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What are Criegee Intermediates?
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Criegee Intermediates are important.
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Criegee Intermediates are important.

HOSO,
L2

UnknOWn Odean —> SO3 H-0 > H2804

probap] : 7

y Crlegee Intermediates \

Mauldin TIT et al. Nature 488, 193 (2012) Aerosols
[HySO4]moder < [H2304]
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The Simplest Criegee Intermediate CH,00

Direct Kinetic Measurements of Criegee Intermediate (CH,OO)
Formed by Reaction of CH 5l with O

Oliver Welz et al.
Science 335, 204 (2012); m

CH,I, + hv— CH,I +1 Taatjes group

Time-resolved
CH,I + 0O, > CH,00 +1 PL-MS
CH,OO + SO, — Prod. | faster than

S—

CH,00 + NO, — Prod.| previously thought




SO, H,O

» SO, —— H,S0,
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Steady-state approximation for

O; + Alkene — CI + Carbonyl

d [d(tjl] = Koofar[ O ]lalkene =K, [C1] 2 0
[CI],, = Koo@ci[O5 1[alkeng]  (small)
kdecay (lal’ge)
Kiecay = Ky + Ko3[O; ]+ K, [alkene] + 2K [CI]+- -



CH,L, + hv— CH,I +1 (10 ns)
CH,I+ 0, > CH,00+1  (1~10 us)

CH,00 +1—- H,CO+10 (>100 us, depends)
2CH,00 — O, + 2H,CO (>100 us, depends)

Ting, YP Lee, Lin, & coworkers, JCP, 141, 104308 (2014).



[AMS group, Time-resolved UV-Abs

248 nm pulsed laser

cw UV probe light, A > 270 nm
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Normalized Absorbance
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MPI-Mainz UV/VIS Spectral Atlas of Gaseous Molecules of Atmospheric Interest

Y | S ——
e © Beamesetal,J. Am. Chem. Soc. 134 (2012) 20045
—— Sheps, J. Phys. Chem. Lett. 4 (2013) 4201
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—— Ting et al., Phys. Chem. Chem. Phys. 16 (2014) 10438
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Buras et al., J. Phys. Chem. A 118 (2014) 1997
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How to measure the absorption cross section o without knowing

the number density n?

in cm?

Measure: /1,

,1incm

/
Abs=In—>=onL= Al

I// \\

Beer-Lambert Law, assuming
# of Molecules >> # of Photons

in molecule/cm?

How to know L? by a ruler

How to know n? by using PV =nkT

What if you don’t know P
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What if # of Photons >> # of Molecules N, and if absorption leads to

dissociation

Dep = o — o= AN

N/"\N

in photon/ cm?

. 2
nem (Pulsed Laser)
# of Molecules >> # of Photons in cm
7 Al
JHLN

e —

In cm? in molecule/cm?
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Conventional Method # of molecules >> # of photons
Ty Absorption cell Wy

—> | > Spectrometer
lo "[CI00CT], [CL,]. [0,], [CL,OT. ..

Our Method # of photons >> # of molecules

/\?EProduct 1
CIOOCI beam ClOOCI

— K > Mass Detector

N, N N "
In(=*=Jod .
( zw) ¢dlS

Product 2

[Laser beam
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Pure CIOOCI sample is not available.
Cl,’ Mass spectrum of our sample
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Molecular Beam
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If # of Molecules >> # of Photons, and if absorption leads to

disappearance of the photon,

Aszlnl—OzanL:

— Al

IO

Beer-Lambert Law
# of Molecules >> # of Photons

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

dissociation
N,

Dep=In—=0cF=

N/’\N

— AN

in cm2

in photon/ cm?
(Pulsed)
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Intensity
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Question:
Can Criegee intermediates (CI) oxidize
atmospheric SO,?

CI+ SO, — SO, Kqg, 18 very fast.

CI +nH,0 — products k... [H,O]"

water

CI — products K

thermal

23



CI reacts with water or not ?

Controversial results In literature!
depends on preparation!?

24



Direct Kinetic Measurements of Criegee Intermediate (CH,0O)
Formed by Reaction of CH 5l with O,
Oliver Welz et al.

Science 335, 204 (2012);
DOI: 10.1126/science.1213229 AVAAAS
~0— [H,0] =0 N

| JNM .l e [H,0]=31x10"cm”

B S, I ]

] & _
| ol ¥y

CH,0O0 signal

\
3

Time (ms)

Figure $13. Time profiles of CH,00 for low and high water concentrations. The decays are essentially

identical (see Fig. S12), but the shape of CH,OO is slightly different at high [H,O].



CH,O0O0 reaction with water was not observed in other
papers.

D. Stone, M. Blitz, L. Daubney, N. U. Howes, P. Seakins, Kinetics of
CH,0O0 reactions with SO,, NO,, NO, H,O and CH,CHO as a
function of pressure. Phys. Chem. Chem. Phys. 16, 1139-1149
(2014). with P(H,O) < 5 Torr

B. Ouyang, M. W. McLeod, R. L. Jones, W. J. Bloss, NO, radical
production from the reaction between the Criegee intermediate
CH,OO0 and NO,. Phys. Chem. Chem. Phys. 15, 17070-17075
(2013). with P(H,O) <21 Torr
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Lower concentrations

— Slower reactions between radicals
But also weaker signal!
Solution: Use longer absorption path

out (#6)

in (#1)
N
(#3)

D (#2)
#3)

EE TN F st

65cm x 8 =520 cm
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Probe CH,O0 with Time-resolved UV Absorption

i Exp
0.02 4 Sim
- ——CH,,

0.01 4

Absorbance

0.00
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v ' L L)
280 300 320 340 360 380 400 420 440 460 480
Wavelength / nm
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Probe CH,OO0 with Time-resolved UV Absorption
o(CH,00) ~ 1x107!7 cm?
>> o (non radicals) @ 340—-380 nm

e Sensitivity: Al/lo =ohlL
~ (1x10717 cm?) (2x10* cm=3) (500 cm) ~ 1072

Can be performed at Near Atmospheric Conditions

(Relative Humidity: 0—-80%)



|CH,OOQ)] at various humidity
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Decay Rate / st
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AE, kcal/mol 1 H,O pathway
Tp1
| HLOO+HO S N
H coo+(H 0),Y7.4_.[ "1]./
155 T

-44.3
6 6~Ip2
Rp2 ©.
.
-38.4
-39.3

2 H,O pathway P 1+H 0
p

:-«73

Fig. 4 Energy diagram for the reaction of H,COO with H-O and
(H20),. Ryzhkov and Ariya, Phys. Chem. Chem. Phys. 2004, 6, 5042
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Ryzhkov and Ariya
Phys. Chem. Chem. Phys. , 2004, 6, 5042
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Direct Kinetic Measurements of Criegee Intermediate (CH,0O)
Formed by Reaction of CH 5l with O,

Oliver Welz et al.
Science 335, 204 (2012);
DOI: 10.1126/science.1213229 AVAAAS

—0— [H,0] =0
.l @ [H,0]=3.1x10"°cm”

P(H,0) ~ 1 Torr

s I jfx( w,f 1 | relative humidity
AN 1]~ 4%

_JA
)
jxd
4 —— @

Time (ms)

Figure $13. Time profiles of CH,00 for low and high water concentrations. The decays are essentially

identical (see Fig. S12), but the shape of CH,OO is slightly different at high [H,O].
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Number

Co-reactant i( o Assumeq density? keffl
(cm” sec™') | Concentration B (sec™)
(cm™)

(H,0), (5.9x10°12)2 | Hr>38% | >1.8x10* | >1000
SO, (4x10-11)b 50 ppb 1.2x1012 50
NO, (7x10-12)b 50 ppb 1.2x1012 9

carboxylic lone .
rcids (1x10~19) 5 ppb 1.2x10 12

2 This work. ® Q. Welz et al. Science 335, 204-207 (2012).
©O. Welz et al. Angew. Chem. Int. Ed. 53, 4547-4550 (2014).

Science 347, 751 (2015)




Faster at lower Temperature!

/- 2
- 208K )
e 1 O 324 K
' 5_-
ooo 4 -
= ,] 283K
BT
~ 2- § 1/
1{ g 207
O_ {:w’ J J ' J ' J ' J
2 4 6 8 10 12 14

[H,0] / (10*" cm™)
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 Arrhenius activation energy: E, = —8.1 + 0.6 kcal mol™
* CH,O0 + (H,0), reaction rate: k(298 K) = (7.4+0.6)x10-1> cm? s~!
-10.8

31 32 33 34 35 3.6
1000 / (T / K)



-45.55

Liang-Chun Lin & Kaito Takahashi
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CI + SO, — SO,

CI + (H,0O), — products K

Keg, 1 very fast.

dimer

1s also fast

CI — products

k

thermal
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Direct Measurements of Conformer-Dependent Reactivity of the
Criegee Intermediate CH 3CHOO

Craig A. Taatjes et al.

Science 340, 177 (2013); %

Reaction with water vapor

slow fast
70 O,
0 0
.
H™ “CH, “CH,

=) anti ) ©Science 2013
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AADs (366 nm)

20141029 CH3;CHOO
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How about acetone oxide, (CH,),COO ?
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0.02 4 L

2000 ps
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— Products —

L ' L]
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Proc. Natl. Acad. Sci1. USA, 112 (35), 10857-10862 (2015).
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Normalized Cross Section
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What happens after adding water?

1500 -
O
] O 0 . - & -~ -
u ¥ & g 2§ 2 © m O o =
1250 -
1000 - q <
- a s a1 3 3
P 0
- O ]
~ 750+ 3 R 2 bo 29
= . ‘ o s Q%n._ oo O
TRl DO, 0O
Yo St w2 %
B 2B e e
250 - O Exp#W1,200 Torr & Exp #WS5, 200 Torr
O Exp#W2,200 Torr <1 Exp#WS6, 200 Torr
Exp #W3, 200 Torr > Exp #W7, 400 Torr
VvV Exp#W4,200 Torr © Exp #W8, 500 Torr
0 T | T v T v I v I v 1 v
0 1 = 3 4 5 6 7

[H,01/10"em™

Proc. Natl. Acad. Sc1. USA, 112 (35), 10857-10862 (2015).



Kinetics of a Criegee intermediate that would survive
high humidity and may oxidize atmospheric SO,

Hao-Li Huang (Z#%37)?, Wen Chao (#32)*®, and Jim Jr-Min Lin (#&R)>"

®Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan; and "Department of Chemistry, National Taiwan University, Taipei
10617, Taiwan

Edited by John H. Seinfeld, California Institute of Technology, Pasadena, CA, and approved July 27, 2015 (received for review July 4, 2015)

Criegee intermediates are thought to play a role in atmospheric Typical water concentration in the troposphere (1.3 x 10" to
chemistry, in particular, the oxidation of SO,, which produces 50; 8.3 X 10" em™ at the dew point of 0-27 °C) is orders of magnitude

BENAN

Proc. Natl. Acad. Sci. USA, 112 (35), 10857-10862 (2015).
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[coreactant]

CI coreactant o3 k/cm3s! Ko/ s
_______ H,O0 54107 <1.5x10"> <810
CH,00 (H,0), 6.0x10!4 6.5x10"2 3900
SO, 1.2x1012 3.9x10°! 47
H,0 5.4x10!7 <1.5x10716%  <gI*
CH,,COO
(CHy), (H,0), 6.0x10' <1.3x1013% < 78*
"""" SO,  12x10"2  13x100 160

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



R3 o° SO, O

—> SO; +
5 A o

R3 R* H,0[(H,0), H,0

Y
Products H>SOy4

fast, if R1 = H
slow, if R! #H

Proc. Natl. Acad. Sci1. USA, 112 (35), 10857-10862 (2015).



Brief Summary

Reactivity of Criegee intermediates towards water

(dimer) depends strongly on their structures.
Ant1 forms react with water (dimer) much faster

than the syn forms.

formation rate
[Cl]ss=

kdecay

kdecay - ktherm T kH2O[H2O] T kw2[(H20)2] T kSOZ[SOZ]
+ knoo[NO,] + -+



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

CI + CI — products
CI+ 1 — IO + products
CI + X — products

We need the decay rate at zero concentration!
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Z o k. (Istorder model)
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2VCH
6000 - S
_~ 4000 IR
5 2000 /
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Lester group, J. Chem. Phys., 2017, 146, 134307.

7000

58



|Lester's Group

calibrated near 5600 cm ™t

1000 4—- —- calibrated within 4043-5971 cm ™
i— — - without tunneling

Fl'm % 2 O  Our Work
~ A Chhantyal-Pun et al.
e .
7100 + , .
(CD3)2COQ Lo ' . P s g
1---- C.Yinetal., //’ ,
(CD,),COO0 theory .-~ - No tunneling
10 ' | ; “ ; - ; | ; |
270 280 290 300 310 320

Temperature / K
Lester group, J. Chem. Phys., 2017, 146, 134307.
See Poster 4 on Board 1, especially data of CD,CHOO



H,SO,

v o
' @ T+ H,O
. J 439 + SO "
p 2 o | + S0,
N D fast ; fast ;
+ H,0
v QJ
2a’ 9
y Mt -
R

Kaito Takahashi, JAMS



Summary & more

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 SO,? Need More Complicated
Structures.
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CH,00 + O, reaction

probed by
high resolution IR quantum cascade laser
with Dr. Yuan-Pin Chang

Manuscript 1n preparation



CH,00 ~—  OurlR Laser spectrum 0.004 cm™

1290 1288 1286 1284 1282 1280

FT-IR spectrum by YP Lee group

Huang et. al., JCP (2015)
~_J\ _r
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[CH,00], =
2.4 x 1011 molecule cm™3

18 2.1 x102 molecule cm™3

[CH,00], =
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[0,]/ 10" molecule cm ™

! Pseudo-1%*-order kinetics

~d[CH,00]/dt
= k, [CH,00)]
+ Koz [03][CH,00]

slope = Kq;

=6.7%x 10714 cm? s!
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CH,I + O, — CH,00
0,+1->10+0, ke = 1.28x 1072

0, +CH,00 - CH,0+20, k, = 6.83x 104

1O + CH,00 - CH,O0+10, k;, = 1.5x10710?
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Method k/cm?s™!

reference

CCSD(T)/aug- 1.0 x 10712
Schwartz(DT)

ROCCSD(T)/ 4.0x 10713
Schwartz6(DTQ)

Experiment (6.69+0.31)x 10714
RB3LYP/aVTZ 3.98 x 1071

RHF-RCCSD(T)/aVTZ 2.60 x 1077

RHF-UCCSD(T)- 573 % 1018
F12A/VDZ-F12
RHF-RCCSDT/cc-pVDZ 1.19 x 10718

Vereecken et. al.,
PCCP (2014)
Vereecken et. al.,
PCCP (2015)

This work

Kjaergaard et. al.,
JPCL (2013)
Kjaergaard et. al.,
JPCL (2013)
Kjaergaard et. al.,
JPCL (2013)
Kjaergaard et. al.,
JPCL (2013)
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