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What are Criegee Intermediates?

Criegee 
Intermediate

(CI)

Rudolf Criegee
1902  1975

© Science 2015



Criegee Intermediates

O3 Alkenes

ethene, propene, 

isoprene, limonene, pinene, ···



Criegee Intermediates are important.

© Science 2013

Formic acid
HCl, HNO3



SO2

HOSO2

H2O
H2SO4SO3

O2

AerosolsMauldin III et al. Nature 488, 193 (2012) 

Criegee Intermediates are important.              

[H2SO4]model < [H2SO4]observed

HO2
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The Simplest Criegee Intermediate CH2OO

CH2I2 + h  CH2I + I

CH2I + O2  CH2OO + I

CH2OO + SO2  Prod. faster than 

CH2OO + NO2  Prod. previously thought 

Taatjes group
Time-resolved
PI-MS
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O3 + Alkene → CI + Carbonyl
Steady-state approximation for 

(small)

(large)
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CH2I2 + h  CH2I + I (10 ns)

CH2I + O2  CH2OO + I (1~10 us)

CH2I+O2+M  ICH2OO+M  (high pressure)

CH2OO + I  H2CO + IO (>100 us, depends)

2CH2OO  O2 + 2H2CO (>100 us, depends) 

Ting, YP Lee, Lin, & coworkers, JCP, 141, 104308 (2014).
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IAMS group, Time-resolved UV-Abs

248 nm pulsed laser

cw UV probe light,  > 270 nm
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more
SO2

260 280 300 320 340 360 380 400 420 440 460 480 500

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

A
bs

or
ba

nc
e

Wavelength (nm)

P(SO2)=
 0 torr
 0.09 torr
 0.19 torr
 0.37 torr

CH2I2

CH2OO

IO





13

99 curves

24 curves
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(a) ACH2OO = Aexp  ACH2I2  AIO
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MPI-Mainz UV/VIS Spectral Atlas of Gaseous Molecules of Atmospheric Interest
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Beer-Lambert Law, assuming

0

0ln
I

ILn
I
IAbs 

  # of Molecules >> # of Photons 

How to measure the absorption cross section  without knowing 
the number density n?

in cm2 in molecule/cm3

in cm

Measure: I/I0

How to know n?  by using PV = n k T

What if you don’t know P 

How to know L?  by a ruler
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0

0ln
N

NF
N
NDep 

 

What if # of Photons >> # of Molecules N, and if absorption leads to 

dissociation

in cm2 in photon/cm2

(Pulsed Laser)

0I
ILn 



# of Molecules >> # of Photons 

in cm2 in molecule/cm3

in cm



17



18

40 50 60 70 80 90 100 110 120 130

0

1000

2000

3000

4000

5000

6000

Cl2O3
+ 

(not observed)

Cl2O
+

Cl2O2
+

ClO2
+

Cl2
+

ClO+

Io
n 

C
ou

nt
s

m/z (amu)

X20Cl+

Pure ClOOCl sample is not available.
Mass spectrum of our sample

質量



19



20

Beer-Lambert Law

0

0ln
I

ILn
I
IAbs 

 

0

0ln
N

NF
N
NDep 

 

# of Molecules >> # of Photons 

If # of Photons >> # of Molecules, and if absorption leads to 

dissociation

in cm2 in photon/cm2

(Pulsed)

If # of Molecules >> # of Photons, and if absorption leads to 
disappearance of the photon, 
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Cl2 (m/z=70)
351 nm, 97.8 mJ/pulse              

(b)

ClOOCl (m/z=102)
351 nm, 97.8 mJ/pulse              

( )
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2007

Hsueh-Ying Chen, Chien-Yu Lien, Wei-Yen Lin, Yuan T. Lee, Jim J. Lin,* 
Science 324, 781 (2009)
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Question:
Can Criegee intermediates (CI) oxidize 

atmospheric SO2?

CI + SO2  SO3 kSO2 is very fast.

CI + nH2O  products  kwater[H2O]n

CI   products   kthermal
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CI reacts with water or not ?

Controversial results in literature!
depends on preparation!? 
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CH2OO reaction with water was not observed in other 
papers.

D. Stone, M. Blitz, L. Daubney, N. U. Howes, P. Seakins, Kinetics of 
CH2OO reactions with SO2, NO2, NO, H2O and CH3CHO as a 
function of pressure. Phys. Chem. Chem. Phys. 16, 1139–1149 
(2014). with P(H2O) ≤ 5 Torr

B. Ouyang, M. W. McLeod, R. L. Jones, W. J. Bloss, NO3 radical 
production from the reaction between the Criegee intermediate 
CH2OO and NO2. Phys. Chem. Chem. Phys. 15, 17070–17075 
(2013). with P(H2O) ≤ 21 Torr
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out (#6)
in (#1)

(#2)
(#3)

(#5)

(#4)

球面鏡 反應槽

稜鏡

探測光束

65 cm x 8 = 520 cm 

Lower concentrations 
 Slower reactions between radicals

But also weaker signal!
Solution: Use longer absorption path 
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Berndt et al., kth = 0.19 s1

from ozonolysis study

Wen Chao, master thesis, National Taiwan University 2017



Probe CH2OO with Time-resolved UV Absorption
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 (CH2OO) ~ 1x1017 cm2

>>  (non radicals) @ 340380 nm

• Sensitivity: I/I0 = n L
~ (1x1017 cm2) (2x1011 cm3) (500 cm) ~ 103

Can be performed at Near Atmospheric Conditions 

(Relative Humidity: 080%)

Probe CH2OO with Time-resolved UV Absorption



[CH2OO] at various humidity
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Relative Humidity

dry

wet

Science 347, 751 (2015)
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Ryzhkov and Ariya, Phys. Chem. Chem. Phys. 2004, 6, 5042

1 H2O pathway

2 H2O pathway
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C

O

O

Ryzhkov and Ariya
Phys. Chem. Chem. Phys. , 2004, 6, 5042

34

Liang-Chun Lin & Kaito Takahashi

IAMS group
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P(H2O) ~ 1 Torr

relative humidity 

~ 4%
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Relative Humidity

Science 347, 751 (2015)

4% humidity
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a This work. b O. Welz et al. Science 335, 204–207 (2012). 
c O. Welz et al. Angew. Chem. Int. Ed. 53, 4547-4550 (2014).

Co-reactant krxn
(cm3 sec1)

Assumed
Concentration

Number 
densityd

(cm3)

keff
(sec1)

(H2O)2 (5.9x1012)a HR ≥ 38% ≥ 1.8x1014 ≥ 1000

SO2 (4x1011)b 50 ppb 1.2x1012 50

NO2 (7x1012)b 50 ppb 1.2x1012 9

carboxylic 
acids (1x1010)c 5 ppb 1.2x1011 12

Science 347, 751 (2015)
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• CH2OO + (H2O)2 reaction rate: k(298 K) = (7.4±0.6)×1012 cm3 s1

• Arrhenius activation energy: Ea = 8.1 ± 0.6 kcal mol1
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40Liang-Chun Lin & Kaito Takahashi
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CI + SO2  SO3 kSO2 is very fast.

CI + (H2O)2  products  kdimer is also fast

CI  products   kthermal
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© Science 2013

fastslow

Reaction with water vapor
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How about acetone oxide, (CH3)2COO ?
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(CH3)2CI2 + h

 (CH3)2CI + I

(CH3)2CI + O2

 (CH3)2COO + I

(CH3)2COO + SO2

 Products

Proc. Natl. Acad. Sci. USA, 112 (35), 10857–10862 (2015).
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48Proc. Natl. Acad. Sci. USA, 112 (35), 10857–10862 (2015).

What happens after adding water?
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Proc. Natl. Acad. Sci. USA, 112 (35), 10857–10862 (2015).
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CI coreactant [coreactant]
/cm-3 k / cm3s-1 keff / s-1

CH2OO
H2O 5.4×1017 < 1.5×10-15 < 810

(H2O)2 6.0×1014 6.5×10-12 3900
SO2 1.2×1012 3.9×10-11 47

(CH3)2COO

H2O 5.4×1017 < 1.5×10-16* < 81*

(H2O)2 6.0×1014 < 1.3×10-13* < 78* 

SO2 1.2×1012 1.3×10-10 160

Proc. Natl. Acad. Sci. USA, 112 (35), 10857–10862 (2015).



fast, if R1 = H
slow, if R1 ≠ H

Proc. Natl. Acad. Sci. USA, 112 (35), 10857–10862 (2015).
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Reactivity of Criegee intermediates towards water 
(dimer) depends strongly on their  structures. 
Anti forms react with water (dimer) much faster 
than the syn forms.  

kdecay = ktherm + kH2O[H2O] + kw2[(H2O)2] + kSO2[SO2] 

+ kNO2[NO2] + ···

Brief Summary
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How to measure thermal decomposition rate?
Do nothing but wait. However, there are:

CI + CI → products

CI + I → IO + products

CI + X → products

We need the decay rate at zero concentration! 
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Ea = kcal mol1



56by Kaito Takahashi



57Lester & coworkers, J. Chem. Phys. 144, 061102 (2016)



58Lester group, J. Chem. Phys., 2017, 146, 134307.
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Kaito Takahashi, IAMS
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Reactivity of Criegee intermediates towards water 
(dimer) depends strongly on their  structures. 

Anti forms react quickly with water (dimer).  

Simple syn forms have significant thermal 
decomposition rates.

Can CI has enough concentration and oxidize 
atmospheric SO2? Need More Complicated 
Structures. 

Summary & more
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CH2OO + O3 reaction

probed by 

high resolution IR quantum cascade laser

with Dr. Yuan-Pin Chang

Manuscript in preparation
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FT-IR spectrum by YP Lee group
Huang et. al., JCP (2015) 

Our IR Laser spectrum 0.004 cm1CH2OO
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CH2OO 41
0



65YP Chang et al., JCP 146, 244302 (2017)
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[CH2OO]0 =
2.4 × 1011 molecule	cm3

[CH2OO]0 =
2.1 × 1012 molecule	cm3

slope = kO3

= 6.7 × 10−14 cm3 s1

d[CH2OO]/dt

= k0 [CH2OO] 

+ kO3 [O3][CH2OO]

Pseudo-1st-order kinetics
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O3 + I  IO + O2 k8 = 1.28 × 1012

O3 + CH2OO  CH2O + 2O2 k9 = 6.83 × 1014

IO + CH2OO  CH2O + IO2 k10 = 1.5 × 1010 ?

CH2I2 + h  CH2I +   I 

CH2I + O2  CH2OO + I
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Method k / cm3 s−1 reference
CCSD(T)/aug-
Schwartz(DT)

1.0 × 10−12 Vereecken et. al., 
PCCP (2014)

ROCCSD(T)/
Schwartz6(DTQ)

4.0 × 10−13 Vereecken et. al., 
PCCP (2015)

Experiment (6.69 ± 0.31) × 10−14 This work

RB3LYP/aVTZ 3.98 × 10−16 Kjaergaard et. al., 
JPCL (2013)

RHF-RCCSD(T)/aVTZ 2.60 × 10−17 Kjaergaard et. al., 
JPCL (2013)

RHF-UCCSD(T)-
F12A/VDZ-F12

5.73 × 10−18 Kjaergaard et. al., 
JPCL (2013)

RHF-RCCSDT/cc-pVDZ 1.19 × 10−18 Kjaergaard et. al., 
JPCL (2013)
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