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Abstract

The kinetics of OH formation for the reactionHgCO + G have been studied at 298 K using the low-pressure
discharge flow technique coupled with resonanceréiscence monitoring of OH radicals. OH yields @dose to unity

at around 1 mbar pressure of He, but decreaseghjraiith increasing pressure. The experimental Qéldg could be
reproduced well using multichannel variational RRkiory. Ab initio CBS-QB3 computations have bearried out

to explore the potential energy surface of thetieasystem CHCHC(O)H + Q. The lowest-energy reaction path has
been found to be the association step followed,#yHtatom migration to form OH, GGEHO and CO.

LIntroduction C,HsCO + G, > products (1)

HsCO + QG+ M > CHsC(O)0, + M (1a)
H—|5CO + Q > OH + other products (1b)
HsCHC(O)H + Q - products (2)
H;CHC(O)H + Q + M > CH;CH(G,)C(O)H + M (2a)
HsCHC(O)H + Q = OH + other products (2b)

Oxygenated fuels (alcohols, ethers and ester
have been increasingly used as additives and ev
replacements for fossil fuels. They can improv
combustion performance, produce less CO an
particulate matter, and have the potential to ofar
improved balance of CCemissions. On the other hand,
they exhibit a greater propensity to emit aldehyde .gﬂgg;?ismental
among them propionaldehyde, ,HzCHO, [1]. ' .

Aldehydes are themselves toxic and have significar(le) WThe low-pressure fast discharge flow method

ozone creating potential in the troposphere, tleeef : i as_a;t)rp])hed tc; mvefsugatg thle lgnetl'csl’wgz CH
their formation and further reactions may give riee ormation In the reaction ot proplonyl radicals X

degraded air quality OH radicals were detected by?#v=0) XM (v=0)
' resonance fluorescence (RF) using a microwave-

Propionaldehyde is depleted in the troposphe@OW?red resonance lamp for e>_<citation. Detailshef t
via photo-oxidative chain reactions, the initiatistep of ~Kinetic apparatus and RF detection have been pesen
which is the hydrogen abstraction reaction by OHN Previous publications [3-5].

radicals. In the initiation step, propionylHzCO, and Briefly, the 60.0-cm-long, 4.01-cm-i.d. flow

to a lesser extent, 2-methyl-vinoxyl, @EHC(O)H, reactor was made of Pyrex and was coaxially equippe
radicals are formed. In view of the recent discgwbat \yith a moveable quartz injector. The inner surfaée
enols are common intermediates in hydrocarbon #8amene reactor was coated with a thin layer of halooar
(2], the  enolform  of  propionaldehyde, yax to reduce heterogeneous wall effectsH€CO
CH;CH=C(H)OH, is likely to be present in combustingragicals were produced in the flow reactor by rieact
systems besides it_s normally encountered keto-formyy radicals with excess propionaldehyde, while OH
Hydrogen ~abstraction reactions of the keto-formyas optained by reacting H atoms with a slight egce
propionaldehyde lead to propionyl, while those g t o NO, inside the moveable injector. Hydrogen atoms
enol-tautomer most likely to 2-methyl-vinoxyl. Tlkes \yere generated by microwave-discharge dissociation
structural isomer radicals react to their greaset pith premixed with Ar, in large excess of He (Ar sefve

O, both in combustion systems and under atmosphetig ¢aqilitate the dissociation of Hamounting toa =
conditions. 15%).

As part of a wider research program, th .
oxidation kinetics of gHsCO and CHCHC(O)H are Ei—|2+ MW-discharge- 2 H
being studied in our groups by using experimenta a H+NO, -~ OH +NO
theoretical methods. Here we report experimental aPH + GHsCHO - GHsCO + RO 3)
theoretical OH yields for §sCO + O, i.e. branching OH * wall - products (WOH)
ratios, I'y, = kyk;, at room temperature, as well as
molecular mechanism for GAHC(O)H + Q from
quantum chemical computations.
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Fig.1. Representative pseudo-first-order decayilpsofused to determine OH vyield for theHgCO + G
reaction. The two sets of decays have been obtaapptying different initial OH concentrations andthw
different propionaldehyde and,©oncentrations both used in large excess.

Helium was the main carrier gas which wasTable 1
regulated by calibrated mass flow controllers. Th&laterials used in the experiments

smaller flows of reactants and radical-source mo& Name Supplier Purity (%) Notes
were regulated by needle valves and determined froRe Messer-Griesheim 99.996 2

the pressure rise over time in known volumes. Thg, Messer Griesheim 99.995 b
reaction pressure was measured with a calibrateg Linde 99.9990 b
capacitance manometer. The flow tube was connect Messer Griesheim 99.995
downstream to a detection block where the inducgqo, Messer Griesheim 98 ¢
resonance fluorescence of OH was viewed through @H.CHO Fluka >095 d

interference filter centred at 307 nm and detetted ~a o corrier gas, it was passed through liquidbgen-
photomultiplier. The multiplier output was fed into ooled silica-gel {raps before entering the flowteyn.”
purpos_e-built data acquisitiqn PC-board , for . S!gneﬁ,lsed as5% H, + 10% Ar mixture in HeSPurified by
averaging and further analys_|s. The detect!on lioit low-temperature trap-to-trap distillation in vacuwnd
OH was ~2 x 1dmolecule cr? (at SN = 1 signal-to- used as 1% mixture in HEDegassed by freeze-pump-
noise ratio). thaw cycles prior to use. It was metered in thevftabe

monitoring of the concentration of OH radicals @on

the flow tube at different positions of the moveabl2.2 Theory

injector in the presence and absence £fiCe., for OH Multichannel variational RRKM theory has been
+ CHCHO and OH + @HCHO + O. Both applied to estimate OH yields for the reactiofH§CO
propionaldehyde and Qwere used in large excess overt Q.. Input parameters were taken from our recent high
OH and they entered the reactor upstream throutgh silevel ab initio molecular orbital study performeqd to
arms. Typically, the initial OH concentration waaH], full coupled cluster theory with the complete bases

=~ 4 x 10 molecule cri, along with [GHsCHO] = 7 x (FCQ/CBS) [6]._ Details of the theoretical reaction
10" and [Q] = 1 x 10° molecule cri¥. The “O, flow kinetic computations have been presented also]iag6

on” and “O, flow off' runs, or vice versa, were Wellasin[7].
conducted in a back-to-back manner. The linear flow Ab iniio CBS-QB3 computations have been

velocity was vip = 10 m s' allowing kme_tlc _carried out to characterise the potential energjase
measurements between about 2 and 50 ms reactien t"ﬂDES) of the reaction system GEHC(O)H + Q. CBS-
B3 is a powerful composite method [8] comprising
CSD(T), MP4SDQ and MP2 with increasingly
sophisticated basis sets. Importantly for our prese
subject, CBS-QB3 includes a correction for spin
contamination in open shell species.

The experiments were carried-out at roo
temperatureT = 298 + 3 K, in the pressure rangeFof
1.37-13.34 mbar of He.



3. Resultsand Discussion
3.1 Experimental OH Yields for the Reaction of
C2H5CO with 02

A large increase in the OH signals wasP(He) «,°
observed when Owas added to the reaction system ofnbar
OH with GHsCHO, and the depletion of OH became; 37

less steep. In all experiments, the time histor@Hbfhas
been found to obey first-order kinetics for both @H
C,HsCHO and OH + @HsCHO + G (Fig.1). The
observed kinetic behaviour
reformation of OH via the chain reactions (3) —)(ra
the presence of a large excess of of the reactasts
OH radicals (Fig.2).

Table 2
Experimental OH vyields,/y, for the reaction of
C,HsCO radicals with @(T = 298 K)

is understood by thg 22

K* P ko Rung I7y°

(s (s (s

38-176 8-42 8 10 0.88 + 0.06
2.00 90-129 9-33 5 6 0.86 £ 0.07
2.61 20-185 2-54 5 7 0.84 £ 0.06
3.59 14-155 8-63 5 7 0.68 £ 0.05

28-169 15-84 5 9 0.62 + 0.06
8.15 27-57 16-43 8 11 0.53 +0.06
10.00 21-60 14-35 4 6 0.44 + 0.05
13.34 32-112 23-77 8 6 0.33+0.05

CH,CH,CO

@ =~k [OH ]~ Koo [ OH] + Ik [ CH,CH,CO].  [OH](7= 0)=[OH],
7

d|CH,CH,CO]

- = k|OH]-k[CH,CH,CO]; [CH,CH,COJ(r=0)=0
t

K =Hk[0,] K, =k[CH,CH,C(O)H]

Fig.2. Reaction scheme and rate equations for thg

reaction system OH +8sCHO + G, with large excess

of both propionaldehyde and oxygen molecules dver t

hydroxyl radicals.

A large increase in the OH signals was
observed when Owas added to the reaction system of
OH with GHsCHO, and the depletion of OH became

less steep. In all experiments, the time histor@Hbfhas

been found to obey first-order kinetics for both @H
CHsCHO and OH + @HsCHO + O (Fig.1). The

observed kinetic behaviour is understood by t
reformation of OH via the chain reactions (3)—(&4)
the high excess of the reactants over hydroxyl.2ig

Under the experimental conditions applied, ju
about reactions (1a), (1b), (3) and (wOH) take @laloe
differential equation system of which can kelved
analytically[9] providing equation (l) for the OH yield.

_ ky—kO
P 1)

b~
Ky —k

where kp is the OH decay constant withhlzCHO, «*
is theOH decay constant with,8sCHO + G andkyon
is the “wall rate constant”. The experimental cdiodis
and results have been summarised in Table 2.

'wOH

2 OH decay constant in the absence of T0OH decay
constant in the presence 0.0 Loss rate constant of
OH on the wall of the reactdt Number of back-to-back
determinations of, andx* decay constantS.Theerrors
refer to b precision.

3.2 Pressure Dependence of the OH Yield of C,HsCO
+0,

The OH yields determined in our experiments
are close to unity at and around 1 mbar, but deerea
strongly with pressure implying that propionyl-peyb
radical is the dominant reaction product above a6u
mbar (Fig. 3).
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Fig.3. Comparison of OH yields for the reaction of
propionyl radicals with @ at room temperature, in He
buffer gas. The symbols are experimental data,enthit
curves are theoretical results obtained with déifer
energy transfer parameters (see text).

The only other experimental study we are
aware of has been performed by Baeza-Romero and co-
workers [10] who used exciplex laser photolysidif
ethyl-ketone as a source ofHzCO radicals, at higher
pressures. The results they have reported are also
presented in Fig.3. As seen, the OH yields detexcthin
by the Leeds group are significantly larger andrelase
more slowly with increasing pressure. Similar dréjya
has been observed for the OH yield of the;C8 + G
reaction [9, 11-12].
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Fig.4. Energetics for the GBHC(O)H + Q reaction calculated at the CBS-QB3 // B3LYP/6-312d5 d, p) level
of theory. The energies are in kcal/mol and inclae®-point energy corrections.

In our FCC/CBS/RRKM study, the average The association step between 2-methylvinoxyl
energy transferred per collision was chosen astingfi and Q, occurring via a weakly-bonded complex, leads
parameter giving good agreement with the currend the formation of the CICH(O,)C(O)H peroxyl
experiments with —-&E> = 200 cni* (see in Fig.3). radical (IM1), which possesses ~23 kcal Thaxcess
Note that —AE> = 138 cntt (T = 298 K) has been energy. Several reaction pathways depart from the
estimated for He buffer gas in case of the analsgo@eroxyl radical adduct, the lowest-energy of whish
CHLCO + Q reaction system [7]. On the other hand, ithe 1,4-intramolecular hydrogen atom migration that
a very similar theoretical study by Hou et al. [6je gives rise to the hydroperoxyl-radical, §ZH(O,H)CO
value of —AE> = 20 cm has been found to reproduce(lMZ) Note that the barrier for this |Somerlzat|mp is
well the OH-yields reported in [10] (Fig. 3). below the reactants 2-methyvinoxyl 4.0

It appears therefore that “low” energy transfer CH3CH(O,H)CO decomposes via consecutive
parameters are consistent with some of the expatahe Steps to hydroxyl radical, acetaldehyde and COhas t
OH yields reported for the RCO +,®eactions, while final products (Fig.4).

“high” ones with others ([9], [13], and this work).

Clearly, further experimental and theoretical stsdare 3.4 Molecular Mechanism of the Reactions of

required to resolve the disagreement that existaitab Carbonyl Radicalswith O

the kinetics of acyl radical reactions with.O In this concluding section we have summarised
some previous results, information available frdma t

3.3 Characterisation of the Potential Energy Surface literature and our present findings for the reaxtio

of the CHzCH(O)H + O, Reaction System CHCO + Q [7], [9]; C:HsCO + Q, [6], this work;

44 stationary points, including transition state§HsC(O)CH,  (1-methyl-vinoxyl) + Q, [9];
and reaction intermediates, have been charactesised CH:CHC(O)H + Q (2-methylvinoxyl) + Q [14], this
the PES of the reaction (Fig.4). The reaction pedse vv_ork A schematic reaction mechanism is presented i
predominantly via an addition/elimination mechanismFig.5.
while direct abstraction is negligible.
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Fig.5. Comparison of the molecular mechanism fer hactions of carbonyl free radicals with &y results
from the present study and literature sourbgsVs, etc, designate the respective barriers for thranmlecular
H-transfer relative to reactants and are giverca knol* including ZPE correction.

All four reactions display a multi-well-multi- bond-energy carbonyl H atom is involved in IHT
channel reaction mechanism. In the first, assagiati (scheme "D" in Fig.5.).
step, vibrationally excited peroxyl radicals arenfed.
Competition between stabilisation by collisions and\cknowledgements
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The peroxyl radicals can undergo a series (ﬁ:
n

consecutive reactions that lead to OH formationd(a
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