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, %F The hierarchy of combustion chemistry

Combustion involves the Complex chemical mechanisms Theoretical chemical kinetics

interaction of fluid flow and - thousands of pressure- and -
chemistry temperature-dependent rate
coefficients
- increasingly rely on theory -
- mechanisms are validated in
comparison to bulk experiments
- uncertainty tools are widely used -

KINETICS

Similar can be said about atmospheric chemistry. = =mmmmm——m = —e-
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rate coefficients are calculated from
statistical theory based on
microscopic parameters

rate coefficients are tested against
elementary rate coefficient
measurements

uncertainty analysis tools are rarely
used
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ﬁ\\’ Sources of uncertainty in the high-pressure limit of
C/y\gli association reactions with barriers

}/ ~ or simple abstraction reactions

r- , PN :)
[ABC] l( /) oo (E.)

thermal averaging, canonical variational TST
AB +C

| o Akteas L o
k(T)=gx(T,s l hl o.M 1&){13( E"(s*)/RT]

ABC orAB +C

s*: variationally determined, 3N-7 dimensional dividing surface, for reactions with a
barrier often well approximated by a ridge including the saddle point(s) in question

E*: barrier height, E,, + ZPE

Q: electronic, rotational and vibrational (usually largely uncoupled) partition function
K: tunneling correction
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/\-’ Sources of uncertainty in the high-pressure limit of
f @ association reactions with barriers

or simple abstraction reactions

k,T|Q7(T,s*
k(T)—K(TSj : iT(TS) xp(~E*(s*)/ RT"

10
. +0.5 kcal mol”
’ - - 10.25 kcal mol” or ~v,: (3000+50) cm
8. v, v, v, (100£10) cm’
’ - = 5% change in molecule size, spherical top
c | e *: (1000£50) cm', 10 kcal mol ' barier
E
x 6
— 1
b
(3] .
-‘-:E '

1 lllll 2SabolsBansgtiataigiaians gy

500 1000 1500 2000 2500
T (K)

What are the actual errors, and how much can we rely on cancellation of errors?
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Thermal rate coefficients are highly averaged macroscopic
quantities, both fundamentally and pragmatically

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

If S structures in N-atom system, each has
C conformers:

C x S energies,

Cx S x (3N —6) harmonic frequencies,
3C x S rotational constants

— k(E,J)

TST =CxSx (3N —2) parameters
k(e )=
hp (E,) Transition-state theory (TST) is used to
compute energy and angular-
E.g. n-butyl + O, non-variational calculation: momentum specific rate constants,
17 x5x(3x15-2)+17 x 3 = 3706 fundamental k(E,J).
parameters. If variational TST is required, number of

parameters is multiplied by ~10-1000

=>» A master equation calculation will extract

Scianie X (Seiapie - 1) rate coefficients = Collisional energy transfer redistributes

72 rate coefficients. population among energy “levels”.
~ 3 x S parameters, or more...

Experimentally typically a few can be determined.
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CRF The path to accurate theoretical kinetics calculations
-
Microscopic Rate Coefficient X Electron Correlation
2=
(a : - . 2
RRM_ o 3 8 L8 IERNG g O g
- 2 X = = a2& 5§ o =
< S x & = e S B
o v G © o o
o A
9.2 g B STO-3G
£ 352 | D @ ? 321G
E E 332 ﬁ% L_mdemann- g {3 ﬁ 6-31G6*
£33 3 Hinshelwood & £ %f 3
o2 - — o
o g < msc | B = @ | 6-311++G(d,p)
- n_‘ n I_“.l amm
. steady-state ME % & cc-pVDZ
03 cc-pVTZ
1D ME (E) cc-pvVQZ
2D ME (E,J) pt;

The errors in various parts of the calculations need to be balanced.
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C/’f\ﬁ What is the required accuracy?

Chemical accuracy: <1 kcal mol* uncertainty (or rather 0.5 kcal mol?)

y : . 1 1 Peterson et al., 2012,
Spectroscopic accuracy: 1 cm™, or 15 cm™ and 0.005 A Theor Chem Ace

Kinetic accuracy: < 2x uncertainty in the rate coefficient

PR T TR W VAN TP N U Y W SR ST 1 PR

Fuel + OH = R + H20 ]
R => Olefin + R' |

R = Qlefin + R'

KETO decomposition ]
02Q00H => KETO + OH ]
02QO0H = KETO + OH
QOOH + 02 => 02Q0O0H ]
QOOH + 02 = 02QOOH
QOOH B-scission
QOOH = Cyclic ether
QOOH = Olefin + HO2
RO2 => QOOH ]

RO2 =Q0O0H

R+ 02 => RO2
R+02=R0O2 ] __

10

—— 0.5 kcal mol’

= 20.25 keal mol” or ~v, : (3000£50) cm’”
8. ——,, v, v,; (100£10) cm”

= 5% change in molecule size, spherical top
——*: (1000£50) cm ', 10 kecal mol ' barrier

B 339 ms 754 K
EH 3.64 ms 790 K
7 199 ms 952 K

o1

| . |

1
LI DL SLEN LN NELEN NN SNLEN BN BNL AN BN Oi BL N DL AL LR B

T T r—rr o 5 rr

-100 -50 0 50 100 150
Percent sensitivity

sensitivities of ignition delay time to  Curranetal. LLNL
a 2x increase in rate coefficients n-heptane mechanism
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knowledge of autoignition delay times

2

2. HCCI engine operation requires the precise

—

Relative piston position

o
I
I

-10 -5 0 5
t (ms)
Ignition has to be timed at a minimum of 1 crank angle precision
@ 1200 rpm ~ 140 ps
@ 2400 rpm ~ 70 ps

Typical ignition time in HCCI: 2-4 ms = Ignition delay predictions within ~3%. 9

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



The Bayesian case study on the
isopropanol + OH rate coefficient calculation

Q
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2 The theoretical framework

Electronic structure calculations

Various levels of electronic structure calculations were used to calculate geometries,
energies and frequencies

. QCISD(T)/CBS//B3LYP/6-311++G(d,p)
. QCISD(T)/CBS//M06-2X/6-311++G(d,p)
« CCSD(T)-F12/cc-PVTZ-F12//M06-2X/6-311++G(d,p)

Y

« QCISD(T)/CBS//MP2/6-311++G(d,p) T1~ 0.012

« QCISD(T)/CBS//CASPT2(3e,30)/aug-cc-pVnZ (n=D and T) CBS extrapolation is done
« CBS-QB3 MUD = 0.69 kcal mol! with the formula of Martin
. G3B3 and Feller

} MUD ~ 1.1 kcal mol*t

G3MP2 E. = E__ —B/(lmax + 1)*

The uncertainty of these methods is known in principle, but

- it is just a statistical measure (MAD, MUD)
— there are always outliers in test sets

- best for stable species, to a lesser extent for radicals,
and definitely not for transition states

- for non-composite methods geometry optimization choice is important
- low-frequency modes
- ZPE

COMBIISTINON RESEARCI FACIT ITV [AR) Candin Natinnal 1aharatarice
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| A\ The theoretical framework
CRE. Microscopic rate coefficient calculations
’

(/. Microcanonical Rice-Ramsperger-Kassel-Markus (RRKM) theory

‘

was used for calculating k(E)
« RRHO + hindering potentials, corrected for the coupled OH modes
at TS

« Asymmetric Eckart barrier for tunneling probabilities
« Phase-space theory for barrierless entrance

« Spin-orbit coupling of the OH radical \

OH + i-propanol >

vdW

2-hydroxypropyl + H,O
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2N Overview of most uncertain
CRE. calculated molecular properties
(kcal/mol) (cm™)
"~ No.  Method E+DZPE, AZPEy v Yo7 v Ad

1 A [ B3LYP —1.36 +1.15% 143 2663 129/ 1.68
2 21 M062x —1.18 —0.48 111 1912 588i 4.52
3 E4 MP2 —1.94 —0.93 88 1571 832i 5.32
4 @ CASPT2/ADZ —1.18 —042 99 17/4 624i 4 3
5 8 _ CASPT2/ATZ —1.16 —0.42 94 1797 598i 4.39
6 CBS-QB3 —1.19 +1.08 161 2534 135i 2.33
7 G3B3 —0.41 +0.94 134 2560 1167 2.37
8 G3MP2 | —1.89 —1.89 106 1647 2929 7.79
9 MP2/6-31G" [30] ~1.14  —1.26 - - 1583
10 BHandHLYP [31] 086> - - - 732.4i -

4 The anharmonic AZPE is +1.33.

b CCSD(T)/6-311G(d,p).
CCSD(T)-F12/cc-pVTZ-F12//M06-2X/6-311++G(d,p): -1.83 kcal mol?

[ Most important uncertain parameters: E, v,, v* ]

Considerable scatter in barrier height E (E_+AZPE): -0.41 to -1.94 kcal mol?
Largest variability in imaginary frequency v* at saddle point
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2\ Calculated molecular properties are correlated

3000 L CBS-QB3 Gamp2 . | v,

2500 |- MG 10xv,
- 2000 CASPTZMP2 —W¥—ZPE
£ 1500 |- .

1000 - //// i

500 =
0 -
-500 -

| I I | I I I
1 2 3 4 5 6 7 8
“early” TS Ad (%) “late” TS

vor E (

« Different effects on rate coefficients:

(a) compensating or

(b) amplifying
o Correlations are important for forward UQ
 Variation in properties of the reactants are negligible
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Uncertain normal mode frequencies
at the transition state

vV,
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o E, v, ,v*varied
= T E varied
~< v*varied
v, varied
| | | | . | . | .
1 400 600 800 1000 1200 1400
T [K]
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CRE Uncertainty propagation using
uncorrelated QC parameters:

C Ranges: E : -2.0...-0.7 kcal mol%, v, : 70...150 cm?, v* : 50...850 cm'? )

95% intervals
Independent, uniform distribution
Ratio of upper to lower bound:

(a) 10 at 300K

(b) 2.5 at 800K
E dominates up to 800K
v, small temperature dependence
v* minor importance, only to 500K
(R1) is challenging from
theoretical/computational aspect

210 .
o | i
-] |
Q
Q -
O |
-

=
Q _

N -

I E, v, ,v*varied
A BN £ varied i
~< v*varied

v, varied
| | | | . | . | .
1 400 600 800 1000 1200 1400

T K]
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A
CRE Uncertainty propagation using
uncorrelated QC parameters:

C Ranges: E : -2.0...-0.7 kcal mol%, v, : 70...150 cm?, v* : 50...850 cm'? )

—_—
o
LI ‘

A
lecule s ]

3

cm mo

k 11077

E,v2 ,v*varied

E varied
v* varied

95% intervals
Independent, uniform distribution
Ratio of upper to lower bound:

(a) 10 at 300K

(b) 2.5 at 800K
E dominates up to 800K
v, small temperature dependence
v* minor importance, only to 500K
reaction is challenging from
theoretical/computational aspect

v, varied

\ | | |
400 600 800 1000
T [K]
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Uncertainty propagation using

uncorrelated QC parameters:

C Ranges: E : -2.0...-0.7 kcal mol%, v, : 70...150 cm?, v* : 50...850 cm'? )

95% intervals
Independent, uniform distribution
Ratio of upper to lower bound:

(a) 10 at 300K

(b) 2.5 at 800K
E dominates up to 800K
v* minor importance, only to 500K
v, small temperature dependence
(R1) is challenging from
theoretical/computational aspect

10l
o -
-]
Q
ko)
@)
=
=
Q
o E, v, ,V* varied
— BN £~ varied
~< v* varied
v, varied
! | ! | | ! | ! | ! | !
L 400 600 800 1000 1200 1400
T [K]
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Experimental data source

Dunlop and Tully (JPC 1993) measured site-specific abstraction rate
coefficients (293-745 K) and the kinetic isotope effect (KIE) using OH LIF

CH;CH(OH)CH; + OH
— CH;C(OH)CH; + H,0O (R1)

CD;CD(OD)CD; + OH
— CD;C(OD)CD; + HDO (R2)

« Very accurate and precise dataset
o Pseudo-first-order kinetic conditions
— largest source of error:
initial concentration of isopropanol
— systematic error leads to shift in

Arrhenius plot

o Error bars consider systematic errors

105
] k" +k,)
T"'" -{’ """"""""" O Rk agrannean @
R | (k,® + kg
B 12 i
c 105 b
E E\ @ B'J;,H
ME i “\% @
]
T -
4 \:P\H“E}\ ok D
- - \#’f
l -
10‘13i I i | Y | T\# 1
1.5 2 2.8 3 38
1000/ TIK)

Figure 4. Site-specific rate coefficients calculated from measurements
of k, through k,. Error bars represent £2¢ estimates of the total
experimental uncertainty. (—) Best fit of {kH + kog)(T) = 2,32 x
lorsien up{ﬂﬂg’l‘j em? molecule! 871 (- - -) best fit of (kP + kay}-
(T) = 1.22 X 1015709 exp(450/ T cm® molecule-! &1 (=) best fit of
6kgH(T) = 7.10 x 10-17T1- exp(94,/ T) om® molecule! 5-; (- - -) best
fit of 6ksP(T) = 5.14 X 10717715 exp(=353/T) cm? molecule! &,
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N
2\ Bayesian inference

’ « Use experimental data from Dunlop and Tully to obtain probabilistic
description of parameters E, v,, v*
{ o Gives 'best-fit' values (MAP) and smaller parameter uncertainties
« Helps assess the quality of QC parameters/methods
« Can assist in model/sub-model comparisons

Uncertainty of experimental data: Bayes formula:

hlk,(T,) — lnM(T” A) —|_ Gi

& ~ N (o, f7) p(A|D) < p(D|A4) - n(4)
o Consider logarithm of rate
coefficients o Obtain posterior distribution
o Gaussian noise includes « Need likelihood function and prior

systematic shift a

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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K 1

/a p(D|4) =
// Likelihood: g \/2n 3

| © exp ( (Ink; — o — In M(T:, A)) )

25
Priors: (A, o, f)

« Independent, uniform priors for E, v,, v¥*, B
o Normal distribution for a with zero mean and stdv of average
error bars

Sampling from PDF(E, v,, v*):

o Metropolis-Hastings Markov Chain Monte Carlo (MCMC)

« 98,000 chain length was needed for convergence

o Surrogate for model (7t order Legendre polynomials) built on 10,000
points, “£10% maximum error

o Obtain PDF, mean, and standard deviation of parameters

« MAP (maximum a posteriori) estimates give 'best fit' values

« Prediction intervals for rate coefficients with new uncertainties
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’ A’ Marginalized 2-D PDFs
CKE.
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A\
CRE,

e

Kinetic isotope effect

(" PDF(v,,E) )
a 0-0 L} 4 I I I I ¢ I
CASPT2
H
-0.5- I'@IE M06-2X
_
S CBS-QB3
£ -1.0-
=
< MP
W5
B3LYP
-2.0 — T T T T 7
60 80 100 120 140 160
v, [cm™]

IF there were no systematic discrepancies and fortuitous error

cancellations, the ranking of the methods for the deuterated case should
stay the same.

(" PDF(v*,E) )
b OO T T I I
-
o
-0.5- 4] -
S
£ -1.0- -
=
&)
=,
Y15 -
-2.0 T T T T
200 400 1 600 800
vilem ]

The overall picture is similar, but different methods rank better,
most likely due to variational effects as well.

=» More systematic investigation is needed to draw general conclusions.
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« Again: well defined parameters E and v, , uncertain v*

Maximum a posteriori, mean and
standard deviation estimates

Parameter (R1) (R2)

MAP v, 91.9 82.6

MAP v" 54.0i 81.4i

MAP E — 148 —1.16

MAP « g3 .10 - 2.0 x 1072

MAP f 35«10 - 3.4 x 102

(m =+ stdv) v, 89.1 £6.9 80 4 15

(m =+ stdv) v = (264 + 174)i (323 + 200)i

(m + stdv) £ —1.42+0.10 —1.06 +0.16
(m+stdv) o (02+28)x 10 * (0.5+2.3)x 1077
(m=+stdv) f  (4.8+1.7)x 107 (6.5+4.0)x 10~

o The stdv of a (mean of the shift in the data) did not decrease during the

inference.
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@ Sandia National Laboratories



@,’_

A\ Predicted uncertainty in extrapolated calculated
CRE, rate coefficients is obtained

Temperature dependent f-factors for numerical simulations are
conveniently obtained for theoretically extrapolated rate coefficients!

I ! | ' | ! | ! | ' |
e H abstraction
- »+ D abstraction
@ — MAP estimates | =
T
= 10F .
&
<@
o
-
[ap]
-
o
N
fe
< L1 95% prediction intervals
| ] ] L ] ] | ]

1 ] 1 ] 1
400 600 800 1000 1200 1400
T [K]

« Prediction bands are consistent with the data and error bars
o Updated uncertainties are greatly reduced

o TST model is consistent with the data
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2\ Alkane + OH series
CRE.

« Isopropanol study was motivated by our work on alcohols, but alcohol + OH
_reactions are more complicated due to coupling of OH groups
« We do not limit ourselves to 3 parameters
' Correlations will be explored better, both in forward uncertainty and in Bayesian
priors
« There is more data available on alkanes, therefore, are better candidates for
systematic investigations propane + OH

' Ho0 + CH2CHaCH=
OH + CH3CHzCHy —

ethane + OH Hz0 + CH3CHCHs
C,Hg + OH = C,H; + H,0 b Crecoscn, _fL. [H20 + CHaCDCHy
C2D6 + OH = C2D5 + DHO s 0 + CHzCDCHsz
CH,CD, + OH = CH,CD, + H,0 * S
- OH + CH3CHaCDs —= HzD + CH3CHCD3
CH,;CD; + OH = CH,CD, + DHO HEO + CHaCHaCho
e H20 + CH2CD2CD3a
OH + CHzCDzCD3 — (HDO + CHaCDCDs
HDO + CHasCDz2CD2
[HDD + CD2CHACD3

OH t+ CD3CHCDy ——=
H20 + CD3CHCDs

butane + OH

HDO + CD2CD2CDs
OH + CDaCDaCDz —
HDO +

isotopic labeling and structural isomers... CD3C0CDs

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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2\ Ethane + OH
QCISD(T)/ |uccsD(T)-F12/k
CBS cc-pVTZ-F12  |ZPE(H)|A [B  |C  |d% |v* |vi |v2

B3LYP/6-311++G(d,p) 3.66 3.64| -0.63|26.8| 46| 41| 7%| -220] 50| 130

MO06-2X/6-311++G(d,p) 3.77 3.77| -1.30|25.8| 48| 43| 7%| -716] 73| 102

MP2/6-311++G(d,p) 3.87 -1.63[26.3| 49| 44| 8%|-1421] 79| 120

MO06-2X/MG3S 3.73 3.73| -1.24]|26.1] 48| 43| 7%| -729] 42| 100

UCCSD(T)-F12a/cc-pVDZ-F12 3.85 -1.74|26.2| 49| 43| 8%| -915| 48] 114

QCISD(T)/pVDZ 3.49 -1.47|24.6| 51| 46| 11%|-1538] 113| 149

QCISD(T)/VDZ
2000 _
M06-2X/MG3S
BSLYF:/
—~ 1500 L _| - Correlation is less clear
f= ,—mﬂ - Most of the apparent uncertainty
L ) e = arises due to uncertainties in
> \. 1
= 1000 | - frequencies |
uc_)| e’ - Electronic energies are close to
J M06-2X ey CBS, but 0.5-1 kcal/mol systematic
500 X- . . A
) v2x 10 uncertainty is still likely
—wv—v3x10
v*
[ [ [ [
006 007 008 009 010 0.1

d (%)
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- 2x_ Preliminary forward uncertainty estimates of

the calculated ethane + OH rate coefficients
10-10 10-10
Experiments
—— M0B-2X
—~ -11 < t [
Ty 10 1 "o 10" E \ wxidandv. x12
o ‘O
3 10" - 4 3
— @]
(@) A3 Experiments =
€ 10"  —bsaLyp 1 -
—— M06-2X
k= VP2 . | §10"- _
o a4 | ——Moe-2xMG3s L
- 10 " F12VDZ-F12 -1 X
X —— QCISD(T)/VDZ
—— CVT/TST (Melissas & Truhlar, 1994) 1 0-14
15 | | | | |
10 | I 0 1 2 3 4 5 6
0 2 4 6 1000 / (T (K))

1000 / (T (K))

* For this reaction M06-2X clearly performs the best, but it remains to be
seen whether this is true for the whole set
* Tunneling model is critical
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A\ Further uncertainties arising in larger systems:
CRE the n-butyl + O, reaction

" n-butyl + 0,

‘ ‘ HO5 + 1-butene

A
TOA
OH + O-heterocycles
CHoCH2CH>CH,OOH
CH3CH2CH2CH2 00
CH3CHCH,CH,OOH

CH3CH,CHCH,00H

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



A 1-D separable hindered rotor approximation

0-0-C-C C-C-C-C

B ~M06-2X/6-31+G(d
MO06-2X/6-31+G(d)a 5o B3LYP/6/-31+G(C|()) —
| —B3LYP/6-31+G(d) 5 = —MO06-2X/6-31+GD)

—MO06-2X/6-31+GE

s
MO06-2X/6-31GR \\ . MO06-2X/6-31GR

| —MO06-2X/6-311GE 0 \\ g ™ —M06-2X/6-311GE |
MO06-2X/6-311+G(d)E § oo MO6-2X/6:311+G(d)E

- —~MO06-2X/6-311+GE ——2n 2 MO06-2X/6-311+GE
—M06-2X/MG3S[ \ o

0.90

0.88 | .
=0.86 - .
084 |- -

o 082 |- -

\D:

I0.80 .
o

O 078 | _

0.76 | i

0.74 I I I I I
0O 500 1000 1500 2000
T (K)
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A " Thermal rate coefficients are highly averaged macroscopic

quantities, both fundamentally and pragmatically

%
D syl
e % Py
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10 [—— MO06-2X
rad: zwit:
HF: —-— —m—
MP2: - ===
9 lcesp(T) —— —
T1*100: SRR

o

Relative energies (kcal mol'1)
c'n

N
o
N

-1.0 -0.5

0.0 0.5 1.0

s (amu"“Bohr)

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

reactant side: radical character,
small dipole moment

product side: zwitterion character,
larger dipole moment

dipole moments (D)
radical zwitterion

ROHF: 2.1 4.9
RMP2: 1.3 4.9
uccsp: 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.

MO6-2X barrier: 16.9 kcal molt

COMBUSTION RESEARCH FACILITY

@ Sandia National Laboratories



—

4 [ ]
N\ Conclusions and outlook

h

T T T T T T T T T T T T T

Bayesian inference, when used in connection to reliable | e
and well-characterized data, is a very = 1 einate
versatile and rigorous tool to
- uncover weak parts of theoretical kinetic models
- extrapolate both rate coefficients and uncertainty bounds
200 600 800 1000 1200 1400

—_
o
T

k[ 0% cm® molecule™ s'1]

{10001 95% prediction intervals

(T-dependent f-factors) o

» Barrier heights are not any more the single largest
sources of uncertainty in theoretical kinetics calculations.

* Our methodology will be further refined by
- pre-screening parameters to be selected for inference
- accommodate correlations among parameters
- enabling direct sampling (no need for surrogate) sol @

60 80 100 120 140 160
v, [cm'ﬂ]

CASPT23
MO06-2XE

B3LYPE

E [kcal mol™]

« Starting with simple, experimentally well-characterized abstra
develop a benchmark kinetic data set of reactions and the corresponding
computational tools to systematically and consistently develop our
theoretical approaches, and go beyond factor of two uncertainty.
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We need to go beyond MC uncertainty studies, as the fundamental
parameters feeding into the calculations are correlated.
-« Complicated electronic structure cases are equivalents of missing reactions
« conformers — how to treat them
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= electronic energy ~ large multireference character ~
pathological transition states

= ZPE ~ high frequencies ~ location of the TS

= state counts ~ anharmonicities ~ coupled torsions ™
conformers

= variational treatment

= tunneling (not so relevant for combustion)

= collisional model
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Thank You!
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