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Abstract

Diastereomers have historically been ignored when building kinetic mechanisms for
combustion. Low-temperature oxidation kinetics, which continues to gain interest in
both combustion and atmospheric communities, may be affected by the inclusion of
diastereomers in radical chain-branching pathways. In this work, key intermediates
and transition states lacking stereochemical specification in an existing diethyl ether
low-temperature oxidation mechanism were replaced with their diastereomeric counter-
parts. Rate coefficients for reactions involving diastereomers were computed with ab
initio transition state theory master equation calculations. The presence of diastere-
omers increased rate coefficients by factors of 1.2 to 1.6 across various temperatures
and pressures. Ignition delay simulations incorporating these revised rate coefficients
indicate that the diastereomers enhanced the overall reactivity of the mechanism by

almost 15% and increased the peak ketohydroperoxide concentration by 30% in the



negative temperature coefficient region at combustion-relevant pressures. These results

illustrate the important role of stereomeric effects in oxidation kinetics.

Introduction

Chirality is a widely-studied property of molecules due to its natural occurrence and variety
of applications. The innate homochirality of amino acids and sugars results in the right-
handed, helical structures of polypeptides, DNA, and RNA, and is thought to play a role
in the origins of life.! In pharmaceutical discovery, the ability of biomolecules to discern
enantiomeric differences is a crucial factor, while in heterogeneous catalysis, chiral catalysts
can selectively convert an achiral reactant to a chiral product in enantiomeric excess.? In
a more modern development, chirality is being built into nanostructures to elicit various
mechanical, electrical, and catalytic properties.? In contrast to the prevalence of chirality in
these areas, gas-phase chemical kinetics research tends to neglect the importance of chirality.
Although chirality in the form of diastereomers can be found in recent atmospheric chemistry
studies (see Refs. 4 and 5), diastereomers in combustion chemistry can, to the best of
the authors’ knowledge, only be found in a single study by Mohamed et al.® Furthermore,
the distinction between species with stereochemistry differences in published combustion
mechanisms seems to be limited to cis/trans isomers and simple, enantiomeric pairs.’

The reason for the absence of diastereomers in combustion modeling is likely two-fold.
First, the most widely-studied, understood, and applied form of combustion is high-temperature
combustion (HTC). Most fuels behave similarly in HTC, with high temperatures initially
breaking fuel molecules down into small radicals. Radical chain branching is dominated
by reactions of small radicals with O,, and these species are often too small to form di-
astereomers. Second, combustion models typically are built in a hierarchical manner that
connect the core, small-molecule reactions at the innermost layer to reactions of larger fuel

molecules at the outermost layer. Depending on the fuel, a minimum molecular size is re-



quired for the presence of multiple chiral centers and the formation of diastereomers. As the
number of heavy atoms increases, the system size can quickly become too large to perform
the high-accuracy electronic structure theory calculations needed to discern subtle energetic
differences between diastereomers. As a result of these two factors, diastereomers remain
largely unstudied in combustion chemistry. This trend is likely to change, however, thanks
to increasing interest in low-temperature oxidation and continued improvements in high-
performance computing.

Low-temperature oxidation is a key concept behind the operation of novel low-temperature
compression ignition (LTCI) engines and is a central focus of contemporary combustion
modeling.® LTCI engines, such as homogeneous charge compression ignition (HCCI) and
reactivity controlled compression ignition (RCCI) engines, are more efficient and cleaner
than traditional internal combustion engines.® Furthermore, LTCI engies are compatible
with alternative fuels like alcohols and ethers which can be derived from biological sources.
Since LTCI engines operate by compression-igniting a pre-mixed charge, their performance
is highly sensitive to fuel reactivity. Therefore, interest in low-temperature oxidation mech-
anism development for various oxygenated fuels has recently increased.®'? Diethyl ether
(DEE) is one such oxygenated fuel that may be an ideal candidate for LTCI engines. In ad-
dition to being renewably sourced, some appealing properties of DEE include a large cetane
number, a high energy density, and the ability to reduce unwanted combustion emissions. 1316

Diastereomers may be playing an unexplored but important role in the low-temperature
oxidation chain-branching reactions of DEE and other fuels. The general low-temperature
chain-branching process starts when a carbon-centered radical, R, reacts with O, to form an
alkylperoxy radical, RO,. RO, isomerizes to a hydroperoxyalkyl radical, QOOH, which in
turn reacts with a second O, to form a hydroperoxyalkylperoxy radical, O,QOOH. O,QOOH
decomposes to form a hydroxyl radical and a ketohydroperoxide (KHP), which breaks down
further to complete the radical chain-branching process. Each O, addition has the oppor-

tunity to create a chiral center, and multiple chiral centers can result in the formation of



diastereomers. Depending on the size of the initial fuel radical R, several potential diastere-
omers may form. Although DEE is large enough to form a pair of diastereomers in this
process, their presence has not been seen in published mechanisms. In fact, over the last
five years, at least seven studies have examined the low-temperature oxidation of DEE, but
none of these mechanisms accounted for diastereomers.'>!"22 The present theoretical work
uses simulations of ignition delay time, a global combustion observable, to test the effect of

including diastereomers in a low-temperature oxidation mechanism for DEE.

Theory and Mechanism Development

A low-temperature DEE oxidation mechanism from a prior study was used as the starting
point for this work.?? This mechanism contained a single DEE chain-branching pathway,
which is shown as pathway A at the top of Fig. 1. Examination of the mechanism revealed
that five additional chain-branching pathways are possible for DEE, each of which results in
a different KHP. These pathways are labeled B-F in Fig. 1, and their rates were calculated
and added to the mechanism. Pathways A-C result from initial formation of the secondary
radical of DEE, 1-ethoxy ethyl radical, which is labeled as Rg in Fig. 1. Alternatively,
pathways D-F result from initial formation of the primary radical of DEE, 2-ethoxy ethyl
radical, which is labeled as R, in Fig. 1. In order to form a chiral center in this reaction
scheme, O, must add to one of the interior, secondary carbons of DEE. Furthermore, in order
to form diasteromers, both O, additions must occur on the secondary carbons. Pathway A is
the only channel with both O, additions occurring on the secondary carbons and is therefore
the only pathway to contain diastereomers.

Not only is pathway A in Fig. 1 the only pathway to contain diastereomers, but it is also
the most energetically accessible chain-branching channel. Total rates for the consumption of
DEE and OH to form 1-ethoxy ethyl radical (Rs) and 2-ethoxy ethyl radical (R,) were taken

from the experimental work of Farooq et al.?3 Branching fractions of 85:15 were assumed for
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Figure 1: Six possible low-temperature oxidation chain-branching pathways are available
for DEE. Pathways A-C stem from the secondary radical, 1-ethoxy ethyl radical (Rs), and
pathways D-F stem from the primary radical, 2-ethoxy ethyl radical (R,). Pathway A is the
only channel to contain diastereomers, as both O, additions occur at the interior, secondary
carbons of DEE.



the resulting ratio of 1-ethoxy ethyl radical:2-ethoxy ethyl radical based on two studies of
this reaction.?*?® Once 1-ethoxy ethyl radical preferentially forms, it can react with O, to
form RO,. The potential energy surface (PES) for this reaction is shown in Fig. 2. The newly
formed RO, can isomerize to QOOH in three possible ways. Isomerization to QOOH4 has the
lowest barrier height of 19.04 kcal /mol, making this the energetically preferred isomerization
pathway. Formation of QOOHp and QOOH¢ have higher energy barriers of 24.79 kcal /mol
and 36.91 kcal/mol, respectively. Together, the preferential formation of 1-ethoxy ethyl
radical over 2-ethoxy ethyl radical and the lower energy barrier to QOOH, formation makes
pathway A in Fig. 1 the dominant chain-branching channel. Since pathway A is dominant,
any changes made to its rate coefficients due to diastereomers could significantly impact the

performance of the overall DEE mechanism.
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Figure 2: Initial reactions on the PES for the addition of 1-ethoxy ethyl radical (Rg) and
O,. RO, has three options for isomerization to QOOH. Formation of QOOH, (black line)
has the lowest barrier height of 19.04 kcal/mol, making it the most energetically accessible
QOOH. Pathways to QOOHg (cyan line) and QOOH¢ (magenta line) must pass over barrier
heights of 24.79 kcal /mol and 36.91 kcal /mol, respectively.

Pathway A from Fig. 1 is shown again in Fig. 3a. As drawn, Fig. 3a does not display

the explicit stereochemistry that leads to the formation of diastereomers. Modification of



Fig. 3a to include well-defined chiral centers and diastereomers results in the new pathways
in Fig. 3b. Figure 3b begins when the first O, adds to 1-ethoxy ethyl radical, R. O, can
approach the nearly planar carbon-centered radical from either side of the molecule, forming
an enantiomeric pair of (R)-RO, and (S)-RO, radicals. Since these enantiomers are mirror
images of each other, their internal bond lengths and angles will be identical, and their
dihedral angles will be equal but opposite in the region of the chiral center. Therefore, the
enantiomers will have the same vibrational modes, internal torsional potentials, electronic
potential energies, and thermodynamic properties. It is only necessary to specify one of
the enantiomers in the mechanism; a symmetry number parameter used in transition state

theory calculations will account for the other enantiomer.?®
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Figure 3: The most energetically accessible low-temperature chain-branching pathway of
DEE. (a) When structures lack explicit stereochemistry, the reaction pathway passes through
a single O,QOOH with ambiguous chiral centers. (b) When chiral centers are defined, distinct
0,QOO0H diastereomers can form. In the stereospecific case, an equivalent pathway could
be drawn by replacing each species from RO, to KHP with its corresponding enantiomer.

The situation is different when two or more chiral centers are present. As shown in Fig.
3b, when O, adds to the planar, C-centered radical (R)-QOOH, both (S,R)-O,QOOH and

(R,R)-0O,QO0H are formed. These species are not enantiomers, but diastereomers. The



equivalence of bond lengths, angles, and dihedral angles in enantiomers does not hold for di-
astereomers. Instead, diastereomers have distinct interatomic distance matrices which yield
unique vibrational modes, internal torsional potentials, electronic potential energies, and
thermodynamic properties. These differences alone warrant the representation of diastere-
omers as distinct species in kinetic mechanisms, which may influence mechanism behavior.
As discussed in the Introduction, the authors found a single study in the literature that men-
tioned diastereomers in combustion chemistry. That study by Mohamed et al. considered
the effects of hydrogen bonding and the size of the cyclic transition state on the high-pressure
isomerization reaction rates of different O,QOOH radicals. In part of that study, reactions
of O,QOO0H diastereomers were described in the context of hydrocarbon radicals of size
Cy—C,.0

Note that in Fig. 3b, the reaction scheme could have been illustrated as proceeding
through (S)-ROj instead of (R)-RO,. In that scenario, the chain-branching reactions would
produce the enantiomers of the ensuing species (e.g., (S)-QOOH, (R,S)-0,QO0H, (S,S)-
0,QO0H). Thanks to symmetry relations, only one of these two enantiomeric pathways
must be included in the mechanism. This study selected the pathway through (R)-RO,.

A second diastereomeric modification was made to the chain-branching pathway that
cannot be explicitly seen in Fig. 3b, but instead has been highlighted in Figs. 4 and 5.
The internal H-abstraction that converts (R)-RO, to (R)-QOOH proceeds through a six-
membered, cyclic transition state. This transition state is drawn with a solid cyan line and
labeled as “a” in the PES in Fig. 4 and can also be seen at the top left of Fig. 5. It occurs
when the peroxy radical group of (R)-RO, abstracts the hydrogen on the same side of the
DEE backbone. This hydrogen has been labeled as H, in Figs. 4 and 5, where it can be seen
that both the peroxy radical group and H, are oriented into the plane of the page. It is also
possible for (R)-RO, to adjust its conformation to instead abstract Hy, from the opposite side
of the DEE backbone. This transition state, drawn with a solid magenta line and labeled as

“b” in Fig. 4 and shown at the top right of Fig. 5, lies 1.2 kcal /mol above transition state “a”.
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Figure 4: PES for formation of (R)-QOOH from R+0O,. Distinct transition states can be
seen for the intramolecular abstractions of H, (solid cyan) and Hy, (solid magenta), and for
their ring flip counterparts, “agr” (dashed cyan) and “brp” (dashed magenta).

The abstractions of H, and Hy, are distinct transition states that temporarily create a new
chiral center on the carbon bonded to the abstracted hydrogen. The configuration of this
chiral center depends upon which H is being abstracted — (S) when H, is abstracted, or (R)
when H,, is abstracted. Since the (R) configuration of (R)-RO, does not change during the
reaction, transition states “a” and “b” are ephemeral diastereomers with configurations (S,R)
and (R,R), respectively. Mechanisms that do not account for stereochemistry treat H, and
Hy, as chemically equivalent and only use transition state “a” to describe their abstractions. In
order to further highlight and explore diastereomeric effects in the chain-branching pathway,
the abstraction of Hy, has been included in transition state theory calculations for the PES in
Fig. 4. In a similar manner, the use of different transition states for the abstractions of two
secondary hydrogens from the same carbon was previously described by Davis and Francisco
in 2011 in the context of H-migration reactions in alkyl radicals.?"

To be thorough, two additional transition states have been included for the conversion
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Figure 5: Structures of four possible cyclical transition states for the unimolecular isomer-
ization of (R)-RO; to (R)-QOOH. a) The lowest energy transition state for the abstraction
of H, has both methyl substituents in low-energy equatorial positions. b) Abstraction of Hjy,
rotates the left methyl group into a higher-energy axial position. agr and brr) Ring flips of
structures a) and b) result in higher-energy transition states. agp, with both methyl groups
in axial positions, is the highest-energy structure.
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of (R)-RO; to (R)-QOOH. These transition states arise from ring flips (i.e., ring inversions)
of the six-membered, cyclic transition states “a” and “b”. Cyclic transition states that can
undergo ring flips are not unique to this system and have been previously studied, but like
the diastereomeric transition state “b”, they are often excluded from models.?® Ring flips will
invert the orientations of the transition state’s methyl group substituents from axial (higher
energy) to equatorial (lower energy) and vice versa, resulting in noticeable differences in

J

barrier heights. In Fig. 4, the ring flip transition states “agg” in dashed cyan and “bgrg” in
dashed magenta lie 5.39 and 1.96 kcal/mol above the solid cyan and solid magenta lines,
respectively. Structures of the ring flip transition states can be seen at the bottom of Fig.
5. Although transition states “agg”, “brr’, and “b” are all higher in energy than “a”, the
inclusion of these reaction barriers expands the number of states at the transition state in
conventional transition state theory calculations, increasing the flux through this channel.
The effects of axial and equatorial substituents on the energies of cyclic H-transfer transition
states have been previously reported. %2729

The PES for the isomerizations of (S,R)-O,QOOH to (S)-KHP and (R,R)-0,QOO0H to
(R)-KHP is shown in Fig. 6. Pathways through (S,R)-O,QOOH are denoted with black
lines, while pathways through (R,R)-O,QOOH are represented with magenta lines. The two
0,QOO0H diasterecomers are separated by a mere 0.27 kcal /mol, with the (S,R) diastereomer
being lower in energy. The isomerization transition states on this PES are also six-membered,
cyclic structures. Therefore, each diastereomer has a lower-energy transition state (solid
line) to KHP formation and a higher-energy ring flip counterpart (dashed line). The energy
difference between the solid magenta and dashed magenta saddle points is 2.89 kcal /mol,
while the energy difference between the solid black and dashed black saddle points is 3.76
kcal/mol. Since (R)-KHP and (S)-KHP are enantiomers, the energies of the bimolecular
products are identical. It should be noted that the black and magenta pathways in Fig.
6 do not share a common unimolecular well and are therefore decoupled surfaces. Despite

sharing bimolecular reactants and having enantiomeric products, rate coefficients calculated
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for one surface will not be influenced by the presence of the other surface. The decoupled
surfaces have been displayed together in Fig. 6 to highlight relative energy differences between

diastereomers and barrier heights.
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Figure 6: PES for formation of (S)-KHP (black lines) and (R)-KHP (magenta lines) from
(R)-QOOH+0,. Ring flips result in an additional transition state (dashed lines) for the
formation of KHP+OH from each O,QOOH diastereomer. Note the break in the relative
energy scale. Black lines and magenta lines belong to decoupled surfaces.

Computational Methods

Electronic Structure Theory

Stationary points on the PESs in Figs. 4 and 6 were explored with electronic structure theory.
The double-hybrid density functional B2PLYPD3 and a triple zeta correlation consistent ba-
sis set, cc-pV'TZ, were used to perform geometry optimizations and normal mode analysis
in Gaussian09.3%32 These stationary points contained up to seven internal torsional modes

about single bonds, which should be treated as coupled, internal hindered rotors. Performing
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n-dimensional, coupled scans of torsional modes is not feasible when n becomes much larger
than two or three, so n-dimensional scans were replaced with n uncoupled, 1-dimensional
scans using the density functional wB97XD and a 6-31-+G* basis set.333* These scans were
completed with the automated reaction rate calculator package EStokTP.3> EStokTP au-
tomatically performs Monte Carlo sampling of all torsional degrees of freedom, and then
carries out uncoupled 1-dimensional scans on the lowest-energy conformer returned by the
random sampling. If the uncoupled torsional scans find a lower-energy conformer, then the
random sampling process is repeated. Electronic potential energies of the lowest-energy con-

formers were refined in Molpro using single-point coupled cluster calculations with explicit

correlations, CCSD(T)-F12b/cc-pVTZ-F12.36-38

Master Equation Modeling

Microcanonical transition state theory with the RRKM/ME code MESS was used to calculate
temperature- and pressure-dependent rate coefficients.3? Collisional energy transfer parame-
ters (AEqown), 0, and € were calculated based on system stoichiometry and the number and
types of bonds present following the methodology of Jasper.’ N, was selected as the bath
gas to replicate conditions in air-aspirated internal combustion engines. Rate coefficients
from the previous DEE mechanism were recalculated with these updated energy transfer
parameters.

First-order saddle points were treated with standard rigid-rotor harmonic-oscillator mod-
els, combined with 1-dimensional scans of torsional potentials, to compute microcanonical
rate coefficients. Barrierless transition states for reactions between radicals were approx-
imated using the PhaseSpaceTheory keyword in MESS with the exponential of the ar™
potential fixed to n = —6.414? The prefactor o was adjusted until the high-pressure limit of
the R+0O, reaction had rate coefficients of approximately 3 x 107!* em3 /molecule-s. %34 An
exception to this procedure was made for the barrierless entry channels for (R)-QOOH+0,
leading to (R,S)-O,QOO0H and (R,R)-O,QOOH on the decoupled surfaces of Fig. 6. Without

13



accounting for stereochemistry, QOOH+0O, would lead to generic O,QOOH on a single PES.
In this case, a high-pressure limit of 3 x 107! ¢cm?® /molecule-s for the barrierless rate constant
would be appropriate. However, different high-pressure limits must be used when making
a distinction between (R,S)- and (R,R)-O,QOOH formation on the decoupled surfaces. If
3 x 107" e¢m?3/molecule-s were used for both barrierless entry channels, then the rate of (R)-
QOOH consumption would be overcounted by a factor of two. To prevent double counting,
a high-pressure limit of approximately 1.5 x 107! em3 /molecule-s was used for the separate
entry channels that formed (R,S)- and (R,R)-O,QOOH. A more accurate treatment of bar-
rierless transition states is possible with variable reaction coordinate transition state theory
(VRC-TST).* The VRC-TST procedure carefully accounts for possible relative orientations
of combining radicals, such as Oy adding to only one side of the (R)-QOOH radical to form
(R,S)-0,QOO0H, naturally resulting in the proper consumption of reactants. The application
of VRC-TST was unfortunately outside the scope of this study, so PhaseSpaceTheory was

used instead.

Results

The effects of including the diastereomeric transition states between RO, and QOOH can be
seen in the Arrhenius plots in Fig. 7. These Arrhenius fits are for the reaction of R+0, leading
directly to QOOH. Recall that in the prior literature mechanism, the only stereochemical
effects came from symmetry numbers accounting for enantiomers. Rate coeflicients from
the prior mechanism, which lacked diastereomers and only used transition states “a” and
“arp’, are shown in solid black lines. Dashed magenta lines show rate coefficients from the
new mechanism, where the diastereomeric transition states “b” and “brr” are now included

2

with “a” and “agp”. Subplots quantify the ratios of the dashed lines to the solid lines and
represent the change in the rate coefficient due to the diastereomeric transition states. This

quantity can be considered as the “diastereomeric effect” and has values of around 1.2 to 1.4
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over the pressures modeled. The subplots indicate that the diastereomeric effect of including

transition states “b” and “brg” gradually becomes more important with increasing pressure.
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Figure 7: Arrhenius fits for R+0,—QOOH. Solid black lines show rate coefficients when
only using transition states “a” and “arp’. Dashed magenta lines show the effect of including
diastereomeric transition states “b” and “brg”. Subplots show the ratios of the dashed lines
to the solid lines and quantify the diastereomeric effect.

Arrhenius fits for (R)-QOOH+0, leading to KHP+OH can be seen in Fig. 8. Rate coef-
ficients through only the (S,R)-O,QOOH intermediate are shown by solid black lines. These
rate coefficients came from the prior mechanism which only accounted for stereochemistry in
the form of enantiomers. Although the prior DEE mechanism did not account for diastere-
omers, the structure of O,QOOH used in the master equation calculations was that of the
(S,R) diastereomer. Therefore, the black lines show formation of (S)-KHP. Dashed magenta
lines display the effect of including pathways through the (R,R) diastereomer. Since the
(S,R)-0,QOO0H and (R,R)-O,QOO0H surfaces are decoupled in Fig. 6, the dashed magenta

lines in this plot are actually the sums of rate coefficients from the two surfaces. In other
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words, the dashed lines represent the reaction of (R)-QOOH+0O, to form OH and a racemic
mixture of KHP enantiomers. Unlike the ratio subplots in Fig. 7, the ratio subplots in Fig.
8 are relatively stable with changing pressure but display a larger diastereomeric effect of
about 1.6 at elevated temperatures. To put these results in perspective, the changes in rate
constants due to the presence of diastereomeric intermediates and transition states are of
similar magnitude to changes from other higher-order phenomena in computational kinetics
— such as more sophisticated treatments of rovibrational partition functions with anharmonic
corrections and variational analysis of the transition state — which may increase or decrease

a rate constant by a factor of two.4°
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Figure 8: Arrhenius fits for (R)-QOOH+0O,—KHP+OH. Solid black lines show rate coef-
ficients for the pathway through the (S,R)-O,QOOH diastereomer. Dashed magenta lines
show the effect of including the (R,R)-O,QOOH diastereomer and its transition states. These
dashed lines are actually the sums of the rate coefficients through the (S,R)-O,QOOH and
(R,R)-O,QOO0H diastereomers, meaning that the dashed line rate constants represent for-
mation of a racemic mixture of (S)- and (R)- KHP enantiomers. Subplots show the ratios
of the dashed lines to the solid lines and quantify the diastereomeric effect.
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The effects of the diastereomeric intermediates and transition states on the performance
of the overall mechanism were tested with auto-ignition simulations in CANTERA assuming
a constant-U, V batch reactor.?” Calculations of ignition delay time were used to compare
the behavior of the two mechanisms. Ignition delay time, or 7, represents the time between
the start of combustion and the exponential growth of OH radicals needed for self-sustained
radical chain branching. Values of 7 for these CANTERA simulations were computed by
extrapolating the maximum slope in the OH time profile back to the OH baseline. 7 was
then counted as the time lag between the start of the simulation and the point where the
extrapolated slope crosses the baseline.

The resulting ignition delay time plots can be seen in Fig. 9. Simulations to generate
these plots were performed over temperatures from 500 < 7' < 1400 K and pressures of P
=1, 10, and 100 atm. A fuel-air equivalence ratio of ¢ = 0.5 was chosen since LTCI engines
typically operate under fuel-lean conditions, and an initial O, mole fraction of zo, = 0.2 was
selected to model a naturally air-aspirated internal combustion engine. The remainder of the
initial mixture was set as Ny, which follows from both the effort to model an air-aspirated
engine and the selected energy transfer parameters for master equation modeling. Solid black
lines in Fig. 9 represent the old DEE mechanism that only contained common enantiomeric
effects. Dashed magenta lines denote the updated mechanism augmented by diastereomeric
considerations. The subplots display the factor by which the ignition delay time has been
reduced when using the diastereomeric mechanism. A reduction in ignition delay time indi-
cates that the exponential growth of OH radicals is occurring sooner due to the mechanism
being more reactive. Across the three pressures, the diastereomeric effect is greatest in the
negative temperature coefficient (NTC) region, meaning that the diastereomers increase the
reactivity of the mechanism under these conditions. At 1 atm, the NTC region is broad but
the diastereomeric effect peaks at a value of only 1.06. As the pressure increases, the NTC
region, and the region of the diastereomeric effect, becomes narrower and shifts to higher

temperatures. The diastereomeric effect is enhanced with increasing pressure, reaching max-
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imum values of 1.11 and 1.14 at 10 and 100 atm, respectively. Therefore, the diastereomeric
effect will likely be important for the high pressures achieved in LTCI engines.
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Figure 9: Simulated ignition delay curves for the low-temperature oxidation of DEE. An
equivalence ratio of ¢ = 0.5 and an initial gas-phase O, mole fraction of xo, = 0.2 were
selected to model naturally air-aspirated, fuel-lean conditions common to LTCI engines.
The remainder of the initial mixture was Ny. Pressures of (a) 1 atm, (b) 10 atm, and (c) 100
atm. Solid black lines are the mechanism containing enantiomers of intermediates but no
diastereomers. Dashed magenta lines are the updated mechanism containing diastereomeric
intermediates and transition states. Subplots show the ratio of the solid black lines to the
dashed magenta lines.

As seen in Fig. 9, the greatest diastereomeric effect occurs at 100 atm and 880 K. A
closer look at the change in xxyp between the two mechanisms at these conditions can be
seen in Fig. 10. The solid black line represents the KHP mole fraction from the old mecha-
nism which did not consider stereochemistry. The dashed magenta line is the KHP profile
from the new mechanism containing diastereomeric intermediates and transition states. The
diastereomeric mechanism shifts the peak of the KHP mole fraction profile earlier by 0.05

ms, and increases the maximum height of the KHP profile by 30%.

Discussion and Conclusions

An interesting observation can be made about the location of the maximum diastereomeric

effect. As noted in Fig. 9, the maximum reduction in ignition delay time occurs in the NTC
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Figure 10: KHP mole fraction profiles at 100 atm and 880 K. The peak of the profile from
the diastereomeric mechanism (dashed magenta line) appears 0.05 ms earlier than the peak
from the mechanism without stereochemistry (solid black line) and is 30% larger.

region. At first pass, it may seem peculiar that modifications made to a low-temperature
oxidation mechanism most strongly manifest themselves in the NTC region. In the low-
temperature regime, the kinetic bottleneck for radical chain branching is RO, to QOOH
isomerization.*® Most RO, that forms reverts back to R+0O,, so isomerization to QOOH is
an important step in the chain-branching process. Since reactions of O,QOOH appear after
this bottleneck, the introduction of (S,R) and (R,R) diastereomers of O,QOOH does not sig-
nificantly affect mechanism performance in this regime. Although the updated mechanism
contains diastereomeric transition states for RO, to QOOH isomerization, which will increase
the flux through this channel, the original mechanism already used the lowest-energy transi-
tion state for this reaction. Therefore, adding higher-energy, diastereomeric abstractions of
H,, does not noticeably speed up the bottleneck.

As the temperature is increased, the decomposition of O,QOOH to KHP+OH becomes
more important, and including both O,QOOH diastereomers starts to have an effect. This

effect is made evident by the KHP mole fraction profiles of Fig. 10. Further increasing
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the temperature into the NTC region causes HO, elimination from RO, to compete with
isomerization to QOOH. Loss of HO, from RO, to form an alkene is a departure from
the chain-branching channel, and although HO, is still a radical, it is much less reactive
than OH. The competitive HO, elimination reaction acts as a loss channel on the radical
cascade feedback loop, thus slowing the reaction and causing the behavior characteristic of
the NTC region.*” When HO, elimination becomes important, sensitivity to reactions that
can compete with HO, elimination starts to increase. With the diastereomeric effect afforded
by the Hj, abstraction transition states joining RO, to QOOH, it is possible that the HO,
elimination channel is reduced in strength or that its prevalence is shifted to even higher
temperatures. Together, these effects may explain why the diastereomeric intermediates and
transition states most strongly affect mechanism performance in the NTC region.

This study demonstrates the effects that minor diastereomeric modifications can have on
a kinetic mechanism for a low-temperature oxidation environment. Adding diastereomers
to the prior literature mechanism required a thermochemical representation for one more
species and rate representations for five more reactions, bringing the totals for the new
mechanism to 230 species and 1391 reactions. The Arrhenius fits in Figs. 7 and 8 and the
ignition delay simulations in Fig. 9 reveal that diastereomers can cause considerable changes
to rate coefficients of individual reactions and can affect the reactivity of the fuel as a whole.
The reduction in the ignition delay time and the changes in the location and height of
the KHP mole fraction profiles could influence the performance of LTCI engines operating
with DEE. If LTCI engine timing is tuned based on a mechanism without stereochemistry,
then these diasterecomeric effects may lead the engine to achieve suboptimal performance.
Ultimately, a thorough examination of possible diastereomers is advisable when exploring
low-temperature chain-branching pathways, and these diastereomers should be represented
as distinct species or transition states in kinetic mechanisms. This recommendation may be
even more important when studying larger molecules with the ability to form more than two

diastereomers, or when considering the possibility of third O, addition, as the diastereomeric
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effects described in this study will likely be more pronounced.
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e r 02 to_ qooh.txt: MESS input file, with diastereomers, for R+0,—(R)-QOOH.

qooh 02 to_ rkhp oh.txt: MESS input file, with diastereomers, for
(R)-QOOH+0,—(R)-KHP-+OH.

qooh 02 to_ skhp oh.txt: MESS input file, with diastereomers, for
(R)-QOOH+0,—(S)-KHP+OH.

no_diastereomers.txt: CANTERA formatted mechanism, without diastereomers, for

DEE low-temperature oxidation.

diastereomers.txt: CANTERA formatted mechanism, with diastereomers, for DEE low-

temperature oxidation.
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