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In part I, we discussed the chain-propagating and possible competing mechanisms of low-temperature (300
1000 K) dimethyl ether (DME) combustion. Here we consider the chain-branching mechanism that results in
explosive combustion, initiated by,@ddition to the-CH,OCH,OOH intermediate formed in the earlier
chain-propagation step. Ideally, chain-branching leads to the formation of two highly red@tiveadicals

from the-OOCHOCH,OO0H precursor. Each of these twOH radicals can initiate a chain-reaction “branch”

with another DME molecule, which, ideally, leads to the formation of four m@el, and so on. This
exponential increase WOH concentration causes an exponential increase in the DME oxidation rate, leading
to explosive combustion. Here we show that although the pathway to create th@fitdrom -OOCH,-
OCH,OO0H in a hydrogen-transfer isomerization step is unambiguous, the formation of the s&¢bfrdm

the remaining hydroperoxyformate (HPMF or HOOSOHC (=0)H) fragment is potentially very complicated.
HPMF has many possible fates, including 6G- formic acid (HCEO)OH) + -OH; H,O + formic acid
anhydride (HCEO)OCEO)H); the Criegee intermediateQH,O0-) + formic acid; peroxyformic acid
(HC(=0)OO0H) + H, + CO; dihydroxymethylformate (HQHCOCEO)H); -OCH,OC(=O)H + -OH; and

quite possibly others. The first and last of these products derived from HPMF directly prdddcand thus

can complete the chain-branching step. Activation energies-efi4Xcal/mol are needed to overcome barriers

to form these two sets of products from HPMF. While these pathways directly Ok they may not be

the most favorable. The formation of a Criegee intermedi&el{OO-)—formic acid hydrogen-bonded adduct
requires~15 kcal/mol less enthalpy than paths directly producidgl. Formation of the Criegee intermediate

has never been considered as an intermediate in DME combustion before, but its formation (along with formic
acid) appears to be the most favorable unimolecular path for HPMF decomposition. In atmospheric chemistry,
decomposition of vibrationally excitedCH,OO- can potentially lead teOH formation. Thus, we propose
‘CH,O0- as a new intermediate that may significantly contribute to dimethyl ether’s chain-branching
mechanism.

I. Introduction anisms (and competing pathways), we must emphasize that
. ) " . ) chain-branching in DME combustion hinges on the formation
Dimethyl ether (DME) is a promising alternative diesel fuel gn{ Jifetime of the CH,OCH,OOH intermediate formed in the
because it readily compression ignites and produces little s00t.qrse of the chain-propagation mechanism. The first step of
when burned. With the increasingly stringent environmental pye chain-branching is the addition of,@ -CH,OCH,O0H.

regulations being implemented by the U. S. Environmental Thys we briefly summarize the chain-propagation steps leading
Protection Agency,DME has become an attractive potential o formation of-CH,OCH,OOH.

alternative to the dirtier diesel fuels derived from fossil soufces.  The entire chain reaction mechanism starts with the ab-
DME has other attractive attributes. Recently, one-step synthesessiraction of a hydrogen atom from the DME molecule by a
have been developed for cheaper production of DME from highly reactive species (X) to form a methoxymethyl radical
natural gas, syngas (and, in the future, biogadpreover, the (CHsOCH,):
established liquid petroleum gas (LPG) technology could be .
utilized readily for a future DME storage and dispensing CH;OCH,—H + X — CH;OCH, + HX 1)
infrastructure2 DME also has the advantages of being nontoxic -OH is the most efficient species for the removal of a hydrogen
and photochemically inert (having been used as an aerosola,[Om from DME in a fuel/air mixture. ©@and HOQ are also
propellant for years already). possible hydrogen abstractors, but are less efficient compared
In Part | of this work, we analyzed the chain-propagation to -OH.4 O,, in particular, is an important initiator in the de-
mechanism for DME combustichThough the focus of this  generate branching mechanism proposed long ago by Serfienov.
artiCle, Part Il, is concerned Only with Chain-branching mech- Though Q is much more abundant in the atmosphere Compared
with -OH and is most likely to start the chain reactie®H is
* Corresponding author. E-mail: eac@chem.ucla.edu. much more reliable to sustain the chain reaction.

10.1021/jp035423c CCC: $25.00 © 2003 American Chemical Society
Published on Web 10/10/2003



9464 J. Phys. Chem. A, Vol. 107, No. 44, 2003 Andersen and Carter

Following the initiation step, @adds to CHOCH; at low does not reach the adiabatic flame temperature, and, therefore,
temperatures to form a vibrationally-excited methoxymethyl the fuel is not fully consumed in this brief “explosive” ignition
peroxy radical (CHOCH,OO-*): stage. As the temperature rises from this burst of highly

. exothermic reactions, the system goes back into a steady-state
CH,OCH, + O, = CH,0CH,00-* ) “phase”. During this phase the pool of reactive species continues

to increase. When the temperature is high enough, the system
then enters a second stage of explosive combustion. This time

. ) ! ! the explosive combustion is not due to chain-branching as it
mechanism. CEOCH,00- may dissociate back into the reac- a5 in the previous low-temperature weakly explosive stage: it

tants, CHOCH; and Q (eq 2). CHOCH,OC- can lose energy s que to a nonchain-branching source of highly reactive radicals
via collisions with a bath gas (indicated generically with a letter ¢,-h as that provided by the900 K breaking of the HOOH

™): bond in hydrogen peroxide (leading to twdH for an
exponential increase in the combustion rdtéyrmed from
reactions in the interim steady-state stage between the low and
high-temperature ignition stages. Kinetics modeling performed
by Curran et al®1is sensitive to the following reactions in

The fate of CHOCH,OO- has three possible outcomes (at least
on a short time scale), which resemble a Lindemann-type

CH,OCH,00** + M — CH,OCH,00- + M (3)

Finally, CH;OCH,OO- can undergo a chemical reaction to form

products: this interim stage, which can contribute to formation of HOOH:
H—CH,O0CH,00-* — -CH,0CH,00H (4) H- + O(+ M) — HOO-(+M) (6)
In the case of eq 4, GOCH,OO- isomerizes via an .
intramolecular hydrogen transfer to forrRCH,OCH,OOH. HCO + O,— CO+ HOO (1)
-CH,OCH,O0H can subsequently decompose into two form- )
aldehyde molecules (G&) and one OH: CH,=0 + HOO- — HCO + HOOH (8)
*CH,OCH,00H— 2CH,0 + -OH (5) CH;OCH, + HOO- — CH,;0CH, + HOOH  (9)

The pressure dependence of this mechanism has been demonris second stage of ignition leads to detonation of the

strated by Sehested etih their smog chamber experiments o : :

. remaining gas mixture, which leads to shock-waves. Of course,
at 296 K with apressuré range of 0:3840 Torr. At the lOWESt_ in an internal combustion engine, this second stage of hot
pressures con3|dered,'§hey find formaldehyde to be the dom'.nanﬁgnition is undesirable because the shock-waves from fuel
produpt.because th'e're is a dearth of bath gas.molecules av.a'lablﬁetonation can cause vibrational damage to the engine (this
to collisionally stabilize CI::DCHZOO: At the high end of their condition is called “knock?). Engineering controls, such as
pressure scale (940 Torr), self-reaction producf[s methyl formatethe regulation of fuel injection into the combustion chamber to
g‘g (=O)Oé:|—l;).and rtr:ethoxymﬁthylhydrcgogrcr)]mde (QBIC'SZ h slowly make the fuel available for combustion, prevent the

H) are ominant because t e.mHz - has ample bat reaction from reaching this second stage of ignifibHowever,
gas molecules available for collisional stabilization at 296 K. the weaker “explosive” first stage of chain-branching reactions

The Iaser-ph.otolysis experiments by g/laricq et agree with is crucial for the autoignition of a fuel in a diesel engine and is
the observations made by Sehested ét al. the focus of this work.

. However, pressure an_d temperature cond_it_ions in a di_esel Kinetics simulations of the DME combustion mechanism
!ntehrnal combustlon fe§g|hne fa(; eé(;(re]((edecopdnmnsr r:afuntalned conducted by Curran et &.are the most extensive empirical
In the experiments of Sehested et ak aricq et al. A tew odeling efforts to date and encompass observations from many

experimental stut.ji'es have attempted to !ook at pressure an xperimental studies including those of Sehested &aricq
temperature conditions closer to that of a diesel engine and have,; al.7 Pfahl et al® Liu et al.? and their owrio11.14.15ere we

shown that two-stage ignition occurs with increasing temper-

. i outline the DME chain-branching mechanism proposed b
ature. In particular, the shock-tube experiments of Pfahl &t al. g brop y

d[Curran et al%11 As stated above, chain-branching depends on
he availability of -CH,OCH,OOH; this chain-propagation
allqtemg&?tlf_rlf range Olf 65&330. K. I|3kfah| et ai’.orl:_etr:jonstrated intermediate is expected to have a long lifetime at low tem-
that  like many long-chain alkanes, exhibits two-stage o a1 res and high pressures (via bath gas collisional stabiliza-

ignition with an “S”-shaped curve in an inverse temperature tion). Thus Q can collide with a fairly stableCH;OCH,OOH
versus ignition delay time plot. Liu et &lalso observed two- to form -OOCHOCH,00H:

stage ignition in their laminar flow experiments with FTIR

analysis (but at atmospheric pressure). Liu et al. identified the -CH,OCH,00H + 0, = -OOCH,0CH,00H  (10)
stable products of these two stages of ignition. For the first stage,

they find that formic acid (HC{O)OH), formaldehyde, CO,  gimilar to CHOCH,00-, -O0CHOCH,00H can undergo

and CQ are major stable products (from 513 to 713 K). FOr an intramolecular hydrogen-transfer isomerization to form
the second stage, stable products CO,,Cand CH were HOOCH,OCHOOH:

observed.

Traditionally, an “S” curve outlines the transition between ‘OOCH,0CH,00H— HOOCH,OCHOOH  (11)
steady-state (e.g., chain-propagation) and explosive kinetics (e.g.,
chain-branching) in a temperature versus pressure*digt. Finally, bond scission of the two-©0 bonds on either end of

following an appropriate isobar from low to high temperatures, HO—OCH,OCHO—OH can yield two-OH:
one observes first a transition from steady-state to explosive

kinetics. This transition is attributed to chain-branching, which HO—OCH,OCHO—OH— -OCH,0CHO+ 2:0OH  (12)
often results in a faint plume of chemiluminescence called a
“cool-flame”. The term “cool” implies that this so-called flame  Since eq 12 leads to tw®H, rather than on€OH as in chain-
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TABLE 1: Total Energies (UDFT-B3LYP) in Hartrees, Zero-point Vibrational Energy (ZPVE) in kcal/mol, and Thermal
Corrections at 298 K in kcal/mol of Reactants, Intermediates, Transition States, and Products Relevant to the Branching Step
of DME Combustion

6-31G* 6-311G*

species total energy ZPVE T corr2 total energy ZPVE T corr2
branching path
*CH,OCH,OOH (syn-chair) —304.720878 47.2 6.6 —304.805516 46.9 6.6
O —150.320021 2.4 21 —150.364775 2.3 2.1
-OHP —75.728490 5.3 2.1 —75.754534 5.3 2.1
-OOCHOCH,O0H (“W”) —455.085716 53.1 8.4 —455.212313 53.0 8.4
-OOCHOCH,0O0H (“helix”) —455.094552 53.4 8.2 —455.221506 53.3 8.3
*OOCHOCH,O0H (“ring”) —455.098276 54.1 7.9 —455.224389 53.9 7.8
b-TS1 —455.055056 49.7 8.6 —455.181310 49.6 8.6
HOOCHOC(O)H+OH [ap,ap] —455.151960 51.0 9.3 —455.284784 51.2 9.3
HOOCHOC(O)H++OH [sp,ap] —455.155163 51.2 9.3 —455.288112 51.2 9.2
HOOCHOC(O)H [ap,ap] —379.411328 44.1 6.9 —379.518485 43.9 6.9
HOOCHOC(O)H [sp,ap] —379.414757 44.2 6.8 —379.521996 44.0 6.8
HOOCHOC(O)H [sp,sp] —379.418894 44.8 6.6 —379.525728 44.6 6.6
b-TS2 —379.340154 39.3 7.7 —379.449142 39.1 7.7
HC(O)OH+rans —189.762230 21.3 3.2 —189.819488 21.2 3.2
HC(O)OH<is —189.754125 21.1 3.3 —189.811319 21.0 3.3
HC=0 —113.851840 8.2 25 —113.886608 8.1 25
-OCH,OC(O)H —303.609876 32.7 5.4 —303.694881 325 5.4
competing paths
b-TS3 —379.328667 39.2 7.5 —379.439619 39.1 7.5
b-TS3 —379.324222 39.3 7.6 —379.435646 39.1 7.6
HC(O)OC(O)H [sp,ap] —303.080459 27.0 5.0 —303.166770 26.8 5.0
HC(O)OC(O)H [sp,sp] —303.076012 26.8 5.0 —303.162581 26.6 5.0
HC(O)OC(O)H [ap,ap] —303.075212 26.9 5.0 —303.161217 26.7 5.1
H,0 —76.419759 13.4 2.4 —76.447466 13.4 2.4
b-TS4 —303.031930 23.8 5.5 —303.119670 23.6 5.5
co —113.309481 3.2 21 —113.346258 3.2 21
b-TS5 —379.341294 40.0 7.3 —379.449559 39.5 7.4
-CH,00 —189.579922 19.6 34 —189.633445 195 3.4
HC(O)OH--CH,00 —379.367403 42.0 7.2 —379.476922 42.1 7.2
b-TS6 —379.305206 37.6 7.8 —379.415643 37.3 7.8
H, —1.178540 6.4 21 —1.179571 6.3 2.1
HC(O)OOHc<is —264.886339 23.4 43 —264.963275 23.3 4.3
HC(O)OOH+rans —264.880622 22.8 4.6 —264.958137 22.8 4.6
b-TS7 —379.296670 38.4 7.9 —379.408484 38.0 8.0
HC(O)OCH(OH} —379.514760 44.8 7.0 —379.625593 44.7 6.9

aThermal correction calculated from constant-pressure heat capacities at 298 K obtained from the Jaguasingdee formula/ 598 C,dT,
whereC, is the heat capacity at constant pressure and T is the tempefafimese values are from Part I.

propagation, chain-branching leads to an exponential increasetures, and analytic harmonic frequencies for all reactants,
in the rate of DME oxidation and, therefore, leads to explosive intermediates, transition states (TS), and products relevant to

kinetics. the chain-branching path were performed using spin-polarized
In this study, Part Il, we use density functional theory with (unrestricted) density functional theory (UDPPE)The exchange-
the Becke 3-parameter Le&ang—Parr (B3LYP) hybrid ex- correlation functional chosen for these calculations (and the

change-correlation functional to explore the potential energy previous study on chain-propagation) is the hybrid Becke
surface of Curran et al.’s proposed chain-branching mechanism3-parametéf with the Becke 88 GGA exchange functiohal
for DME autoignition, along with possible paths that may and the Lee Yang—Pari81°(B3LYP) correlation functional.
compete with chain branching. As we will see, the production All DFT-B3LYP calculations were performed with the Jaguar
pathway of oneOH is trivial to ascertain, but the production v4.1 ab initio software packagé We used two basis sets for
of a second-OH could involve a number of paths and may comparison: the 6-31G#-24and the larger 6-311G#* basis
require indirect means for production. In particular, we find that set. Recent DFT-B3LYP and coupled-cluster with single and
the dihydroperoxy radical of eqs 11 and 12 is not stable, double excitations plus perturbative triple excitations (CCSD(T))
immediately losing the firstOH to form a stable closed shell  calculations performed by Schaefer and co-workersfor a
intermediate, hydroperoxymethyl formate (HPMF). The fate of similar system (CHCH, + O,) show that the performance of
HPMF is much more ambiguous, with several energetically DFT-B3LYP is comparable to that of CCSD(T) (a method
accessible pathways to decomposition. These include, as Weconsidered to give high-quality ab initio results).

shall see, possible connections to atmospheric chemical reaction Eq the transition state searches, we used the quadratic

intermediates, namely the Criegee intermedia@,00:, synchronous transit (QST) approach available in Jagibine

which may be a source of the seco@H required for explosive  ansition states presented in this work have only one imaginary

combustion. harmonic frequency and therefore are genuine first-order transi-

. tion states. The “Damped-Velocity-Verlet” (DVV) algorithm

Il. Theoretical Method developed by Hratchian and Schle§elas used to generate
The techniques used in this work are identical to those usedan approximate intrinsic reaction coordinate (IRC) to determine

in Part | (chain-propagatio)Total energies, optimized struc- if the transitions found via QST actually connected to their
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TABLE 2: Changes in the UDFT-B3LYP Total Energies (AE), Zero-Point-Corrected Enthalpies (AHg), and Enthalpies
Corrected to 298 K (AH,gg) Relative to the Chain-Branching ReactantssCH,OCH,O0H + O, for All Species Related to the
Branching Path?

6-31G* 6-311G*
Species AE AHg AHogg AE AHg AHogg

branching path

+OOCHOCH,O0H (“W") —28.1 —24.6 —24.9 —26.4 —22.7 —23.0
*OOCHOCH,O0H (“helix”) —33.7 —29.8 —30.2 -32.1 —28.1 —28.6
-O0OCHOCH,O0H (“ring”) —36.0 -31.4 -32.1 —33.9 —29.3 —30.0
b-TS1 -8.9 -8.7 -8.8 -6.9 —6.6 -6.7
HOOCHOC(O)H--OH [ap,ap] —69.7 —68.2 —67.5 —71.8 —69.9 —69.4
HOOCHOC(O)H++-OH [sp,ap] -71.7 —70.0 —69.4 —73.9 —72.0 —715
-OH + HOOCH,OC(O)H [ap,ap] —-62.1 —62.2 —61.9 —64.5 —64.5 —64.3
*OH + HOOCHOC(O)H [sp,ap] —64.2 —64.3 —64.0 —66.7 —66.7 —66.5
-OH + HOOCHOC(O)H [sp,sp] —66.8 —66.3 —66.3 —69.0 —68.4 —68.4
‘OH + b-TS2 ) -17.4 -22.3 -21.2 —20.9 —25.8 —24.7
2:0OH + HC(O)OH+ HC=0 —18.9 —28.4 -27.3 —28.2 —-37.5 —36.4
2:0OH + -OCHOC(O)H -16.3 —225 -21.7 -21.1 —27.3 —26.5
competing paths

‘OH + b-TS3 —10.2 —15.2 —14.3 —15.0 —-19.9 —19.0
‘OH + b-TS3 7.4 —12.4 —-11.4 —-125 —-17.3 —16.4
*OH + HC(O)OC(O)H+ H,0 —-117.9 —-121.7 —119.0 —124.5 —128.4 —126.9
‘OH + b-TS4 —87.4 —94.5 —90.0 —95.0 —-102.0 —98.8
*OH + HC(O)OH+ CO + H,0O —112.4 -118.7 -117.7 —-123.9 —130.1 —-129.1
*OH + b-TS5 —-18.1 —22.4 —-21.7 —21.2 —25.7 —25.0
*OH + HC(O)OH+ CH,00 —18.7 -22.0 -22.0 -23.3 —26.6 —26.7
+OH + HC(O)OH---CH,00 —34.5 -36.7 -36.1 —38.4 —40.3 —39.7
‘OH + b-TS6 4.5 —-2.2 -1.0 0.1 —6.6 -5.4
*OH + H, + CO + HC(O)OOH —38.9 —50.2 —48.4 —46.0 —57.2 —55.4
*OH + b-TS7 9.9 4.0 5.3 4.6 —-1.4 -0.1
-OH + DHMF —127.0 —126.4 —126.1 —-131.7 —131.0 —130.6

a All values are in kcal/mol. Thermochemistry for reactions involving species with more than one minimum conformation is calculated for the
lowest-energy conformation.

intended reactants and products. This algorithm was imple- 20 bTSt
mented® in our pre-existing molecular dynamics code that 13% Oy + *CH,0CH,00H f.’f\io__ .

employs the velocity Verlet algorithd?:31 We found that, for _ E
most of our transition states, the most stringent parameters usede g 3
by Hratchian and Schlegel were not stringent enough: descentE 30 3

from the saddle point structures was often too rapid. Thus we E -40 +0,CH,OCH,00H

used stricter parameterszg = 0.001 bohr/fs (the constant ¢ -0 Ly 4 on
velocity damping factor)Ao = 0.003 bohr (the error tolerance), = -60 3

and 0.025 fs< At < 1.000 fs (the time step constraint). For < 70 3 oo

the initial “push” from the reaction coordinate for the DVV 80 I T Comoearer | HPMF\'Or + OH

trajectories, we initialized velocities only along the reaction 90 3| ——ussLvpieation

coordinate. We reversed the initial velocities along the transition ~ 190 °
state for a steepest descent into the opposite potential energ
minimum. The descent into reactant and product minima
typically took less than 2000 time steps. The only “problem”

case was the descent from the saddle-point corresponding tcPf theory. The color key for these figures is: white balls are

the transition state for eq 11, which took 4000 time steps. The hydrogens, light-gray balls are carbons, and dark-gray balls are
reason for this will be explained in the discussion. oxygens. In the text, we report only the values for the 6-311G**

basis.
A. Potential Energy Surface of Chain-Branching Reac-
tions. The potential energy surface for the most efficient chain-
Total energiesAE), zero-point vibrational energies (ZPVE), branching path is shown in Figure 1. (By “most efficient” we
and heat capacitie€f) at 298 K for chain-branching are shown mean efficiency in terms of direct production of two ©tla
in Table 1. Table 2 contains the thermochemistry for chain- relatively low barriers.) Its beginning is similar to that of the
branching (and possible competing) reactions derived from Table chain-propagating path in that it commences with ap O
1; thermochemistry in Table 2 is relative t€H,OCH,OOH molecule adding to a radical (in this cas€H,OCH,OOH);
and Q. The “b” label before the transition state label stands an H-transfer isomerization is also expected of the resulting
for “branching” to indicate the transition state is involved in  -OOCH,OCH,OOH radical. TheOOCHOCH,OO0H radical is
(or competing with) the chain-branching mechanism (opposed analogous to CEDCH,OO: in that G, addition to-CH,OCH,-
to “p” for “propagating” as indicated in the previous paper, Part OOH lacks a potential energy barrier and the resukid@CH,-
13). The thermodynamic values feCH,OCH,OOH, O, and OCH,OO0H is a stable intermediate, having sufficiently high
-OH appear in Partd All geometries in the ball-and-stick model  barriers to reaction (via the reverse reaction of eq 10 and the
figures showing the molecular geometries have bond lengthsreaction of eq 11)-00CHOCH,O0H has many more degrees
(in A) and angles (in degrees) at the UB3LYP/6-311G** level of freedom than CEDCH,OO-; therefore, many more minimum-

reaction coordinate
)f:igure 1. Possible chain-branching potential energy surface.

I1l. Results and Discussion
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Figure 2. Representative conformations-@OCHOCHOOH: (a) “W”, (b) “ring”, and (c) “helix” conformations. Bond lengths given in Angstroms
in all figures.

energy conformations are expected f@OCHOCH,O0H. dynamics and kinetics studies may provide insight into the role
Figure 2 shows a small sample of th®@ OCH,OCH,O0OH of -OOCH,OCH,OO0H in DME chain-branching kinetics.
minimum-energy conformations; though not complete, Fig-  Like CH;OCH,OO- produced by chain-propagatioOCH-

ure 2 illustrates the diversity in the possible minima for OCH,OOH can either dissociate back intoH,OCH,OOH and
*OO0CHOCH,O00H. We name these sample structures accord- O, (reverse of eq 10), undergo collisional stabilization, or
ing to the shape of their backbone. We shall call the structures undergo an intramolecular hydrogen transfer isomerization (eq
of Figure 2 the (a) “W”, (b) “ring”, and (c) “helix” conforma-  11). The transition state leading to chain-branching via eq 11
tions, respectively. The lowest energy conformation is one in (denoted b-TS1) is shown in Figure 3a. b-TS1 is connected on
which the backbone forms a ring with an apparent tail-to-tail the reactant side by the lowest-energy (“ring”) conformation of
hydrogen bond interaction between the oxygen atom tail and -OOCH,OCH,OOH. This may provide a sterically favorable
the hydrogen atom tail (see Figure 2b; the® bond length  configuration by holding the shape of the molecule in such a
is 1.884 A). For this conformation, the enthalpy difference with way as to keep the two possible transferring hydrogens close
respect to CH,OCH,OOH and Q is AHz95 = —30.0 kcal/mol. to the oxygen atom tail ofOOCH,OCH,OOH. Revisiting the
These enthalpy differences are almost the same as those for th€ H;0CH,OO- complex discussed in Part hne could say that
formation of CHOCH,OO- (and even for the analogous the lowest energy conformation (the “chairlike” conformation)
CHsCH, + O intermediate, CHCH,00-3?), characterized by  is also sterically favorable since one of the three possible
the intrinsic exothermicity upon RO, bond formation. With transferring hydrogens is also held in fairly close proximity to
the many complex minimum energy structures-@OCH,- the oxygen tail end of CEDCH,OO-. The enthalpy difference
OCH,OO0H, reaction rates may depend on whether a given of b-TS1 with respect teaCH,OCH,OOH isAHz9s = —6.7 kcal/
conformation can facilitate or hinder a chemical reaction. Further mol. The corresponding activation barrier (at 298 K) with respect
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Figure 3. (a) b-TS1: connects &LH,OCHOOH (“ring”) to HPMF [ap,ap]. Notation explained in section 3.1. (b) b-TS2: connects HPMF [sp,ap]
to HC(=0)OH, HQO, and-OH. (c) -OCH,OCHO.

to the lowest energyOOCH,OCH,OOH conformer isE, = (3) structures with the oxygens in a “syn” configuration. These
23.3 kcal/mol. This may be compared with an 18.6 kcal/mol three general groups of structures arise in part due to rotations
barrier derived from empirical group additivity estimatés. about the G-O bond. Figures 4a, b, and ¢ are shown in order

After b-TS1 is surmounted, the resulting HOOZMHOOH of decreasing energy (i.e., increasing stability): the conformation
formed is not a stable intermediate and promptly dissociates of Figure 4a is higher by 2.2 kcal/mol than that of Figure 4b,
(without a potential energy barrier) into HOO@BIC(=O)H which in turn is higher by 1.9 kcal/mol than that of Figure 4c.
(hydroperoxymethyl formate, or, simply, HPMF) an®H. The stability trend correlates well with the number of-4D
Preliminary molecular dynamics trajectories initialized at b- hydrogen-bonding interactions. In the lowest energy conforma-
TS12° show that HOOCHOCHOOH likely has a very short tion (Figure 4c), the peroxide hydrogen and the aldehyde oxygen
lifetime (50-100 fs). The prompt dissociation of HOOGH are only 1.838 A apart, while the conformation in Figure 4a
OCHOOH forms the first of two-OH required for chain- has the least H-O interactions. Figure 4b’s conformation is
branching. between these two extremes. For structures similar to those

Like -OOCHOCH,O0H, many potential energy minima shown in Figure 4, there are other possible-8 interactions
exist for the HQCH,OC(=O0)H intermediate. Though we found  such as attractions between the peroxide hydrogen and the ether
several minima, we show only three representative geometriesoxygen, between the peroxide hydrogen and the aldehyde
in Figures 4a, b, and c. These fall into three categories, which oxygen, etc. Such interactions tend to keep one of the hydrogens
are illustrated with the simplified two-dimensional chemical within ~3 A of one of the oxygens in HPMF in these
structures to the right of each of the three-dimensional structuresconformations. The structure of Figure 4a is similar to that found
in Figure 4: (1) structures that have all the oxygens in an “anti” in an earlier DFT-B3LYP calculations of Aplincourt and Ruiz-
configuration, (2) structures with the hydrogen atoms of the Lopez3* As with the -OOCHOCH,0O0H conformations, the
saturated carbon atom closest to the aldehyde oxygen atom, andnultitude of conformations of HPMF may affect its reaction
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Figure 4. Hydroperoxymethyl formate (HPMF) primary conformations. These are defined with respect to the-{@o@-C torsion angles.
Note that many more conformations are possible if torsions along th® ®ond are considered; therefore, the following designations are
approximate: (a) antiplanar, antiplanar [ap,ap]; (b) synperiplanar, antiplanar [sp,ap]; and (c) synperiplanar, synperiplanar [sp,sp].

kinetics and dynamics. Though it is not the lowest energy possesses at least 70 kcal/mol of internal energy, making
conformer, we find b-TS1 is connected on the product side to vibrational relaxation of this molecule very difficult, thereby
the structure of Figure 4a. The reacti@OCHOCH,O0H— allowing access to decomposition pathways with locally high

HOOCHOC(E=O)H + -OH is highly exothermic AH;,, = barriers. Indeed, Liu et dlnoted that they do not detect the
—38.4 kcal/mol), with-OOCHOCH,O0H (“ring”) going to appearance of HOOGBC(=O)H in the FTIR spectra of their
HOOCHOCEQO)H:- - -OH [sp,sp]. DME combustion experiments (even at room temperature). They

Thus far, the chain-branching path proceeds uniquely to cited the work of Thamm et & who synthesized HPMF
HPMF. By contrast, the decomposition path from HOQEH through ozonolysis of ethyl vinyl ether and reported that their
OC(E=O)H is ambiguous and may involve several paths prior isolated HPMF has a half-life of 35 min at room temperature
to formation of a secondOH. The transition states for (in the gas phase), which is more than a sufficient amount of
HOOCHOCE=O)H decomposition are all found to be at least time for FTIR detection; therefore, Liu et al. expected to be
40 kcal/mol higher than HOOGI®OC(=O)H. Thus HOOCH- able to detect the formation of HPMF in their experiments. Liu
OC(=0)H (a nonradical) can potentially have a significant et al.’s experimenfspertain to low-temperature (5873 K)
lifetime if collisionally stabilized. However, many exothermic DME combustion where HPMF has the potential to be formed
reactions have gone into the creation of HOQOKEEF=O)H with a large amount of internal energy. On the other hand,
up to this point; therefore, HOOGBCE=O)H potentially Thamm et al.’s experimerisare room temperature ozonolysis
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experiments where HPMF is likely formed from HED)OH
addition to ‘CH,OO- and therefore HPMF would have less
internal energy compared with HPMF formed in Liu et al.’s
experiments. Thus Liu et al. may not have seen HPMF because
their HPMF, having a much higher internal energy than that
created in Thamm et al.’s experiments, dissociated too quickly
to be detected. Chain-branching in DME combustion is expected
to reach a peak rate around 600 K at 1 &#hand therefore
the decomposition of HPMF may involve other reaction paths
at temperatures twice that of Thamm et al.’s experiments.
Thamm et aP® noted that at room temperature, HPMF eventu-
ally dissociates into HGEO)OH (formic acid), formic acid
anhydride (FAA), and Ck=0. This suggests a dehydration of
HPMF. FAA is not thermally stable and decomposes into formic
acid and CO. Liu et d.observe formic acid as one of the
products of room-temperature DME combustion, but HPMF
dehydration may not be the source of formic acid in their
experiments. Curran et &l.also observed in their Princeton
Flow Reactor Study a relatively large concentration of formic
acid at low temperatures.

Here we consider paths leading directly to the formation of
the second-OH needed for chain-branching, in order of
increasing activation barriers. This can be accomplished via
H-atom transfer surmounting b-TS2 (see Figure 1 and Figure
3b). In addition to-OH, this path leads to direct formation of
formic acid, HCEO)OH (a major product observed in the
combustion of DME by Liu et &) and HG=0. Curran et al!
predicted via kinetics modeling and sensitivity analysis that the
latter species may be a major intermediate in the temperature
range between the chain-branching and non-chain-branching
stages of ignition (see eq 7). b-TS2 involves a transfer of one
of the two hydrogen atoms from the saturated carbon atom of
HOOCH,OCE=O)H to the aldehyde oxygen. The decomposition
of HOOCHOC(=0)H through b-TS2 into HGEO)OH, HG=0,
and -OH appears to be concerted (i.e., H&3)OH, HC=0,
and-OH are formed almost at the same time). This mechanism
via b-TS2 was originally proposed by Curran et’slhe tran-
sition state (b-TS2) is exothermic relative 46H,OCH,O0OH
+ O, by AH293 = —26.3 kcal/mol, while the activation energy
(at 298 K) with respect to the lowest energy HOOQOKE (=O)H
conformer (Figure 4b) i&, = 43.7 kcal/mol.

Curran et al! have argued that a transition state like b-TS2
involving this type of hydrogen transfer would not be a likely
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Figure 5. Potential energy surface for the dehydration of HPMF.

OH scissions, reported by Baulch et Hlare actually rather
low (3 x 10, 4.0 x 10, and 4.0x 10, respectively). High-
pressure A-factors reported by Sahetchian et al. for large
peroxided® such as those dért-butylO—OH, 1-heptylO-OH,

and 2-heptylG-OH are on, or slightly lower than, the low-end
of the typical simple scission A-factor range (5<010'5, 1.3

x 10, and 7.9x 10, respectively). Considering A-factors
alone, G-0 bond scission in HPMF may have a higher rate to
dissociation than the path to direddH production through
b-TS2. However, for a case such as this with no well-defined
saddle-point structure, a full variational transition state theory
(VTST) treatment is needed to determine the true rate constant.
b-TS2 may yet turn out to be competitive as a result.

As mentioned above, Curran et al. favor HOOOKE (=O)H
dissociating directly inteOH and-OCH,OC(=O)H (Figure 3c).
We find that-OCH,OC(=O)H is a stable intermediate, with
AHz9s= 26.5 kcal/mol below @+ :CH,OCH,OOH. The G-O
bond energy in HO- OCH,OC(=O)H is Dgg = 41.9 kcal/mol
(with respect the lowest-energy HOOGBL (=O)H conformer),
weaker than the analogous bonds in-HOH (D,gs = 51.3 kcal/
mol?), CHzO—OH (D2gs = 46.6 kcal/mot’), CH;CH,O—OH
(D20g = 43.0 kcal/mot’), and 1-heptylG-OH (D29 = 44.0 kcal/
mol®®), but comparable to those iert-butylO—OH (D2gg =
40.6 kcal/mot®) and 2-heptylG-OH (D29 = 41.6 kcal/mot®).
Therefore, the 60 bond in HPMF is likely to rupture at a

mechanism because a b-TS2 type transition state would have dower temperature than those in HOOH, §MOH, CHCH,-

small A-factor (frequency factor) due to its tight structure. For
five- and six-centered transition states leading to decomposition
products, estimated A-factors range from'1®0to 10'> s71;36
preliminary estimates of the kinetics calculated with RRKM
theory and standard transition state theory indicate that the
A-factor for b-TS2 is on the high end of this range {40105
s71).2% This is expected, since the products resulting from the
reaction through b-TS2 are only about¥1 kcal/mol below

the transition state. Therefore, b-TS2 is product-like (Ham-
mond’s postulate) and fairly loose. Also, since this is a concerted
reaction where the €0 bond breaks along with a hydrogen
transfer, b-TS2 is looser than an isomerization reaction like that
through b-TS1 (which has an estimated'®tal0 st A-
factor)2® Simple bond-scission reactions to radical products
(such as the ©0 simple scission in HPMF to OGBC(=O)H
favored by Curran et df) have even looser transition states
(with no well-defined saddle-point structure) and tend to have
larger A-factors (18—10'7-9 than the five- and six-centered
transition state® Interestingly, high-pressure A-factors for
similar reactions such as HaGH, CH;O—O0OH, and CHCH,O—

OOH, and 1-heptylOOH, but at temperatures comparable to
those needed to break the-©@ bonds intert-butylOOH and
2-heptylOOH. The HG-OCH,OC(=O0)H bond-breaking proc-
ess appears not to have a potential energy barrier beyond its
endothermicity (i.e., no transition state was found), suggesting
this pathway may be competitive with the path via b-TS2.

B. Competitors to the Chain-Branching Path.1. Formation
of Formic Acid Anhydride, Formic Acid, CO, and.B:
Dehydration of Hydroperoxymethyl Formatks mentioned in
the previous section, Thamm etabbserved that their isolated
hydroperoxymethyl formate (HPMF) readily decomposed into
formic acid anhydride (FAA; HGEO)OCEO)H), formic acid,
and CH=0. The potential energy surface for HPMF dehydra-
tion is plotted in Figure 5. We found two different transition
states leading to FAA and J. Geometries for these two
transition states are shown in Figure 6a and 6b, which are
connected to the conformations of HPMF illustrated in Figures
4b and 4a, respectively. b-TS3 is lower in energy than b-TS3
with enthalpies of AHyeg(b-TS3) = —19.0 kcal/mol and
AHyggb-TS3) = —16.4 kcal/mol with respect to Oand
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Figure 6. Alternate path leading to FAA an®H. (a) b-TS3 connects HPMF [sp,ap] with FAA and® and (b) b-TS3connects HPMF [ap,ap]
with FAA and HO. (c) b-TS4: connects FAA [sp,ap] with HEQ)OH and CO.

-CH,OCH,OOH. The activation energies atgb-TS3)= 49.4 propensity of HPMF toward dehydration in the experiments of
kcal/mol andE4(b-TS3) = 52.0 kcal/mol relative to HPMF.  Thamm et al. at standard temperature and pressure. Under
The transition state from HPMF to,B and FAA was calculated  extreme temperature and pressure conditions, however, it is
previously at the DFT-B3LYP/6-31G(d,p) level of theory by unclear whether dehydration will be the primary route for HPMF
Aplincourt and Ruiz-Lpez3* Our b-TS3 geometry (see Figure decomposition, especially when formic acid is not present
6a) is almost identical to their transition state geometry for initially in the DME combustion system.

HPMF dehydration. This b-TS3 transition state, however, is  Finally, the FAA resulting from HPMF decomposition, like
about 6-7 kcal/mol higher than that for the path leading to the HPMF itself, is not thermally stable and readily forms
direct formation of-OH, HC=0, and HC£0)OH discussed HC(=O)OH and CO. The transition state (b-TS4) for FAA
above and therefore appears unfavorable. However, an evalu-decomposition into formic acid and CO (see Figures 5 and 6)
ation of kinetics and dynamics will be required to determine involves an intramolecular hydrogen transfer, with a barrier (at
whether HPMF dehydration could occur at temperature and 298 K) of E; = 28.0 kcal/moB* Again, three possible
pressure conditions pertinent to a diesel engine. Aplincourt and conformations for FAA exist (similar to the three described for
Ruiz-LopeZ* have suggested that an ancillary formic acid HPMF), shown in Figures 7ac. In order for a hydrogen transfer
molecule could aid the dehydration of HPMF. They reported a to take place, FAA must possess the conformation of Figure
21.6 kcal/mol reduction in the barrier to HPMF dehydration in  7c, which, incidentally, has the lowest energy of the three
formic-acid-assisted dehydration compared to self-dehydration conformations (by 3.4 kcal/mol). This is likely due to the-O

of HPMF (at the DFT-B3LYP/6-31G(d,p) level of theory). This  -H attraction in the third FAA conformation. Both b-TS3 and
barrier is 12.7 kcal/mol lower than b-TS2. Thus secondary b-TS3 lead to the lowest-energy FAA conformation shown in
chemistry due to the presence of reactive species such as formid-igure 7c, which then in turn is the reactive conformation to
acid (present during synthesis of HPMF) may explain the surmount b-TS4 to form formic acid and CO.
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Figure 7. Formic acid anhydride (FAA) conformation defined by theeO—O—C torsion angles: (a) synperiplanar, synperiplanar [sp,sp], (b)

antiplanar, antiplanar [ap,ap], and (c) synperiplanar, antiplanar [sp,ap].
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Figure 8. Path for the formation of the formic acid and carbonyl oxide hydrogen-bonded adduct. Note 18©Gtdgment rotation with respect

to the HCEO)OH fragment. GO bond scission/H-transfer appears

to be barrierless.

2. Formation of the Criegee Intermediate (carbonyl oxide) according to Hammond’s postulate, its structure is very product-

and Formic Acid.Another possible decomposition of HPMF,

like. Thus production of CH,OO- and HCE&O)OH appears very

with a transition state (b-TS5) comparable in energy to b-TS2, competitive with the branching path leading directly to

leads to carbonyl oxide CH,OO-) and formic acid (Figure 8).

HC(=0)OH, HQOD, and the secondOH needed for chain-

b-TS5 involves a transfer of HPMF’s peroxide hydrogen to the branching.

ether oxygen (see Figure 9a) with a concertedCCcleavage
to form CHOO and formic acid. b-TS5 lies beloVCH,OCH,-
OOH and Q by AH,93= —25.0 kcal/mol. The activation energy
(at 298 K) with respect to the lowest-energy HOOGOIE(=O)H
conformer (Figure 4b) i&, = 43.4 kcal/mol (at 298 K), which
is on par with that of b-TS2 along the branching paflj {*

= 43.7 kcal/mal), given that 0.3 kcal/mol is well within the

An alternative transition state to b-TS5 leading @H,00-
and HCEO)OH can occur when the peroxide hydrogen of
HPMF is transferred to the formaldehyde oxygen. We would
expect that the barrier would be lower due to the reduced ring
strain (from five to seven atoms). We found an unconventional
transition state (b-TSpdirectly leading to a cyclical hydrogen-
bonded complex (Figure 9b). The imaginary frequency of this

uncertainty of the theory used here. Like b-TS2, the high- transition state structure along the reaction coordinate i(55.7

pressure A-factor of b-TS5 is in the #9-10'5 s~ range?®

cm™1) is consistent with a torsional rather than a stretching

b-TS5 is only +2 kcal/mol above the products, and hence, mode. DVV does indeed show that this saddle-point connects
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Figure 9. (a) b-TS5: connects HPMF [sp,ap] to carbonyl oxied€H,OC-) and formic acid (HGEO)OH). (b) Formic acid and carbonyl oxide

adduct.

HPMF [sp,sp] and CKDO---HC(=O)OH. This transition state
has an enthalpy identical to the HEQ)OH:---CH,OO adduct
(note that the barrier to addition of GBHO and HCEO)OH is
only 1—-2 kcal/mol according to b-TS5 in the reverse direction;

This is most likely a reflection of the amount of energy in the
O—H---0O and C-H---O hydrogen bonds binding th€H,O0-

and HCEO)OH fragments together (see Figure 9b). This
hydrogen bonding may be somewhat overestimated in our DFT

b-TS5 is more strained than what we find here). Figure 8 depicts work; hybrid density functionals such as B3LYP are known to

the rather flat path from HPMF to the Criegee intermediate/
formic acid complex. Both CEOO and its isomer HG£O)OH
haveCs symmetry, where CKDO has ar-electronic structure
analogous to that of ozone (a four-electron-in-three-orbital
m-system)!® The ground state ofCH,OO- is an open-shell
singlet, as in ozone. HPMF is formed when the mirror planes
of CH,O0 and HCEO)OH are perpendicular (intermolecular
mr-orbital overlap in the adduct is maximized), and the Criegee
intermediate/formic acid hydrogen-bonded complex is formed
when the mirror planes of GI®O and HC£0O)OH are parallel
(intermolecularz-orbital overlap is minimized). The enthalpy
of the HCEO)OH:---CH,00 adduct isAxnH29s = 28.7 kcal/
mol with respect to the lowest-energy HPMF conformatieh
kcal/mol lower than the enthalpies required to break thedD
bond in HPMF and surmount the b-TS2 or b-TS5 transition
state barriers, but the high-pressure A-factor is slightly lower
than those for b-TS2 and b-TS5 (about“€1).2° The isolated
-CH, OO and HCEO)OH products, however, are £34 kcal/
mol higher in energy than the GBO---HC(=0)OH adduct.

overestimate proton affinities and underestimate energy barriers
for proton transfef841-43

The -:CH,OO- biradical, or carbonyl oxide, is a well-known
postulated species in the field of atmospheric chemistry. This
biradical is known as the “Criegee” intermediate of ethylene
ozonolysis** As far as we know, this is the first study that has
considered carbonyl oxide in the context of fuel autoignition in
internal combustion engines. As a result, unfortunately, all
experiments involving-CH,OO- have been performed at
standard temperature (298 K) and pressure (1 atm). The Criegee
intermediate has never been observed spectroscopically under
atmospheric conditions and has been deduced only through
product analysi4® As noted above, HPMF itself was synthesized
through the addition of the HEXO)OH to the elusive Criegee
intermediate in ethyl vinyl ether ozonolysis:OH production
from the Criegee intermediate has been measured indirectly (by
detailed kinetics measurements or the disappearanc®laf
scavenging molecules) in ethylene ozonoly8ig? therefore,
decomposition of the Criegee singlet biradical in principle can
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Figure 10. Schematic diagram of Criegee intermediate (carbonyl oxide) decomposition pathways.

lead to the formation of the secor®H necessary for chain- 20 g ey e
branching. The yield ofOH from vibrationally excited CRHDO?, 109 o, . crocHo0H ™o O\O\'/H
however, has been estimated to be onty22% at standard - 03 O
temperature and pressufe® Fenske et a? have shown that g 193
-OH yield decreases with increasing pressure (especially with £ 20
an excellent energy absorber like gbFThis indicates that  ‘® 303
collisionally stabilizedtCH,00- is unlikely to decompose into & 3
*OH and H®. Thus, this is the least likely decomposition g0
scenario forCH,OO- in a high-pressure environment. 3‘:“'6°§
Gutbrod et aP! studied possible decomposition paths for <793
vibrationally excited CHOO* with high-level ab initio calcula- '8°§ = = =UB3LYP/6-31G* HPME €O +H,
tions (CCSD(T)) and have shown that the barrier to a concerted 'zg UB3LYP/6-311G**

elimination of-OH from CHOO* is 13 kcal/mol higher than

that for isomerization to dioxirane. Figure 10 shows the proposed reaction coordinate

decomposition pathways of the ethylene Criegee intermetliate. Figure 11. Potential energy surface of path leading to peroxyformic

The O-0 bond in dioxirane then breaks to form methylenebis- acid, CO, and ki

(oxy), which either decomposes to form génd H or (most ) ) ] ) )

likely) rearranges to form vibrationally excited formic acid. The chain-branching path fronCH,OCH,OO0H is competing with

decomposition of vibrationally excited HEO)OH most likely ~ the decomposition ofCH,OCH,O0H to CH=0 and -OH.

leads to HO 4+ CO and H + CO,, with the dehydration of ~ Neeb et af® have performed kinetic isotope experiments of

formic acid being much more favorable than the decarboxylation the *CH200- reaction with!*CH,=0. They observed a sub-

of formic acids1-56 stantial amount of HC(=0)OH and deduced that the following
On the other hand, HCH,OO- has the chance to thermalize ~€action was occurring:

through collisions, Criegee intermediate scavengers such as 13 13

CH,O% and HO%” can possibly facilitate bimolecular production ~ *CH,00- + “CH,=0 — CH,=O + H”C(=0)OH  (13)

of -OH. Both of these scavengers are readily available from

the product path of the chain-propagating step (for,€8) They also saw a substantial amount#&O. They propose that

and the dehydration of HPMF (for ). Interaction of the the exces33CH,=0 added to the system combines to form the

Criegee intermediate with GHO is most likely, since the  secondary ozonide (see Figure 10), which can decompose into
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-CH,OOH and H3C=0. As noted in chain propagation, Part
( / 1,3 -CH,O0H promptly forms Ch=0 + -OH.

Except for the path for bond scission, the three mechanisms
for HPMF decomposition discussed above (direct formation of
HC(=0)OH, HCD, and -OH from HPMF, dehydration of
HPMF, and formation of-CH,OO- and HCEO)OH from
HPMF) definitely lead to the production of formic acid. Since
formic acid is a major product in the low-temperature combus-
tion of DME >11these paths are the most likely paths for HPMF
decomposition. Further work including pressure and temperature

- effects will be needed to determine which of these mechanisms
Q is the most likely route for HPMF decomposition.

0.926° O 3. Formation of H, CO, and Peroxyformic Acid‘hough H
g has been detected only in high-temperature experiments, HPMF
can possibly decompose inte,HCO, and peroxyformic aci#
OH We searched for a possible path leading tofétmation. This
O / proceeds through b-TS6 (see Figures 11 and 12). The enthalpy
O e with respect to @ and-CH,OCH,OOH for b-TS6 isAH293 =
\’ ’ \AO —5.4 kcal/mol. The activation energy with respect to the lowest-
energy HPMF conformation i, = 63.0 kcal/mol, which is
\ /- much higher than the transition states from HPMF discussed
. earlier. b-TS6, however, is still lower in energy than &d

7
A / H *CH,OCH,O0H. Thus, in principle, i CO, and HGE0)OOH
H — H production is possible.

Figure 12. b-TS6: connects HPMF [ap,ap] to HEQ)OOH, H, and Peroxyformic acid _is not a _product that has b_egn sugges_ted
CO. for combustion reactions: it is an excellent oxidizer used in

the epoxidation of alkené8 Literature on peroxyacids describes
CH,=0 and ¥ CH,00. With a new distribution of internal  their solution phase properties, but the gas-phase literature is
energy, the-13CH,OO- can undergo the various branches of nonexistent; a solution containing peroxyformic acid can be
decomposition illustrated in Figure 10 (one of these leading to prepared with a solution of formic acid. Equilibrium is
H13C=0 and -OH). They also propose thatCH,00O- can established between the formic acid and hydrogen peroxide
remove a hydrogen from tHéC-labeled formaldehyde to form  reagents and the peroxyformic acid and water prodictbus
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Figure 13. (a) b-TS7: connects HPMF [sp,ap] to dihydroxymethyl formate (DHMF). (b) Dihydroxymethyl formate (DHMF).
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Figure 14. Schematic summary of the activation energies needed to form the products considered in this work.

it is feasible that peroxyformic acid and,® may combine in chain branching. The Lindemann-type reaction in the chain-
the gas phase to produce formic acid and hydrogen peroxide.propagation step is responsible for the shift from low-temper-
The origin of the water vapor for this reaction might be available ature oxidation (where chain-branching leads to weakly explo-
from the dehydration of HPMF, which is a competing reaction sive combustion) to high-temperature oxidation (where a non-
in its decomposition. Therefore, peroxyformic aeid,O reac- chain-branching mechanism, such as-HQH bond cleavage,
tions at low-to-intermediate temperatures might contribute to may drive explosive combustion). This was discussed in Part
the hydrogen peroxide pool required for high-temperature, 1.3
non-chain-branching DME oxidation. Alternatively, peroxy-  Up until the creation of hydroperoxymethyl formate (HPMF),
formic acid can react with ambient formaldehyde to form two the chain-branching path is unambiguous; @lds to-CHy-
HC(=0)OH > Though formic acid potentially can be formed,  OCH,00H, and the resultingOOCH,OCH,00H can either
the potential energy barrier is much higher than the other barriersgissociate back into 9+ -CH,OCH,OOH, stabilize via
discussed previously and, therefore, will not be a likely path collisions, or undergo a hydrogen-transfer isomerization to form
for HPMF decomposition. HOOCHOCHOOH. We find that HOOCKHDCHOOH readily

4. Formation of Dihydroxymethyl Formate ((H&QHO- dissociates into HOOCKC(=O)H (HPMF) and the firstOH
(C=0O)H). Last, we have found an HPMF decomposition path needed for chain-branching. HPMF has many possible decom-
leading to a highly stable geminal diol/aldehyde product, position pathways, as summarized in Figure 14. Only one of
dihydroxymethyl formate (DHMF). The transition state (b-TS7) these pathways leads to direct formation of the secedid
may lie slightly below with-CHOCH,OOH and Q, with AHzgg necessary for chain-branching, along with formic acid (experi-

= —1.6 kcal/mol. We concluded that this is the least likely fate
for HOOCHOCE=O)H, since the transition state barrier has
almost the same enthalpy as the branching react@itgOCH,-
OOH and Q. b-TS7, depicted in Figure 13a, involves a transfer
of the OH group in HOOCKDC(=O0)H to the saturated carbon

mentally observed in DME combustibH) and HG=0. We
have located the transition state (b-TS2) for this p&h= 44
kcal/mol), which was originally proposed by Curran et‘al.
These latter authors, however, favor the-O scission path
leading to the formation ocfOCH,OC(=0)H and-OH, arguing

and a simultaneous transfer of the one of the hydrogen atomsthat the A-factor for this reaction is likely to be higher than
on the saturated carbon to the oxygen bonded to the saturategnat for the direct path toOH via H-transfer, potentially
carbon. Despite the high activation energy, we note that the resyiting in a higher rate constant than the path involving b-TS2.
DHMF product (with one geminal diol end and one aldehyde hile 0—0 scission may be 2 kcal/mol more favorable than
end; see Figure 13b) is the most stable product of all the productsihe direct path toOH via H-transfer and may have a higher

and intermediates considered here.

IV. Summary and Conclusions

In this work, we examined an oxidation mechanism for
dimethyl ether (DME) low-temperature autoignition (360000

A-factor, only a variational transition state theory calculation
(accounting for the intrinsic barrier of this reaction) can show
if the O—O scission is actually a more favorable kinetic path
compared with the path through b-TS2.

At atmospheric temperature and pressure, Thamm & al.

K). This mechanism is analogous to the one used to explain observed that the decomposition products for HPMF (formed
alkane autoignition. This mechanism is comprised of three main via ethyl vinyl ether ozonolysis) are formic acid anhydride,
steps: chain initiation, followed by chain propagation, and then formic acid, and CH=0.3% According to our calculations (in
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agreement with those of Aplincourt and Ruizge?%), dehy-
dration is not as energetically favorable as the mechanis
proposed by Curran et &.However, Aplincourt and Ruiz-
LopeZ+80predicted that the addition of an ancillary formic acid
to HPMF decreases the barrier to dehydration by 21.6 kcal/
mol (Ea = 33.9 kcal/mol). This is lower than any other transition
state we have found and may explain why Thamm €& al.

m
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acid). To the extent formic acid is present, this may drive
dehydration of HPMF, producing water and formic acid
anhydride.

In ethylene ozonolysis, HPMF is formed by the addition of
the Criegee intermediateCH,O0, to formic acid.We suggest
here that the Criegee intermediate may be formed in the course
of dimethyl ether (DME) combustiofwo transition states
leading from HPMF to the Criegee intermediate itselif,OO)
and HCEO)OH were found. One transition state (b-TSB
higher than the other (b-TS5) byl5 kcal/mol (due to higher
ring strain). Both of these transition states are lower than the
transition state leading to the direct formation -@H, and,
therefore, may provide a more favorable HPMF decomposition
mechanism. HPMF also may simply dissociate if@iH and
-OCH,C(=0)H; the cost to cleave the-6D bond in HPMF is
slightly below the energy to surmount b-TS2 and b-TS5. HPMF
may also dissociate into 1 CO, and HCEO)OOH; the
enthalpy of b-TS6 is below that of b-TS1, and, therefore, the
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path is feasible. The subsequent decomposition and reactions (24) Francl, M.; Petro, W.; Hehre, W. J.; Binkley, J.; Gordon, M.;

of HC(=0O)OOH in the gas phase are even less characterized
than the intermediates involved in ethylene ozonolysis. Finally,
the isomerization of HPMF to DHMF has the highest kinetic
barrier, despite DHMF’s high stability.

From the energetics alone, the path leading to direct formation
of OH (along with production of HEO and formic acid),
the path involving G-O bond scission in HPMF, and the path
leading to the Criegee intermediat€H,00-) and formic acid
are the most favorable mechanisms for HPMF decomposition
(all of which may lead to the secon®H required for possible
explosive combustion). However, we emphasize that only a very
basic unimolecular mechanism for the low-temperature auto-
ignition of DME with the occasional bimolecular reaction with
O, at the beginning of chain-propagatfoand chain-branching
has been considered here. The kinetics of DME autoignition
may be much more complex than this simplified chain-branching

scheme described here, especially with this unexpected overlap,,

with olefin ozonolysis reactions. Many factors such as temper-
ature, pressure, and relative concentrations will greatly influence

changes in kinetics. Further analysis is needed to determine the/V

extent that these factors influence DME combustion.
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