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The title reaction was studied at 296 K and G-380 Torr total pressure using a FTIR smog chamber technique.
The overall rate constant for reaction of €BCH, radicals with @ may be writtenk; = Kroz + Koros, Where
krozis the rate constant for peroxy radical production &gl is the rate constant for the production of other
species from reaction 1k; was measured relative to the pressure independent reaction;Qf@@H radicals

with Cl, (ks). There was no discernible effect of pressurekpim the range 206940 Torr. Between 200
and 2 Torr total pressure decreased by approximately a factor of 2. For pressures below 2kToras
again independent of pressure. The reaction proceeds via the formation of an activated coma&S&CH,

that is either collisionally stabilized to form the peroxy radical, ;08H,0,, or undergoes intramolecular
H-atom abstraction followed by decomposition to give two formaldehyde molecules and an OH radigal: CH
OCH, + O, == CH;0CH,O,", CH;OCH,O,* + M — CH;0CH,O, + M, CH;0CH,O,* — CH,OCH,O,H* —
2HCHO + OH. The products from this reaction were studied as a function of total pressure. The molar
yield of formaldehyde increased from2% at 700 Torr total pressure t6200% at 0.38 Torr total pressure,
while the combined yield of methyl formate and methoxy methylhydroperoxide decreased-06%6 to

4% over the same pressure range. Fitting the product yields and relative rate data using a modified Lindemann

expression gave the following rate constarkgo, dks = (1.97 + 0.28) x 1072 cm?® molecule?, kroze/ks =

0.108+ 0.004, andkrog,dks = (6.3 £ 0.5) x 1072 wherekroz,0 andkroz, are the overall termolecular and
bimolecular rate constants for formation of the LLELH,O, radical andk,aorepresents the bimolecular rate
constant for the reaction of GBCH, radicals with Q to yield formaldehyde in the limit of low pressure.

These data and absolute rate data from the literature were used to derive a rate constant for the reaction of

CH3;OCH; radicals with C} of (1.00+ 0.16) x 10°1°cm?® molecule! s™1. The results are discussed in the
context of the use of dimethyl ether as an alternative diesel fuel.

1. Introduction octane (i.e., low cetane) numbers and are used to boost the
octane number of gasoline. It is surprising that DME, which
is structurally similar to MTBE, ETBE, and TAME, has a high

following desirable properties that make it an attractive diesel cetane number and hence is a good diesel fuel, while the qther
ethers have low cetane numbers and would make poor diesel

fuel. First, it has a high cetane (i.e., low octane) number. . . o o
Second, when used in diesel engines, it reduces combustior{)ueelgsv'v A possible explanation for this difference is discussed

noise and emissions of particles. Third, the trade-off between

NOy emissions and soot using conventional diesel fuel is . . .
X 9 diesel fuel, DME is a gas at ambient temperature. Hence, any

eliminated in DME-fueled engines because the combustion is . S .
soot-free. Hence, a DME-fueled engine can be tuned to give wldespread use of DME would require significant investment

e infracture associated with fuel distribution and delivery.
reduced NQ@emissions. Fourth, DME can be produced from In newin ) . .
hydrocarbons via a relatively cheap one-step synthesis. EngineThe atmospheric chemistry of DME has been studied by Japar

3 i 4 i 5
tests have shown that DME-fueled diesel engines have emissiongt aI.,_ _Jer|1k|nh_eth a]Ic., Wa:gn%todn et_allc.j, a?d” La_ngerCeIt a?
levels that surpass the California ultralow emissions vehicle ; urprisingly high tormaidenyde yields Toflowing atom

: . : : initiated oxidation of dimethyl ether in MO, diluent at total
(ULEV) regulation for medium duty vehiclés.Interestingly, .
ethers like MTBE (methytertbutyl ether), ETBE (ethytert \?\/rae;S SslergESeZteelz?jV\ihgz‘a?Ofo-rrrcr)]rz;I(\;\:eefsdreew;;egofrr{e\(]je?nkltmeé treaell.ction
butyl ether), and TAME tert-amyl methyl ether) have high of CHOCH, radicals with Q,

Dimethyl ether (DME) has been proposed as an alternative
diesel fuel by Topsge and AMOCHO Dimethyl ether has the

At this point it is germane to note that unlike conventional
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via the following mechanisrt: formaldehyde, 17001800; formic acid, 10561150; CO,
2050-2250. All compounds were obtained from commercial
vendors and used without further purification.

Four sets of experiments were performed. First, the kinetics
of the CHOCH, + O, reaction were studied relative to the
CH30OCH, + ClI; reaction as a function of total pressure.
Second, the product distribution following the reaction of:£H
OCH, radicals with Q was studied over the pressure range
0.38-700 Torr. Third, the products of DME oxidation at 2, 5,
and 700 Torr total pressures in the presence of a large excess
of 13CH30H, and hence H@radicals, were studied. Finally,
the apparent photolysis rate of Qkalculated by the loss of
DME) was measured at 2 and 700 Torr total pressure.

CH,OCH, + O,=CH,OCH,0,”  (la—1a)

CH,0CH,0,” — CH,0CH,O,H" — 2HCHO+ OH  (1b)

CH,0CH,0,” + M — CH,0CH,0,+ M  (1c)
where formaldehyde is formed by intramolecular hydrogen
transfer in the energetically excited @PICHO,# radical
followed by decomposition, (reaction 1b). At sufficiently low
pressures CHDCH,0O," radicals are not stabilized and reaction
1 proceeds essentially exclusively via reaction 1b. At higher
pressures the highly energetic @HCH,O,* complex is stabi-
lized by collisional quenching to give thermalized €&XCH,0O,
radicals. CHOCH,O; radicals react to give C#CHO and

CH;OCH,OOH under atmospheric conditiofis. 31 mTorr of DME, 28-234 mTorr C}, and 0.34-2.5 Torr G
Alkylperoxy radicals are thermally unstablea1000 K and  wjith N, added to a total pressure of 0:3840 Torr were subject

consequently are notimportant in high-temperature combustionto Uy irradiation. The following reactions are important in the
chemistry. However, at lower temperature (5@50 K) mixture:

alkylperoxy radicals have sufficient stability to assume an

3. Results

3.1. Relative Rate Study of CHOCH; + O, vs CH3;OCH,
+ Cl,. To study the rate constant ratia/ks, mixtures of 16-

important role in autoignition phenomena, which cause un- Cl,+ hv —2Cl (2)
wanted audible mechanical vibrations in gasoline-fueled engines
known as “knock8 Isomerization reactions similar to reaction Cl 4+ CH;OCH, — CH;OCH, + HCI (3)
1b are important sources of reactive free radicals that promote
autoignition? The importance of reaction 1b in the high- CH;OCH, + O, (+ M) — products (1)
temperature oxidation of DME has been considered by Dagaut CH,OCH, + Cl,— CH,O0CH,CI + Cl 4)

et al1% using a detailed kinetic modeling approach at temper-

atures of 856-1300 K and pressures of-1.0 bar. It was found
that reaction 1b was an important loss of LKCH, radicals in
their model at high pressures and low temperatiftels: terms

Reaction 4 is expected to be independent of total pressure and
provides a convenient reference for determining the pressure
dependence df;. The fraction of the CBDOCH, radicals that

of the use of DME as a diesel fuel, reaction 1b is desirable, react with C}, Ypmec, Was determined by measuring the
since it propagates the reaction chain producing reactive OH formation of CHOCH,Cl (ADMECI) relative to the loss of
radicals and formaldehyde. Combustion of formaldehyde gives DME (ADME). Hence Ypmeci = ADMECI/ADME = kq[Cl)/
little or no particulate matte: (ka[O2] + k4[Cl3]). The measured yield of CDCH,CI needs

The objective of this work is to investigate the kinetics and a small correction to account for loss of @PCH,CI via
mechanism of reaction 1. The results are discussed in thereaction 5:
context of DME as an alternative diesel fuel.

_ _ Cl + CH;OCH,CI — products (5)

2. Experimental Section

The apparatus and experimental technique used in this workThe rate constants for reactions 5 and 3lare= 2.9 x 10711
have been described in detail previod3lgnd are only briefly andks = 1.9 x 1010 cr® moleculel s14 Conversion of DME

discussed here. Experiments were performed in a 140 L PyreXyas in the range-059%, and the corrections appliedYguveci
reactor surrounded by 22 fluorescent blacklamps (GE F15T8- \yere <7%.

BL) that emit in the I’egion 306450 nm. Methoxy methyl k1/k4 can then be calculated from eq |:

radicals were generated by the photolysis of molecular chlorine

in the presence of dimethyl ether with and without NO in 6-34 Ki/ky= (1 — Yomec) [CLY/(Yomea[O2) m

700 Torr of Q. N, was added to reach the desired total pressure
The results are shown in Figure 1. As expectkdks ap-
proaches a high-pressure limit at pressures above 100 Torr and

of 0.38-940 Torr at 296+ 2 K.

falls off below 100 Torr total pressure. It is interesting to note
thatki/ks does not approach zero at low pressures. This behavior
can be explained if reaction 1 proceeds via a complex that
decomposes via two pathways, either to reform the reactants
. . . ) or to give other products. We show later that these “other
monitored by Fourier transform infrared spectroscopy using an products” are formaldehyde and OH radicals. The reactions

infrared path length of 27 m and a resolution of 0.25°€m . 1ved in the formation and decomposition of the complex,
Infrared spectra were derived from 32 coadded mterferograms.CHSOCHZOZ# are

Reference spectra were obtained by expanding known volumes
of reference materials into the long path length cell at appropriate
total pressures. Products were identified and quantified by
fitting reference spectra of the pure compounds obtained at the
appropriate total pressures to the observed product spectra using
integrated absorption features over the following wavelength
ranges (in cmY): dimethyl ether, 906 1200; methyl formate,
1000-1100; methoxy methylhydroperoxide, 77850 and
1700-1750; chlorodimethyl ether, 65850 and 1206-1300;

Cl, + hv—2Cl )
®)

Loss of dimethyl ether and formation of products were

Cl + CH,0CH, — CH,OCH, + HClI

CH,OCH, + O, = CH,OCH,0," (la~1a)
CH,OCH,0,” — CH,0CH,0,H" — 2HCHO+ OH (1b)
CH,OCH,0," + M — CH,OCH,0,+ M  (1c)

At high pressures the rate constant for the reaction o§-CH



17220 J. Phys. Chem., Vol. 100, No. 43, 1996

0.12 —rr— : :

0.04 o S s

0.1 1 10 100 1000

Pressure, Torr

Figure 1. ki/ks vs total pressure. The smooth line is a fit to the

Sehested et al.

limit, Korod,0 = Kiakip/(K-1a + Kab), it follows that

kprod =
(ke (Ko1at K} L+ K g MY/ (KoK 15F ki)

= kprod,(!(l + kROZ,({M]/ kROZ,oo)

Equation I,
ky/ky = KoKy + kproJk4 (D)

was fitted to the data in Figure 1 witkyod,dka, kro2,dks, and
kroz/ks as parameters. The fit is shown as the smooth line
through the data in Figure 1. As seen from Figure 1, the
experimental data are well fitted by eq Il. The best fit was
obtained usindrod,dka = 0.059+ 0.005,kro2,dks = 0.0069
+ 0.0032 Torr® = (2.1+ 1.0) x 10° cm® molecule?, and
kRozpo/k4 = 0.1114 0.004.

Two absolute measurements of the rate constant for reaction

data using a modified Lindemann mechanism (eq Il). See text for 1 have been reported. Masaki etldmeasureck; at 0.8-8

details.

OCH, radicals with Q equalski, since all CHOCHO,*
radicals are quenched by the third body “M”, mainly énd
N2 (reaction 1c), and the peroxy radical, &HCH,O, is formed.
As the total pressure is decreased, not all of the@EH,O,"*
radicals are quenched and the rate constantkgk®decreases.
At the low-pressure limit none of the GBCH,O,* radicals

Torr total pressure and 298 K using a laser flash photolysis-
mass spectrometry absolute technique. Masakitraported

ki = (6.5% 0.7) x 10722 cm® molecule’? st independent of
total pressure over the pressure range studied. We also find
thatk; is independent of total pressure below 6 Torr. Sehested
et al}* measured, at 296 K at 1 bar total pressure using pulse
radiolysis transient UV absorption spectroscopy and relgort

= (1.094 0.05) x 1071 cm® molecule’l s71. The ratio of the

are quenched; however, because of intramolecular hydrogengpsolute rate constants determined by Masaki % at.low

transfer in the excited C¥CH,O," radical, the overall rate

pressure and by Sehested et“aht high pressure is 0.5%

constantk; does not drop to zero at zero total pressure. 0.07. This is in good agreement with the ratio of the average

Hydrogen transfer in CEDCH,O," is expected to proceed via
a six-membered ring transition state.

of the relative rate data below 8 Torr total pressure, 0.864
0.05, and the high-pressure limit determined in this study, 0.111

Reactions lalc can be viewed as a modified Lindemann =+ 0.004,k;(0—8 Torr)kroz.» = 0.58+ 0.05. Using the values

mechanism. The overall reaction of gbICH, radicals with

for k; of Masaki et alt® and Sehested et af ky(0—8 Torr) =

O, proceeds via two pathways to give either the peroxy radical 0.064+ 0.005, antkroz./ks = 0.111+ 0.004, we calculati,

CH3OCH,O, (RO,) or other products (prod). Hence,

—d[CH,OCH,)/dt = d[RO,}/dt + d[prod]/ct =
k[CH,OCH,J[0,]

d[RO,]/dt = keo/CH;OCH,I[O,] = kyJMI[RO,]
diprod)/dt = ko dCH,OCH,][0,] = ky;[RO,']
Applying a steady state analysis for R@jives
Kroz = K IMI/(K_ 1+ Ky + ki JM])
kprod = Ky Kyf (K157 Kyt Ky [M])

Defining kro2,0 = kikid(K-1a + Kip) and kroze = kia we

= (1.02+ 0.14) x 107 andk, = (0.98+ 0.06) x 10719 cm?
molecule® s71, respectively. We choode, = (1.00 £ 0.16)

x 10710 ¢cm® molecule? s71, which is the average of twky
values with an uncertainty that encompasses the extremes of
the error limits of the individual determinations.

It is interesting to compare our result flg with the large
kinetic data base for reactions of alkyl radicals with.CRate
constants at 298 K for such reactions are typically in the range
(1—50) x 10712 cm?® molecule’! s71.15 For reasons that are
unclear, the CHOCH, radical displays an unusually high
reactivity toward CJ.

3.2. Product Study of CHBOCH, + O,. Six experiments
were carried out to study the products of dimethyl ether
oxidation as a function of total pressure. The initial conditions
and the results are given in Table 1. In each experiment, a
CH30CHy/Cl,/Oo/N, mixture was subject to two to six succes-
sive periods of irradiation, each of80 s duration. After each
irradiation the reaction mixture was analyzed using FTIR

can express the effective second-order rate constant for theSPECIroscopy.

formation of RQ radicals at any given pressukgoy, in terms
of the limiting low- and high-pressure rate constakggy oand
Kro2o:

Kro2 =
{ Ky ki MI(K_ 157 Ky} {1+ Ky o MY/ (kg (K14t Kyp))}

= Kroo JMI/(1 + Koo JMI/ Krozgs)

Similarly, by definition of the rate constant for formation of

Parts A and B of Figure 2 show IR spectra acquired before
and after irradiation of a mixture of 23 mTorr of dimethyl ether,
23 mTorr of Ch, and 9.9 Torr of @ in 690 Torr of N
(experiment 6). Parts C and D of Figure 2 show IR spectra
acquired before and after irradiation of a mixture of 23.1 mTorr
of dimethyl ether and 23 mTorr of €lin 10.4 Torr of Q
(experiment 5). The loss of dimethyl ether was 2.89 mTorr
from spectrum A to B of Figure 2 and 2.77 mTorr from C to
D. Reference spectra of methyl formate and formaldehyde are
shown in the bottom panels of Figure 2. Itis easily seen from
the product spectra in parts B and D of Figure 2 that different

“products” (formaldehyde and OH radicals) in the low-pressure products are observed at different total pressures. The product
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TABLE 1: Product Yields?2 Following the Irradiation of CH 3;0CH34/CIl,/O,/N; at 0.38—700 Torr Total Pressure

Y(CH:OCHO)  Y(CH:OCH,OOH)  Y(HCHO) Y(HCOOH)  Y(CO)
set [DMEP  [0J]°  [NJ® [CLl®  Puf % % % % %
1 10.3 0.36 0 10.3 0.38 42 181+ 15 2244
2 10.4 1.06 0 10.4 1.08 62 185+ 20 14+ 9
3 10.4 1.64 0 10.4 1.66 112 173+ 32 1345
4 21.8 5.7 0 15.4 5.7 327 712 120+ 8 20+ 8
5 23.1 10.4 0 23.0 10.4 424 14+ 3 89+ 10 242 6+3
6 23.0 9.9 690 230 700 6F 2 30+5
7d 29.6 1.2 699 158 700 88 6 <1.9
g 338 120 580 2130 700 96 20 <2

2 Molar yields relative to CHOCH; loss corrected for formation of G&CH,CI. ® Concentrations in units of mTorf.Concentrations in units

of Torr. ¢NO present in 15 mTorr concentratictiTotal pressure in units of Torr.
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Figure 2. IR spectra before (A) and after (B) irradiation of a mixture A [CHJOCH3], mTorr

of 23 mTorr of DME, 23 mTorr of G, and 9.9 Torr of @ with N, . .
added to 700 Torr total pressure. (C) and (D) show IR spectra before Figure 3. Observed formation of methyl formatev), methoxy
and after irradiation of a mixture of 23.1 mTorr of DME, 23 mTorr of Methylhydroperoxide®), formaldehyde), CO (@), and formic acid

Cl,, and 10.4 Torr of @ Reference spectra of methyl formate and (4) in experiment 6 (A) and experiment 5 (B).

formaldehyde are given in the bottom panels. See text for details. formaldehyde, CO, methyl formate, methoxy methylhydroper-

observed in Figure 2B is methyl formate. Methyl formate and oxide, and formic acid of 8% 10%, 6+ 3%, 42+ 4%, 14+
methoxy methylhydroperoxide were the only products observed 3%, and 2+ 2%, respectively. These values are also reported
in experiment 6. The yields of methyl formate and methoxy in Table 1. With one exception (the HCHO yield plotted in
methylhydroperoxide were 1.95 and 0.86 mTorr, respectively. Figure 4) all product yields in this paper are expressed as moles
The product spectrum in Figure 2D shows that methyl formate of product formed per mole of DME consumed. To calculate
and formaldehyde are formed at 10.4 Torr total pressure the carbon yield balance, allowance must be made for the fact
(experiment 5). The yield of methyl formate was 1.17 mTorr that HCHO, CO, and HCOOH contain one carbon atom while
while that of HCHO was 2.46 mTorr. Examination of other methyl formate and methoxy methylhydroperoxide contain two.
regions of the product spectrum showed that formic acid, Quoted errors are 2 standard deviations and do not include
methoxy methylhydroperoxide, and CO were also formed in potential systematic errors associated with uncertainties in the
the low-pressure experiments in yields of 0.07, 0.39, and 0.20 calibrations of the reference spectra. We estimate that potential
mTorr, respectively. systematic errors could contribute an additional 10% range.
Parts A and B of Figure 3 show the observed yields of  Figure 4 shows the yields of formaldehyde, methyl formate,
formaldehyde, CO, methyl formate, methoxy methylhydroper- and methoxy methylhydroperoxide as a function of the total
oxide, and formic acid plotted vs the loss of ¢BCH; in pressure. The yields and experimental conditions are also shown
experiments 6 (700 Torr total pressure) and 5 (10.4 Torr total in Table 1. The product yields are corrected for O/CH,CI
pressure), respectively. Linear least-squares analysis of the datdormed via reaction 4. The corrections were smaill(%).
in Figure 3A gives molar yields for methyl formate and methoxy The product data determined by Jenkin et ate also shown
methylhydroperoxide of 6% 2% and 30+ 5%, respectively. in Figure 4. Clearly, there is good agreement between the data
Analysis of the data in Figure 3B gives molar yields for obtained here and those reported by Jenkin ét @he total
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Figure 4. Molar yields (relative to the dimethyl ether loss) of methyl
formate §), methoxy methylhydroperoxide®), and the molar yield

of formaldehyde ¥) divided by 2 vs total pressure. The total carbon
yield is shown with hollow squares. Results reported previously by
Jenkin et af are given by the symbols enclosed by large circles. The
smooth lines are fits to polynomial expressions to aid visual inspection
of the data.

product yields are also shown in Figure 4 and are, within the
experimental uncertainties~(0%), indistinguishable from
100%.

At 700 Torr total pressure the;€ompounds, methyl formate
and methoxy methylhydroperoxide, are the only observable
products of dimethyl ether oxidation. This can be explained
by the following reactions:

Cl, + hw — 2Cl )
Cl + CH,0CH, — CH,OCH, + HClI 3)
CH,OCH, + 0, + M — CH,0CH,0,+ M (1)

CH,OCH,0, + CH,O0CH,0, —
CHLOCH,0 + CH,0CH,0 + O, (6a)

CH,OCH,0, + CH,0CH,0, —
CH,OCH,0H + CH,OCHO+ O, (6b)

CH,OCH,0 + M — CH,OCHO+H+M (7
CH,OCH,0 + 0, — CH,0CHO + HO, @)
H+0,+M—HO,+ M )
CH,OCH,0, + HO, — CH,0CHO+ O, + H,0  (10a)

CH,OCH,0, + HO, — CH,0CH,00H+ O, (10b)

Reaction 6 proceeds via two channels Wiy (ksa + kep) =
0.7+ 0.1# The yield of CHOCH,OH in this system is<15%?#

At lower pressures the ;Qproducts, formaldehyde, CO, and
HCOOH, are the dominant products of the oxidation of dimethyl
ether. At 0.38 Torr total pressure the yield of methyl formate
is only 4% while formaldehyde is observed in a yield that
accounts for greater than 90% of the loss of DME. CO and
HCOOH are seen in small yields at low total pressure. Their
formation can be rationalized by the following reactitrig

Sehested et al.

HCHO + Cl— HCO + HO, (11)
HCO+ 0, — CO+ HO, (12)
HCHO+ HO,=HOCH,0,  (~13,13)
HOCH,0, + HOCH,0, — 2HOCH,O + O,  (14)
HOCH,0 + 0, — HCOOH + HO, (15)
HOCH,0, + HO,—~ HCOOH+ H,0+ O,  (16)

As seen from Figure 4, the yield of GACH,OOH drops
with decreasing pressure. There was no detectabOCHL,-
OOH product 5% yield) for experiments conducted below 2
Torr. There are two reasons for the declining yield of £H
OCH,OO0H. First, there is the decreased yield of 4CH,0O,
radicals at low pressure. Second, with low total pressures of
O; diluent, H atom elimination rather than reaction with O
becomes an important fate of @BICH,O radicals® At low
total pressures H atoms react with,Ghereby avoiding H®
radical formation. Without H@radicals there can be no GH
OCH,OOH formation.

There are four possible sources of the large yield of
formaldehyde observed at low pressures. The formaldehyde is
formed from the thermal decomposition of gBICH, radicals
(reactions 1#20), from the decomposition of the alkoxy radical,
CH30CH,O (reaction 21), from a bimolecular channel of
reaction 1 (to give ethylene oxide (reaction 1d) followed by
conversion of the ethylene oxide into formaldehyde by some
(unknown) mechanism (reaction 22), or from the reaction of
CH3;OCH, with O via reaction 1b:

CH,OCH,+ M —CH,+ HCHO+M  (17)
CHy+ 0,+M—CH,0,+ M (18)
CH,0, + RO,—~RO+ CH,0 + O, (19)
CH,O + O,— HCHO + HO, (20)
CH,OCHO+M —CHO+CHO+M  (21)

CH,OCH, + O, —
CH,OCH, (ethylene oxide)}+ HO, (1d)

CH,OCH, (ethylene oxide)> — HCHO + HCHO (22)

CH,OCH, + O, — 2HCHO+ OH (1b)
Two pieces of information show that reaction 17 is not important
in the present reaction system. First, the thermal decomposi-
tion of CHsOCH, radicals has been studied by Louck and
Laidler'® and Sehested et #. The following expression was
derived for the high-pressure limit of the thermal decomposi-
tion of CH;OCH, radicals: k;4 = 1.6 x 10 exp(—12832T)

s 11418 From this expression it can be calculated that the
lifetime of CH;OCH, radicals at 296 K is 4.9 days and that
reaction 17 is not important in the present chemical system.
Second, no CkCl was observed in the relative rate experiments
described in section 3.1. If GHadicals were produced in
reaction 17, then C§€l formed by reaction 23 would be a major
product in the reaction system where,[{fCl ;] ~ 10.

CH, + O, + M — CH,0, + M (18)

CH, + Cl,— CH,CI + Cl (23)
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At 5 Torr total pressure the rate constant rdtigkos = 0.051°
andkig/kos will decrease further at lower pressures. In a system
where [Q]/[Cl;] ~ 10 the main fate of methyl radicals formed
in reaction 17 is formation of C4€l via reaction 23. No Ckt
Cl was observed in any of the experiments described in section
3.1. Hence, we conclude that reaction 17 is not important.
Decomposition of CHOCH,O radicals via GO bond
cleavage is another possible source of formaldehyde. The
decomposition rate of CH#DCH,O radicals is expected to be
greatest at high pressures. To provide insight into the impor-
tance of the thermal decomposition of gHCH,O radicals, two
experiments were performed where mixtures of DMEMO
with either 1.2 or 140 Torr of oxygen with Nadded to 700
Torr total pressure were irradiated. Under such experimental
conditions essentially all C40CH, radicals will be converted
into CH;OCH,O- radicals and thence to GBCH,O radicals.
The experimental details are given in Table 1 (experiments 7
and 8). Methyl formate was the only observable product in
experiments 7 and 8. An upper limit of 2% was established
for the HCHO yield. This result shows that the fate of £H
OCHO radicals is elimination of a H atom via reaction 7, or
reaction with @, or both.

)
8)

Since thermal decomposition of GAICH,O radicals via CG-O
bond cleavage is not important at 700 Torr total pressure and
[O2] = 1.2 Torr, it cannot be important at the lower total
pressures used for experimentsBl(see Table 1).

A direct hydrogen abstraction mechanism for reaction 1
followed by reaction 22 can be proposed as a source of
formaldehyde at low pressures:

CH,OCH,0 + M — CH,0CHO+ H + M

CH,OCH,0 + O, — CH,0CHO+ HO,

CH,OCH, + O, —
CH,OCH, (ethylene oxide}+- HO, (1d)

CH,OCH, (ethylene oxidej> — HCHO + HCHO (22)
However, if the formation of formaldehyde and the nonzero
intercept in Figure 1 were due to such a pressure independent
direct bimolecular channel of reaction 1, then inspection of
Figure 1 reveals that reaction 1d would account for ap-
proximately half the overall rate constant at 700 Torr. At
pressures below 1 Torr the reaction of LMCH, radicals with

O results in the conversion of essentially all §&»CH, radicals
into formaldehyde. If reaction 1d was the explanation of the
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Figure 5. Plot of the combined yield of the LOproducts, methyl
formate, and methoxy methylhydroperoxigeky/ks (kro/ks (®)) and

the G products, formaldehyde, HCOOH, and GCky/Ks (KorodKs (V)

vs the total pressure. The smooth, dashed, and dotted lines are fits using
F. = 1 (Lindemann expression), 0.8, and 0.6, respectively. See text
for details.

wherekro, andk; are the rate constants for the formation of
CH3;OCH,O5 radicals and the overall rate constant for reaction
1, respectively. Similarly, the fraction of reaction 1 that gives
formaldehyde and OH radical is given by

B = Korod ks

wherekyoqis the rate constant for the formation of formaldehyde
and OH radicals krooks andkyrodks can be calculated directly
from the experimental data by multiplying the fraction of the
products that are £and G products by the values dfi/ks
derived in section 3.1. Figure 5 shows the resulting values of
krooks andkgrodks calculated by multiplying the product data
given in Figure 4 by appropriate values lafk, derived from

the fit through the data in section 3.1. These two data sets can
be fitted by the following expressions derived in section 3.1:

KrodKs = kRoz,f{M]/{ kKy(1+ kROZ,({M]/ kROZpo)}
kproc/ k, = kprod,(f{ ky(1+ kROZ,({M]/ kROZ,OO)}

(V)

(V)

(V1)

formaldehyde formation and the nonzero intercept in Figure 1 using kroz,dks and krozs/ks (€9 V) andkorod,dks and kroz,d

then we would expect that at 700 Torr total pressure ap- Kroze (€q VI) as parameters. The fits are given as solid lines

proximately 50% of CHOCH, radicals would be converted into  in Figure 5. The parameters obtained from the fits viee,d

formaldehyde. In contrast, the formaldehyde yield from dim- ks = (6.45+ 0.92) x 1073 Torr * = (1.97 & 0.28) x 10°1°

ethyl ether oxidation at 700 Torr total pressures%. Hence, cm?® molecule andkrozw/ks = 0.104+ 0.007 kro:2 fit) and

we conclude that reaction 1d is unimportant. Kprod,dka = (6.6 & 0.9) x 1072 andkroz,dkroze = (8.4 + 3.2)
Finally, we need to consider the possible formation of HCHO x 1072 Torr™? = (2.6 £ 1.0) x 108 cm® molecule™® (Kproq

directly in the reaction of CEDCH, radicals with Q. As fit). These values are consistent with the rate constant ratios

discussed in the previous section, the mechanism proposed foiobtained in section 3.1. We choose to report the average of

reaction 1, which includes reactions 1a, 1b, and 1c, explainsthe values okrozw/ks @andkproa,dks determined in section 3.1

the pressure dependencekgfvery well. We will show below and in this section. Henckgozw/ks = 0.108=+ 0.004 andkoroa d

that the reaction mechanism also explains the pressure depenks = (6.3% 0.5) x 1072; uncertainties were calculated by normal

dence of the product distribution shown in Figure 4. Assuming error propagation methods. Fkgozdks we choose to report

that all thermalized peroxy radicals react to giveptoducts,
methyl formate or methoxy methylhydroperoxide, the fraction
of the CHOCH, radicals reacting with @that give the peroxy
radical, CHOCH,O,, is given by

o = krofKy (I

the more precise value determined in this sectig@o dks =
(1.97 £ 0.28) x 1071 cm?® molecule’L.

As a check of the validity of the use of a modified Lindemann
mechanism to analyze the data obtained in this workkiag
k4 data in Figure 5 were also analyzed by using a Troe type
expression:
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KrodKs = Kroo M1/ (K, (1 + thermal decomposition of GY@CH; radicals is too slow to be
(1+{l0g(knoz MY kroz,)]2) 2 of any importance under the present experimental conditions.
Kro2, dMI/ Krozps))Fe ooz * (Vi) Therefore, the experiments conducted in the presence of a large

. excess of methanol suggest that reaction 1 is indeed the source
wherekroz,0= Kiid(K-1a + Kip), Krozw = kia andkrozis the of formaldehyde. %

overall rate constant for RGormation. kroz,o krozy, andkroz 3.4. Apparent Photolysis Rate of GJ at 2, 5, and 700 Torr

are also used in eq Il and discussed in section 3.1. The Troetqgia| pressure The apparent photolysis rate of ,Clas
type expression (eq VlI) describes the pressure dependence ofea5red from the rate of dimethy! ether loss, was determined
a reaction system consisting of reactions-a Introducing  for three sets of initial experimental conditions. During these
the additional reaction 1b in the present chemical system ShOUIdexperiments only 4 out of the 22 blacklamps were used to
not alter the pressure dependencésaf, The fits to the data  phot0lyze molecular chlorine. The initial concentrations were
using eq VIl ancF.C = Q.6 (dotted lines) ané; = 0:8 (dashed _ [DME] = 10 mTorr, [Cb = 33 mTorr, and [Q = 2
lines) are shown in Figure 5. Thg Troe expression (eq VII) is (experiment 1), 2 (experiment 2), or 140 (experiment 3) Torr
equal to the Lindemann expression (eq I) when= 1. As  ith N, added to 700 Torr total pressure in experiments 2 and

seen from Figure 5, the fits usinge = 1 give the best 3 The photolysis rates were calculated by eq VIII:
representation of thkrosks data.

3.3. Product Study of CHHOCH, + O, in the Presence of
13CH;0H. As a part of this work, a product study of the
oxidation of dimethyl ether in the presence of a large excess of
13CH30OH was performed at 2, 5, and 700 Torr total pressure.
The initial conditions and the results are given in Table 2. Where A[CH3OCH;] is the observed loss of dimethyl ether,

Jep =
(A[CHZOCH;,] — A[CH,OCH,CI])/(2[CI,]At) (VIII)

Chlorine-initiated oxidation of methanol gives H@adicals: A[CH3OCHCI] is the observed formation of GACH.CI, At
is the irradiation time, and [g]Ithe initial chlorine concentration.
CH,OH + Cl — CH,0OH + HCI (24) The photolysis rates were determined to be (1209.10) x
103 s (experiment 1), (3.8 0.2) x 10 s (experiment
CH,OH + O, —~ HCHO + HO, (25) 2), and (3.84+ 0.2) x 1074 s71 (experiment 3). As expected,

the apparent photolysis rate of,@ 700 Torr of air (experiment
HO, radicals react with CkDCH,O; radicals via two reaction  3) is the same as that measured in 2 Torr of oxygen and 698
pathways: Torr of N, (experiment 2). However, the apparent photolysis

rate in 2 Torr total pressure of;@experiment 1) is 2.8 0.3
CH,O0CH,0, + HO, =~ CH,0CHO+ O, + H,0  (103) times higher than those observed at 700 Torr total pressure

experiments 2 and 3). This observation suggests that a chain
CH;0CH,0, + HO, — CH;OCH,00H + O, (10Db) geagtion is operating at low pressures (i.e., more than one
molecule of CHOCH; is consumed for each Cl atom formed
in the system). In light of the reaction mechanism proposed
for the reaction of CHOCH, radicals with Q in the previous
sections, it seems reasonable to conclude that the apparent
enhancement of the Elphotolysis rate can be ascribed to
additional loss of CHOCH; via reaction with OH radicals
produced in reaction 1b.

All experiments were conducted using an initial concentration
ratio of [**CH;OHJ/[DME] = 10. This ratio was selected
because previous experimentsave shown that under such
conditions the sole fate of GCH,O, radicals is reaction with
HO, radicals. 13CH;OH was used as opposed to &MH in
this study to avoid formation of HKCHO from methanol in the

system. By use of*CH;OH, dimethyl ether oxidation is the As an additional check on this chemical system, the concen-

only source of H.CHO. _ tration of HCI after 25 s irradiation of reaction mixture 1 was
As seen from Tables 1 and 2, the yields of formaldehyde ¢ompared with that in reaction mixture 3 after 55 s irradiation.
and G products (methyl formate and methoxy methylhydrop- tne joss of dimethyl ether in these two experiments were
eroxide) obtained with3CHzOH present are indistinguishable comparable; 1.55 mTorr in experiment 1 and 1.34 mTorr in
from those obtained without methanol present in the Chamberexperiment 3. The yield of HC in reaction mixture 1 was found
apart from the yields of &£products reported at 2.2 Torr total 15 e 0,55+ 0.20 times that in reaction mixture 3. Hence, the
pressure. The yield of Qproducts with®CH;OH presentis ¢ yield per dimethyl ether molecule consumed in experiment
29 & 6% (2.2 Torr total pressure). The yields of products 1 i50.48+ 0.17 of that in experiment 3. This result is entirely
reported in Table 1 are 1+ 2% at 1.66 Torr and 32 7% at consistent with the magnitude of the enhancement of the
5.7 Torr total pressure. This apparent discrepancy may be dueapparent Gl photolysis rate.
to a very high third-body efficiency of methanol, which would
increase the yield of £products at the expense of formaldehyde. 4. Discussion

We therefore believe that the yields of &hd G products from The experimental observations presented in sections 3.1
dimethyl ether oxidation with and without3CH3;OH are 3.4 constitute a large body of self-consistent kinetic and product
indistinguishable. data that show that the reaction of g@MCH, radicals with Q

The relative yields of methyl formate and the methoxy proceeds via the formation of an excited complex ¢CH
methylhydroperoxide with methanol present in the system are OCH,O,). This complex has one of three fates: decomposition

consistent with those reported by Wallington ef alf 40 + back into reactants, collisional stabilization to give thermalized
4% methyl formate and 5% 8% methoxy methylhydroperox- CH;OCH,O, radicals, or isomerization via intramolecular
ide. H-atom abstraction followed by decomposition to give two

It is interesting to note that the yield of formaldehyde from formaldehyde molecules and an OH radical:
dimethyl ether oxidation is not affected by the presencé&*of
CH3OH. CH;OCHZOZ_ radl_cals are known f[o be rapidly CH,0CH, + 0,— CH3OCH202# (la~1a)
scavenged by H@radicals in the system to give GACHO
and CHOCH;OOH?® The insensitivity of the HCHO yield to CH,OCH,0,” — CH,0CH,O,H" — 2HCHO+ OH  (1b)
the presence of C#DH suggests that HCHO is formed before
CH3OCH;0O; radicals are produced. As discussed above, the CH,OCH,0," + M — CH,OCH,0, + M (1c)
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TABLE 2: Product Yields? Following the Irradiation of CH 30CH3/*3CH3;0H/CI,/O, Mixtures

Y(CH:OCHO)  Y(CHsOCH,OOH) Y(HCHO) Y(CO)
set [DME)/[*CH;OH] [02]° [NJJ [Cl5]o? % % % %
1 10.6/117 2.2 0 33 14 1 15+ 5 130+ 14 9+ 4
2 10.4/104 10.5 0 33 29 3 42+ 13 78+ 12
3 10.4/104 140 560 33 466 56+ 8

aMolar yields relative to CHOCH; loss corrected for formation of G&CH,CI. P Concentrations in units of mTorf.Concentrations in units
of Torr.

In section 3.1 it was shown that the rate constant for reaction 1 possible. It is well-known that intramolecular hydrogen transfer
is independent of total pressure below 2 Torr. In section 3.2 is important in excited alkyl peroxy radicals at high temperatures
the products of reaction 1 were studied and it was shown that (500—-1000°C).2 Reaction 1b may be the major pathway for

formaldehyde is the dominant product below 10 Torr. In section
3.3 the products of dimethyl oxidation were studied in the
presence of a source of a large excess of &dlicals such
that any CHOCH,O, radical would be scavenged by reaction
with HO, radicals. The formaldehyde yield was insensitive to
the presence of excess H@&dicals, suggesting that formalde-
hyde formation occurs before the formation of {H,O,

the reaction of CBHOCH, radicals with Q under compression
ignition conditions. If so, this might explain the high cetane
number of dimethyl ether. In addition, the formation of
formaldehyde during dimethyl ether combustion would explain
the low particle emissions from diesel engines powered by
DME. A study of the mechanism for reaction 1 at higher
temperatures is necessary to determine the importance of

radicals. This experiment provides evidence that formaldehyde reaction 1b in the ignition and combustion of dimethyl ether.
is formed via reaction 1lb. Finally, the apparent chlorine

photolysis rate and the HCI yield were studied at 2 and 700 Acknowledgment. We thank Steve Japar for commenting
Torr total pressure. The apparent photolysis rate was enhance®n the manuscript and Geoff Tyndall for helpful insight into

by a factor of 2.8+ 0.3, while the HCI yield was suppressed
by a factor of 0.48+ 0.17 at 2 Torr total pressure compared to

the mechanism for reaction 1.

700 Torr. These observations are consistent with the formation References and Notes

of OH radicals in reaction 1b.

5. Implications for Atmospheric Chemistry

The atmospheric oxidation of dimethyl ether is initiated by
reaction with OH radicals. The reaction of OH radicals with
dimethyl ether gives CEDCH, radicals whose sole fate is
reaction with Q. The rate constant at 298 K for the reaction
of OH radicals with dimethyl ether is 260 times (251071219
9.6 x 1071529 that of reaction with CHCCls, which has an
atmospheric lifetime of 5.7 years.
lifetime of DME is approximately 8 days. We have shown
herein that at 296 K the reaction of @BICH, radicals with Q
proceeds via two channels to give either 4CH,O-, radicals
or HCHO and OH radicals. For pressures abod® Torr the
formation of CHOCH,O, radicals dominates, while for pres-
sures less than-10 Torr the formation of HCHO and OH

radicals is dominant. Since the vast majority of the atmospheric
oxidation of dimethyl ether occurs at pressures substantially
above 10 Torr and with the reasonable assumption that thegg
importance of reaction 1c does not decrease dramatically with

temperature over the atmospherically relevant range-226
K, it follows that the vast majority of the dimethyl ether released
to the atmosphere is oxidized via reaction 1c.

6. Implications for Combustion Chemistry

The mechanism for reaction 1 at 296 K found in this work
may explain why DME is a good diesel fuel. By analogy with
the formation of ethene from the reaction of ethyl radicals with
0,2t it is expected that the relative importance of reaction 1b

will increase with temperature because reaction 1c becomes

Hence, the atmospheric
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