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Abstract

The hydroxyl radical initiated oxidation of diisopropy! ether has been studied in the large-volume outdoor European Photoreactor (EUPHORE)
andin a small, laboratory-based reactor system. The product distributions determined from the experiments were found to be significantly depende
on the reaction conditions and provide strong evidence for the existence of three distinct regimes within the reaction system. In the presence
NO,, the peroxy radicals react with NO to produce chemically activatedYSCTHHOC(O)(CH), alkoxy radicals which undergo decomposition by
C—C bond scission to yield isopropyl acetate and formaldehyde as the major products. Under conditions where the self-reaction of peroxy radical
dominates, thermoneutral (GHCHOC(O)(CH), radicals are produced, which appear to undergo two reaction pathwagsba@nd scission to
yield isopropy! acetate and formaldehyde and isomerisation to form acetone, acetic acid and formaldehyde. Under conditions where the reactic
between peroxy and hydroperoxy radicals dominates, unstable hydroperoxides are produced which decompose to yield acetone as the only ma
reaction product. The results of our study are used to construct chemical mechanisms for the gas-phase photooxidation of diisopropyl ether und
various tropospheric conditions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction pollutantg[1]. In order to fully assess the environmental impact
of the use of ethers as fuel additives, a detailed understanding of
Ethers are widely used as fuels additives and solvents. Methyheir atmospheric degradation is required. The main atmospheric
tert-butyl ether (MTBE) is the most common oxygenated fuelfate of saturated ethers is gas-phase reaction with hydroxyl rad-
additive but other branched ethers, such as e#ybutyl ether  icals[1]. Detailed mechanistic studies on the photooxidation of
(ETBE), rert-amyl methyl ether (TAME) and diisopropyl ether a range of ethers have been reported in the litergjrand
(DIPE), are also present in certain formulations. The emissioprovide important information on the decomposition pathways
of these volatile organic compounds into the atmosphere is aavailable to oxygenated alkoxy radicals.
important issue since their oxidation may affect tropospheric Inthis study, the OH radical initiated oxidation of diisopropyl
ozone levels and also lead to the formation of other secondamther (DIPE) has been investigated in the presence and absence
of NO, at the large-volume outdoor European Photoreactor
- (EUPHORE)[3]. The product distributions in the experiments
* Corresponding author. Tel.: +353 1 7162293; fax: +353 1 7162127. were found to be significantly dependent on the,dGncentra-
™ Corresponding author. Tel.: +353 21 4902454; fax: +353 21 4903014.  tjgn thus suggesting the existence of different reaction pathways
jlwel;z]_g::'ll@ajggi?i‘s]igo\\;vvaer:éjgébonom@uccj'Ie (H.W. Sidebottom), in the presence and absence of N@dditional experiments
1 Present address: Centre dédBhimie de la Surface, CNRS et Univegsit ave been performed in a laboratory-based reactor under a vari-
Louis Pasteur, 1 rue Blessig, F-67084 Strasbourg, France. ety of conditions to elucidate further mechanistic details. The
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results of our study are used to construct chemical mechanismmsocouples and was 3@32 K for all experiments. The intensity
for the gas-phase photooxidation of DIPE under various tropoef sunlight was measured using t@NOy) filter radiometers;

spheric conditions. the first of which measured direct sunlight and the second faced
downwards to measure reflected light from the floor panels.
2. Experimental Ozone and NQ concentrations were continuously monitored

using chemiluminescent analysers (Monitor Labs Model 9810A
The photooxidation of DIPE was investigated under simu-and Eco Physics Model CLD 770 AL, respectively).
lated tropospheric conditions at EUPHORE and also in a small
reactor system. 2.2. Small reactor

2.1. EUPHORE Experiments were performed at 28& K and 760+ 10 Torr
of purified air in a collapsible 50 L Teflon reaction veskgjl.

The European Photoreactor comprises two large-volume ouffhe photooxidation of DIPE was carried out in the absence of
door atmospheric simulation chambers located at the Centro d¢O, using the photolysis (10 Philips TUV 15 W lamps with an
Estudios Ambientales del Mediterraneo (CEAM) in Valencia,intensity maximum at 254 nm) of4©, or ozone/water mixtures
Spain. A detailed description of the installation can be found iras the hydroxyl radical source. Measured amounts of reactants
the literaturd3—7]. The photooxidation of DIPE was performed were flushed from calibrated Pyrex bulbs into the reaction vessel
in a 195 nt hemispherical chamber made of Teflon FEP foil andby a stream of ultra-pure air and the chamber was then filled to
surrounded by a retractable steel housing that is used to contribé full volume with air. The reactants were allowed to mix for
the time of exposure to sunlight. Experiments performed in theat least 30 min prior to the start of photolysis.
presence of NQrelied upon the in situ production and photoly-  Throughout the course of the reactions, samples of the reac-
sis of HONO as the source of hydroxyl radicals. For experimentsion mixtures were expanded into an evacuable 5 L Teflon coated
performed in the absence of N(photolysis of hydrogen per- multipath cell mounted in the sample compartment of an FT-IR
oxide was used as the source of hydroxyl radicals. Nitric oxidespectrometer (Mattson RS series). Infrared spectra were derived
(Aldrich, 98.5%) and DIPE (Aldrich, 98%) were introduced into from the co-addition of 128 scans recorded using a path length
the chamber via a stream of purified air, whilsi® (Merck,  of 9.75m over the range 500-4000chwith a resolution of
35wt.% solution in water) was added to the chamber using & cm L. Products and reactants were identified by comparison
nebuliser. of the infrared spectra with those of authentic samples. The pos-

The loss of reactants and formation of products was monisible loss of reactants and products in the dark was measured
tored using a Nicolet Magna 550 FT-IR spectrometer equippebut found to be negligible over the timescale of the experiments.
with a mercury cadmium telluride (MCT) detector. Infrared Reference spectra and calibration curves for reactants and prod-
spectra were obtained by in situ long-path absorption, and wenects were obtained by expanding measured pressures of the pure
derived from the co-addition of 550 scans recorded using @ompounds into the IR cell. Complex spectra were analysed by
path length of 553.5m and a resolution of 1¢mThe reac- successively subtracting the absorption features of known com-
tants and products were quantified using calibrated referenggounds with the use of calibration spectra.
spectra which were obtained by introducing known volumes of
materials into the chamber. Additional chemical detection was. Results
provided by a gas chromatograph (Fisons 8000) equipped with
flame ionisation and photoionisation detectors (FID and PID)3.I. EUPHORE
The chromatograph was operated using a 30 m DB-624 fused
silica capillary column (J&W Scientific, 0.32mm i.d., Juén A series of experiments was performed at EUPHORE on the
film). Air was sampled from the chamber into a 2tsampling  photooxidation of DIPE in the presence and absence of.NO
loop and then injected onto the column. A trace gas analysdData from three of the experiments are presented here and sum-
(TGA, Fisons), which incorporated a cryogenic enrichment trapmarised inTable 1 The first experiment was carried out under
coupledto a flame ionisation detector, was also used for chemicatlassic NQ.” conditions where the initial NO concentration
analysis of reactants and products. Air samples (200 eare  was about one tenth that of the hydrocarbon concentration. In
collected in a sampling loop at 12Q and passed to a Tenax the initial stages of the reaction, the major products detected by
micro-trap cooled to-120°C with liquid nitrogen. Injection FT-IR spectroscopy were isopropyl acetate (IPAc) and formalde-
onto the 30 m DB-1 chromatographic column (J&W Scientific, hyde. IPAc was also detected and quantified by GC-PID. In the
0.25mmi.d., 1.qum film) was achieved by rapid heating of the latter stages of the reaction acetone was detected as the major
micro-trap to 240C. reaction product by GC-PID. Acetone is a relatively weak

The concentration of reactants and products decreasedfrared absorber and was difficult to measure quantitatively
through chemical processes and also due to leakage from thising FT-IR spectroscopy. The concentration—time profile and
chamber. The leak rate in each experiment was determined hproduct yield plots are shown Fig. 1and clearly indicate that
adding an unreactive tracer gas §pfo the chamber and mea- a significant change in product distribution is observed as the
suring its loss by FT-IR spectroscopy. The temperature inside thieO concentration is depleted during the course of the reaction.
chamber was continuously monitored using three PT-100 thetn the early stages of the experiment, whilst NO was present
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Table 1

Experimental conditions and results for the photooxidation of diisopropyl ether (DIPE) at EUPHORE

Conditions Classic NQ High NO, NO, free

Initial concentratior®(ppbV) [DIPE] = 1200, [NO] =120, [DIPE] = 1200, [DIPE] = 1200, [HO5] = 45 000
[NO,] =27 [NO]imax= 445

OH concentratiof (molecule cnT3) 9.05x 10° 4.39x 10° 2.12x 10°

J(NOR)average(x 1073 s71) 6.6+ 0.58 6.0+ 0.40 3.740.13

Maximum product concentratioh§ppbV) [IPAc] =115, [acetone] =190, [IPAc] = 145, [acetone] = 25, [IPAc] =15, [acetone] =460
[HCHO]=195 [HCHO]=130

Product yieldS (%) 9:30-11:30h—IPAC =726, IPAc=107+7, IPAc=3+1, acetone=102 4
acetone =162, HCHO =110+ 15; acetone=1% 2,
13:30-15:30 h—IPAc=8-7, HCHO=89+5

acetone =9% 14, HCHO=7+5

a1 ppbV = 2.46x 10*° molecule cnm® at 298 K and 1 atm.
b Calculated from the loss of DIPE usin¢OH + DIPE) = 1.04x 10~ cn® molecule st [1].

¢ Molar yields relative to DIPE loss corrected for secondary reaction with OH radicals but not photolysis. Errors are twice the standard devigpiesantd r
precision only.

in relatively high concentration, IPAc and formaldehyde wereacetone became a major product. Finally, under very low
observed as the major products. However, as the concentraticdD concentrations, acetone appears to be the only product.
of NO decreased due to reactions with peroxy and hydroperoxglthough the product yield plot ifrig. 1 shows significant cur-

radicals, the vyields of IPAc and formaldehyde decreased agsture, the average yields of the products during different time
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Fig. 1. Concentration—time profile and product yield plot for the photooxidation of DIPE at EUPHORE under “clag$icaNditions.
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Table 2
Experimental conditions and results for the photooxidation of diisopropyl ether (DIPE) in the small reactor
Conditions Q/H20 03/H,0/CH;OH H202
Initial concentrationd(ppmV) [DIPE] =70, [@] =50, [H20] =5000 [DIPE]=32, [Q] =50, [DIPE] =71, [H202] =2000
[H20]=5000, [CHOH] =580
Product yield® (%) IPAc =38+ 3, acetone =73 3, IPAc=18+2, acetone=11% 8, IPAc <5, acetone =(55-7%) 9
aceticacid=1#1, HCHO = detected

HCHO =detected

a1 ppmV =2.46x 103 molecule cm® at 298 K and 1 atm.
b Molar yields relative to DIPE loss corrected for secondary reaction with OH radicals but not photolysis. Errors are twice the standard devigpiesend r
precision only.

periods of the reaction can be estimated by taking tangents to the In the “high NQ.” experiment, NO was continually added
curves. The corresponding yields for the initial (9:30—11:30 h}o the chamber during the course of the reaction. The trace gas
and final (13:30-15:30h) stages of the reaction are listed ianalyser (TGA) was also employed in this experiment to aid
Table 1and provide strong evidence for the existence of differ-detection of the products. The concentration—time profile and
ent reaction pathways occurring in the presence and absenceprbduct yield plots are shown irig. 2 IPAc and HCHO were

NO. In order to investigate these reaction pathways in isolatiompbserved as the major reaction products but the yield of acetone
experiments were carried out under “high N©@onditions and  was considerably smaller than in the “classic,N&xperiment.

also in the absence of NQising O as the hydroxyl radical The third experiment was carried out under “Nftee” condi-

precursor. tions. The concentration—time profile and product yield plots are
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Fig. 2. Concentration—time profile and product yield plot for the photooxidation of DIPE at EUPHORE under “hjgledi@ditions.
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Fig. 3. Concentration—time profile and product yield plot for the photooxidation of DIPE at EUPHORE undeFt€ conditions.

shown inFig. 3. In this experiment, the identification of products the radiation from the UV lamps, as indicated by the presence
by FT-IR spectroscopy was severely hindered by the presenad CO in the product spectra. The third experiment was car-
of saturated absorption bands in the fingerprint region due to theed out using the photolysis of 4@, as the OH radical source;

large amount of KO, and water in the chamber. Consequently,acetone was identified as the major reaction product with trace
GC-PID and TGA were used to show that acetone and IPAc weramounts of IPAc also detected. Product yield plots for the reac-

the major and minor reaction products, respectively. tions are given irrigs. 4—6 The yield plots for the @H,0 and
O3/H20/CH30H experiments, shown iRigs. 4 and 5are all
3.2. Small reactor reasonably linear. However, the yield of acetone in th©H

experimentFig. 6, shows pronounced curvature indicating that

A series of experiments on the photooxidation of DIPE in theit may be formed as a secondary product. The estimated yields
absence of NQwas performed in the small Teflon reactor. Dataof acetone for the start and end of the experiment obtained by
from three of the experiments are presented here and summarisgéwing tangents to the curve are 55% and 75%, respectively.
in Table 2 In the first experiment, carried out using ag/®0  The calculated product yields for all the experiments performed
mixture as the OH source, both IPAc and acetone were identin the small reactor are listed Table 2
fied as reaction products along with acetic acid gCBOH. In
the second experiment, GBH was added to an4H>0 mix- 4. Discussion
ture to increase the HQradical content in the chamber during
the reaction. Although IPAc and acetone were present in the The observed product distributions for the OH initiated oxi-
FT-IR spectrum of the products, no GBOOH was detected. dation of DIPE can be usedto elucidate the importance of various
Formaldehyde was also detected in these two experiments, bpossible reaction pathways available to the peroxy and alkoxy
at very low concentrations since it was rapidly photolysed byradicals generated in the photooxidation system. Initial attack
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by OH radicals on DIPE may involve hydrogen atom abstrac-
tion from either theCH— or —CHs group and results in the
formation of two different alkyl radicals:

OH + (CH3)2CHOCH(CHg)2

— (CHg)2CHOC(CH)2 + H20 (1a)
OH + (CH3z)2CHOCH(CH)2
— (CHg3)2CHOCH(CH;)CH2 + H20 (1b)

As discussed by Wallington et gRB], H-atom abstraction

from the—CHs group in DIPE is of minor importance and reac-
tion (1a)is thus the dominant reaction pathway. The alkyl radical
(CH3)2CHOC(CH) reacts rapidly with @ to form the corre-
sponding peroxy radical:

(CH3)2CHOC(CHs)2 4+ 02 + M

Fig. 4. Plots of product formation against reactant loss for the photolysis of
DIPE (70 ppmV), Q (~50 ppmV) and HO (~5000 ppmV) in air.
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— (CHg)2CHOC(G)(CHz)2 + M (2

The fate of the peroxy radical depends on the availability of NO
in the reaction system.

4.1. Photooxidation of DIPE in the presence of NOy

Inthe presence of NQthe peroxy radical undergoes reaction

with NO to form the corresponding alkoxy radical:

(CH3)2CHOC(G)(CH3)2 + NO

— (CH3)2CHOC(O)(CH)2 + NO2 (3)

The alkoxy radical, (CH)2CHOC(O)(CH)2, formed in reac-
tion (3) can undergo several possible reactions includirgC
and C-O bond fission and isomerisati¢O]:

(CH3)2CHOC(O)(CHs)2 — (CHz3)2CHOC(O)CH; + CH3

(42)

Fig. 5. Plots of productformation against reactantloss for the photolysis of DIPE

(32ppmV), Q@ (~50 ppmV), HO (~5000 ppmV) and CKEOH (580 ppmV) in
air.
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(CH3)2CHOC(O)(CH)2 — CH3C(O)CHs + (CH3)2CHO
(4b)

(CH3)2CHOC(0)(CH)2 — CH2CH(CHz)OC(OH)(CHs)2
(4c)

(CH3)2CHOC(O)(CHp)2 — (CH3)2COC(OH)(CHy)2  (4d)

Decomposition by €C bond fission, reactiofda), produces
isopropyl acetate and a methyl radical which subsequently reacts
with Oz and NO to yield formaldehyde:

CH3+02+M — CH30,+M (5)
CH302+NO — CH30 + NO2 (6)
CH30 + O - HCHO + HO» @)

Fig. 6. Plot of product formation against reactant loss for the photolysis of DIPE2€COMposition of the alkoxy radical (GyCHOC(O)(CH)2

(71 ppmV) and HO, (~2000 ppmV) in air.

via C-O bond fission, reactioifdb), gives acetone and the
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(CH3)2CHO radical which generates a further molecule of aceethene and propene have shown that their most stable conforma-
tone by reaction with @ tions contain intramolecular hydrogen borfit&—18] which are
formed via a five-membered ring. Both five- and six-membered
(CH3)2CHO + O, — CH3C(O)CH; + HO, (8) ring transition states are possible for (LHCHOC(O)(CH)..
Isomerisation of the alkoxy radical (G}CHOC(O)(CH),can  Since the electron withdrawing effect of the ether oxygen is
occur via a 1,5-H-atom shift reaction, reactigfe) [10] The  greater on the tertiary H-atom of the isopropyl group than on
resulting alkyl radical reacts with£and NO to yield the corre- the primary H-atoms, the tertiary H-atom has a higher partial

sponding alkoxy radical: positive charge. Hydrogen bonding via a five-membered ring is
therefore likely to be favoured and if it occurred would lower
CH2CH(CHz)OC(OH)(CHp)2 + 02+ M the energy barrier to 1,4-H-atom shift isomerisation. This would
rm— 0;CHyCH(CHg)OC(OH)(CH)2 + M 9) counteract the extra ring strain involved in the five-membered
ring and may explain why isomerisation could occur in this case:
/s H.’o e H’% e H.°o
0,CH,CH(CH3)OC(OH)(CHs)2 + NO O\ /0 O\ /0 (CH_;)ZC\ /o
rm— OCH2CH(CH3)OC(OH)(CHs)2 + NO2 (20) H:C = CH, H,C — CHCHs O = C(CHs)
alkoxy radical formed from  alkoxy radical formed from alkoxy radical formed in
The a|k0xy radical, OCbCH(CH3)OC(OH)(Ckh)2, is struc- OH addition to ethene OH addition to propene reaction (3)

turally similar to that formed following OH radical addi- . o .
tion at the two-position in propene in the presence of O The 1,4-H-atom shift isomerisation of the alkoxy radical

i.e. OCHCH(CHs)OH, which has been shown to decom- (CH3)2CHOC(O)(CH)z, reaction(4d), produces an alkyl rad-

pose mainly by €C bond cleavagd10] rather than react ical which will be rapidly oxidised to form the corresponding
with O,. Therefore, the major decomposition pathway of&lkoxy radical (CH)>C(O)OC(OH)(CH) that can decompose

OCH,CH(CHs)OC(OH)(CHy); is also likely to be ©C bond PV €ither G-C or G-O bond fission:

cleavage: (CH3)2C(0)OC(OH)(CH);
OCH,CH(CHs)OC(OH)(CHy), _» CH3C(0)OC(OH)(CH)z + CHs (13a)
— CH(CHs)OC(OH)(CH)z + HCHO (11)

The alkyl radical formed in reactiofi1) will rapidly add G to
form a peroxy radical and subsequently react with NO to producécH3)2C(O)OC(OH)(CH;)2

the corresponding alkoxy radical, OCH(¥C(OH)(CH)>. — CH3C(O)CHs + HOC(O)(CHg)2 (13b)
This radical is similar in structure to that formed following H- . . L

atom abstraction from theCH,— group in diethyl ether, i.e. fC_C tfgnﬁ %Ieava%e ylhe Ids_a@lm?dlﬁglhvyhlch IS cogvertde_d
OCH(CHs)OCH,CHgs, which mainly decomposes by-C bond t(? orme; enhyde, an .?j er(;uacy aﬂg _'C IS expected to disso-
fission to form ethyl formate (HC(O)Qgls) [11-14] It is rea- ciate to form acetic acid and acetofis]:

sonable to assume, therefore, that OCH{EHC(OH)(CHs)2 CH3C(0)OC(OH)(CH)2 — CH3C(O)OH + CH3C(O)CHs
also decomposes by-C bond fission; (14)

OCH(CH;)OC(OH)(CH;)2 — HC(O)OC(OH)(CH)2 + CH3
C-0O bond cleavage yields a molecule of acetone and the
(12)  Hoc(0)(CH), radical which will cleave a €C bond to form

The product, HC(O)OC(OH)(Ci), is a hemiacylal, which acetic acid and a methyl radical which is oxidised to formalde-

is unstable and would dissociate to produce formic acidlYde:

and acetong15]. Thus, isomerisation of the' alkoxy. ragii- HOC(O)(CHs)2 — CHsC(O)OH + CHs (15)

cal (CHz)2CHOC(O)(CH)2 by a 1,5-H-atom shift reaction is

expectedto produce acetone and formic acid with yieldsof 100% Thus, G-C and G-O fission of the alkoxy radical

and formaldehyde with a molar yield of 200%. (CH3)2C(O)OC(OH)(CH)2 would produce the same reac-
Alkoxy radical isomerisation reactions proceed via a cycliction products. Consequently, isomerisation of the alkoxy rad-

transition state. The 1,5-H-atom shift isomerisation reaction iscal (CHz)2,CHOC(O)(CH)2 by a 1,4-H-atom shift reaction is

expected to be favourable because it can proceed through a épected to produce acetone, acetic acid and formaldehyde with

membered ring structuféO]. Isomerisation reactions involving yields of 100%.

a 1,4-H-atom shift are calculated to be much less important The relative importance of the four competing reaction

because of the ring strain involved in a five-membered ring tranpathways for the alkoxy radical (GiHpCHOC(O)(CH)2 can

sition state. However, there is some evidence in the literature tbe determined from the product yields obtained for the pho-

support the feasibility of a 1,4-H-atom shift reaction, particu-tooxidation of DIPE in the presence of NOn the experiment

larly for oxygenated alkoxy radicals. Theoretical investigationsperformed under “high NQ conditions, Fig. 2, both IPAc

on the alkoxy radicals formed following OH radical addition to and formaldehyde were formed with yields of around 100%,
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and only relatively small amounts of acetone were detected. >_ o _<
Similarly during the initial period (9:30-11:30 h) of the “classic

NO,” experiment,Fig. 1 and Table 1 the yields of IPAc and

formaldehyde were also very high, with only a small amount OH
of acetone detected. These data agree with the findings of the Na
only previously published work on DIPE photooxidation by H,0
Wallington et al.[9], where, in the presence of excess NO, the i
yield of IPAc was also found to be close to 100% (within exper- : N
imental error). Consequently, it can be concluded that, when the S
alkoxy radical (CH)>,CHOC(O)(CH), is generated from the NO,
reaction of the corresponding peroxy radical with NO, its major

fate is C-C bond fission to produce IPAc and methyl radicals

which are oxidised to formaldehyde. Although IPAc and O
formaldehyde are expected to be produced in equal amounts, >_ © _<
the data shown iRig. 2indicates that the yield of formaldehyde

decreases slightly as the experiment progresses. Since the 290% | A(C-C)
concentrations of IPAc and formaldehyde have been corrected
for secondary reaction with OH radicals, this suggests that
formaldehyde also undergoes another loss process, probably
photolysis.

The detection of small amounts of acetone during the pho- 3
tooxidation of DIPE in the presence of N@uggests that at >— o —<
least one of the other reaction pathways is occurring to a small
extent. G-O bond fission of the (Ck)oCHOC(O)(CH)2 radi- isopropyl acetate 0..NO
cal via reactiong4b) and (8)would produce two molecules of ) AN
acetone. However, the decomposition of alkoxy radicals-b®C AN
bond fission to form a further alkoxy radical are calculated, using ! NO,
the estimation methods of Atkins¢h0], to be slow and of little 2
importance. Nevertheless, there is some experimental evidence “~a
to indicate that for oxygenated alkoxy radicals;@bond fis- J
sion is in fact competitive with €C bond fissiorj11,12,19-21]
and hence €0 bond fission of the (Ck)2CHOC(O)(CH)2 HCHO
radical cannot be ruled out as the source of acetone. Isomeri-
sation of the (CH),CHOC(O)(CH), radical can also lead to formaldehyde
the formation of acetone and is expected to be more energetiig. 7. Mechanism for the oxidation of diisopropy! ether in the presence of NO
cally favourable than €0 bond fissioq10]. The 1,5-H-atom
shift reaction generates formaldehyde and formic acid as co-
products, whilst the 1,4-H-atom shift reaction, also produces
formaldehyde and acetic acid. Thus, formic acid and acetic acig.2. Photooxidation of DIPE in the absence of NO,
are potentially useful markers for the existence of reactjéoy
and (4d) respectively. No evidence to support the formation of In the absence (or at low levels) of NOperoxy—peroxy
formic or acetic acid was obtained in the experiments carried oURO, + RO,) and peroxy—hydroperoxy (RGHO,) radical
in the presence of NOHowever, this does not necessarily rule reactions can take place. Since H-atom abstraction from the
outisomerisation reactions as the source of acetone since the ICZH- group in DIPE dominates, (CHCHOC(G)(CHz); is
yields expected for the compounds, coupled with the poor sensihe major peroxy radical within the reaction system. The self-
tivity of GC and FT-IR spectroscopy for the detection of organicreaction of (CH),CHOC(G:)(CHs), can only occur via the
acids, means that the acids could be formed at levels below thatkoxy channel because there is no H atom on the carbon atom
detection limits of the available analytical techniques. Indeedadjacent to the radical site:
as discussed below, the identification of acetic acid amongst the
products in the small reactor experiments provides evidence f#(CHs)2CHOC(G:)(CHa)2
isomerisation of the (Ck)oCHOC(O)(CHh). radical via a 1,4- — 2(CHg)2CHOC(O)(CH)2 + O2 (16)
H-atom shift. As a result, it seems most likely that the formation
of acetone during the photooxidation of DIPE in the presence The peroxy radical formed can also react with hydroperoxy
of NO, can be attributed to this reaction. Based on the resultgadicals to form a hydroperoxide:
obtained in this work, a simplified mechanism for the photooxi-
dation of DIPE in the presence of N@as been constructed and (CH3)2CHOC(G)(CHs)2 + HO2
is shown inFig. 7. — (CHg3)2CHOC(QH)(CH3)2+ O2 a7

HO,




94 E.M. Collins et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 86-97

A series of experiments were carried out in the small reactoexpected to yield IPAc, acetone and acetic acid in yields simi-
system to elucidate further mechanistic details on the photooxar to those observed in thes®,O experiment. However, the
idation of DIPE in the absence of NOThe reaction conditions absence of acetic acid and formaldehyde in the product spectra,
were designed to study the two possible fates of the peroxy radalong with the low yield observed for IPAc suggests that pho-
cal (CHg)2CHOC(Q)(CHs3)2, i.e. reaction with another peroxy tolysis of the hydroperoxide is of minor importance. Reaction
radical and reaction with the hydroperoxy radical. In the OHof the hydroperoxide with OH radicals would involve H-atom
radical initiated oxidation performed using the/8,0 mix-  abstraction from either theO;H group or the tertiary €H
ture, the peroxy radical self-reactions are expected to dominateond. Attack at the-O,H group would produce the peroxy
since any HQ@ radicals formed can also react witly Qvhich is  radical (CH)2CHOC(G)(CHz)2, which would simply react

present at much greater concentrations than:RO with HO» to reform the hydroperoxide, reactig¢th7). Attack
at the tertiary GH bond would produce an alkyl radical which
HO; 4+ O3 — HO + 20, (18)  would be rapidly oxidised to form the corresponding peroxy

Under these conditions, isopropyl acetate, acetone, acetic adigdical (CH)2C(02)OC(O:H)(CHa)z, which is likely to react

and formaldehyde were all producddd. 4 andTable 9. The with HO; to form a di-hydroperoxide:

product o_Iistribution is signif_icantly different to that observed cHs),C(0,)OC(OH)(CHs)2 + HO,

for experiments performed in the presence of N3 acetone

is formed in a considerably higher yield and the amount of —> (CH3)2C(O2H)C(OzH)(CHg)2 + Oz (22)

IPAC produced is more th:_:m halved. This indicates that, for\/erylittleinformationisavailableconcerning the stability of this
(CH3)2CHOC(O)(CH), radicals generated from the peroxy type of compound. However, it is possible that the compound

radlca}l self-ri?ct':ﬁn, Egrgerlj?_tlon via a 1,4-H-atom shift ISmay decompose, undergo photolysis or react with OH radicals
more favourable than ond fission. to produce acetone.

The additior; I(—)|f me(';hanlo.l to theglH20 mixture acted as an The other possible reaction pathway for the hydroperox-
extra source of H@radicals: ide formed in reaction(17) is decomposition. This com-

OH + CH30OH — H,0 + CH,OH (19) pound is similar in structure to 1-hydroxyalkyl hydroperoxides,
HOCH(OOH)R, which are unstable and are known to decom-
CH,0H + O — HCHO + HO» (20) pose to HO, and an aldehyde, RCH{22]. By analogy, it is

likely that (CHz)2CHOC(OQH)(CHz)2 will decompose to form

Under these conditions the peroxy radical is likely to undergqsopropyl hydroperoxide, (CH,CHOOH, and acetone:
both self-reaction and reaction with HQOreactions(16) and

(17), respectively. IPAc and acetone were detected in the infraretCHz)2CHOC(Q:H)(CHs):

spectra of the reaction products but acetic acid was not observed

(Fig. 5andTable 2. The lower yield of IPAc and the absence — (CHa)2CHOOH + CHC(O)CH (23)

of acetic acid confirms that the peroxy radical self-reaction isNo evidence for this compound was found in the FT-IR spec-

occurring to a lesser extent than in the/B,0 experiment and tra obtained in the small reactor and at EUPHORE. How-

that acetone is a likely product of the R®HO, reaction. ever, as indicated above, the characteristic absorption bands for
For experiments performed in the small reactor and ahydroperoxides would be obscured by those gbbland water,

EUPHORE using the photolysis of 8, as the OH radical which are present in much larger quantities in the chamber. Iso-

source, only trace amounts of IPAc were detected and acetofgopyl hydroperoxide may, however, be photolysed by UV light:

was observed as the only major reaction prodbg. 3 and 5

Tables 1 and2 Under these conditions R@ HO; radical reac-  (CH3)2CHOOH+2v — (CH3)2CHO + OH (24)

tions are likely to dominate since the OH radicals produced ca

"his yields an alkoxy radical which isidentical in structure to that
react with the large amount ofd@, present to produce HO y 4

formed in reactior{4b) and will react with Q to form acetone,
OH + Hy0y — H,0 + HO, (21) reaction(8). Isopropyl hydroperoxide could also undergo reac-
tion with OH radicals. H-atom abstraction from th@,H group

As indicated in reaction(17), the reaction of the would produce the species (gHHCHOO which would simply
peroxy radical with HQ@ produces the hydroperoxide, react with HGQ to reform the hydroperoxide. Attack at the ter-
(CH3)2CHOC(GQ:H)(CHs)2. No evidence for this compound tiary C—H bond would produce the alkyl radical (gH#COOH
was found in the FT-IR spectra obtained in the small reactowhich is presumably oxidised to produce acetone. The decom-
and at EUPHORE. However, as described above, the charactgresition of isopropyl hydroperoxide is thus a possible secondary
istic absorption bands for hydroperoxides would be obscuredource of acetone and could help explain the secondary produc-
by those of HO, and water, which are present in much largertion of acetone observed in the8, experiment performed in
gquantities in the chambers. In addition, hydroperoxides are reathe small reactorKig. 6).
tive species and may be lost in the chamber via photolysis, Since it was not possible to identify any of the hydroper-
reaction with OH radicals or decomposition. Photolysis wouldoxides by FT-IR spectroscopy, neither of the above reaction
result in cleavage of the-@ bond to produce the alkoxy rad- pathways can be confirmed or dismissed. Nevertheless, itis clear
ical (CHz)2CHOC(O)(CH)2 and OH. This radical would be that acetone production from the reaction or decomposition of
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Fig. 8. Mechanism for the oxidation of diisopropyl ether in the absence qf NO

hydroperoxides is the major feature of the photooxidation ofuct. Under conditions where the R®RO;, reactions domi-

DIPE under conditions where R@ HO, reactions dominate.

nate, (CH)>,CHOC(O)(CH), radicals are produced. However,

The complete conversion of hydroperoxides to acetone woulthe (CHs)>CHOC(O)(CH), radicals appear to behave differ-
result in a yield of 200%. However, the yield of acetone in theently to those produced from the R®NO route. Since iso-
“NO, free” experiments performed at EUPHORE and in thepropyl acetate, acetone and acetic acid and formaldehyde are all
small reactor is in the range 55-115%, indicating that a signifidetected as reaction products then the alkoxy radical can pos-

cant part of the carbon is in the form of hydroperoxides.

The photooxidation of DIPE in the absence of N@
complicated because both peroxy—peroxy $R®O,) and
peroxy—hydroperoxy (R&©+HO,) radical reactions can take
place. In the experiments where® and Q/H,0/CH3OH
were used to generate OH radicals, the;R®GIO; reactions

sibly undergo two out of the four possible reaction pathways:
(i) C—C bond fission to produce isopropyl acetate and methyl
radicals which generate formaldehyde, (ii) 1,4-H-atom isomeri-
sation to yield acetic acid, acetone and formaldehyde. Based on
the results obtained in this work, a mechanism for the photooxi-
dation of DIPE in the absence of N©an be proposed-(g. 8).

dominate and acetone, arising from decomposition of the result- One particularly interesting mechanistic feature in the pho-
ing hydroperoxides, is observed as the major reaction prodooxidation of DIPE is the significant change in the relative
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importance of the competing reaction pathways for the major although the mechanism for this decomposition is not clear.
alkoxy radical (CH),CHOC(O)(CH),. When the radical is Since alkoxy radical formation is now negligible, the forma-
produced by the R&*+ NO reaction, GC bond fission is the tion of isopropyl acetate and formaldehyde is suppressed.
dominant pathway. However, when the radical is produced via
RO, + RO, reactions, the €C bond fission channel diminishes A cknowledgements
in importance and 1,4-H-atom isomerisation takes over as the
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