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| A| What is a rate coefficient?

(CRF. The rate coefficient of an elementary reaction is a quantity that satisfies the
corresponding rate law of that reaction. (“Time is what clocks measure.”)

one, irreversible, unimolecular channel: R =2 P dr dp kr

one, reversible, unimolecular channel: R&=> P dr dp

two, irreversible, unimolecular channels: R2>P,, R2>P, _ dr - d(pl +P2) =(k +k)r % =kr
dt dt i

dt
one, irreversible, bimolecular reaction: R, +R, >P _dr, dr, dp _ .

Rate coefficients are dt dt dt '°
phenomenological parameters
- depend almost always on temperature and very often on pressure
never depend on time
never depend on initial conditions (e.g. initial concentrations)
- and satisfy detailed balance, i.e. k,/k_,=K, the equilibrium constant
If a time-independent quantity satisfying the rate law cannot be found, the
phenomenological rate description of a system breaks down.
There are things that can be done in this case, as we’ll see later. 2
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Shocking news

There are no such things in the physical world as reactants and products, only a
large ensemble of quantum states of the system.

We like to call some of these many states as states of the reactant (i.e. reactant) and
others as states of the product (i.e. product).
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=>» A fundamental (first principle) physical model
cannot predict directly the phenomenological
k(R=>P), only the so-called (state) specific
transition probabilities

=>» The phenomenological k has to be constructed
from the specific ones by averaging over all
states

Let’s assume we know how to calculate state-to-
state transition probabilities per unit time in the

system, p;.... .
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ow to obtain phenomenological rate coefficients from a

microscopic description of a system?

dnl, /dt = z(pﬁnl, - pijni)

J
n=n (o0) + zcﬂ exp(—/llt)
/

When all modes but the slowest, A,, are exhausted:

dn [dt= A [n —n ()]

Widom, Science, 1965
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A‘ How to obtain phenomenological rate coefficients from a
CRIE microscopic description of a system?

dni /dt = 2(",-,-”,- - P,-,-”,-)

n=n (o0) +12 c, exp(—/l,t)

When all modes bult the slowest, A, are exhausted:

dn /dt=A[n —n ()]

dN, /dt=dN, /dt=A[N, =N, (°)]=A [N, —N ()]

The phenomenological description of the system:
k

A < ZB
o

~dN, /dt=dN_/dt=kN, —k'N,

k and k' has to fulfill: A1=k+k' k/k'=NB(oc)/NA(oo)

Widom, Science, 1965 °
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2\ If there is no A and B in nature, just microstates, how can we
CRE divide them? And isn’t everything arbitrary then?

1. The boundary will influence what k and k’ are,
but A, = k + k" is invariant to this choice.

2. If the boundary is chosen chemically, then A and B
are separated by high energy regions, which
contribute little to the equilibrium population
> N,(e=) and N,(==) will be practically
independent of the exact choice of the boundary,
therefore, k and k’ also will be determined just as
unambiguously.

Widom, Science, 1965 ©
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Further shocking news

k is not the probability of A making the A= B transition
k' is not the probability of B making the B> A transition

A =k+k'  k/k'=N ()/N (o) =K

L S e

k Nk 2 17 9

Both k and k' are fractions of A,, which depends on
all transition probabilities (A2 A, A= B, B=>B, B=>A)!

Widom, Science, 1965 7
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Various flavors of “rate coefficients”

, lransient
= period
kuq
/sw/:_
k
time—

r: The A=>B transition probability, depends on time and initial conditions
=» not a phenomenological rate coefficient

k.q: rat long time, k. /k..'=K, but k_ +k_.'#A,. Depends only on A->B transitions
=» not a phenomenological rate coefficient

s: we assume that every time an A->B transition happens, B is removed, same as

setting all B=> A transitions to zero. It’s the A= B flux, but it's an altered system
=» not the phenomenological rate coefficient of the original system

k: the phenomenological rate coefficient
Widom, Science, 1965 ©
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| ﬁ! The machinery of calculating rate coefficients:
CRE Master Equation

1 - -
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The machinery of calculating rate coefficients:

Master Equation

k(E,J)=

NTST (E, j)

hpreactant(E’j)

Energy and other properties of stationary
points are calculated from quantum
chemistry.

Transition-state theory is used to compute
energy and angular-momentum specific
rate constants, k(EJ).

Collisional energy transfer redistributes
population among energy “levels”.

Multiple-well master equation solution gives
time-dependent populations for all
species.
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A\ The machinery of calculating rate coefficients:

AN
CRE Master Equation

the unknown E (or E and J) resolved
population vector of wells and products

matrix for chemical exchange between wells
and energy transfer within a well

This is an eigenvalue-eigenvector problem. G is Hermitian (real and symmetric)
and nonpositive.

Slow eigenmodes g A,

(the eigenvector with small absolute eigenvalue): 1 A, =
Chemically Significant Eigenvalues — CSE : "
Fast eigenmodes )

(the eigenvector with large absolute eigenvalue):
Internal Energy Relaxation Eigenvalues — IERE

A 11

-
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2\ The machinery of calculating rate coefficients:
CRE Master Equation
~ The phenomenological rate equations also form a matrix:
A2>B Kk,
ADC K, A
A>D Kk,
B>A k,
B>C k.
B->D &,
C2>A kK

This matrix also has eigenvalues, expressed in terms of k’s, and
eigenvectors, expressed in terms of chemical concentrations (A, B, C, ...).

A, of the ME is the same as A, of the kinetic equations, etc.
One needs to solve a set of algebraic equations (just as in the simple case of 2
wells). There are general solutions, see Miller & Klippenstein, JPCA 2006, 10528 2
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The derived rate coefficients contain all possible combinations
CRF of species-to-species rate coefficients

Energy

Reaction coordinate

The eigenvalue-eigenvector method provides an internally consistent set of
elementary rate constants, k(T,P).

The solution accounts for both the sequential and the well-skipping
(aka formally direct) pathways.

Chemical activation is a special case of well-skipping processes.

13
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' AI Well-skipping processes are not mere theoretical constructs,
CRE but can be seen in experiments!

well-skipping

6 0.2
- : o= 625 K, 6.5 bar

= ( sequential [e)
O 4L i

i o 3

;; : O 1 @
' 52t o,
. \ - R
- - ‘\ ) =, | 3.
- O °‘$ T 1 T OO i

0 2000 4000 6000 8000

t (us)

Well-skipping product formation is prompt, while sequential is delayed.

14
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2. The eigenvalue spectrum of the ME

' CRIE Equilibrium is reached in a series of steps,
/' each corresponding to an eigenmode. FAST
10"
IERE continuum
.
propene + OH ¥
: " ,"j“l: Py i ol
4 .o ~ -
— =
o g ..'.§_.\' =
| /‘&';M" -—-—v'~— -t bt \\
) /X »‘ 1l:/7\{(, (' \.,:;-‘.tl. 1
y / ‘..‘lb. J v\/‘,'

4
1000 /(T (K)) SLOW

When CSE merge with IERE: the time scales of chemistry and internal energy
redistribution do not separate = k will depend on the initial conditions = not a
phenomenological rate coefficient any more

COMBUSTION RESEARCH FACILITY Sardda Nestonad Labyorstorh

15



N\ CSE merging IERE: what does it mean?

A Low T, no merging:
M/ At, Aty
—t> —2>
;(‘\ e |
7 )
At,<<At,, At,

16

\4?
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CSE merging IERE: what does it mean?
High T, merging:

At, At,

> —

IS

At,

At,=At,, At,

The two wells do not represent separate species any more.
(definitions of a species...) v
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2N The concept of superspecies
CRE

Dissociation of the isopropoxy radical

10

!

-
(&)
o
|
Opoxy equl

acetaldehyde + CH,
- —on the timescale of collisional relaxatio

acetone + H Equilibration of species
E
10’ acetaldehyde + CH, s happen BE":ORE.
' or WHILE vibrational

7 i relaxation takes place.
Ty 10 I T
O .

5

< 10 "§ B
E E
:
o

Treated as one species,
sometimes referred to as
“superspecies”.

|

2-pr

1000/(T (K))

In a chemical mechanism the concentration of the species involved should be
determined by the equilibrium constant only.
=>» Algebraic equations instead of differential equations

18

COMBUSTION RESEARCH FACILITY (!E Srdhas Nanenad [ adyrstories



What is combustion chemistry?

,O + energy

dependence?
3 0K, 10-10°Tor

I ‘A N D Lin MC, Morobasra K o O mq:x i
At least 8 papers on the Details of combustion chemistry are
reaction kinetics of vinyl + O, critical in several areas.

19
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I | . . . .
?RF Importance of elementary chemical kinetics in
“ 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 3
ORI e ompressionlgnition) 1IN practical fuels there are:

* alkanes

* olefins

» cycloalkanes
e aromatics

* oxygenates

Kot Flame Reguon kot Flame Regior Low Temperature Combustion
N NO0u & Soet Uhya- Low Emissions (< 1900K)

Advanced engine concepts and the increasing use of alternative and
non-traditional fuels present new challenges for combustion modeling. 2
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Reactions of alkyl radicals with O, control hydrocarbon
autoignition at low T (< 900 K).

‘R +P <€

alkyl hydroperoxyde
alkyl radical

ROOH* O: chain branching
RO« + OH

alkylperoxy radical

R(iO- \dlrect HO, elimination

internal H abstraction HO,; + alkene

hydroperoxyalkyl radical °QOOH

\ham propagation
+ 02

second O, addition OH + O-heterocycle

*0O0QO0H
internal H abstraction i

HOO0+*Q_,00H

|

ketohydroperoxide HOO0Q,,0 + OH

chain branching l
*0Q 0 +2OH 21
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A typical alkyl + O, potential energy surface

Channels are below the energy

Barrierless entrance channel. level of the reactants, and
A close to each other in energy.
n-butyl + Oy
HO5 + 1-butene
&
w
c
w
OH + O-heterocycles
CH2CH2CH2CH200H
CH3CH2CH2CH2 O
CH3CHCH,CH,O0H Numerous wells.

CH3CH2CHCH200H

Reaction coordinate

22
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' A\ A typical alkyl + O, potential energy surface

cr®
. "'%r . S
- ¢ " B
S
PR , » PP
R A ¢’s r “" "/‘ ’
L o RO, \ "=
<
* R " | nbuty + 0, L
+ o -
& :'
E HO, + 1-butene % 'r+ ..r
—
Q
c 4
w

o d
OH + O-heterocycles |

CH,CH2CH2CH,00H
CH3CH,CH,CHy
@, “.' CH3CHCH,CH,00H
4
9 % °  CH3CH,CHCH,00H

,f; Y Reaction coordinate

QOOH

23
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A\ A carbon centered radicals derived from

CRE

Alcohols are one of the major biofuels.

alcohols: a- and B-hydroxyethyl

Substituted alkyl radicals can have substantially shifted barriers as well as

pathways not observed in alkyl radicals.

0
104 < a
I
- (&)
[
£ 0
. )
3_10_ CH,CHOH
- ] + H02
w
-20 4
CH;CHO...HO, o
1O
-40 CH,CHOH(OO) CH;CHOH + OH

-H

E / kcal mol™’

40 -

)
(=
'S

(=]
i

[
o

A
o

&
=)

-80 4

+ OH

H H t—
|)| ol
q Q_O_H
H H

CHOCH,0 *H:O
+ H,0

We could not explain the experimentally observed
high formaldehyde concentration.

24
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Vol : :
A\ Unconventional peroxy chemistry

CRIE in alcohol oxidation

We recently discovered a new, low-lying water elimination pathway.
=>» Resolves the discrepancy between the experimentally observed product spectrum
and the predicted one for ethanol, isobutanol and isopentanol.

(OH
H “") i

o OH H2 0 H,0

B T:S:

DFT (MO06-2X or B3LYP) can locate the TS, but other single-reference methods fail
to do so.
This is a hard problem for electronic structure methods.

25
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2N The water elimination pathway —
CRE: M lllustrated on ethanol

long bonds @ TS, 1.75 A (O-0)
and 1.73 A (C-H) y

J s

IS 1S
B3LYP/6-311++G*

happens via a single saddle point barrier
concerted breaking of 2 bonds

and making of 2

product is weakly bound alkoxy carbonyl
at the saddle point interatomic distances
are larger than typical tight transition
states, but smaller than roaming

the alternative 2-step cyclic ether +

roaming pathway has small probability
»

\

the ordinary, two-step version of the
above process does not play a role in the
experiments because of the small radical
and large precursor concentrations
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2\ The water elimination channel in ethanol:
CRE B3LYP/6-311++G*

/ ]

y -

CH,CH,OH

HOOCH,CH,0

E / kcal mol?
N
o

I
O
2 CH,0
-40 400CH,CH,0H 5, + OH
XL
O
S
-60 - - CH,0
+ HCO
CHOCH,0  +H,0
-80 - + H,0

RQCISD(T)/cc-pV=Z//B3LYP/6-311++G(d,
2 Hiccp I / (dp) Zador et al., PCl, 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
LAk of theory

For one of the conformers of the water elimination pathway in ethanol,
MP2 was unable to locate a saddle point. M06-2X also failed for TS'.
QCISD(T) also was problematic.

60

QCISD(T)cc-pvVDZ

40 | MP2/6-311+4G(d.p)
N MP2/6-311++G(d.p)

w/ reactant orbital guess

CBS-QB3

MO6-2X/6-311++G(d,p)

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

-40 | | |
-1.0 -0.5 0.0 0.5 1.0

s (amu'” Bohr)

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

CRE along the B3LYP IRC

Unphysical, sharp features in the potential are correlated with
high T1 diagnostic values.

0.15
60 |-
— ‘ 0.12
5 40 - o
g
= S 0.09 o
T 20 =
g J 2
(9
= YF 0.06 T
s L X -
S -20 |- e
LU s | « UJ
40 -
I I | | 0.00

-1 -10 -05 00 05 1.0 1.5
s (amu” Bohr)

=>» Multireference treatment of the electronic structure is necessary
in the vicinity of the saddle point.

COMBUSTION RESEARCH FACILITY @ Srdiay Nartenad [ abyorstories



~n HOMOs
on the two sides of the saddle point

reactant side HOMO
C-centered radical

product side HOMO
0-0 c*

The consecutive process (breaking O-0 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 2slales) o s v
t'_A lec-pVD2Z =
° faug-ce-pVDZ
g = fec-pVTZ
£ O
w
20
UBILYPIE-3110+Gid0) \
Bl 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.

CASPT2 calculations require a large active space

< 10 kcal mol+

-> The barrier on the ground state is close to the M06-2X barrier height
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. . -1
Relative energies (kcal mol )
n o o ) o

L
1 &9
e
o

In the single reference framework two weakly
interacting states can be found

— MOB-2X

rad:
HF: =
MP2:

zwit:

-0.5

0.0
s (amu"“Bohr)

reactant side: radical character,
small dipole moment

product side: zwitterion character,
larger dipole moment

Orbital character depends on where the calculation is started
HF solutions do not mix
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interacting states can be found

—l
o

(&)

o

'
(€))

— M06-2X

HF:
MP2:

T1*100:

rad;

zZwit;
- -

CCSD(T): = e

Relative energies (kcal mol'1)

In the single reference framework two weakly

reactant side: radical character,

small dipole moment
product side: zwitterion character,
larger dipole moment

dipole moments (D)

R

=
—_
o

-0.5

0.0

1/2

S (amu “Bohr)

radical zwitterion
ROHF: 2.1 4.9
RMP2: 13 4.9
UCCSD: 1.1 2.9
UCCSD(T): 1.4 1.6

UCCSD(T) energies become less dependent on initial orbital guesses
barriers for ethanol case: 18.2 and 17.2 kcal mol*?

=>» close (within uncertainty) to the UCCSD(T) barriers.

MO06-2X barrier: 16.9 kcal mol?
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' 2x_ The water elimination channel resolves the observed

CRIEE 3.1 acetone:ethenol ratio in isopentanol oxidation

vy R
1% CBS-QB3
0 - ' . 10
6 L
L % :
8 )
-10-I \x/ 0 __A.- .
w — —
) $ :
'TA 2 / N \
. @ -5 4
@) -20 4 g v e PAOS-2X
E d)) -10 - " d: 2wt
© ] .C% o : EESD[YI
8 @ . 11100
x -304 @ 15 | , , , .
T 050 025 000 025 050
e s (amu'“Bohr)
(=] ;;
W 50
60 - |
-70 4 L 3. - u_.o
: " "o
-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
o v

~ " B-scission leads to acetone + vinoxy

isomerization leads to CO + B-hydroxyalkyl radical Savee et al., 2012, PCCP
- 4
12.6 == -
~O- miz =15 /
10 - (O('P) + propene) -
- - mz=15
g (1sopentanol oxication) il
n w— methyl reference
§ F
~ $ B
— - R P
0 “0 2
= 3
= z
&)
>
35 -10 1 rrrrr] T T T
=] 9.0 95 100 105 110
W Photoionization Energy (eV)
vinoxy radical fragments to m/z = 15
-20 - PIE proves the presence of vinoxy
gl acetone + CH,0 + OH

Decomposition of the alkoxy radical produces acetone, but no ethenol
=>» This was the missing acetone source.
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' 2n. The water elimination pathway is responsible for the

CREE acetaldehyde formation in isobutanol oxidation

-10 -
-20 -

30 =

AN

E, ., (kcal mol™)

LA\

60
-70 <4
-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

)

209

- N
v o

1
E, ., (kcal mol")
o &b o «w o

& &
(=T

<= mz=29 0CP) +oropeney | © | CH,CHO + CH,0+ OH | Waddington

w— V2 = 29 (sObutanol oxidation) 0
= = othyl reference C

Relative Pholoion Signal

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

85 S0 95 100 105 110
Photowonization Energy (eV)
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A Water elimination in n-butanol:
7 PES and experiments
+R
0 AT
6.2\-20.6 153 533 -188
- A l‘
&N om o\ 2.8\ 486~ on
-50 - * MO, ! : ﬁ =
-73.5 &
N d 835/ 55
© e 939,
© .00 o~ [ /
g : Q, 8 % _119.2 s
i 5 i O
W 2 }m‘ A738 A,
'(-Roy- 5
-200 - o S
-280 3 A, | 2190 chmnalse
-3001 channel yd B ? no
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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[product]/[gammal]

Water elimination in n-butanol:

0.6 -

0.5 4

0.4

0.3 4

0.2 +

Master Equation simulations

- - e - -

ROZ
Q0

—t

Q-2
Q-4

3.buten-1.al + HO2

2-buten-1-al + HO2

hrydroxyetnyioxirane + OH

T hyoroxymesh - t-metivdoxirane + OH

2-hyoroperoxy-1-peopyl + CH20
= T T axstans

ethencl+acetalcetyde

3-lydroxybutanal

0.010

B g A ROTE:550K: Lasd o
I
)
0.0 - e
] v 1 v T T Y T Y 1
0.000 0.002 0.004 0.006 0.008
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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Thank You!
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