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' %’ Importance of elementary chemical kinetics in

CRE combustion and engine development

In Homogeneous Charge Compression Ignition (HCCI) engines combustion is
initiated by thermal autoignition = sensitive to molecular structure

Gasoline Engine Diesel Engine HCCl Engine
(Spark Ignition) (Compression Ignition) (Homogeneous Charge
Compression Ignition)

In practical fuels there are:

spark plug

fuel injector

e alkanes

e olefins

e cycloalkanes
e aromatics

* oxygenates

Hot-Flame Region: Hot-Flame Region: Low-Temperature Combustion:
NOx NOx & Soot Ultra-Low Emissions (< 1900K)

Manley et al. Physics Today 2008

Advanced engine concepts and the increasing use of alternative and
non-traditional fuels present new challenges for combustion modeling. 2
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. Low-temperature oxidation chemistry of alkanes
CRE.  is well known (or not? see parallel session)

// / What happens during the low-
R~ temperature chemistry of oxygenates?
l-ﬁnzom
ch/gz\éHZ Rell ROOHED,; =>» dramatic change in barrier heights
) 1‘@ \RO,MHE very low direct-HO, elimination barrier
we” g7 o <ROOSE in a-hydroxyalkyl radicals
) 1 HOBmlkenes b o, CH,CH(OO®)OH = CH,CHO + HO,
s N Non eqoom 2 barrier: -23.6 kcal mol*
1+E)2 OHBD-heterocycled 2 (Cf C2H5 + 02: -3 kcal mol‘l)
*00QOOHE o
1 = Waddington mechanism:
AL EatE B-scission is favored over cyclic ether
l formation in alkoxy type QOOH radicals
formed from B-hydroxyalkyl radicals
HOO0Q_,,OB@DHE
*O0CH,CH,0OH = HOOCH,CH,0*
HOOCH,CH,0O* =2 CH,0 + OH
*0Q_, OB 2EHH

Zador, Fernandes, Taatjes, PECS, 2011

=>» Are there fundamentally new
Most of these reactions happen on a multiwell PES: pathways present for oxygenates?

=» Complex pressure and temperature dependence. Welz et al., 2013, J. Phys. Chem. Lett.
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2\ Recent experiments on low-temperature alcohol
CRE. oxidation showed evidence of unknown pathways

~Laser photolysis reactor coupled
/ to time-of-flight multiplexed
phot0|on|zat|on mass spectrometry
(MPIMS) T St

Excimer
Photolysis

Tunable lonizing hv
— (ALS or Discharge)

TEE
i ]  ortho

el TOFE

Reactants

1 em

| Cl-atom initiated low-T oxidation of alcohols

: Cl + alcohol = hydroxyalkyl radicals (R,, Rg, R,, etc.) '

: R + excess O, = products

3-D data:

4

time dependent mass spectra
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+» kinetics of each mass channel

4

PIE curves

44 signal

+* isomeric resolution

Relative m/z

=>» =» isomer-resolved kinetics

—O— Experiment
|_—— Isomer-resolved simulation 3
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CRE

Chlorine-initiated oxidation of isopentanol

Welz et. al, 2012, PCCP/\)S\
a
HO B Y 6

e cyclic ethers (m/z =102) are absent

e relative position of -OOH, —OH and radical are important
e observed acetone:ethenol ratio is 3:1

e yradical + O, produces acetone:ethenol in 1:1 ratio

e no acetone or ethenol pathway in a-, B-, or 6-R

(kcal mol™)
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-80 -+

Relative lon Signal

Recent experiments on low-temperature alcohol
oxidation showed evidence of unknown pathways
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2N Recent experiments on low-temperature alcohol

CRE oxidation showed evidence of unknown pathways

Chlorine-initiated oxidation of isopentanol

Welz et. al, 2012, PCCP/\)\
HO

e cyclic ethers (m/z =102) are absent

e relative position of -OOH, —OH and radical are important
e observed acetone:ethenol ratiois 3:1

e yradical + O, produces acetone:ethenol in 1:1 ratio

e no acetone or ethenol pathway in a-, B-, or 6-R

Chlorine-initiated oxidation of isobutanol
Eskola, 2013, Proc. Combust. Inst.

Y

large amounts of acetaldehyde
could not be accounted for
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A\ The water elimination pathway —

_CRE Illustrated on ethanol

¥ o;)\-j "OH

// o (.l';\ /C(L e happens via a single saddle point barrier
| | i i "® e concerted breaking of 2 bonds and making

of 2

long bonds @ TS, 1.75 A (0-0) e product is weakly bound alkoxy carbonyl
and 1.73 A (C-H) P e atthe saddle point interatomic distances

are larger than typical tight transition
states, but smaller than roaming

e the alternative 2-step cyclic ether +
roaming pathway is similar in energy, but
has small probability

e the ordinary, two-step version of the
above process does not play a role in the
TS TS experiments because of the small radical

B3LYP/6-311++G* and large precursor concentrations
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Slide 7

A7 See my next comment -- I'd probably introdice the water elimination pathway for the gamma-QOOH. That connects better

to the isopentanol and isobutanol systems.
Administrator, 7/5/2013
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2N The water elimination channel in ethanol:
g CRE B3LYP/6-311++G*
=]
1 I
ON
20 A E:)N =)
= S8
5 0-
&
8_20_
B
-40 - 00CH,CH,OHE 2 H, 0
-60 - CH, O
+HCOR
CHOCH,om  +H,08
80~ +H,08

RQCISD(T)/cc-pVeoZ//B3LYP/6-311++G(d,p) zZador et al., PCI, 2008

What is the high-level energy, and is this pathway real or an artifact of B3LYP?
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2\ Problems finding the saddle point at other levels

CKE of theory

For one of the conformers of the water elimination pathway in ethanol,
MP2 and M06-2X was unable to locate a saddle point.
QCISD(T) also was problematic.

60
QCISD(T)/cc-pVDZ
40 | MP2/6-311++G(d,p)
MP2/6-311++G(d,p)
— \ w/ reactant orbital guess
o 20 - _
S
S
N 0 CBS-QB3 ]
g
M06-2X/6-311++G(d,p)

L /

20 + UB3LYP/6-311++G(d,p)

-40 I I I

-1.0 -0.5 0.0 0.5 1.0
s (amu'” Bohr)

Calculated energies along the B3LYP IRC.
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A\ QCISD(T) energies and T1 diagnostic

AL along the B3LYP IRC

Unphysical, sharp features in the potential are correlated with
high T1 diagnostic values.
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=>» Multireference treatment of the electronic structure is necessary
in the vicinity of the saddle point.
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2N HOMOs
p CL on the two sides of the saddle point

reactant side HOMO
C-centered radical

product side HOMO
0-0 ¢*

The consecutive process (breaking O—O bond and then abstracting the H atom) involves a
doublet triradical, which is energetically unfavored.

The simultaneous pathway involves the mixing of weakly interacting,

spatially orthogonal orbitals.

Antibonding orbital being the HOMO = this is an electronic state with zwitterionic character
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/ A simple MS-MR-CASPT2(1e,20,2states) calculation:
« finds saddle point on ground state

« qualitatively shows the presence of two low-lying states
60

40 .
MS-MR-CASPT2(1e,20,2states)

/cc-pVDZ
| /aug-cc-pVDZ
20 /cc-pVTZ

CASPT2 calculations require a large active space

< 10 kcal mol?

0

E (kcal mol'1)

-20
UB3LYP/6-311++G(d,p)

-40 I I I
-1.0 -0.5 0.0 0.5 1.0
s (amu"” Bohr)

CASPT2(3e,30)

—> does not map smoothly to product space

CASPT2(11e,80,3states) is required

- Very difficult and is plagued by convergence problems.

—> The barrier on the ground state is close to the M06-2X barrier height
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N In the single reference framework two weakly

CREL interacting states can be found
/ — 15 ' . .
v \\ reactant side: radical character,
| g \ small dipole moment
=10 _MO6'2r;<d_ it \ ; . porduct side: zwitterion character,
8 HF: . v larger dipole moment
< MP2: - - - - - - \ )
N S \ B
Q
<X \
o 0r \ —
c
)
)
= -5 -
©
QO
@ -10 — | |
-1.0 -0.5 0.0 0.5 1.0

S (amu“ZBohr)

Orbital character depends on where the calculation is started
HF solutions do not mix
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A\ In the single reference framework two weakly

CKE interacting states can be found

74

RN
€)]

N, reactant side: radical character,
v ; small dipole moment

[e

£ 10 e Ve - prduct side: zwitterion character,
S HF: SIS Vo ./ larger dipole moment

X MP2: - - - - - ) N

» 2 lecsp(ry:— — (VAR 7

) T14100: -~~~ - el

= . |

S 0 \ | dipole moments (D)

qCJ radical zwitterion
o ROHF: 2.1 4.9

__; -5 ] RMP2: 1.3 4.9

% uccspb: 1.1 2.9

X 10 s | | UCCSD(T): 1.4 1.6

N
o

-0.5 0.0 0.5 1.0
s (amu"“Bohr)
UCCSD(T) energies become less dependent on initial orbital guesses

barriers for ethanol case: 18.2 and 17.2 kcal mol*
MO06-2X barrier: 16.9 kcal mol* =>» close (within uncertainty) to the UCCSD(T) barriers.
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2\ The water elimination channel resolves the observed

CKE. 3:1 acetone:ethenol ratio in isopentanol oxidation

)

r

0 - 10
5 |
-104 oL |
~~
- 5 1
g -20 7] — MO06-2X )
— -10 e e 2
cesp(Ty, —— ——
8 T100: oo e
x  -30- 15 , : ,
~ 050 -025 000 025 050
e s (amu"?Bohr)
=) P
LLI 1
-50 4
-60 -

] barriers:
-70 -

80
The water elimination channel is the lowest overall pathway to bimolecular
products on the y-R + O, surface.
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Fate of the alkoxy radical

/y ~"B-scission leads to acetone + vinoxy Savee et al., 2012, PCCP
isomerization leads to CO + ... = =
12 6 O m/z; 15
- (O(P) + propene) |

—A— m/z=15

10 A g (isopentanol oxidation)| [ |
1) == methyl reference
S
o
o
) &
i 2
o 07 g
c i
®
O
x | 1 I I | 1 | T | |
N
< -10 - 9.0 9.5 10.0 10.5 11.0
= Photoionization Energy (eV)
LLIO
vinoxy radical fragments to m/z = 15
PIE proves the presence of vinoxy
-20 4

acetone + CH,0 + OH

Decomposition of the alkoxy radical produces acetone, but no ethenol.
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2 The water elimination pathway is responsible for the
CRE

acetaldehyde formation in isobutanol oxidation

-1
EO, -, (kcal mol™)

\
A\

The water elimination channel is the lowest overall pathway to bimolecular
products on the y-R + O, surface.
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A\ Fate of the alkoxy radical

20 209 E 229

20 4
15 10
10 — 1
S 5 |
5 /
E E 0]
g o 5
3 © o < 20
., /\r\ hoo N d _

o +CO = 30
W -10 -8.1 w
15 : -40 1
_20 HO/Y\O + OZ -50 4

—O—miz=29 (O(3P) + propene)
— m/z = 29 (isobutanol oxidation)
= = ethyl reference

| CH,CHO + CH,0 + OH | Waddington

Relative Photoion Signal

The m/z = 29 is suggested to arise due to the methylvinoxy
: daughter ions above ~10 eV, as also observed in the O(3P) +
R e e propene experiment of Savee et al.

8.5 9.0 9.5 100 105 11.0
Photoionization Energy (eV)
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CRE

-200 -
-280 3

\\

-300 4

channel yd

Water elimination in n-butanol: PES and
experiments

OH

channel yc
N
+
1738 gy

O

2108

+ OH
channel ya

O.
M
-309.4 N

channel yb

y-Q, is the most important QOOH for y-ROO in n-butanol oxidation.
Isotopically labeled experiments put a “50% upper limit on the water
elimination channel,

Welz et al., 2013 JPCA
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N Water elimination in n-butanol:
CRE

Master Equation simulations

RO2
064 = -----------
Ve Q-0
/
/ Q-1
0.5 ! Q-2
/ Q-4
I
— 0.4 / 3-buten-1-ol + HO2
g | 2-buten-1-ol + HO2
= I hydroxyethyloxirane + OH
@® I 7
k) 0.3 1 W 1-hydroxymethyl-1-methyloxirane + OH
% 11 2-hydroperoxy-1-propyl + CH20
=] I - -
.8 0.2 4 0 oxetane
= ethenol+acetaldehyde
o | 1)
= 1} 3-hydroxybutanal
014 1 4 TO r r’ 5 5 O K — — — 3-oxybutanal + H20
I
1
004 =
| ' | ' | ' | ' | ' |
0.000 0.002 0.004 0.006 0.008 0.010

time (s)

Our preliminary simulations of the kinetics suggest that the water
elimination channel is the overall dominant channel for the y radical.

At higher pressures the reaction is more important.
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2n  General relevance of the H,0 elimination channel
a L in low-temperature alcohol oxidation

‘
(/ e Qur calculations suggest that this channel is one of the or
the most important pathway in y-hydroxyalkyl radicals.

e For B-hydroxyalkyl radicals this channel is less important.
e The reaction is exotherm by ~75 kcal mol*
=>» contributes significantly to heat release

=>» hot radicals can readily decompose to smaller fragments
contributing readily to chain propagation

e.g. HCO—->H+CO
HCO + 0, = HO, + CO

Can similar channels appear in other fuels?
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A\ Ketone oxidation
CRE.

B
3

—— M06-2X
60 = —MP2 ,
—— ROHF-UCCSD(T) N S —m
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We located the corresponding saddle points, but they are too
high (> 40 kcal mol?) to be important.

The TS shows some of the difficulties related to the electronic
structure as for alcohols.
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4\i Summary and Outlook
CRE

e Characterized important new low-lying OJC"ETH
pathway in the low-T oxidation T
chemistry of alcohols. -

—_
&)}

VL e Water elimination is common, substantially

——M06-2X N o ;
rad:  zwit: |

TR RO altering current alcohol oxidation and
R T ighition mechanisms.

e Theoretical methods have been developed
e for the general phenomenon of interacting
~ sem™®m  radical and zwitterionic states.

-
o

(&)}

(=]
T
: ]
|

&

Relative energies (kcal mol™)

-
o

e There are indications that similar pathways and low-lying
zwitterionic states may play a role even in alkane oxidation.

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories


http://www.sc.doe.gov/bes/bes.html

Thank You!
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