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Theoretical studies of the HO, +ClO reaction mechanism and

rate constants of major channel in the gas phase
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Abstract: The mechanism for the reaction of ClO with HO, was investigated at the CCSD(T)/aug-cc-
pVTZ //B3LYP/6-311+G(2df,2p) level on both the singlet and triplet potential energy surfaces, along
with the rate constant calculations of the major channel. The results show that there are four hydrogen
abstraction channels, namely channel R1 (HOCI+'0,), channel R2 (HOCI+*0,), channel R3 (HCI
+'0;) and channel R4 (HCI+?0;), as well as two oxygen abstraction channels, labeled as channel R5
(OOCI+HO) and channel R6 (OCIO+HO) in the HO, +CIlO reaction. The energy barrier of the hydro-
gen abstraction channels R2 (HOCI+*0,) and R3 (HCI+'0Q;) are lower by 9. 08~42. 90 kcal » mol !
than those of the other four channels. The rate constants of the favorable channels R2 (HOCI+30,) and
channel R3 (HCI+'O;) in the 240~425 K range were evaluated by means of the classical transition state

theory (TST) with Wigner tunneling correction. The calculated results show that the rate constant of
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channel R2 (HOCI+?0,) is larger by 3~5 orders of magnitude, indicating that the total rate constants
of HO, +ClO reaction mainly lie on the contribution of channel R2 (HOCI+*0,). Besides, the rate con-

stant of channel R2 (HOCI+3:0,) is 2. 76 X10" ¥ em®

with experimental value.

* molecule ' « s

e s7'at 298 K, in excellent agreement
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Tab.1 Zero-point energys ZPE, entropies S, relative energies AE and A(E + ZPE), free energies AG(298 K) and enthal-
pies AH(298 K) for the HO, + CIO reaction at the CCSD(T)/aug-cc-pVTZ//B3LYP/6-311 + G (2df, 2p) level
of theory

Species ZPE S AE ACE+ZPE) AH(298 K) AG
(kecal » mol™ 1) (Jemol '+ K1) (kcal » mol ™ 1) (kecal » mol 1) (kecal » mol ™ 1) (kecal » mol ™ 1)
HO, + ClO 10. 10 107. 48 0. 00 0. 00 0. 00 0. 00
I'TS1 8.52 71.07 16.92 15. 33 14. 32 25.17
1'TSla 8.73 71.13 21.74 20. 37 19. 41 30. 25
HOCI+10, 10. 59 103. 29 —17.14 —16.66 —16. 64 —15.39
3TS1 8.32 74. 46 4. 87 3.09 1.56 12.01
3TSla 8.32 74.17 8.03 6. 25 5.33 15. 26
HOCI+30, 10. 60 105. 47 47.19 46. 69 46. 67 46. 07
'TM2 2.50 70.42 —19.69 —17.19 —18.16 —7.11
1TS2 —0.77 68. 96 7.11 6. 34 5.05 16. 54
TIMF2 —0.24 82. 26 —15.64 —15.88 —15.89 —8.37
HCI+10;4 —1.32 101. 42 —13.25 —14.57 —14.55 —12.74
SIM2 1.42 80. 53 4,44 5. 86 5.67 13.71
3TS2 1.75 71.98 35. 81 34. 06 32.96 43.54
HCI+204 —2.55 104. 10 21.24 18.69 18. 82 19. 83
1'TS3 9. 64 71.73 27.47 27.01 26.07 36.73
'IMFEF3 12. 60 70. 41 19. 70 —17.20 —18.18 —7.12
I'TS3a 10. 43 69. 64 15. 35 15.68 14.51 25.79
'IMF3a 12.61 70.42 19. 69 —17.19 —18.17 —7.12
3TS3 10. 35 74.61 35.56 35. 80 35.01 44, 81
3TS3a 10. 10 75.05 36.72 36.72 36.07 45.74
OOCI+HO 8. 20 110. 03 8.07 6.17 6.81 6.05
IM4 2.24 71.71 —1.15 1. 09 0.32 10. 98
1'TS4 0. 50 71.99 23.30 23. 80 23.00 33.58
3IM4 0.54 89. 84 —2.37 —1.83 —1.44 3.82
3TS4 —0.03 77.03 46. 02 45.99 45.48 54. 56
OCIO + HO —2.72 106. 14 14. 77 12.05 12.57 12.97

ZPE and S values are obtained at B3LYP/6-311+ G (2df, 2p) level. The energy values are obtained at CCSD(T) /aug-cc-pVTZ level
whereas the H and G corrections are taken from the B3LYP/6-311+G(2df,2p) values.
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Fig. 1

The geometrical structures of the optimized reactants, intermediates, transition states and products at

the BSLYP/6-311+G(2df,2p) level along with the available experimental values (labeled as “a”)%)
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51TS3 ("TS3a) R A] LA, HO. v 4k b 24 11
OC1)-O(2) # K WA 0. 133 nm F7 ff 3] 7' TS3
(*TS3a) H1A9 0. 164 (0.143) nm, FHE B OC1)-
OC3) K 7 TS3 (TS3a) W 454 5 7 0. 184
(0.156) nm, 7 OOCI Hr 4k &2 45 %5 & 0. 195 nm.
BeAh, R IMES [ £ et RE A 17. 20 keal -
mol ', HARE M g 5 iz B P R ) O(2)-0
(1) (0.143 nm) # P FELEH K.

BEAh, Gn 3 (b, X = F A il 4 G R5b i
o S E AR Path 7 Fl Path 8 250l WK 2 fF
NI = H A K4S Path 9 1 Path 10 [E)A&E AT 2L A= B
Y PSCOOCI+HO). nE 1 fE 3(a) . 5k e
Path 7 Fl Path 8 AN [ ())& . H—, 5 & & i
A'TS3 A'TS3a # W, = & & i ¥ &°TS3
AP TS3a Y 20 (2)-OC1)-0(3) % K38 (' TS3
A TS3a H1 .2 02)-0O(1)-003) 4351k 122, 9° 1
136. 5°, i 4 8 25° TS3 F1° TS3a 2 0(2)-0(1)-0O
(3) 435k 149, 5°F01 140. 6) . fF 52 ff1 5k S48/ H
L E S 4R Path 7l Path 8 7E 779 P5(OOCI
+HO) F i ¥ 2 (CTS3 ' TS3a) 2 [6] JE Al i ]
AT IMF3 ., 1 = 8 A 42 Path 9 Al Path 10 U %
AlEEAg, x5 =FHE o EAR TS M°TS3a Z
JE o O)-O) B FEFEA . WKl 3(a) (A
S MFE 1 hHEREFREM. & = HES T E
A°TS3 (Path 9) F1° TS3a (Path 10) 4k Ji§ 7= ¥ P5
(OOCI+HO) 1 BE £2 43 ) & 35. 80 Fl 36. 72 keal
s mol ™', L P A B HE I I XN 42 Path 7
Path 8 fURE L2 & 1 T 8. 79~21. 04 kcal » mol ',
FWI T S PR A2 Path 7 Fll Path 8 % = S IR 1%
Path 9 fil Path 10 fE#\. M &4 Path 8 Mg
22 tb Path 7 Xf N () BE 22 FEAL T 11. 33 kcal -
mol ', FE IR E B RS (OOCI+ HO) 3 %58 i)
TR Path 8 #E17. BLAM, N 1 FIE 3C) T4,
PR AS A R5a H i 4% Path 8 (£ LIS fL g
Fo A # il & 18 R2 (HOCL+20,) #1 R3 (HCI
OO ERUWE BT & T 9. 43~12. 59 keal -
mol ', F W& E 1 R2 (HOCI+:0,) #1 R3 (HCI
OB E RS (OOCIHHO) 45 k2.
3.1.4 ClO ¥ & Cl #3 HO, st L& & F O(1)
XTI 1 R6 T . 5 HE A K4S Path 11 28,
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Scheme 1 M& 3 /R I = B & B 42 Path 12 [ £
A LA 72 P6(OCIO+OH). {H 5 i%4% Path 11
AN —, SR E AT A TS M, =&
B ERTSE F i 20 (2)-0 (1)-Cl % J 31
(TSA g 20 (2)-0 (1)-CL Ky 135, 2°, ifif o ¥
AITS4A B .20(2)-O(1)-Cl K 160. 5%, fF 52 1
TN T, S H AR AR Path 12 18 & # (HO,
+ClO) At P 25 C TS4) Z [6] BT & B AY 18] 44° TM4
(F Dk Efbel 1. 83 keal « mol ™', LA E &
FEAR Path 11w i (49 A AR TMA (] 1) (— 1. 09
keal » mol ) BFRE MY £, rh [ 4AR° IM4 (%) £ € 7
Al fig iz B A sk iy O1-CL CIM4 Hr O1-Cl 4
F7 0. 177 nm, i IM4 1 O1—Cl % 0. 239 nm)
HPAAEA . mE 3 ME 1 P RE R G R M. &

SESSPERSTSA (Path 12) 4 K 7= 4 P6 (OCLO
+OH) e £ R 25. 63 keal » mol ', [1 B H A% #4
fETH | XTI %42 Path 11 AYRE 2K H T 19. 27 keal
« mol ', T =Y P6(OCIO+OH) FEHL B HEA
P¥A% Path 12 firfg. tbAh. A3R 1 AIIEL 3Ca) AT, 2R
A AR Path 12 9 R WL 1k AE L il %038 18 RS
(OOCIH+HO) il v 42 Path 8 (2 WG L fETH i
T 8.12 keal « mol ™', & B Hli %38 i R5 (OOCI +
HO) &l 48 i R6(OCIO+OH) 4 5 & 4=
3.2 EEXRFEHNUHE

xz 2 4 W T CCSD (T)/aug—ccpVTZ//
B3LYP/6-311+G(2df,2p) K F T 240~425 K &
JEE R P, 7 iE3E R1.R2.R3.R4.R5 1 R6
B 3 SR BB ey Bre Brs Bra Rrs FT ks

#F 2 1E CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(2df,2p) 7k F FifiE R1-R6 £ 240~425 K B ESEE AW ERE

HE B (cm’® » molecules™ « s7!)

Tab. 2 Rate constants information of Channels R1—R6 at the CCSD(T) /aug-cc-pVTZ//B3LYP/6-311+G(2df,2p) level in

the temperature range of 240~425 K (cm® * molecules ' « s ')

T/K kR krz kRs kRry kRs kRs

240 1.20 x 10~* 1.67 X 1071 2.56 X 1072 1.03 x 1071 7.06 X 1072 4.12 X 107%
250 1.75 X 10~ 1.82 X 101 4.11 X 102 8.87 X 1012 2.56 X 102 3.03 X 1073
278 5.25 X 102 2.33 X 1071 1.31 x 10~ 2.06 X 10739 5.84 X 10~ %7 3.85 X 10738
288 7.87 x 10 2 2.54 X 1071 1.89 X 10 1? 1.20 X 1038 1.55 X 10°% 1.74 X 10 %
298 1.19 x 1072 2.76 X 10715 2.67 X 10710 6.44 X 1038 3.84 X 1072 7.11 X 1073
308 1.79 X 102 3.01 X 1071 3.69 x 1071 3.18 X 10797 9.01 X 1026 2.67 x 10731
325 3.61 X 1072 3.46 X 1071 6.15 x 101 4,03 X 1073 3.42 X 107% 2.10 X 103
375 2.69 X 1022 5.15 X 1071 2.17 X 10718 2.34 X 107% 8.76 X 102 3.18 x 1072
425 1.66 X 102! 7.45 X 1071 5.91 X 1018 3.66 X 103! 1.08 X 10~ % 1.55 X 10 %

kr1s krzs krss kries krs and kgeare the rate constants for the channels R1, R2, R3, R4, R5 and R6, respectively.

St HO, +ClO B« 152 2 A 41,78 240~425
K I8 38 B P 5l R1.R2,R3, R4, R5 il R6
(1R S 2 RO S TR B R BN X 5 R &2 R OE
{EH— B0 A5 & Hammond ™ 1%, 2 Jij il il R2
()R R H ke 1. 67X 10 P ~7.45X10 " cm® -
molecules™ « s, b i iE R1.R3.R4.R5 Il R6
AR T 6~9.3~5.16~27.7~14 il 11
~21 ANEUR YL, F L E R2 (HOCIH2 0,) & HO,
+CIO W G B, A 298 K B, il iE R2
(HOCIH2O,) 19 B35 HUH A 2. 76 X107 " em® »
molecule™ + s7!, 5a0E{H (6. 73 X10 “cm® « mol-
ecule ! o s DB Rw A

K 4 451 T3EE R2 (HOCI+20,) i ) i 4%
1% Path 3 il Path 4 7F 240~425 K & & 5 Bl N
REE R B E T Ao, th B4 B AR

Path 3 1 Path 4 [ 3% % % kTSI Al k(P TSla)
Yy S EH OE UR R RORY . AL, 4% Path 3 [k
REE RCTSD AN EE T £ CTSla) i 3 Z 5
BRT 1~2 AN, W iE R2 (HOCIH+0,)
(2 R S EE R 5 B8 42 Path 3.

4 % B

AR CCSD(T)/aug-ccpVTZ//B3LYP/6-
311+G(2df,2p) /K F b X HO, +ClO Fz )i 5 52 i
HLER AN h F7 AR R EAT T SR AN bR, 45 T
14 B e ) T ] ) SR 3 3 Y R R T
TR

(1) HO, +CIO Jz W 4 % 75 4% J 0y 38 18 o A 1
7= B 4y W & P11 (HOCL +'0,), P2 (HOCI
+30,) .P3(HCI+'0;) P4 (HCI+*0,) . P5(O0CI
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+HO) i1 P6(OCIO + HO). HrE% =4 HOCI
+30, WA KE N —46. 67 keal « mol ™', 5 LIS (H

—43.98 keal » mol ' & [LE W) & 1.

(a)
30.00— A(E+ZPE) 27.01
Kkealemol " 11.;95638 :
S —
15.00— = 0
S TS3a > T
:’:’ \ “ ‘—
0.00—|mm {00CI + HO
' HO,+ CIO ":". :,' Chanel R5a
-15.00—] % -17.20
'IMF3
| 3TS3a
(b) TAE+ZPE) 3672
_1 ’;_~ NN
35.00| kealemol r 335.80
5= § UTS3 BRI
10.00— ; e orr
0/ 00ClI + HO
" HO, +ClO Chanel R5b
A(E+ZPE) 45.99
“ B " IS4
40.00— kcalemol 5
2380
’ —
2000 S 3Ts4 .
M4 “_12.05
0.00 109 0CIO + HO
o i Chanel R6
HO, + CIO s
31M4

B3 CCSD(T)/augcc-PVTZ//B3LYP/6-311 +
G(2df,2p) +ZPE K F £ HO, +CIO & &
4 5% OOCI (OCIO) +HO # # 4t 2 &

Fig. 3 Schematic energy diagrams in reaction of OOCI
(OCIO) + HOrormations from HO, + ClO at
the CCSD(T)/aug-cc-PVTZ//B3LYP/6-311+
G(2df,2p) + ZPE level

3.0 35 4.0
1000/T (K™

B4 240~425 KBELE MR Bl iE R2 ¥ .58 4
B2 35427 TS] Fo® TSla A Wik &% 2 k 145
JE o E AL
Fig. 4 Fitted Arrhenius plots of the rate constant of
Path 3 and Path 4 in the Channel R1 calculated
at the CCSD (T)/aug-ccpVTZ//B3LYP/6-
311+ G(2df.2p) versus the reciprocal of tem-
perature (K) over the range of 240~425 K

(2) [N IE R2 AR H A ke, Ry 1. 67X10° 7
~7.45X107" em® » molecules™ ! « s, b 2 ) il 1E
R1.R3.R4.R5 fil R6 325 E050 KT 6~9.3~
5.16~27.7~14 f1 11~21 NS, W .88 R2
(HOCI+*0,) & HO, +ClO J i i i 338 1 .

(3) i R2 (HOCI+:0,) H 4 7 B, 7% Path 3
1 Path 4 P 458845, 1F 240~425 K Y@ FE AN .
4% Path 3 (R FHE LCTSD AR E T £
CTSla) FHCRE R T 1~2 MRS, £ iE
R2 (HOCI+*0O,) (3 3 3 IRk 5 %42 Path 3.
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