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Hydrocarbon Oxidation Powers Our Society
and Is a Key Process in Earth’s Atmosphere

Combustion produces ~ 85% of
the United States’ energy
Hydrocarbon combustion provides

nearly all of the energy for
transportation

Clean, efficient combustion is part
of global energy strategies

Karol M Wikimedia commons

EEE Baseline / Tropospheric Chemistry:
i Oxidation “cleanses” the
% EE BLUE Map/Shifts troposphere
02005 20I10 20I15 2050 20l?5 20[30 20135 20I40 20145 QOISO OXidation also prOduces
T aerosols, smog, other

W Alternative fuels

unwanted byproducts
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- 2\ Alkenes are emitted into the troposphere in
- substantial amounts

H H
N\ /
C=C
/ N\
H H

e Plants emit ~ 5 x 10% kg / year of isoprene
and also produce monoterpenes and
sesquiterpenes in large amounts N\ N

e Anthropogenic sources contribute to alkene
emission

e Alkenes account for 15% of non-methane
hydrocarbons

e Tropospheric reactions consume alkenes
- OH
~ NO,
— 03
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%F Ozonolysis of Alkenes Contributes to
o Important Atmospheric Processes

Alkene  Ozone  Aldehyde = Criegec intermediate

or ketone

G. Marston, Science 335, 178 (2012)

HEALTH

Sources / sinks of carbonyls
SO, > S0, > H,50, PR GEVE B

Secondary
OH formation (in the dark) Organic Aerosols
Source of organic acids Gt & CLIMATE
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2\ The Criegee Intermediate (Carbonyl Oxide)
fk " formed in ozonolysis

y @) H @ @\\\\\\O
LUMO 09/0\9 0 HIHV““C_O\
‘ ‘ N\ 0 biradical
Ne — <\ — 1 .
c !
- H,C CH
HOMO H,C ——CH, 2 2 H/ \H N @
Hiy @ @ \\\\\O@
primary ozonide H',”"C:OG;
zwitterion
* COO fragment: 3-atom, 4 nt-electron system — —
Criegee
e Zwitterion is the dominant electronic Intermediate

(Carbonyl Oxide)

O
* High barrier (38 kcal/mol) for rotation around forr.zic HCU\
C-O bond -> slow at tropospheric conditions -

configuration

O
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Traditional approach to study Criegee chemistry:
Measurements of ozonolysis products

: e Compare measured products to theory Reactants Products
e Add scavengers that are thought to [,@,
remove Criegee intermediates, see what / ﬁ%
happens to stable product yields mc;;d
a-pinene )\\Tgf
O, 0
Rate coefficients for Criegee reactions SO [\ | sl
are uncertain by orders of magnitude! 2 [N > “ﬁa
HFA A
Need direct measurements! Bfﬁj ;"“’\
inene i Jfo\‘o
inalic-3-acid
Atmos. Chem. Phys. Discuss., 4, 2905-2948, [

2004

8
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=z~ Why are Criegee Intermediates so hard to
CRF
detect?

Ozonolysis forms Criegee intermediates slowly,
but they react away rapidly

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

3 O/O\ The hole in the bottom of
F the bucket is big, and the
F HC==CH, rate of water going in is

g small

40

Potential Energy (kcal/mol)

0F yd O\ / Bimolecular reactions
- O\ /O ® H deplete CH,00
% we—dn ()
-80 primary H,C CH, o—o
- ozonide o
) formaldehyde H\C/ dioxirane H
oxide 2
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A
CRF. “Recipe” for directly measuring Criegee reactions

1. Make a lot of cold Criegee Intermediate quickly

2. Have a sensitive and selective detection technique
for Criegee Intermediates
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CRFE 1. Make a lot of internally cold Criegee Intermediate

Asatryan and Bozzelli Phys. Chem. Chem. Phys. 10, Make a Iot Of it COId
1769 (2008) predicted CH,00 formation in

dimethyl sulfoxide oxidation

Arkke Eskola et al. pnys. chem. chem. phys. 8, 1416 (2006)

ﬁ 0 studied CH,I + 0, 2> | + ??
PN S
H,C CH 2N
3 3 H,C CH,
I
e 248 or 351 nm
0, + -%S\ CH,00 + CH,S
H,C CH 2 3 -
. > AH,, = -12 kcal/mol CH,l I+ CH,y

First detection of a gas phase Criegee

intermediate o

Taatjes et al., JACS 130, 11883 (2008) T=300K P=4Torr _ZAk':gi}r;ol
= P =

CHl+0; —— 1+ CH,00

Make it internally cold

O. Welz, J.D. Savee, D. L. Osborn, S. V. Vasu, C. P. Percival,
D. E. Shallcross, C. A. Taatjes, Science 335, 204 (2012)
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CRE 2. Have a sensitive and selective detection technique

74

—> Multiplexed Photoionization Mass Spectrometry (MPIMS)

Time-Sensitive
MCP Detector
S

Time profile of
m/z = 46 (CH,00)

Excimer
Photolysis

400 cm/s Tunable lonizing hv
— - (ALS or Discharge)

Relative CH,0O0 Signal

Quartz Reactor

Reactants

2 4 6
45 Kinetic Time (ms)

spectrum

248 or 351 nm

CHyly ——= 1+ CH,| The Criegee intermediate is an isomer of

more stable products
3D Dat —> Need isomer-resolved detection!

T=300K, P=4Torr (25 ns between collisions)
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CRFE 2. Have a sensitive and selective detection technique

—> Multiplexed Photoionization Mass Spectrometry (MPIMS)

Photoionization spectra of Time profile of m/z = 46 (CH,00)
CH,OO0 isomers

Relative lon Signal
Relative CH,0O0 Signal

0 2 4 6 8 10

9.5 10.0 105 11.0 115 12.0 Kinetic Time (ms)
Photoionization Energy (eV)
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m/z = 46 photoionization
product spectrum

Relative lon Signal
|

9.5 10.0

=
[TT T T [T T T T [T T T T[T T T T[T T T T [T1

10.5 11.0 11.5 12.0

Photoionization Energy (eV)

Definitive Evidence:

1) IE matches theory

2) Franck-Condon
factors match theory

3) Exact mass is correct

Integrated Photoion Signal

©
c
2
n
(@]
(@]
N
T
O
[0)
=
=
]
(0]
o
CH,00 -
46.005
\/\ C,HeO
I8 46.042

T T T T
45.96 45.98 46.00 46.02 46.04 46.06
mlz

2. Have a sensitive and selective detection technique

/ —> Multiplexed Photoionization Mass Spectrometry (MPIMS)

Time profile of m/z = 46 (CH,00)

0

2 4 6 8 10
Kinetic Time (ms)

COMBUSTION RESEARCH FACILITY

@ Sandia National Laboratories



4

/ //

% . Measuring CH,00 reactions with
o important tropospheric species

CH,00 +S0,: k=(3.9 £0.7) x 10t cm3 s’
—> up to 10 000 times faster than what is used in models
If other Criegee intermediates react similarly, they could be major SO, oxidants

CH,00 + NO,: k= (7 *3/,) x 1012 cm3 st
— 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,0 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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Media Interest in Chemical Kinetics!

The AR Register’

Data Center Cloud Software Networks Security Policy Business Jobs Hardware Science Bootnotes Forums

&l erint | EiLke ¢ 25 () Alert

Pollution-gobbling molecules in global warming SMACKDOWN

Boffins: Newly observed particles scrub our filthy air

B'_n,' Chris Williams - Geat more from this author
Posted in Science. 16th January 2012 10:17 GMT
Free whitepaper— & Private Cloud Infrastructure, Simplified

Elusive pollution-busting malecules are scrubbing our planet's atmosphere at a much faster rate than
first imagined. according to gas-bothering boffins.

Reactions by the cleaning agents. known as Criegee intermediatesflare also emitting a by-product that
orms sclar radiation-reflecting clouds that could help cool Earth and reduce the effects of global
warming.

The Criegee biradicals were first hypothesised in the 1950s by German chemist Rudolf Criegee, but
only now have they been recreated in a lab and directly measured for the first time_ Specifically. the
scientists took formaldehyde oxide — a species of Creigee intermediate — and observed it reacting with
sulphur dioxide and nitrogen dioxide.

These dioxides are said to initiate climate change in our atmosphere. vet it's now understood they are
removed from the troposphere by helpful Criegee biradicals — described as pivotal atmospheric
reactants. The reaction also spews sulphate and nitrate into the atmosphere, creating aerosol droplets

Click here for your
daily newsletter |

Look out! PEAK WIND is
COMING, warns top
Harvard physicist

Last out of the

‘ windpower future furn
out the lights ... Oh

Chip daddy Mead: 'A
bunch of big egos' are
sirangling science
ISSCC The scieniific
revolution has stalled
here's how fo Kickstart it

The universe speaks
'It's time {o get off your
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- 2\ SO0, is a direct product of CH,00 + SO,

CRE;
at4 Torr

—O- CH,00, [SO,] = 7.7 x 10* em™ ~O— S04, [SO,] = 7.7x 102 cm” 2000
~O— CH,00, [SO,] = 3.1x 10" cm™ | ~0— S04, [SO,1 =3.1x 10" em™ i O CH,00 decay
[ | O SO,rise

1500 —

k(s")
>
8
=3
HSE—

500 @ -
0 T T T T T T T T T

0.0 0.5 1.0 1.5 ' 2!0 ' 2.5 3.0 ' 3.5
[SO,] (10™ em™)

Relative lon Signal (arb. units)

0 2 4 6 8 0 2 4 6 8
Kinetic Time (ms)

Theoretical work of Vereecken et al. phys. chem. chem. Phys. 14, 14682 (2012)
predicts that CH,O + SO, is the major product channel at atmospheric conditions.

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



¥ B
, %F Why is CH,00 (2A’) + SO, (1A,) so fast?

Our experiments are
at 4 torr pressure.

How will stabilization
of SOZ affect SO,
production?

L. Vereecken, H. Harder, and A. Novelli, Phys. Chem. Chem. Phys. 14, 14682 (2012).
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The next larger Criegee Intermediate: acetaldehyde
“oxide (CH;CHOO) shows richer chemistry

Similar strategy:
248 or 351 nm

O, + H3C—CHI —— |+

H5C

——— |+ HyC—CHI

m/z = 60 time profile

——

(SO, =0
4 - - [80,]=23x 10" cm”
S [SO,] =47 x 10" cm”

100

I
-

80

H g
PN S 60
0o S
(o]
m/z =60 g 40
g
A

CH;CHOO exists in two distinct
conformeric forms

+ O N + O
| == I
H/C\CH3 H3C/C\H
syn anti

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)
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- 2\ Them/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)
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- 2\ Them/z=60 photoionization spectrum shows evidence

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

Relative lon Signal

W I LI I LI I LI I LI I LI I
9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)
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- 2\ Them/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)
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2\ The low-energy part m/z = 60 photoionization spectrum
/CY ‘% is dominated by anti-CH;CHOO

+ O
C+
both conformers /HsC " H™ CH,
contribute, but syn- €— - - @ ,,. anti syn
dominates T O1—6 9 "r’é‘
((J] 5““ Y
10.5eV:~85% of the &© [~ .," e .
. . _ =) ‘ 7
signal is syn & '/,‘/.
s _ ]
o + 0O
) ~
= D // [
T | B¢ H
e .
. anti
anti- conformer can <€
be probed separately
from syn-

9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)
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Z\\F Addition of water preferentially removes the

- anti- conformer of CH;CHOO

+c|>| _0
H/C\CH3
syn
®©
c
D
N
C
o
o
=
©
O
e
I 11 I L I LI I L I LI I
9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)
——> Conformer-dependent reactivity! Taatjes et al., Science 340, 177 (2013)
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2N A direct measurement of the rate coefficient
7 of anti-CH,CHOO with H,O

TR 1400 [ —
— [H,0]=2.7x10" cm | X (ed
—— 1056V 1200 |- de‘\\.
. ~O—9.37 eV . e
g i 1000 3e® —
B o~ o “(\e(
(_% — ‘n ? C (\&O 4 7
2 mostly syn- of o\ © anti-CH,CHOO +H,0  —
% | @ . ((\3“‘\
& ML ¥ 0&\( 400 | ~
- \ cO no reaction observed for
e 200 -
(e e syn-CH,CHOO + H,0
0
-t I LI I LILILIL I LILILIL I rriri I LI
6 8
Kinetic Time (ms) * Afactor 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

k(syn-CH,CHOO + H,0) < 4 x 1015 cm3 52 * Substantially larger than prediction
for other Criegee Intermediates

k(anti-CH,CHOO + H,0) = (1.0 £ 0.4) x 104 cm?3 s IZ>
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N\ Explanation of Conformer Dependent

Reactivitv

) 534

A AE+ZPE)

Potential Energy (kcal/mol)

(a): syn-CH;HCOO + H,O

Reaction path

-
-

Anglada et al., Phys. Chem. Chem. Phys. 13, 13034 (2011)
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| & CH,CHOO + SO, also shows conformer-

| dependent reactivity

- S0,1=7.2x 107 em”|] 2000 |aNti-CH;CHOO + SO, 1
| —— 105eV _
- —O— 9.35eV 2500
C
o
c . 2000
2 K
2 % 1500
© ~
o
o 1000
500 _
syn-CH;CHOO + SO,
|IIIIIIIII||||||||||||||l|ll|l|||||||||||
0 2 4 6 IIIIIIIIIIIIIIIIIIIIIIII
Kinetic Time (ms) 0 1 2 3 4

[SO,] (10" em™®)

k(anti-CH,CHOO +50,) = (6.7 £1.0) x 101t cm3 s
Similarly fast as CH,0O0 reaction
k(syn-CH,CHOO +50,) = (2.4 £ 0.3) x 10 cm?3 s
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Organic acid

H,C, Oe

///'t / //

(] —> SO —FHL—C
H Oe OH

!

4
H,C—C  ~ * °OH

OH production (nocturnal)
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, , OH production (nocturnal)
vinyl hydroperoxide
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(2 Summary

We determined rate
coefficients for CH,00
reactions with
atmospherically relevant
species; substantial
differences to values used in
tropospheric models exist in

—0- 804, [80,] = 7.7 x 10" em®
—O- 803, [S0,] =3.1x 10" cm™

1,1-Diiodoalkane oxidation combined with o000 7x e

—0- CH,00, [SO,] = 3.1 x 10" cm”|
=

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

248 or 351 nm

Relative lon Signal (arb. units)

CHl+ 0y ———» |+ CH,00

Relative lon Signal

0
Kinetic Time (ms)

Tunability of the photo- some cases
95 100 105 110 115 120 ionization energy is key
Photoionization Energy (eV) to distinguish isomers O

anti-CH,CHOO reacts faster with H,0 and
SO, than syn-; direct determination of the

The two conformers of CH;CHOO anti-CH,CHOO + H,0 rate coefficient
can be distinguished by their

1400

photoionization spectra o R |

1000

T
5
— (2]
g 5 @ 800
5 2 g
o - 7] g 3 o0
o + O 5 = 400 |- -
slo B
|| = || 2 200 |- —
C C k)
N N [0) 0
H CH H;C H o e
’ 3 Kinetic Time (ms) 0 1 2 3 4
[H,0] (10" cm’®)

I 1T I 1T I 1T | 1T | 1T I
9.0 9.2 9.4 9.6 9.8 10.0
Photoionization Energy (eV)
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Tropospheric Implications

e CH,00 + SO, = carbonyl + SO, similar importance to
OH + SO, = H + SO, oxidation of SO,.

il We are just beginning to understand SRIEE
al how Criegee Intermediates react

Bl > Need to understand larger Criegee el
- NO molecules

* anti-C > Need to understand more reactions &

* syn-C » Need to understand reactions at Y
compe different conditions
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- 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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