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RH — organic fuel

R = R1141
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•OP=O — oxy-radical
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Example: propane oxidation

n-propyl QOOH-2 QOOH-1

. 0 OH .00H
+ 02 -X

o-   -X

-10 -

-20 -

1.-Li
-50 -

-60 -

H000

• Key intermediates — ROO, QOOH, OOQOOH + OH
have substantial potential wells

• Collisions activate and stabilize these species

• P-dependent chemistry
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Next-generation biofuels

Numerous proposed 2nd and 3rd-

gen. biofuels

➢ Promising synthetic routes
➢ Non-edible feedstock
➢ Existing infrastructure

compatibility

➢ Diverse structural motifs
➢ Complex, largely unexplored

chemistry

n

o

image credit:
bravenewclimate.com

Keasling, Nature, 2012, 488, 320
Atsumi, Chem. Rev., 2013, 113, 4611
Liao, Curt: Op. Chem. Bio., 2013, 17, 462

Effects of molecular structure on reactivity
➢ Chain length and branching
➢ Cyclic vs. acyclic
➢ Ether, ester, alcohol functional groups
➢ Unsaturation
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OW
THF is a cyclic ether...
> C-H bond strength in THF :),C310H

cyclopentane: C-H • \ /c0)00H

OOH 96.4 kcal/mol a-C—H / ,'" •
• 00• • 1 93.7 O 0

0 4j ir cit •_,c )-101((5-00H
l'

1— 1-

00H 0 vs. ,0 0 0(_,_).c .
98.2 • 000,. .0 OOH• f3-C-H \ •c4- •-?

C3sr OOH

OOH
> 1 ROO isomers, 2 QOOH isomers > 2 ROO isomers, 6 QOOH isomers

> Site-selective H abstraction reactions
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CRE
T H F is a cyclic ether...
➢ C-H bond strength in THF

➢ C-0 bond scission in a-THFyl

•

33.5

k(700K) = 3.5 x 103 s-1
Manion, PROCI, 2011

( 22.0

vs. 
‘t.,0)

32.6
O 30.6

,s

-r`Cr 54/32.6 •

•

k(700K) 107 S-1
Simmie, JPC A, 2012

➢ Rapid enough to
compete with oxidation
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„nor,
I

THF is a cyclic ether...
➢ C-H bond strength in THF

➢ C-0 bond scission in a-THFyl

➢ Rigid ring structure

• Ring strain

TS for ROO H QOOH

• Conformer-specific
reactivity • 0 00Hc + 02

•00 0y0H

cis-

• 00„,,00H

trans-
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Previous work
• High temperatures (T> 1000K)

Lifshitz et al.,
Dagaut and co-workers
Kasper et al.,
Simmie
Battin-Leclerc and co-workers

• Low temperature (T < 1000K)
Molera et al.,
Battin-Leclers and co-workers

1980's
1990's
2011
2012
2015
2015

shock tube
shock tube, JSR
low-P flame
ab initio, TST
shock tube, flames
ab initio, TST

1988 static reactor
2015 JSR, RCM
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Goals of this study

Initiation reactions in the low-Tautoignition regime

• Laser photolysis initiation
266nm

CI. + ct-R
•
• + 02(COCI)2 2 CO + 2 CI. — products

f.IS - 100 MS

• Homogeneous, constant-T, P flow reactor

P = 10 - 2000 Torr
T = 400 - 700 K

dilute, pseudo-1st-order conditions:

[CI]0 (-1013 cm-3) << [THF] (-1015 cm-3) << [02] (>1017 cm-3)

• Time-resolved photoionization mass spectrometry (PIMS) probing

Photoionization spectra
Partially deuterated isotopologs (2,2,5,5-THF-d4)
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—10-6 Torr--,L„.

photolysis
laser

1 — 10 Torr
300 — 1000 K

< 10-4 Torr

Tunable
VUV

< 10-5 Torr

pulsed
mass spec
(50 kHz)

E1

t- and E-resolved mass spectrum

Multiplexed synchrotron-based PIMS
• Developed by Sandia NL, in collaboration with
Lawrence Berkeley Lab's Advanced Light Source

D. Osborn, C. Taatjes, S. Leone, M. Ahmed

• Sensitive (single-ion counting) universal detection
• Multiplexed — complete mass spectrum every 20 vis
• Time-resolved — can see chemical intermediates
• Tunable VUV photoionization — isomer selectivity

m/z

time 
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C-1?f,',
Initiation reactions

o
o + CI (;(. In 2,2,5,5-THF-d4: a-R m/z = 74

f3-R m/z = 75
O

- HCI (using hv = 8.2 — 8.5 eV)
 •

T= 650 K a/f3 ion signal — 10:1

400K T 600K al(3 > 25:1

THF oxidation
600 K

-cjsca

c 
,O, a)1

D2C CD2
H2C—CH2 F)

c°)

➢ In our experiments, mostly
a-R —> a-ROO

20 40 60
m/z

80

10 Torr

•  10 Torr
100.

650 K

74
m/z

75
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CRT;
THF-yl ring opening

\iT)
+0,c40), o 0 2

Simmie, JPC A, 2012

propene m/z = 42

ethane m/z = 28

,
D2C

o, 
CD2

H2C-CH2 io
n 
in

te
ns

it
y,

 a
rb

. C2 H 4

28

C3H6
42

+ H02

Yields:

T = 650 K - 5%

400K T 600K < 2%

➢ We can suppress ring-opening

Ih.

20 40 60
rrilz

tr

10 Torr

  10 Torr

80 100
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First 02 addition

R + 02 —> ROO —> QOOH —> products

Secondary products

C3H60

C2H30 58

C4H60
70

(3)
43 86

111
'1111

1 10 Torr

D2C.
0 n2  —

H2C—CH2
10 Torr

20 40 60
lz 

80 100
rri 

10 20 30
time, ms

COMBUSTION RESEARCH FACILITY 0 Sandia National bboratories



*\\
CRE,

First 02 addition

R + 02 —> ROO —> QOOH —> products

H02 + 2,5-DHF

H02 + 2,3-DHF
0 0

C)c)L + H02

(3)

a)
D2C/Cs CD2 .—

H2C—CH2 .(5

C3H60

C2H30 58

43

111 

mlz = 70

m/z = 70

C4H60
r n

2

86

-1% at all T

-20% at all T

9.0

10 Torr

. 1 ' - 10 Torr  i  . 1' i  .. .
20 40 60

lz 
80 100

m 

10.0

E (eV)
11.0
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CRE,

First 02 addition

R + 02 —> ROO —> QOOH —> products

H02 + 2,5-DHF

H02 + 2,3-DHF
0 0

C)C)L + H02

OH + butanedial

• \
,C) 00H °

+ OH

mlz = 70

m/z = 70

(3)

a)
""D2C/Cs CD2 —

H2C—CH2 .(5

m/z = 58, 43

4

4

411

C3H60

C2H3 0 5

-1% at all T

-20% at all T

??? (perhaps -70%) ???

C3H60+

= 43 mi

9.5 10.0 10.5 11.0
E (eV)

10 Torr

1'    10 Torr

20 40 60
/z 

80 100
m 

C2H30+

C H602+ (x10)

COMBUSTION RESEARCH FACILITY El Sandia National Laboratories



711111111r-*\

y-butyrolactone-OOH (GBL-OOH) rnlz = 85 (DI)

QOOH + 02 —> OOQOOH —> products

Second 02 addition

.00 O OOH F100 0 0

111

HOO

69 85

m/z = 85

9.0
i102 

\ 

„

u°
1500 Torr

-....111•1•111111
A

10 Torr

  10 Torr
20 40 60

rrilz 
80 100

9.5 10.0 10.5 11.0
E (eV)
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1-717--
,\ Second 02 addition

QOOH + 02 —> OOQOOH —> products

y-butyrolactone-OOH (GBL-OOH)

•oo O OOH HOO 0 0

m/z = 85 (dissociative ionization)

2,3-DHF-OOH m/z = 102 (P), 69 (DI)

•00 O 00H 0 OOH

111

HOO 0 0 0 00Hr  
69 85 102 „1

/ u°
1500 Torr

I   I

10 Torr

"r A 10 Torr

20 40 60
rn/Z 

80 100

9.0 10.0
E (eV)

11.0
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1-717--
,\ Second 02 addition

QOOH + 02 —> OOQOOH —> products

y-butyrolactone-OOH (GBL-OOH)

•oo O OOH HOO 0 0

m/z = 85 (dissociative ionization)

2,3-DHF-OOH m/z = 102 (P), 69 (DI)

•00 O 00H 0 OOH

111

HOO 0 0 00Hr  
69 85

•001,c (1/4)00H

102 
103
7   m/z = 103 (DI)
1500 Tori

11,1

20 40 60
m/z 

80 100

10 Torr

10 Torr
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E (kcal/mol) 0

-10

-20

-30

-40

-50

-60 -

a-ROO C )'

+ 02

-16.0

-36.8

o 00

o
-77.7  

y-butyrolactone

+ OH

0roo,
H

-4.5
-8.0

-24.2

cO),00H a

, 
a[3'

i
0.7

1
0
0+ OH

-29.4
2,4-epoxy-THF

. acci-Q0OH dominant due to weak cc-C—H

. butanedial yield 50 — 90% due to weak C-0

propane oxidation — OH yield < 4%
butane oxidation — OH yield <30%

-5.3

o+ OH

-39.9
2,3-epoxy-THF

+ H02

-13.0
2,3-DHF

-60.2 --..
butanedial

%/

PES exploration:
KinBot (J. Zador)

Stationary points
optimized at CBS-QB3
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E (kcal/mol)

0

-10

-20

-30

-701

-1.4

•00

0 00H

02+

aa'-Q0OH

O

cis-

-31.1

OOH • 00„,,Oy0H

trans-

1.6

-4 5

-1.2
-4.1

-13.2

HOO„,,Oy)OH

-7.7

HOO„„/ 0

  + OH

BL-00H

• ring structure gives rise to isomers with different reactivity

trans-aa'-00Q0OH —> 2,3-DHF-aOOH TS -4.1 kcal/mol

—> GBL-OOH TS -4.5 kcal/mol

cis-aa'-00Q0OH —> 2,3-DHF-aOOH only

• competition between DHF-OOH and GBL-OOH affects chain-branching

propane: -3.7

propane: -11.8
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P-dependence 12 THF depletion yOH•00

(T= 575 K) 4 HOO
0

_o

T-dependence
(P = 1500 Torr)

0.0
I I

400 800 1200

P (Torr)
1600 2000

no reactivity radical recycling
 ►

12- THF depletion
8 -

•00
_1 0 -

÷2=
co
—0 5 -
To '

OOH

400 450 500 550 600 650

T (K)

c0)

C5 0

r0

HOO

second-02
addition products

first-02 addition
products

first-02 addition
products

second-02
addition products
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Simplified THF autoignition mechanism

0 0 00• 0

-H; ~02

0  -H; +-2 }

I
5 — 20% 0

0

+ Ho2

O

0 00FH

0 
/ Oo• 60 

0 ° tO2

+ 1-102 .  
 •00 O OOH

OOH

+O2 
O

+HO2 OOH + OH

/=0 -50 — 90%

+ OH

r
k-) 00H

"flame

retardant'HO2

ketohydroperoxide

analog
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,*\\ Conclusions:
CRF'

• Low-T combustion chemistry of THF is relatively straightforward,
dominated by products of oc-R00, ccoC-Q00H, acC-00Q0OH

• Unambiguous assignment of first- and second-02 addition
products by mass spectrometry

• Strong P-dependence of pathways following second-02 addition

• Autoignition models should be expanded to include H02
elimination from OOQOOH, maybe other competing
pathways

• Ongoing work:

Add OH, H02 probing — quantify second 02 addition products

Develop a chemical model, based on ab initio kinetics

Expand to substituted THF derivatives
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Thank you

Collaborators (CRF, Sandia NL, and ALS, Lawrence Berkely Lab, US)
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