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Autoignition chemistry

Complex networks of
chemical reactions

Deliberate control of
reaction conditions

Simple goal: clean/efficient

John Dec, Sandia

Comparing different (but related) chemical systems

Tropospheric oxidation

William Putman, NASA/Goddard
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How do we handle complex networks of reactions?
Control of model and parametric uncertainties
“Comprehensive” chemical models not always feasible
Targeted reduced models

Are laboratory kineticists a modelers’ friend?
(don’t necessarily have the same motivations!)

How can kineticists
Choose reactions that make a difference
Connect the laboratory work correctly to field or device
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* Specific investigations target
individual reaction types

* Physical understanding allows
rigorous generalization

Ozonolysis — can we focus on
individual carbonyl oxide
channels?

Peroxy radical chemistry — can
we isolate specific
transformations?

Outcome of reaction systems
depend on fate of short-lived
intermediates




- In autoignition chemistry it is
easy to specify some key
intermediates

[ )
+ OH l - H,0
[ ]
e R —> alkene + R’

A

[ ]
conjugate alkene + HO,

«00QOOH issi ducts + OH . . .
3 " T « QOOH + 0, is responsible for chain
l branching
a The chemistry of . .
HOOQ'OOH °
autoignition has been Cham !ar.e.mchlng step goes through
studied for many decades — dissociation of a ketohydroperoxide
HOOQ'=0 + OH Some details remain hidden * Isomers make a difference

°
H + OH (chain-branching) % .
Zador, J.; Taatjes, C. A.; Fernandes, R. X. ‘ :j E.l

) i
Prog. Energy Combust. Sci. 2011, 37, 341.



) Crounse et al., J. Phys. Chem. Lett.
RH 4,3513-3520(2013)

[ ]
+ OH l - H,0
[}
e R —> alkene + R’
J
+ O,
[ ]
ROOe —> conjugate alkene + HO,
J

*QOOH cyclic ether + OH
/
+0; ||
¢OOQOOH p-scission products + OH
pwowooH H.. Highly oxygénateg "
l Iow-volatlllty compounds
HO0Q'=0 + OH Tropospheric oxidation and ignition share
l some isomerizations and intermediates
@ ®* 0Q’=0 + OH + OH (chain-branching) u

Zador, J.; Taatjes, C. A.; Fernandes, R. X.
Prog. Energy Combust. Sci. 2011, 37, 341.
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/ + carbonyl compound
R, Ry

. : N
primary ozonide u dioxirane
X

vinylhydroperoxide

L] [ K 0 Kurtén et al.,
07/27 07/28 07/29 07/30 07/31 08/01 08/02 08/03 J PhyS Chem A 115’

Pateinz010 8669-8681 (2011)

Mauldin et al., Nature ﬁ
@ 488, 193-196 (2012) aeF'

Kinetic models for tropospheric
oxidation require knowing reactions
of other intermediates

Carbonyl oxides (“Criegee
intermediates”) are formed in
ozonolysis

Criegee intermediates are potential
tropospheric reactants

Key intermediates are again isomers
of other stable or reactive species
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Synchrotron photoionization mass
spectrometry can detect and N
characterize these intermediates ‘gsg’

O m2z=T72(Expt.)
— it
------ 2-methyloxetane
= = Tetrahydrofuran v

3 4 T e
— Dimethyloxirane f5 s y
= « Ethyloxirane ¢

Isomer-Resolved
Species Identification

Time-Dependent H
Chemical Kinetics §




We can detect the intermediates but
first we need to make them

* Inthe troposphere or in bulk oxidation reactions,
these intermediates are difficult to isolate

* They are formed in slow processes like ozonolysis or
ROO isomerization, then react relatively rapidly

* Need strategies to form the intermediates in a
controlled way
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We can detect the intermediates but

first we need to make them
T pramona | CH,| + 0, > CH,00 + |

; —C— zero [H,0] —@— high [H,0]
CHEQO (caleulated) —— Fit = = Vinyl hydroperoxide
— — Dioxirane (calculated)

—&— Formic acid (Cool et al.)

gem-iodoalkyl + O, =

carbonyl oxide + |

Welz et al., Science 335, 204 — 207 (2012);
Taatjes et al. Science 340, 177-180 (2013)

Integrated photoion signal
Relative integrated photoion signal

miz=125
[05)0=1.5x 10" cm™
~0-0-40ms

10.5 11.0 11.5 . i 9.4 9.6
Photon energy (eV) Photon energy (eV)

75 a0 85

Photoionization Energy (eV)

@ J.D. Savee, E. Papajak, B. Rotavera, H. Huang, AJ. 19

CYQF‘ Eskola, O. Welz, L. Sheps, C.A. Taatjes, J. Zador,
Tl D.L. Osborn, Science 347, 643-646 (2015).



Additions of QOOH to O, are important to
complex oxidation submechanisms

o termediates

R\)I\/R_ Crounse et al., J. Phys. Chem.
+OH +0, Lett. 4,3513-3520 (2013)

highly oxi

.~ Atmospheric autoxidation is
increasingly importagtin urban
and suburban North rica
Praske et al., PNAS 115 64-69
k=025 0 (2018).

|

Additional Number of O atoms

H .
00 OOI:| OOH 00

11,5 H-shift 11,5 H-shift
OH OH
—_—
+ OH + OH-shifts
OOHO O OOH
Unraveling the structure and chemical mechanisms of highly

% oxygenated intermediates in oxidation of organic compounds
a?F' Wang et al., PNAS 2017 doi: 10.1073/pnas.1707564114
Sk




Additions of QOOH to O, are important to
complex oxidation submechanisms

o}
Crounse et al., J. Phys. Chem.
R R' . N . .
Ao 0 Lett:4,3513-3520(2013)  » Can we assume kinetics similar to alkyl + O,
.0 R\I)\/R' reactions?
0 \ * Preparing QOOH by alternative methods (e.g.,
(o} . . .
Cl + ROOH) allows direct kinetics
. o . ~Mmeasu rement (zador et al. PCCP 15, 10753-10760 (2013))

~ H2C\C/CH3

.ope . < - ~

°,-" ¢ Resonance stabilization  T=———+ " ™
__ can dramatically shift § S gt
 r H-shift . QoH (1986)
pidl B / dominant product [ e oon

0 8 channels in these A I P g

Hoo & R R . <. . o
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- ] ‘ H3C/ CH,
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d-DEK + Cl* + Cl, + O,
8 Torr

Signal Integrated:

0 Somsa-toev | "4 Extreme resonance stabilization

550 K J

Ketone oxidation — resonance

.‘é
=]
=
E ﬁ Rg Dimer ape
£l LN v o stabilized QOOH are preferred
% 20 — N N\ i Scheer et al., Phys. Chem. Chem. Phys. 16, 13027-13040
4 i R M )i — (2014); J. Phys. Chem. A 120, 8625-8636 (2016)
2 |S0K ..J L__,.,,._‘ ; Make more stable QOOH?
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@

Double resonance stabilization allowed first
direct detection of QOOH

Identified by mass, spectrum, and kinetics

ot o te ol aadaa s daa gt st laaag sl
8.3 eV, QOOH,,
N _/-[oz]=19x10‘“icm"
A [0,1=7.3x10" cm

.~[0,]=1.5x 10" cm

L R R R R R R R R R |

0 10 20 30 40 50
Kinetic Time (ms)

Resonance stabilization dramatically reduces
the reactivity with O,

kqooms 02 = (2.9 £ 1.0) x 10> cm3 5!
Kgi0p =(3.2£0.5) x 1016 cm3 51

Energy (kcal/mol)

Extreme resonance stabilization

Ketone oxidation — resonance

e stabilized QOOH are preferred
20 — - \ Scheer et al., Phys. Chem. Chem. Phys. 16, 13027-13040
: B H ) — (2014); J. Phys. Chem. A 120, 8625-8636 (2016)
; Make more stable QOOH?
o4 ] —
SN R+0;
0 Rp %
i unimolecular
-10 - : ; decomposition
O,
i i RO o
20 /< R,0,}
5 ) — QOOH
; : o . . e
a0 ) [
i /| Q A
s //.\‘ 3 RO, E
40 | g P RO, | QOOH,

1.D. Savee, E. Papajak, et al., \\ 14
Science 347, 643-646 (2015). T '



vinoxy radical

Potential
Energy

Criegee intermediate
+ carbonyl compound

rimary ozonide -
P by dioxirane

vinylhydroperoxide

Ozonolysis is too slow and too energetic

For Criegee intermediates the
strategy is direct synthesis

Verified by mass, kinetics, and
spectrum
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HoS miz = 45.988

Kinetic Time (ms)
w

4585 4590 4595 46.00 46.05
miz

CAT et al., JACS 130,
11883 (2008)
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CH,00 m/z = 46.006}
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For Criegee intermediates the
strategy is direct synthesis

Verified by mass, kinetics, and
spectrum

Reaction of CH;SOCH, with O,
makes CH,00
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For Criegee intermediates the
strategy is direct synthesis

Verified by mass, kinetics, and
spectrum

Reaction of CH;SOCH, with O,
makes CH,00

Reaction of gem-iodoalkyl
radicals with O, makes lots of
carbonyl oxides

Now can measure carbonyl oxide
reaction kinetics directly

17




slow, Band |
syn-CH,CHOO

fast, Band Il
anti-CH,CHOO

Since discovery of the gem-iodoalkyl + O, synthesis:

UV, infrared, and microwave spectra for carbonyl oxides
have been measured

300 320 340 360 380 400 420
wavelength (nm) . .
Sheps et al. Phys Chem. Chem. Phs. 16 Caroline C. Womack et al., Science
epsetal, ys em. em. ys. ,
26701-26706 (2014) Advances 1, €1400105 (2015)
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Unidentified peak

- D w a0 N ® o O

CH,00
10.1- Oop
Doppler

940 920 900 880 860 840 820 800
e er /om-!

280 300 320 340 360 380 400 420
Wavelength / nm

. . 23,186.2 23,1864 23,186.6 23,186.8 23,187.0
Lin and Chao, Chem. Soc. Rev. 46, 7483 (2017) Yu-Te Su et al, Science 340, 174-176 (2013)

Frequency (MHZ,
O Exp #1500 Torr

O Exp #2500 Torr

& Exp #3 250 Torr

© Exp #4250 Torr

© Exp #5100 Torr

= ) Many groups have begun to measure kinetics of carbonyl oxides: Boering (Cal); Lin

| . (IAMS); Lester (Penn); Blitz/Seakins/Heard (Leeds); Bloss (Cambridge); Orr-Ewing
(Bristol); Green (MIT)

R’ =09789 @ 18
i o N & - -4
04 06 08 K
H,1100%

—3?
Chao et al, Science. 347, 751-754 (2014)
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* Criegee intermediates have
ﬂ:) multireference electronic character
O %

E f}’(‘)@o = Ground state is dominantly the
= closed-shell singlet zwitterion
123
& H,COO (‘'A’) + H (°S) H-}.(./O (';')@ o o °
H e =

? @U HZC/GD\O HZC/ o
=
= :

= How should they react? ... not like

radicals!
= CH,00 + NO 7.5x 1012 cm3s-?

Lightfoot et al., Atmos. Environ. A 26, 1805 — 1961 (1992)

R (H-H,C00), A

= CH,00 +NO <6x 10 cm3s-1
Welz et al., Science 335, 204 — 207 (2012)

Miliordos and Xantheas, Angew. Chem. Int. Ed. 55, 1015-1019, 2015 . .
= \What about reactions with closed-

shell species?

® G :




The chemistry of ozonolysis was largely worked out
from solution phase — gas phase can be different!

Criegee (1975) outlined four types of reactions that
carbonyl oxides undergo: dimerization, reaction with
carbonyls, isomerization, and reactions with “proton
active substances”

Generalization (caT, Annu. Rev. Phys. Chem. 2017):
Reactions with other 1,3 bipoles
Unimolecular reactions
Cycloadditions
Insertions
Addition to radical species

® Brr m

43@



slow, Band |
syn-CH,CHOO

fast, Band Il
anti-CH,CHOO

0 ernens evsene

300 320 340 360 380 400 420
wavelength (nm)

Sheps et al, Phys Chem. Chem. Phys. 16,
26701-26706 (2014)

R’ =0.9789

04 06
Hy 1 100%

Chao et al, Science. 347, 751-754 (2014)

® G

Most direct studies of Criegee kinetics look at
disappearance of the carbonyl oxide

Nature of products can make a difference in
troposphere

Insertions

Reactions with other 1,3 bipoles

Unimolecular reactions

Addition to radical species

Cycloadditions

21



O exp. === fit[PFOA]=0
" exp. — fit PFOA] =6.1x 10" cm”
o exp. = = fit[PFOA]=1.8x10"cm"

Proton active species — insertion

Acids react with carbonyl oxides at

supercollisional rates (welz et al., Angew.
Chem. Int. Ed. 53, 4547-4550 (2014); Foreman et al.,
Angew. Chem. Int. Ed. 55, 10419-10422
(2016);Chhantyal-Pun et al., Angew. Chem. Int. Ed.
56, 9044-9047 (2017))

Carbonyl oxide reactions in

solution: ROH>H,0>CH,CO,H
In gas phase RCO,H >> ROH, H,O

Fast reaction general for all acids | 8 LS
PFOA reacts slowly with OH

Reaction with CH,00 is fast:
(4.7+£0.7) x 101°cm3 st

What are the products of
reactions with acids?

0 5
Eskola et al., unpublished time / ms

CH;00 + HCl reaction

lon signal (scaled) / a.u

Caravan, Rotavera et al., /\
unpublished aef‘ 22



Reactions with acids appear to
| form hydroperoxyesters
Y [OH-Vinaxy Adduct mass observed

f:: Products
5/ Dissociative ionization to
protonated carbonyl oxides

—
©
£
E
= -
=
>
o
o -
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Wl

There are other possibilities

Acid-assisted tautomerization

(Kumar et al., Phys. Chem. Chem. Phys., 2014, 16,
22968-22973; Liu et al., Phys. Chem. Chem. Phys.,

I
- DCOOD
s

60 61 62
m/z

@

23




Most common proton active
species —H,0

Differences in reactivity among
carbonyl oxides:

(CH3)2COO < 15 X 10_16 (Huang et al., Proc.

Natl. Acad. Sci. U.S.A. 112, 10857-10862 (2015))

CHZOO (32 + 12) X 10_16 (Berndt et al.,

Phys. Chem. Chem. Phys. 17, 19862—19873 (2015))

anti-CH,CHOO (2.3 £ 2.1) x 104

(Huang et al., Proc. Natl. Acad. Sci. U.S.A. 112, 10857-10862
(2015))

H,O monomer reactions have
conformer dependence — syn-
CH;CHOO unmeasurably slow

H,O dimer reaction is the
dominant removal mechanism for
tropospheric CH,00

miz = 60 product from CH,CHI + O,
—C— zero [H,0] —@— high [H,0]
—— Fit — = Vinyl hydroperoxide

112 18
time (ms)
slow, Band | B
syn-CH,CHOO

fast, Band Il
anti-CH,CHOO
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e ——— T W
300 320 340 360 380 400 420
wavelength (nm)

A 9o kobs
quadratic fit

CH,00 + (H,0), ~
5x 101 cm3st

Chao et al, Science 347, 751-754
(2014); Lewis et al., Phys. Chem.
Chem. Phys. 17, 4859-4863 (2015);

Smith et al., J. Phys. Chem. Lett. 6, Chao et al, Science. 347, 751-754 (2014)
2708-2713 (2015) % 5
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Does reaction of CH,00 and
water dimer make formic acid?

Water monomer reaction makes

a7~
5
o
o 3
o 0
= «Q
3
5 ]
™ N
i =
c o
[} ~—
o
c
o
[&]

hydroperoxymethanol
(hydroxymethyl hydroperoxide)
Suggestion that reaction with S .
. 2
dimer makes ~ 50% HCOOH neuyen
et al., Phys. Chem. Chem. Phys. 18, 10241-10254 (2016)) 5| PIMS: 30 Torr & (He
. UV:30Tor @ (He
Can confirm rate coefficient with Soton @ (He
- - - - 100 Torr
UV absorption, photoionization

MPIMS measures all products

Sheps et al., Phys. Chem. Chem. !
‘ Phys., 19, 21970-21979 (2017)

4\ ’/}W Lenny Sheps
M\




A (E+ZPE) /keal ‘mol™"

e A
X180 s

[H,0]=0cm? - CH,0

24,0

=2610" e ¥
[H,0]=2.6-10" ¢cm -+ HMHP

ion =ignai_arb.

- CH,0
-+~ HMHP

10 20 30

[H,0]=1 110" cm

Ram,

By f— _4595 Ry oo

Reaction
Path

Calculation of CH,00 + (H,0),
reaction suggests entrance

complex that dissociates to
HMHP and H,O

Anglada and Solé Phys. Chem. Chem. Phys. 18, 17698-17712 (2016)

G o
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-6 0
Longitude

(i)

time, ms




Do other proton-active
species in the gas phase also
insert?

ROOH — CH,00 reaction with
(CH;);COOH makes adduct

ROH? — reactions with CH;OH

insert in solution phase

Acetone oxide + methanol
No observed adduct mass
Product with CD;0H is acetone

lon signal (m/z 136) / a.u.

—O— [(CH3);COOH] = 2.5x 10" molecule cm™
— o [(CH3):COOH] = 4.7 x 10" molecule cm™
@ [(CHy);COOH] = 1.2x 10'° molecule cm™

Kinetic time / ms

Caravan, Eskola et al., SR V.
unpublished -~ —




v T 7

Competition between chemically activated reaction and thermalization of intermediate

decomposition
Intermediate
* i
carbonyl hydroperoxide  dioxirane
(VHP) [(el]e]]

Vereecken et al., Phys. Chem. Chem. Phys.
14, 14682-14695 (2012)

3
]
-
T
P~
N
N
E
=
©
c
o
]
c
o

Photon energy / eV

Isomerization has two basic
pathways — dioxirane and vinyl
hydroperoxide

Is it that simple?

(CH;),COO0 isomerizes to
hydroxyacetone (catetal, J. phys. Chem.
A 121 16-23 (2017))

Temperature dependence
confirms first-order gas phase
reaction (Caravan et al., unpublished)

Observed in solution long ago
(P. R. Story and J R. Burgess, J. Am. Chem. Soc.
89, 5726 (1967); 90, 1094 (1968))

Proposed to start from VHP

28




Relative Energy (kcal mol)
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52 [ 4.2 2.1
| = 1 TSo0 0.0 TSOH Diss :
_10  TSoumig Intyyeg —20 i /P_
| . ‘ = OH_Diss
! 4 _-16.0 | ImOH Diss
221 |
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; Intermediate —

1 Dioxirane

VHP
| -64.4
PeI
H
H
1 -852 \ -85.2
Pon_mig LY .
Intramolecular Intramolecular Rin_g Dioxirane Criegee VHP Decomposition
OH Migration HAT Opening Formation Tautomerization Asomerization

Sy

(Ward Thompson, in J. Phys. Chem. A 121 16-23 (2017))



Relative Energy (kcal mol-)
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log (time)

Kuwata et al. recently calculated a
roaming style pathway through the vinyl
hydroperoxide (J. Phys. Chem. A just
accepted DOI: 10.1021/acs.jpca.8b00287
(2018)) that obviates the high transition
state

They also predicted product branching for
the acetone oxide decomposition.

Scheme 4. Unimolecular Reactivity of the Dimethyl Criegee Intermediate®
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3
— [NO,] = zero molecule cm

Reactions with radicals? CH,CHOO o NOJ= 3.4x10" molecuie cm”

+ NO2 — = NO, = 86x10" molecule cm”
Look at NO, — how does this
reaction proceed?

Could be source of NO,?
No NO, observed
See signal at mass of adduct

3
@
P
g
N
£
E
©
c
2
)
c
o

g 10 15
See decrease in carbonyl Kinetioime / ms
Upper limit of 30% NO,
Iy
May limit effect of carbonyl &,v‘@'“‘_,.’
oxides on NO; concentrations '_,f

S St
moon¥™ .
9.2 94 9.6 98 100 102 104 106 108 11.0

lonization energy / eV

@ Caravan et al., Faraday Discuss. 200, 313-330 (2017)



— 2xmz=116(S0)
— m/z=101(S0-15)
— miz=84(SO-32)
wonee /2 = 43 (SO - 73)

Cycloaddition — reaction with
carbonyls is one of the three
steps in the Criegee
mechanism

-5 m/z = 46 (CH,00)
— it (m/z = 46)
-5 m/z=101 (S0 - 15)

|euBls uololoyd pajelfieju)-atul|
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>
2
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c
w

10

Can directly detect Seconda ry Time / ms Photon Energy / eV

ozonide products CH,00 + MVK: Eskola et al., unpublished

Carbonyl oxides can transfer

O atom, e.g., to SO, — but are
these reactions mediated by

cycloaddition?

Kurtén et al., J. Phys. Chem. A

115, 8669-8681 (2011) ﬁ
CRE, .



SO, has been directly observed
from Criegee intermediate
reactions with SO, -- but other
pathways are possible

Pressure dependence and
inverse kinetic isotope effect is
observed in reaction of acetone

OX'de W|th SOZ (Chhantyal-Pun et al., J. Phys.

Chem. A 121 4-15 (2017); Huang et al., Proc. Nat. Acad. Sci.
USA 112, 10857-10862 (2015))

All direct rate coefficient
measurements so far have been
for total carbonyl oxide removal

Cor
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® (CH,),COO + SO,
O (CD3)2COO + SO2

4 6 8
[SO,] (10 cm™)

10

12
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Do these results actually make
a difference in complex

* Hydrocarbon structure and e I B

resonance stabilization can

dramatically affect

autoxidation processes What does it mean to make a
difference?

« Importance of carbonyl = Models are changed (people
use the results)

oxide reactions to the .
t here depends on = New details are revealed as
atmosp P important

fate of adducts = Predictions get better?

G
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Kinetics research in CRF Combustion Chemistry Department

Rebecca Caravan David Osborn
Arkke Eskola Howard Johnsen
Brandon Rotavera Lenny Sheps
John Savee Nils Hansen

Kai Moshammer Ahren Jasper

: Kendrew Au

Raybel Alimeida Krupa Ramasesha Adam Scheer
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