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%\/\ Criegee intermediates are formed in ozonolysis of alkenes in
CREL the troposphere

!

Alkenes are emitted in large Tropospheric reactions, e.g., with OH, NO;, O;

amounts consume alkenes
(15% of the non-methane emission)

Ozonolysis: (Rudolf Criegee, 1949)
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high barrier (~ 120 kJ mol?) for rotation about CO bond
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A Reactions of Criegee intermediates contribute to important
% tropospheric processes

Non-photolytic source of OH

Alkene Ozone Aldehyde

or ketone

e G. Marston, Science 335, 178 (2012)
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Secondary
organic aerosols

Source of organic acids |y \S CLIMATE
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A\ Traditional approach to study Criegee chemistry

e Measure products of ozonolysis and
compare to theory and models

— Add scavengers that are thought to
remove Criegee intermediates, see what
happens to stable product yields

* Problem: Rate coefficients for Criegee
reactions are uncertain by orders of
magnitude!

— Need direct measurements

e But: No Criegee intermediate has ever
been detected in gas-phase
ozonolysis!

* Reason: Ozonolysis forms Criegee
intermediates slowly, but they react
away rapidly
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Atmos. Chem. Phys. Discuss., 4,
2905-2948, 2004
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2\ “Recipe” for directly measuring Criegee reactions
e

CRE

74

1. Make alot of Criegee intermediates and make them fast

2. Have a sensitive and selective detection technique for Criegee intermediates
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Asatryan and Bozzelli Phys. Chem. Chem. Phys. 10,
1769 (2008) predicted CH,00 formation in
dimethyl sulfoxide oxidation

0]
Cl ! _— = ﬁ
+ HCl +
/ \ 3 S
H.C CH PN
3 3 H,C CH,
ﬁ 0]
O, + . S > .
2 HZC/ \CH3 CH,00 + CH3S

Taatjes and co-workers jacs 130, 11883 (2008)
detected CH,OO in this system, but not
enough for kinetic studies.

Make it fast

| Cé\/Y\\?F 1. Make a lot of Criegee Intermediates and make them fast

Make a lot of it and make it fast

Eskola et al. pnys. chem. chem. Phys. 8, 1416 (2006) found
that CH,| reaction with O, made iodine atom
with unity yield at low pressure — turns out
that what’s left is Criegee intermediate!

248 or 351 nm

CHl+0; —— 1+ CH,00

AHg ~ -4 ki/mol

I'=300K, P=4Torr

0. Welz, J.D. Savee, D. L. Osborn, S. V. Vasu, C. P. Percival, D. E.
Shallcross, C. A. Taatjes, Science 335, 204 (2012)

COMBUSTION RESEARCH FACILITY

@ Sandia National Laboratories



V<3

Time-Sensitive
MCP Detector

Experiment

Excimer
Photolysis

400 cm/s Tunable lonizing hv
—

- (ALS or Discharge)

Quartz Reactor

Reactants

Integrated Photoion Signal

A 2. Have a sensitive and selective detection technique
CRE.

— Multiplexed Photoionization Mass Spectrometry (MPIMS)

Mass spectrum of m/z = 46

~ CH,00 .
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CRE

Experiment

Time-Sensitive
MCP Detector

Tunable VUV radiation
from the
Advanced Light Source

Photolysis
400 cm
===\ 7 (ALS or Discharge)

Quartz Reactor

Reactants

Tunable lonizing hv

Relative CH,00 Signal

2. Have a sensitive and selective detection technique

— Multiplexed Photoionization Mass Spectrometry (MPIMS)

Time profile of CH,00

0

2 4 6 8 10
Kinetic Time (ms)

The Criegee intermediate is an isomer of more stable products
- Need isomer-resolved detection!
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2\ 2. Have a sensitive and selective detection technique
CRF,

— Multiplexed Photoionization Mass Spectrometry (MPIMS)

Time-Sensitive
MCP Detector

Experiment Photoionization spectra of CH,00 isomers

Tunable VUV radiation
from the
Advanced Light Source

Photolysis
400 cm, Tunable lonizing hv
=\ 57 (ALS or Discharge)

Relative lon Signal
I

Quartz Reactor

Reactants

J

—JY IIIIIIIIIIIIIIIIrIIIIIIIIIII

IR 9.5 10.0 10.5 11.0 11.5 12.0
1em Photoionization Energy (eV)
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Time-Sensitive
MCP Detector

Experiment

Excimer
Photolysis

400 cm/s Tunable lonizing hv
—

- (ALS or Discharge)

Quartz Reactor

Reactants

| ;\/\ 2. Have a sensitive and selective detection technique
o

— Multiplexed Photoionization Mass Spectrometry (MPIMS)

Photoionization spectra of CH,00 isomers

Relative lon Signal

O O 7]
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CREFE 2. Have a sensitive and selective detection technique

Definitive Evidence of the Criegee Intermediate CH,0OO:

1. Exact mass is correct

2. lonization energy matches theory

3. Measured spectrum agrees well with Franck-Condon factor simulations

Photoionization spectrum
of CH,00

Mass spectrum of m/z = 46 Time profile of CH,00
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46.005
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A Measuring CH,00 reactions with important tropospheric
. species (H,0, NO,, NO)

-

CH,00 +S0,: k=(3.920.7) x 10t cm3 st
—> up to 10 000 times faster than what is used in models
If other Criegee intermediates react similarly, they are major SO, oxidants

t CH,00 + NO,: k=(7*3/,)x10? cm3s?
— 50 times faster than what is used models
If other Criegee intermediates react similarly, Criegee reactions might play an
important role in NO, chemistry

Reactions of CH,00 with NO and H,0O are too slow to be measured
— only upper limits could be obtained
CH,00 + NO: k<6 x 10 cm3 st
—> At least two orders of magnitude slower than literature estimates
CH,00 + H,0: k<4 x 10> cm3 st
— Tends to confirm values used in models
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SO; is a direct product of CH,00 + SO, at 4 Torr

The CH,00 decay
matches the SOj; rise

O CH,OO decay
O SO, rise

/ Time profiles of
CH,00 S0,
—O— CH,00, [SO,] = 7.7x 10" cm" —O- S04, [SO,] = 7.7x 10 cm” 2000
~O— CH,00, [SO,] = 3.1x 10" cm™ | ~0— S04, [SO,1 =3.1x 10" em™ i
0
5 ~ 1500 |
2
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S 2 1000 |
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c
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04
0
. 0.0
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Kinetic Time (ms)

Criegee intermediates might
be an important source of
sulfuric acid!

0.5

SO, + Criegee > Carbonyl + SO,
SO; + H,0 = H,SO, =2 > Aerosols

1.0

1.5 ' 270 ' 2.5 3.0 ' 3.5
[SO,] (10” cm®)

Percival et al., Faraday
Discussions, 2013, accepted
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~ 2\ Why s CH,00 (*A’) + SO, (*A,) so fast? (k = 3.9 x 10-11 cm3 s°?)
CRE. How do the results at 4 Torr relate to atmospheric conditions?

Erel =L

kcal/mol C?T TSisom TS6

— \ The CH,00 + SO,

+50; : 144 I i
4 SBO+S0; . reaction has a barrierless
S~ F entrance channel.

354 DIO+SO, H O,.—s(\o_
25 HCO+HSO, " The total rate coefficient

at 4 Torr pressure is a
. lower limit to atmospheric
W\ 4 conditions.

N

Increasing pressure will
favor stabilization of the

N 8,00 +50; SOZ over SO, + carbonyl
SBO; >< singlet bisoxy radical 738 .
W N T3 formation
NPV
) ><‘ . W NN What is the fate of the
DIO: 10xirane .
N SOZ in the troposphere?

INT2

-115.7 .
HCOOHS0, L. Vereecken, H. Harder, and A. Novelli,

Phys. Chem. Chem. Phys. 14, 14682 (2012).
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Production and characterization of the next larger
CRE. Criegee Intermediate: acetaldehyde oxide (CH;CHOO)

Similar strategy:

248 or 351 nm

O, + H3C—CHI —— |+
H,C

——— |+ HyC—CHI

H
C

7 TNAT

O

m/z =60

m/z = 60 time profile

- [SO;] =0
4 - - [80,]=23x 10" em”

\ S [SO,] =47 x 10" cm”
80 N

100

I
-

o

60

40

CH;CHOO exists in two distincto
conformeric forms

o) X
O
®C|)|/ o O
D E— |
C C
H™ CH, H,C~ OH
syn anti

Relative photcion signal

201,

Calculations predict that anti-CH;CHOO
reacts with H,O five orders of

magnitude faster than syn-CH;CHOO
(Phys. Chem. Chem. Phys. 13, 13034 (2011)

COMBUSTION RESEARCH FACILITY

@ Sandia National Laboratories



%L—
| 2\ The m/z = 60 photoionization spectrum shows evidence of
a/ £ both syn- and anti- conformers of CH;CHOO

Relative lon Signal

9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)

Taatjes et al., Science 340, 177 (2013)
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| 2\ The m/z = 60 photoionization spectrum shows evidence of
a/ £ both syn- and anti- conformers of CH;CHOO

Relative lon Signal

w I 11 I L I LI I LI I LI I
9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)

Taatjes et al., Science 340, 177 (2013)
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| 2\ The m/z = 60 photoionization spectrum shows evidence of

% both syn- and anti- conformers of CH;CHOO

Relative lon Signal

9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)

Taatjes et al., Science 340, 177 (2013)
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| ﬁF The low-energy part m/z = 60 photoionization spectrum is
.~ dominated by anti-CH;CHOO

o° SR
Lt
both conformers /HsC H H™ CH;
. _ — ) anti
contrlbutg, but syn- <€—— A T - A I % syn
dominates . = O) 'r’é
(] 5““ Y
10.5 eV: ~ 85% of the B .," e .
. . ‘ 7,
signal is syn-
g y '/"/.

Relative lon Signal

anti- conformer can
be probed separately
from syn-

A

9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)

Taatjes et al., Science 340, 177 (2013)
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Addition of water preferably removes the anti- conformer
of CH;CHOO

.

©
[
o)
o
c
o
[0
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Y
IIIIIIIIIIIIIIIIIIIII
9.0 9.2 94 9.6 9.8 10.0
Photoionization Energy (eV)
——> Conformer-dependent reactivity! Taatjes et al,, Science 340, 177 (2013)
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v @ Measuring the rate coefficient of anti-CH;CHOO with H,0

74

- [H,0] =27 x 10" cm™ -
—— 105eV 1200
— —O— 9.37 eV .

&

Relative lon Signal

600 anti-CH,CHOO + H,0 |
400 -
200 I no reaction observed for |
syn-CH;CHOO + H,0
_ ] 0
|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII| |||||I||||I||||I||||I||
0 2 4 6 8 0 1 5 3 4

Kinetic Time (ms) 16 3
[H,O] (10 "cm )

k(anti-CH,CHOO + H,0) = (1.0 £ 0.4) x 10** cm3s?  k(syn-CH,CHOO +H,0) <4 x 10> cm3 st
e A factor of 10 lower than predictions for the high-pressure limit from Anglada et al. (phys.

Chem. Chem. Phys. 13, 13034 (2011)), but larger than other calculations
e Substantially larger than predictions for other Criegee Intermediates
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| 2N\ The CH,CHOO + SO, reaction shows conformer-dependent
*“=  reactivity as well

- [S0,]=72x 102 em™|] 3000 | anti-CH;CHOO + SO, i
— —— 105¢eV _

= —O— 9.35eV 2500

C

i)

: _—~ 2000

o K

£ % 1500

‘.(_U' X

o

Y

1000

500

syn-CH;CHOO + SO,

0 2 4 6
Kinetic Time (ms) 0 1 2 3 3 i 4
[SO,] (10 "cm ")

k(anti-CH,CHOO +50,) = (6.7 £ 1.0) x 101 cm3 5!

Similarly fast as the CH,0O0 reaction
k(syn-CH,CHOO +50,) = (2.4 £0.3) x 101t cm3 st
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N\ Summary and Outlook

~ 1,1-Diiodoalkane oxidation combined with A o—serew We determined rate o
|- —150=46x 10" em®

MPIMS is a suitable strategy to directly
probe reactions of Criegee Intermediates

248 or 351 nm

| coefficients for CH,00
1 reactions with

Relative CH,0O0 signal

atmospherically relevant
species; substantial

Q0 3

_, es to values used in

Ly We are just beginning to understand |ufassmmmmm
how Criegee intermediates react es

T TrrrT T
9.5 100 105 110 115 124

» Need to understand larger Criegee
molecules with H,0 and

. ination of the
The two conform > Need to understand more reactions vefficiant

can be distinguis » Need to understand reactions at .
photoionization s : "
different conditions

Relative lon Signal

Relative lon Si

Kinetic Time (ms) 0 1 2 3 4
‘.\0 [H,0] (10" cm’®)

I 1T I 1T I 1T I 1T I 1T I
9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)
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%L—
- 2\ Them/z=60 photoionization spectrum shows evidence

~ of both syn- and anti- conformers of CH;CHOO

_OH

!

C
H” NCH,

/Relative lon Signal

vinyl hydroperoxide

9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)
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A Why are Criegee intermediates so hard to detect?
CRE

Ozonolysis forms Criegee intermediates slowly, but they react away rapidly
— low steady-state concentrations o

1018 cm3si<k<10cm3st

50 ——)
=
2 50k CzH4 + O3
>
o
8 -100 F
Ll \
T [ \
€ -150 | \
Q
(@)
o
-200 }
e
(0]
o o @O/O
'250 - H\\C_C//H CHZ * ||
/ \ 0 >y
H H
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~ 2\ Why are Criegee intermediates so hard to detect?

Ozonolysis forms Criegee intermediates slowly, but they react away rapidly

— low steady-state concentrations

k = (10'18-— 10_15) cm3st f(E; Criegee)

ol A(E)

0Ff J chemically activated decomposition

©
£ " C,H,+0, collisional
S
x -90 stabilization
> I
o
© 100 |
LLl \
_(__U i \
£ 150 } \
Q
(@)
o
-200 |
0 S
o o e O
'250 - H\\C_C//H CHZO * ||
/ N\ 0 >y
H H
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A\ Why are Criegee intermediates so hard to detect?

Ozonolysis forms Criegee intermediates slowly, but they react away rapidly

— low steady-state concentrations

k=(101-10%)cm3s?

A(E)
50
= o J
e
E  fomo, |
> 50| f(E, Criegee)
> mmmmm)  thermal decomposition
S 100 |
I
o
c -150
)
@)
T ol +H,0, NO,, SO,,...
o . .
o 6 o, O bimolecular reactions
250 L et 0+
/ \ TENY
H H
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~ 2\ Why are Criegee intermediates so hard to detect?

Ozonolysis forms Criegee intermediates slowly, but they react away rapidly

— low steady-state concentrations

f(E) f(E, CH,00)

20F

40 F

Unimolecular and bimolecular
reactions deplete CH,O0

Potential Energy (kcal/mol)

(®)
of N\
F \

L H2C_CH2
80 primary H,C CH, o
- ozonide .
F 0] dioxirane
formaldehyde Ho
. 2
oxide
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