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Cél\?F Hydrocarbon Oxidation Powers Our Society

and Is a Key Process in Earth’s Atmosphere

7

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
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Tropospheric Chemistry:

Oxidation “cleanses” the troposphere
BLUE Map/Shifts Oxidation also produces aerosols, smog,
2 other unwanted byproducts
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CRE. Chemistry — Who Needs It? You Don’t Need to

Know Much Chemistry to Make an Engine!

Nikolaus August Otto (1832-1891)
Rudolf Christian Karl Diesel (1858 —1913)

Nikolai Nikolaevic Semenov (Chemistry Nobel, 1956) “Some
problems relating to chain reactions and to the theory of
combustion”
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@ New Clean Efficient Combustion Strategies
/ Depend on Autoignition Chemistry

Gasoline Engine Diesel Engine
(Spark Ignition) (Compression Ignition)
spark plug fuel injector

Hot-Flame Region: Hot-Flame Region:
NOx NOx & Soot

Manley et al., Physics Today, November 2008, 47-52
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CRE. Combustion is a Complicated Mix of Chemistry

and Fluid Dynamics
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of single elementary
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hundreds of species

R+0,
reactions

COMBUSTION RESEARCH FACILITY

@ Sandia National Laboratories



Vil
AZR@ Tropospheric Hydrocarbon Oxidation Depends

on Chemistry and Transport

Seasonal depictions of climatological Tropospheric Ozone Residual (TOR) 1979-2000 ‘7@
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CPF Tropospheric and Engine Oxidation Processes

Both Run on Radical Chain Chemistry

Ignition Chemistry: General Alkyl Radical Oxidation Scheme

— Chain-branching pathways are
a “nonlinear feedback” for

autoignition { 1 I I
— Alkyl + O, reactions and i | oy (] e Bl e
. . i 1 ROOH, RC(O]E)OH all VOG and ! a[dehy:jes and’ and uns,aturatet,i
“QOO0H” intermediates are reactions and RONO, oxygenated product cthers oxygented products
central to low-temperature
. o A \
Chaln branChlng [ oxy: RO peroxy: RO, excited Criegee stabilised Cri‘egee
. . . reaction_s of P, 0, reactiurl reaction with [RC-(?O?R. A|’ RF(OQ)R
Tropospheric Chemistry: mermedates || Samarsaion | N\ avko,” docompostton || N0, NGy, €0 and 56,
— Alkyl + O, reactions from OH- ~L I -~
initiated oxidation also oxygenated products '
° ° PrOdUCtS 9 carbonyls, ROOH, ROH, RC(0)0QH, RC(0)OH, _______________________________j
important in troposphere RONO), PANS, mulfunctional and CO
— NO; and O, species are also QOUHOS Atmos. Chem. Phys., 3, 161-180, 2003
important oxidation initiators
— Criegee biradical intermediates branching
are important species for OH, low temperature
aerOSOI formation, NOX, SOX Adapted from Walker and Morley, "Basic Chemistry of Combustion," in

Low Temperature Combustion and Autoignition, Ed. M. J. Pilling,
(Comprehensive Chemical Kinetics Vol. 35) Elsevier, 1997
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Predicting Ignition Chemistry Requires
Knowing Reactions of “Intermediates”

ROOI-%ain branching
+ HO, ROs + OH

(io. Wrect HO, elimination
o /

+
\°

HO, + alkene

chain propagation
+ 02

*O0OQOOH

{

/

HOO+Q_,00H ] _ ]
QOOH + O, is responsible for chain
\4 branching at low temperature
- HO0Q,,0+OH QOOH radicals are isomers of the major
v reaction products ROO
*0Q,,0 +2 OH No one has ever seen a QOOH by any means

Zador, J.; Taatjes, C. A.; Fernandes, R. X.
PECS 2011, 37, 341.
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Modeling Tropospheric Chemistry Requires
Knowing Reactions of “Intermediates”

|

Ozonolysis is a major component in tropospheric removal of
hydrocarbons — makes Criegee intermediate

3

Criegee intermediates also appear in QOOH + O, reactions Andersen and
Carter, J Phys. Chem. A. 107,9463-9478 (2003); Asatryan and Bozzelli, J Phys. Chem. A. 114,7693-7708 (2010)

Criegee intermediates are isomers of more stable products, organic
acids or esters

No one has directly measured a Criegee reaction

Nl TS ﬁ
/N 0 PN
\ N /
~NL L7
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E’?}E How Can We Tell Anything about the Reactions of
These Intermediates? Deal with the Black Box!

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

Energy (kcal mal-)

Vd
OH o;
fH
g
SO,
)
HFA Y

¥

Measure products of R + O, reactions
and compare to theory -
B-pinene
¢

N

Change conditions and see what happens to
time behavior and product yields

Atmos. Chem. Phys. Discuss., 4, 2905-2948, 2004
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Why are these things
so hard to detect?

People get
out of the
rain!

They don’t stay in their reactive
configuration very long — they are made
slowly and consumed rapidly

The hole in the bottom of
the bucket is bigger than We need sensitive and selective detection

the hole at the top! . . .
g and a way to make intermediates directly
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CRE We have a machine that can sensitively detect

specific isomers in chemical reactions!

Tunable synchrotron
photoionization
mass spectrometry

Collaboration
between Sandia CRF
(David Osborn, C.A.T.)
and LBNL (Musa
Ahmed, Kevin
Wilson, Steve Leone)

Osborn et al., Rev. Sci. Instrum. 79, 104103
(2008)
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CRE. Laser photolysis reactor is coupled to time-of-flight

mass spectrometer with synchrotron photoionization

Multiplexed photoionization mass spectrometry (MPIMS)

Universal detection (mass spectrometry)
High sensitivity (synchrotron radiation + single ion counting)
Simultaneous detection (multiplexed mass spectrometry)

Isomer-resolved detection (tunable VUV, ALS synchrotron)

High-pressure cell now in operation — Lenny Sheps

Gas Inlet

., < TR T T

Photolysis

Outlet
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2\ Kinetic data is acquired as a function of kinetic
CRIL time, mass, and photoionization energy

o’
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2500 —]
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- -~ Ol
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() c | —
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o e
0 LOCC —
9.8 i . I . i .
9.6 10.0 10.4 0
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—~—y

30 40 50 60 70 80 90 100
miz

Taatjes et al., Phys. Chem. Chem. Phys. 10, 20 (2008).

3-D dataset can be “sliced” along different axes to probe
different aspects of the reaction

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



:W_

/\ | - 3-Methyloxetane
| ‘ /\ - - g’lgtgylproEalnal
e _ege . . . — - = 2,2-Dimethyloxirane
( :RF/é Cl-initiated isobutane oxidation e butene

Time behavior of product Expt: < miz =72

formation — prompt and
delayed

Photoionization spectra identify
product isomers
Eskola et al., Proc. Combust. Inst., in press

Integrated Photoion Signal

9.0
9.2
9.4
9.6 . 9.6 10.0
9.8 Photon Energy (eV)
10.0
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30

Cl-initiated isobutane oxidation
—4— 650K —— 610K —— 575K

Photon Energy (eV)

25
20
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Time (ms)
Relative Energy-Integrated Signal

40 50 60 70 80 90 100 | | | |
miz 0 5 10 15 20

Time (ms)
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Cl-initiated n-butane . . o
|oxidation 575K Photoionization

spectrum similar

E to that observed
° )

2 by Battin-Leclerc
% et al. (Angew. Chem.
= 2010, 49, 3169)
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T 1 | |
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Energy (eV)
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Measurements with specific butyl isomers show T | I I | |

|
10.5

CRE. Ketohydroperoxide Product at m/z = 104
| Arises from QOOH + O,

Time profile is characteristic of a
secondary product of R + O, reaction

Cl-initiated n-butane
oxidation 575 K
—— m/z=56
— m/z=104

Integrated Photoionization Signal

0 5 10 15 20 25

ketohydroperoxide from low pressure n-butyl Time (ms)

oxidation but not sec-butyl oxidation
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CRF. ~ What about QOOH? Can photoionization directly

detect and characterize the elusive QOOH?

Most ROO have no stable parent cation
(Meloni et al., J. Am. Chem. Soc. 128, 13559 (2006)),

but some QOOH"‘ are stable -»» Increasing O, »»

Problem is to make enough! MtWJ M\ QMM
Cl + alkylhydroperoxide reactions make
QOOH: e.g., M M.ﬁ (”

Cl + t-butylhydroperoxide

Cl + (CH3);COOH - (CH,),C(CH,)OOH + HCl 2. 2-dimettyloxirane

(CH;),C(CH,)O0H - 2,2-dimethyloxirane +
OH _

Reaction with O, competes with '

. . .. CH,0
dissociation — forms other products et Rt Mo M
i /W vw W 'VVWUHWM‘/' ¥ V] v”\'\,
| | I | | I
Time (ms)
Product detection can give CHs ° T CH;

. HaC O, H3;C O H-C O\
direct measurements of HCQ O~y ~— OH 0
QOOH reactions L O_ CHp H ( _CHy
Judit Zador 2 O O
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Kinetics Measurements

[O,] dependence of CH,0
formation identical to change
in 2,2-dimethyloxirane

Correctly scaled change in
dimethyloxirane is linear in
[0,]

Direct measurement of QOOH +
O, rate coefficient relative to
thermal dissociation

Problem is we don’t know the
absolute k of either process!

ALS experiments can help design
complementary optical
studies

(1-A)/A

[0,] (10" cm”)

18
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At 300 K the QOOH reaction mechanism can

be relatively simplified.

CHj3
H;C
\C OH QOOH OH+DMO
NS
HsC 0 + Cl
O
+ CIZ + 02 AV
0]
H2C/ ~¢
[ 1 H.C. |
(CH3)3;COOH (tert-butyl hydroperoxide): OH reaction rate
coefficients between 206 and 375 K and the OH photolysis
20 —4'*02 175 quantum yield at 248 nm7
19.7
15 Munkhbayar Baasandorj,”® Dimitrios K. Papanastasiou,”” Ranajit K. Talukdar,*
10 Alam S. Hasson® and James B. Burkholder®“
\-: i 6.2 T 10
o o
E | :{+HOZ E _20 |
@ ©
g ~r S 30
w -10 W .40 L
15 17.7 50
20 -180 - OOQOOH
>l__¢| ROO % 60 L
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A\ Measurement of OH directly probes rate

k —kor+prp [ TBHP ]

[OH], = (a ~1)Cl], QOOH">0H6K (e -1}

| constant for QOOH reactions

= otk + kQOOH-->OH + kQOOH+02 [0, ]1-kou1eup [TBHP]

unknowns w/o O,

1.4
S @ kaoom-sor
s EAkneh@s Wieinasier enbitions
2 10 @ loss to ROO in C+TBHP ()
3 0.8 QOOH+02
2 3x10"
~ 0.6
e _
= 0.4 —
Z &L
= 0.2 % 104
0.0 ? -
I -
|""'|"'|""I""|""I""|""|""|""|""|""I""|""|""|""| ? | ‘
0 20 40 60 80 100 120 140 T |
. Ie) 1
L (US) 8 @ Experiment
=< I —a=60cm", E=E,- 250 cm"
Fit all data -- use competition between —— =80cm", E= £, - 200 om”
. . .. .y —a=120cm”, E=E, - 150 cm"’
QOOH dissociation and addition of 0,t0  2x10° T
et k as well 10 100
g€t Kqoon+02 P (Torr)

COMBUSTION RESEARCH FACILITY

@ Sandia National Laboratories



%:— ] .
N Direct measurement of QOOH + O, reaction

rate constant

Comparison of k(QOOH+0,)
for various QOOH’s

RN
o

H3C\/\ H,C.
: OOH \/\OOH 7]

Relative lon Signal

OOH

10 H;C CH,

Kinetic Time (ms)

)
o
I
|

—
I
%)
4(-\;
o.
I
5

O ([DMo]inf,F[DMO]inf,u)/[DMo]inf,n
+  height of m/z=89 signal (a.u.)
A height of m/z=75 signal (a.u.)

T T T
2
—@—
.|

|
ap

_|_

T
C. Franklin Goldsmith, William H. Green, and Stephen J
Klippenstein, J. Phys. Chem A 2012, 116, 3325-3346

-12 3 -1 -1
Kooon+op (1077 cm” molecule " s )

|
10 100

P (Torr)

(IDMO], ¢ -[DMO], )/ [DMO], ¢,
o >
I |
©
| |

k +L [DMO]° —[DMO]_
X

A __ QOOH-->OH

& QOOH+02 [0,] [DMO]_

0 10 20 30 40

o
o
|

0,(1 0'° molecule cm'3)
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A\ Tunable synchrotron photoionization can identify

/ novel isomeric products

Cl-initiated

Ozonolysis of alkenes proceeds via a
DMSO oxidation

carbonyl oxide intermediate
(“Criegee intermediate”) 300K, 8 Torr

10
They are important tropospheric

reactants but only indirect
measurements exist

Problem is to make enough

Kinetic Time (ms)
(&)}

:_ CH,O00 miz = 46.006
Dimethyl Sulfoxide (DMSO) oxidation

may form CH,0O0 (Asatryan and Bozzellj,
PCCP 10, 1769 (2008)) 0

Photoionization Efficiency
Relative lon Signal

Time-of-flight can resolve CH,S from
CH,00

4585 4590 4595 46.00 46.05 46.10 46.15
mlz

Until 2008, no one had even seen a gas phase Criegee intermediate

Taatjes et al., J. Am. Chem. Soc. 130, 11883 (2008)
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A‘:F Detection Is One Thing, Kinetics Is Another: Make

More Criegee to Measure Reactions

e Arkke Eskola
1416 (2006) fou
made | atom
Criegee inter

e Can make lot
reactions wit
species

2500 —
2000 —

1500 —

1t (s

1000 —

500 ©
|
0

0 1

20 30 40

[SO;1 (10" cm”)
2 3 4
Time (ms)

5

6

O )l &
rol CH, N g o"
E e®, I : .:l
g B oF 4,2@]'._9[. ! ‘ '[O
g 00 O© -¥ LB
- B O O ® 0 tn O N
k 0
/ \\’ |
.i,b O—CH; e
(:‘(-1'/ I — OH —
I [ [ [ I
10,0 105 110 115 120

Welz, Savee, et al.,

Photon energy (eV)

Science 335, 204 (2012)
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Tropospheric modeling
(Dudley Shallcross, Carl

e Percival, Gordon

ol B McFiggans et al.) shows

0 10 20 0 4 50 that a substantial
e amount of H,SO,

formation is via Criegee

intermediate oxidation

--| of SO,

500

Decay constant (s )

5 ~—0O— miz = 60 product from CH;CHI + O,
--------- Fit to calculated CH;CHOOQO spectra

—— Fit allowing energy shift
4 |-— — Vinyl hydroperoxide o

~O- CH,00, [S0,] = 7.7x 10" em™ —0- 804, [SO,] = 7.7x 10> cm™
—O— CH,00, [S0,] =3.1x 10" cm” | - 804, [50,] = 3.1 x 10" cm™ i

Relative Integrated Photoion Signal

9.2 94 96 9
Photon Er

Relative lon Signal (arb. units)

Kinetic Time (ms)

Increase in binarE nucleation i%

10" 10° 10’ 10?

Next larger Criegee
intermediate can be
produced in a similar
way; also reacts rapidly
with SO,

SO, is a major product
from SO, reactions
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What does all this mean?

Aerosols tend to reflect radiation

* Criegee chemistry might be
connected to “cooling”

Biggest Criegee contribution where
there is a lot of ozone and alkenes

secondary
'ozoniqe AIE

Integrated Photoion Signal

Product from CH,0O0 + acetone
| —@— m/z=104 (x5) -O— m/z=89
= = Franck-Condon simulation

DI threshold
for ozonide

Taatjes et al., PCCP 14, 10391-10400 (2012)

hoton energy (eV)

» Sulfate chemistry makes aerosols

Photo: Christian von Wissel

We are just beginning to understand how Criegee
intermediates react
Need to understand even larger Criegee molecules

Need to understand more reactions:
Reactions with carbonyls make secondary ozonides
Need to know rate constant with water

Need to understand reactions and product
branching at different conditions

COMBUSTION RESEARCH FACILITY
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, @ What is the philosophy of
atmospheric research?

"ASTRONOMY
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McMILLAN

Mbz1 Wikimedia commons
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2\
@ Opening the “black box” is just the beginning

for studies of these ephemeral intermediates

!

 Studies so far investigated conditions
unlike actual combustion or troposphere

7 |
:> |:> O\O/CH3
O . @) . CHs
Nch, \ﬁ/ T
CHs
CHs O/OH
* Measurements of only the simplest or most ”3C>i\ = |
. . . . H,C CH,
convenient examples of intermediates HaC /O >c\/
HO Ha

e “Trailblazing” measurements may inspire
new tools to investigate these species
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Challenges for Future Light-Source Studies of

> for Studies of Combustion and

(mm)

Transverse Position

Axial Position (mm)

Mass/Area (pg/mm?®)

Spray formation — X-radiography

Combustion Physics?

Current combustion applications of
synchrotron radiation
The International Workshop Strong emphasis on VUV for chemistry
on Frontiers in Synchrotron Tools X-ray measurements of particulate products

X-radiography of spray formation
Energy Conversion
October 15 - 18, 2011 / Shanghai, China

Interfacial and multiphase processes are
critical in many combustion problems
Soot formation and oxidation
Mixture formation

Fluidized bed combustion

Soot
morphology
— X-ray
diffraction
(CFEL-LCLS)

Biodiesel Blend

8 10 12

150

Faraday Discuss. 119, 395-407 (2002)
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A:RF Challenges for Future Light-Source Studies of

Combustion Physics?

U.S. DOE “PreSICE” initiative --
Experiments are important to
discover and validate fundamental
physics for predictive simulation

Workshop to Identify Research Needs and Impacts ™
Predictive Simulation for Internal Combustion Engines (PreSICE)‘

Sponsored by the Office of Basic Energy Sciences, Office of Science and the Vehicle Technologgg; W
Program, Office of Energy Efficiency and Renewable Energy, U.S. Department of Energy :

Thursday, March 3, 2011 }

“Stochastic” in-cylinder effects —
sensitivity of combustion to initial

conditions

Physics of mixture formation from
injection of liquid fuels

Highest impact experiments will
require spatially resolved and
chemically specific measurements

Energy Efficiency &

U.S. DEPARTMENT OF Ofﬂce of U.S. DEPARTMENT OF
ENERGY Science aENERGY Renewable Energy
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| Cé\/f\?F Core-level spectroscopy may be an important

Near-Edge Features
30 (species specificity)

CcO

25 Carbon
K- edge

20
15 — '
10
5 e

0 L J
310 320

280 290 300
Energy (eV)

Far-Edge Region
(total carbon atom measurements)

Cross Section (1 0<1acm2)

—

Far-edge region can see all carbon
Carbon atom counting — directly probe
mixing fraction
Near edge chemical-environment
specific more than molecule-specific
Possible relationship to reduced
chemistry?

tool to probe gas-phase turbulence

DOE report ”Ba5|c Research Needs for

Bellan and coworkers have developed a
reduced kinetics that uses “constituents” —

chemical groups combustion and Flame 157 (2010)
15941609

Core-level spectroscopy applied to flame
imaging -- Hendrik Bluhm (LBNL / ALS),
Jonathan Frank, David Osborn (Sandia CRF).
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| %F Evaporation is an important part of the
" “multiphysics” problem of mixture formation

Heinz Pitsch & Olivier Desjardins

High-momentum liquid fuel jet ~ Nozle Cavimion\ﬁﬁ_
enters a dense hot gas Primary Breakup —— [
environment Atomization ———

Secondary Breakup —>

Primary breakup of the liquid
core leads to drops

Particle Coalescence — /&

Turbulent Dispersion — | e

These drops evaporate and VapoiEation
interact with the gas flow Air-Fuel Mixing —=

Combustion\’ 3
Mixture fraction and droplets distribution

X-ray measurements in droplet
train have probed surface
and bulk composition

Differential evaporation of
multicomponent liquids

Interaction with flow and
temperature fields

Is there a role for x-ray measurements in this multiphase region?
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