZ A RE THTFIXXZ 3B 1 43 )
R IIF + Hotk R —4EHF(v'=3)--H 4 St fidt

PRA. FXZHRE RS IL IR (003) A XXX Z#
0.6
* EXP £',HF =27
054 —oa(FX2) i=o
— 6 (XXZ) % 1.7 1
_-’5‘ 0.44 }
£ 031
8 o
2 024 *
] ]
0.1 :
- L ]
0.0 T T v T T T T T v T T
0.2 0.4 0.6 0.8 1.0 12 1.4

Collision energy (kcal/mol)

B 11 F+HD( = 0) - HF(V, ') + D R4 HF(V' =2,
i'=0-3)i1 5 {5 5 2 F B A A 2R 4L
SR R SR AR, Sk S XXZH B TR FXZ A e T BT Tk
B4 R
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Aetfil FR3h T4 0.12 keal/mol, 1k AFLiEA
(103)f7 EANAX ) R E£3h T 0.01 keal/mol. 22 Fif FIAF5Y
Y], 0.52 kcal/mol IS =4 HF(v'=2) 1) Hif n) #H 2
(003)A&F(103) A M AHLIRATW WA R, Ty H A%
H1(103) A v, DAL M AS Xk B i o A 34 B 1 b fR 314
Bife 5 szmewna. B 12() 25X A 40 Bk
fIF + HDAK Z I —4EHF(v'=3)--DZa A BRI L 4R 2.
7EF + HDAA &, HF(v'=3)-D4a S it L g 4 — A
FE AR A(003), 1t HEXZ#ARE 1M 1 3 Bk Lb XX Z 35
TR T 29 0.3 Kal/mol, AN HFXZ#A fit 1hi 1) 5k
JLHRAR(003) A XX ZFAfE [ (11K 0.16 kal/mol, JiT A
WATFXZARE TR A B 4 A F + HDJ N AR R
)1, FXZHfem 5F + Hy R W FIF + HD X
IV PR S5 56 &85 S o B W i B R AT A 2 RN Bl

(a) — XXZ-PES
—— EXZ-PES
7
3 (103)
£
B
T P | N 5 e e ST
5 F+H,(v=0,;=0)
2
o
5 -
T T ¥ T . T T
4 5 6 7 8
HF (v = 3)--H Distance (bohr)
(b) —— XXZ-PES
74 —— FXZ-PES
3
£
=
=
o
5 ¢
&
" F+HD (v=0,;=0)
5 4

A T AR
HF (v = 3)--D Distance (bohr)

B 12 F + H,XNHKHFV'=3)--H(a). F + HD K M#)

HF(V'=3)--D(b)— 4 £ S it
LT AXXZ R8T, WLk M FXZH A8
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FHIRESTC 1 A SE 8 a2 B0 EAIA B T R R
A BTSRRI RS

3.4 HF('=3)H] 7] K5t iy ALEE

RV I W 5 N T sk I HF (v =2) 19 T ) R
g N FL i fig AR A IR LRI I UE S T F + Ho S i 3%
P AFAE S B D1 254, (H 2 755 N AE 1980 4F
AL I B FRTHEF (v =3) T 7] #CR R BB IE 35 45
HAAEE. M, 2R T ARATT I A 12 B N PR T T R
SEHF + Hp N A LIRS TR, A2 ok B e
AN BEAR G5 b S RRIX A 7. 2008 F- 2% 22 % AR
X Gy R - A A SR T AT I TR e RIS T 2
BFEF5H RN, R4 T hEHERESE 0.50~1.0
kcal/moliis il i 1) 4 51 25 23 W IR B o0 I v 28 1 =L
SR ORI, T IHF (v =3) 75 AR R I KT RN A
0.52 kcal/mol s 5t FF- 45 7 2E, 4R Ja HF(v'=3) A 43
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Transition state structure and dynamics of chemical reaction

DAI DongXu & YANG XueMing

State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese Academy of Sciences,
Dalian 116023, China

Abstract: The concept of transition state has played a crucial role in the field of chemical kinetics and reaction dy-
namics. However, detecting and characterizing the transition states have been a major challenge in both experiment
and theory. In recent years, two benchmark reaction systems, H + H, and F + H,, have been studied on the full quan-
tum state resolved level by using crossed molecular beams method with H-atom Rydberg tagging technique and high
accuracy calculation of quantum dynamics. The strong interaction between theory and experiment has significantly
enhanced our understanding of the dynamics of these reactions. Clear physical pictures for the reaction transition
states and dynamics in these benchmark reactions have emerged, providing the textbook examples of dynamical
resonances in elementary chemical reactions.

Keywords: transition state, chemical reaction dynamics, differential reaction cross section, dynamical resonance,
crossed molecular beams
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