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Criegee H18]f RCHOO(R=H,CH,) 5
NO,z Rz #1328 & K=< HNO,RI & R

Flmds, &0F, LR, AR, xDER, TXR
(BRI R S TR TSR, B (e L T 2B, 1922 710119)

E  RA CCSD(T)/aug-cc-pVTZ//M06-2X/ cc-pVDZ F7 5 T RCHOO(R=H,CH,) + NO, K I [ 00
BLEE, IFiie T R EIOACXS S i Mk i s . 25 R WY 2 S B AFAE -4 | S Ab-E A P B e = 3
KPR, Horh - R W () 5 724 8 RCO+HNO, , MG ALBEIL A 40. 51 kJ/mol, ELBMLH
235. 04 kJ/mol HYRER:, &N DL FGEIE ; MR RCHO + NO, [ Hi 5L A0 i -2k 2 18 B ME DR A7, HY S B
AF «-C FLIEMEIG R, smbf PG I, A R0 18- J0 i AR AEU Ak - S RS I 3647, 1B syn-CH, CHOO H i
5T BEL DR 3 5 T {68 o - 43 e s Rz 3% P A TR A1

KR Criegee PIAMA; “HAE,; ROVHLER; SO Gk

HRESES  0643. 1 MEERERD A

Criegee HAMA FEOR JH T AW AR A AL ke R A AL R TE Bl — N FRR A R B &9
(POZ) , [FIEHECH KRR, Ktk POZ AT S, S f#A Criegee HMMATIIRELIL G, TE AL
¥R Scheme 1 Fi7R.
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Scheme 1 Formation mechanism of Criegee intermediate

Criegee AV R —LE BB QYRR 251 & RGN GBI BT, 54 Hlid Ak
I F=A | KGNSS LA SRR RN B A5 2 IR B R BB DI AR OG> Criegee T A I A7 AR 4 (249
107 s), REAH 63%I1) Criegee H AR 3+ 43 F 774 (4 CO, CO,, H,%) FlH H £ (HCO, OH
S5), AE M B R EIE X TRAU S B ICE . HARZY S 37% 1 Criegee HHRIAH 12 5 il [ PR v 14
P PS> TR 2 35 O Ak A RE S Y Criegee H[AJ{A(SCIs). SCIs HA WK A FH Ay, W CH,00 Eid 4y
F N EGER A HCOOH | AT LA 43 P9 S A4 4k 520 A2 i OH F CH,0 . ik 4h, SCls 5K
Hr, i cot, H,0MY, HO'™M™ ) S0 AR RR R A AUy T RO, K| JEHLIR HCL A HNO, ™ S5 %6F
CH,00 B/ HAT 3% BOMEALAE L. S8k, NO, R, SEEMEEYZ —, R Rk
SRS T RO R Z —. R, Criegee TIHIIA S NO, By S 75 K IR 478 2 H 2 1) £
o, LA Z BN R S TE. A Stone 251V T Welz 21743 I E T CH,00 + NO, J W Y34 %, Rabi
£L181 80 Rebecea 251 0 IAFSE T syn-/anti-CH,CHOO } (CH,),C00 5 NO, i . {HXF T K r=
AR TFA—F, QST 20 ] BRSNS 1 i NO, BUFEAE, T SCHR[ 19 ] IAG I F Criegee-NO, ML
BEWAENES, IR HHM B NO, AFLE. J14h, Rayez %2 HUEAESAAAT T NO, 7T LA

Wk H . 2017-11-10. P45 H AR H 3. 2018-04-20.
FGWH . ERBRPIAES (HHES . 21473108, 21473107) FIBEPG 44 5 i BHELBIHT AT AL 4 (HiEHfE'S . 2013KCT-17) B,
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No.5 J 4% ; Criegee ¥ 842 RCHOO(R=H,CH,) 5 NO, R L2 % X 4, F HNO, #7 &, 957

SR RS R 0 A2 B HNO,, Gour %62 tH4fGE NO, 25 5 5 kS [ A= B HNO,. NO, Je: 5 S etk
M3, HRETIRIRBELL Y, B NO, ANATBEJE Criegee HHI{AE NO, KR AST=H 2 —. B
CH,00+NO, % CH;CHOO+NO, R IR R A YAl e & NO,, WA BEE HNO,, X P b 14 2 1
NUHLEE K 6 M 22 3 3 T BIR AR R, R Xk RCHOO (R=H, CH,) +NO, W& Z K H CCSD(T)/
aug-cc-pVTZ//M06-2X/ cc-pVDZ BUKNV- Ik 4T TIHEMFE, DU BRI b gk 1R h) .

1 H&EFE

BT B2 PRI (DFT) T M06-2X "2 771, R A ce-pVDZ S41%f RCHOO(R=H, CH,) + NO,
FNH S KB i) | A sl RS R R LR R AT T S5k, FRTEMIRIK S B T
T IRBIAR AR AN P B AR AR (TRC) P 40T, ESE T ad 8 A48 55 KR4 (T Il ) 5574 (O Rl i) /Y
RICME. O T RS O M O LA S5 /N RE 22 0 RN B AR AR S, X453 S BB (SPE ) #E— 25 7E CCSD(T)/
aug-ce-pVTZ K AT THEE, JEIEAT T S B8 (ZPE) & IE. Fr A 1A R ] Gaussian 09 IS
5.

2 GRS

B 145 H T M06-2X/ ce-pVDZ K- LAtk A5 21 A S A B TLAT 2544, A TLT 85445 B A SC
THHE R IE S1. MRS IRR Y], Criegee H RIS FZ LR E BB NAFE, LA SUH SR 25
PR S N ALEE. X T XE S AP, 7E CCSD (T)/aug-ce-pVTZ /K b5 fr 5 i < S > [H ¥ 18
0.750~0. 76522 [8], Bk HHETE YL I 1 <S* >0 5 Toi5 e AR AEH 0. 750 58 4 — B0 (WA S F5 15 B 3k
S1), FHAACIEA CCSD(T) /aug-ce-pVTZ//MO6-2X/ ce-pVDZ 1 75 B S8 bR S W& BRI A7, 55 4h,
AL T 54 280 5 5L g (A AR W 360, WUl Wl B e 13500 1 4 2.

21 RRHIE

CH,00 1 syn-/anti-CH,CHOO 43515 NO, 1 ()38 i U1 Scheme 2 U7, Criegee M B 44 () 3 14437
MAEPTE a-C Al O JEF . A, Criegee H1EIAS NO, A9 50 3= EEALH6 I RS -4 fif (GEIE R-1) | %A
-2 5% (GEIE R-2) A EHA & (GEIE R-3)3 JE .

2.1.1 CH,00+NO, R B ALE -4 R iids NO, iy O J55 HH M E] Criegee P EIA i M4
B a-C I, AL C—O0 BB E &% RCL, 52800 AS ) i 9 45 43 i A e NO, A i 2% F1 RCHO
(R=CH,, H)EZEuA4H HNO, F1 RCO(R=CH,, H) H Ay (R-1).

K2 451 T CH,00+NO, N f#4aET. H &l 2 Al %1, CH,00 + NO, B e fiE 5% RCla,
Jit i 10. 78 kJ/mol [URETE , Z2id WA TS1a-1 F b A IM1a-1( 5E£2 K 35. 53 kJ/mol) . A= CH,0+
NO, HARSE 50 TGS T (- 166. 75 kJ/mol) , {H 1 IM1a-1 3] IM1a-2 5491k i 3£ 0 AE 22 75 3k 112,32
kJ/mol, It CH,00+NO, i i Jin sl A B (B4R IM1a-1 J5, J5 22 M fb i il & A= Bl S 40 1k
IM1a-3, JEgeid #4 il NO, H FHEEZE A i HNO, (R 22 5 —28 (4 BT R TS1a-4 1 TS1a-5, #:ITHE
2205074 107. 92 F1100. 64 kJ/mol) , HAE L HNO, ZLHAE B NO, H H 3L 25 68. 65 kJ/mol. AL,
Al DAHEWT CH,00 + NO, J2 by 38 5 - o3 i HLEAS By 2 i HNO, 3 NO, , F5llJ& NO, H H . X —HHie
5 T Rayez %2V il Gour %5 2 IRIE ) NO, 7255 SEESBESS 0 A i HNO, Y SEH645

FA-R R 48 NO, A9 N JE Al Criegee HPE] K O (IR, Criegee HPHI{AH) a-H 2i8-H
5 NO, FHy O TR SRR 5% PC(PC2a-1, PC2b-1 Fll PC2¢-1) , HJa 41 HNO, Fl RCO H
Ry (R-2).

H 2 AI%0, CH,00 + NO, W AER=4 CHOO + HNO, i ad #2, H A al i 72 i A3 o0
A IRAE 2B, Herp R AL R A BE 22100 61. 87 kJ/mol (X1 T i & &4 RC2a 24t TS2a-1
ERUE R AW PC2a-1) , 5% CH,00 + NO, W 45 S fb- A 5L AL AE i HNO, J& 3 )24 18l )
FACFGEIE, HI AT LUIHERT CH,00 + NO, il i S fb-E 5 B LB 2 &) A4 il HNO,. 3% AT R 2 KA
HNO, J¥ B —Fh il g ik 12,
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Fig.1 Optimized geometries of reactants, products, transition states and intermediate of
Criegee intermediate with nitrogen dioxide reaction at the M06-2X/cc-pVDZ level
Bond distances are in nm.
B SN NO, H14) O iliH Criegee HEA R H A= % HNO, B #2 (R-3) , 4G HME o-H (38
il R-3a, R-3b Fll R-3¢) Ml B-H (i8iE R-3b'F1 R-3c’) B2,

& 2 Al CH,00 + NO, & Z& i HAEEHh L o-H 3838 (R-3a) , E#HHIEE R CHOO 5 HNO, &
SR B, LA AR AR Y B T AR 42 (13884 kJ/mol ), K itk A HA T 2% 55 5l g 2 TR 3R 43 T ) 1
CH,00 + NO, 2 )i A F 38 i B A SARMEAE B HNO,.

2.1.2 CH,CHOO+NO, K #l¥# CH,CHOO f£7E syn-CH,CHOO #I anti-CH,CHOO Wifffg% , fijci™



No.5 J 4% % . Criegee P A4k RCHOO(R=H,CH,) 5 NO, B AL B KA P HNO, #7% m%, 959

Additi TS1a-2 TS1a-3 [ HCHOMNO: R-1a)
—>RCla 1O T$1a-1 IMla-1 =25 IM1a-2 222225 IM1a3
Decomposition TS1a-5 ,
CHO0+NO xidati -CHO+HNO: R-1a)
2 2l sRC2a Oxidative | roy g PC2a-1 TS2a-2 CHO+IINO; (R-2a)
H-transfer
y (R-3a)
L »RC3a Heabstraction 1q3, PC3a HCOO+HONO
TS10-4, b, CHO+NOS R-1b)
< 1t1 o ) i
J — »RCIb —Addition- _ 1qyp ™M1b-1158102 g I8103 vy 3——> i
) Decomposition [TS10-3, o CHRyO+HNOs (R-1b")
o i R-
S | >Rre2p —Oxidative _pgoy PC2b-1 TS2b-2 CH;CHO+NO; (E-25)
? syn-CH:CHOO H-transfer
5’< NG L, pegp atlabstraction. 13y pegh —— n-CH:COO+HONO @®-30)
ol
= . ,
2 L gegpftlabstraction, 1y, PC3b' syn-CH:CHOO+HONO R-30)
B TS1ea TS1es ISIed, L, CHO+NO R-1¢)
—RCle o Addition- g0, IMIc-1 =25 M c-2 =255 M1 e-3
ecomposition = > qar
4 [T81e5, -C(CH3)O+HNO;s (R-1¢")
| Reae Oxidative g5 PC2¢-1 TS2c-1 -C(CH;)O+HNO; R-2¢)
\anti-CH;CHOO H-transfer
NO: |, g, @ctabstraction g PC3c anti-CH:COO+HONO R-3¢)
_H-abstracti
| RO satiog, o, PC3¢! anti-CH;CHOO+HONO (R-3¢")

Scheme 2 Possible reaction channels of Criegee intermediate with nitrogen dioxide
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Fig.2 Potential energy surface of CH,00 + NO, at the CCSD(T)/aug-cc-pVTZ//M06-2X/cc-pVDZ level

DA, syn-t anti-t 5 RERAK 14. 08 kJ/mol, syn-CH,CHOO AL anti-CH,CHOO 4 fiE £ %5 ik
173. 08 kJ/mol. FJLIHEN , iR T syn-CH,CHOO 5 anti-CH,CHOO JL-F- LA E AL, BWA i)
Wb, & 3(A)FI(B) 4344 H anti-CH,CHOO+NO, il syn-CH,CHOO+NO, J W 14 2% F BV Al 31 T
Iz B HNO, B¢ NO,:  syn-/anti-CH;CHOO+NO, 1l i-43fif F W (oW HLEE 5 CH, 00 +
NO, i, 25 R 49 (RCla, RC1b, RC1c) BRI LA N BE 2 B KA AR IR, i 3 af
I, syn-/anti-CH,CHOO+NO, = B2 A4 RC1b 1 RC1e ¥ H 15. 00 kJ/mol HIRER:, 2051485 I 25
TS1b-1 F1 TS1c-1 #5464 IM1b-1 Fl IM1c-1, HX R[4 E 22535124 52. 13 1 31. 06 kI/mol, syn-EH )
RC1b BYFEALRE R T anti- 4% RClc, WM syn-CH,CHOO 5 NO, Bl i 36 MR T anti-F9 4.
A, CH,CHO+NO, BRI NSRECHUZ N, {5 IM1b-1 F] IM1b-2 F1 IM1c-1 3| IM1c-2 FHALAYIEICRE 22
LT CH,00+NO, &%, 23045k 95. 59 1 108. 66 kJ/mol, I syn-/anti-CH,CHOO 5 NO, A4 A%
AW IMIb-1 1 IM1c-1 J5, JEZER SR Ab-A i doue 2 2. X ELIEl 3(A) FI(B) FTLA LR, WS 7E B st
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Fig.3 Potential energy surface of the anti-CH,CHOO+NO,(A) and syn-CH,;CHOO+NO,(B)
at the CCSD( T)/aug-cc-pVTZ//M06-2X/ cc-pVDZ level

R E FREE T AR o (B 44 IM1b-3 RN IM1e-3 Az, DU 25 J5 2 S 0 (R AL 3 Bk 3 AN TR). IMLe-3 43 fiff A i
HNO,+CH,CO L3 iE, 1M IM1c-3 W 5 T 43 fif £ B NO, + CH,CHO. A itk, wT DAHEWT, 7E syn-/
anti-CH;CHOO + NO, 8 i il -0 i HL3A 5 A2 i HNO, B¢ NO,.

SEAL-EHER A L HNO, . 1 3 A1, syn-/anti-CH,CHOO+NO, 148 1k~ %054 % K2 W (O L3 5
CH,00+NO, Zfl, HJZ syn-CH,CHOO+NO, & &1k B-H ¥4, i anti-CH,CHOO+NO, 1K & 24
a-H¥# , H. syn-CH,CHOO+NO, & Z (3L ITAHE 2 (60. 06 kJ/mol) F & T anti-CH,CHOO+NO, {4 % i
AR FICAES (53. 00 kJ/mol). 5 CH,00+NO, A AL-F I Wi #H[F], syn-/anti-CH,CHOO+NO,
AAb-EEE A R N o G R, H R ELTAP R R 2K, ik, CH,CHOO+NO, J 1 £ i %A fk-
LUERAALEEAE B HNO, BT fgh 12 R 3Gm 8 , i  ATHERT CH,CHOO + NO, S I 4 & v i 4
-2 525 5 4 L HNO,.

B E A HNO, . HiE 3 A %0, CH,CHOO+NO, JZ % 1) a-H FlHGEE (R-3b, R-3¢) 5 CH,00+
NO, JWARZRZEA, iﬁﬁ*ﬁ"éﬁwwimﬁu%ziﬂﬁﬁriaﬁ;: {EXFF B-H H G FE, I Ay 3 A1 ik
PO, syn-/anti-CH CHOO+N02 A, CH,CHOO+HNO, 735l 42. 24 F158. 68 kJ/mol. #1H a-H 5
B-H TEFEL N | 1 I 35 22 57 2 RN o-H JE 5™ 9 CH,CO0 54 B-H 724 CH,CHOO 125 A [a] iy
. omK A, 7E a-?ﬁaafﬂ*f% anti-CH,CO0 1, H C—C #K 7 0. 147 nm , KT C = C #K,
C—O%EK ] 0. 1225 nm, $23F C = O XU, ISP RS 500, A6 o7 22 e fEa-C
b 7E B-HE Y anti-CH,CHOO 1, C—C K AE% 0 0. 1326 nm , j2MAEIY) C = C W, C—O0 K
MFr 3] 0. 1384 nm. AR, C—C 5 C—0 &aTH2ifk, KU CH,CHOO i+ B A B KA 2 i,
FsE MG, BTk B-Hl &%) CH,CHOO [yFa e M 83 5 T a- il &% CH,COO0. syn-CH,CHOO
wfﬁ%ﬂzﬂﬁ KA. 7340, i B-H 1YRE 2K THEL o-H MRE&, HAH anti-CH,CHOO HYB-H

il 22 ATy 2
22 HFERRKIIME-SBEEN-SES REEENRm

K RCHOO(R=H,CH,) + NO, i i F R S s RE 228 &, MELL AR, Bl 320 A FH R AR
X IR -3 S SR A - U RS SN T A S



No.5 JA W 454 ; Criegee ¥ A]4k RCHOO(R=H,CH,) 5 NO, R BALE & K &, F HNO, %57 sk, 961

TNRG-A3 8 SR NO, TR O T SE M E) Criegee HAIA FIEHER B K o-C |, EAL-EA5EH
FRH NO, H ) N JEFHEL Criegee H R4S O AYEET, NO,H 0 5 «-H 5% B-H S5TE a5 R
e, Wik, W2 R EERE THARER: (1) WA &S B w %, CH,00+NO, 5
CH,CHOO+NO, I Al - 43 fifk B 07 7 14 25 55 FEZ VR [ T Criegee HEMA T o-C, S AL-F R SO N6 PE 25 7
T AT Criegee PG O & NO,F 0 5 «-H 8§ B-H SIS SR 2555 (2) syn-/anti-F4
G119 23 (A1 BELARORE 114 K/ .

H# 1 A[1, CH,00 HaMAf i C BT IEHLfr 4 0. 341 e, ¥ O Jra L R -0. 545 e. HIJEHR
5, syn-/anti-CH,CHOO Hf¥) a-C [ IEHL {448 0. 534 e, ¥ O HLfai 5351 -0. 555 e Fi1-0. 553 e. NO,
HIN 5 0 M58 0. 650 e F1-0.325 e. AR, HIEEUSEAFIT NO, L far O JE]iE Hfar i)
a-C I, BN oA % i, U AT (8 Criegee HHIRDAAR 9 Ji1 18- ik S5z 0 106 1 45 . X1 N J—Fili B
Criegee H A O BY4EAL-FEERS IV, TEHLATEY N B 55 TR0 s fr 4 K AY s O, A w5 HY FY S
MK Criegee rp A B S k- U A O TG PR I 4518

Table 1 Electric charge of NBO for reaction at the CCSD(T)/aug-cc-pVTZ level

. Charge/e
Species
B-C a-C 01 02 N 03 04
NO, — — — — 0.650 -0.325 -0.325
CH,00 — 0.341 -0.017 -0.545 — — —
syn-CH; CHOO -0.660 0.534 -0.184 -0.555 — — —
anti-CH;CHOO -0.624 0.534 -0.186 -0.553 —

P BHAE R B /N SR G 56, 5 RO BTG ED s A 0. BARXETF NO, H % O fin% Criegee 1]
K a-C B B 1, HAr BN 2 EE R . T syn-CH,CHOO H [a] 44 i 77 76 2 IR A 45 44
fdi Hoas ) 7 BHIH K, REATHED, MG PERRAR. FrLALE& % B SARE M A N &, F B
1d anti-CH,CHOO AYME-43 fift S 16 PR 38 K, syn-H8) 2 3% 1k K2 1 P AR, b T NO, P i N J5 1~ B
Criegee "1 [E1A O (A AL- 2RSSO, HA BEAON R BRI, B 0 36 M 32 B2 - H faf 43 A, PRI
AR - RS SO TG PRI, FUR anti-F L I TG P B K — 26, X S8 aEm K th R &%) RC #)h
[BPR IM1 (8 PC2) [ 3L T fE 22 = IR — 2, 1% 45185 Thompson a0 BRI 15 B[R B
Criegee H1RIA S 1L CO £ B CO, 3 Hi (4 B 3 23 6] 457 B Y 5 B anti-CH,CHOO 4 % 1% £ K F
syn-CH,CHOO [IZ51E W) A .
23 KRUELRE

R MRS E , RCHOO(R=H,CH,) + NO, 2 Al LI i HNO, Gl i Bk - S s R WL B )
A/ NO, Gl 3 i -7 i LB ). KR P NO, HHREAENHEL N 1.2x10° ~7.5%x10°
molecules/cm? , (EAERE 8] B B =1k 5% 107 ~ 1%10™ molecules/em>t*'32! NO, N E- Yot ANt O ER
BRI, WTAZS 5 ARZ RN, W NO, iT g Sk &4k & PiE it — R AR AE S BEA L&Y R —
WAVRER, W] S5 p e @™ | i ik 5 fim A 8 4 R A R R B HIL R 3 R
HNO,, XA RCHOO(R=H,CH,) +NO, KW 2 =PI An fE & NO,. HNO, 5 KA RS R AR
BT LA B TR RUA #), dnl DL B s e S, Bk T LBl R A i Y R AL
HNO, 3£ 1] L5 KA A NH, T8 NH,NO, R I DL Sl B - R 42 A i s i 7

3 & it

£ CCSD(T)/aug-cc-pVTZ//M06-2X/ cc-pVDZ K- F A58 T RCHOO(R=H,CH;) + NO, W A4
SEATLE LA B H BRSO T S2 B  PE R s, S5 3SR, % R N AEAE N -3 il | k-2 B M B el & 3
FRNHLIR, Hoh - S5 R O Tl IE , e 4 25 Y0 RCO(R=H,CH,) H i 5£F1 HNO,. RCHOO
(R=H,CH,) i 528376 P 2 BT Sy o7 st 14 Fia, r 25 85 55 (67 BELASONE. AR BRI 5 1 o-C LI,
anti-CH,CHOO JIN-73 i SOW TG PERG I 5 1717 5t i 57 BELASOWE AT syn-CH, CHOO JI -3 B2 b7 1 4 52 i
REAR; W FEBCR G K T o O Tk, f# syn-/anti-CH,CHOO 1 & fb- 2 5% B 0 10 16 A e K, i
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Reaction Mechanism of Criegee Intermediate RCHOO(R=H, CH,) with
Nitrogen Dioxide and Formation of HNO, in the Atmosphere’

ZHOU Liting, LEI Xiaoyang, WANG Weina, CHEN Dongping, LIU Fengyi, WANG Wenliang "
(Key Laboratory for Macromolecular Science of Shaanxi Province, School of Chemisiry and Chemical Engineering ,
Shaanxi Normal University, Xi'an 710119, China)

Abstract The mechanism of RCHOO(R=H, CH,) +NO, reaction was studied at CCSD(T)/aug-cc-pVTZ//
MO06-2X/cc-pVDZ level. The influence of the methyl substitution on the reactivity was discussed. The results
show that the reaction could take place through three channels addition-decomposition, oxidative H-transfer
and hydrogen abstraction. Therein, the oxidative H-transfer reaction, which mainly produces the RCO+HNO, ,
is the favorable pathway. The apparent activation energy and release energy of the oxidative H-transfer reaction
are 40. 51 and 235. 04 kJ/mol, respectively. Moreover, the methyl substituent will lead to the increase of the
electropositivity on a-C and decrease of the electronegativity on terminal O, which is advantageous to proceed
the addition-decomposition and oxidation-hydrogen transfer reaction. However, the reactivity of the addition-
decomposition reaction reduced because of the prominent steric effect in syn-CH,CHOO.

Keywords Criegee intermediate; Nitrogen dioxide; Reaction mechanism; Reaction activity
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